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ABSTRACT 

Astronomical research is strongly focused on the search for terrestrial exoplanets. 

One of the ways to determine if an exoplanet is terrestrial, is through the 

characterisation of its atmosphere. This project focuses on the characterisation of 

the atmospheres of exoplanets with similar astrophysical parameters to Venus, a 

terrestrial planet in our solar system, to guide the direction of the observations for 

the next generation of space-based observatories. the Python programs, PLATON 

and TauREx, are used to simulate and model the atmospheres of Venus-like 

candidates which were identified using the NASA Exoplanet Archive. Four exoplanets, 

TRAPPIST-1b, TRAPPIST-1c, GJ 9827c and Kepler 138c, are modelled and compared 

to the ancient Venus atmospheric model to establish any similarities and differences. 

Similarities were found between the molecular species present in the atmospheres 

of ancient Venus, TRAPPIST-1b, TRAPPIST-1c and Kepler 138c. However, the 

differences found with the atmosphere of GJ 9827c suggest that it is a gaseous 

exoplanet. Given the limitations of the simulations and models produced here, the 

hypothesis should be explored further. The simulated wavelengths determined in 

these models are likely to be detectable by the instruments of the James Webb Space 

Telescope (JWST) and other future space-based missions. The models are expected 

to refine the classification of terrestrial exoplanets, and expand our knowledge of 

planetary system evolution. 
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CHAPTER 1: INTRODUCTION 

In the past, the possibility of life existing beyond Earth was something exclusive to 

science fiction. As the technology for astronomical research advances and 

preparations for future missions begin, such as the collection of data from the James 

Webb Space Telescope (JWST), finding a habitable planet beyond our Solar System is 

likely to become a reality. 

Current astronomical research is strongly focused on the search for exoplanets, 

specifically planetary systems likely to contain terrestrial exoplanets with similar 

astrophysical characteristics to Earth. Earth-like exoplanets are the most promising 

candidates that will assist our understanding of how Earth evolved in our solar 

system, thus determining the unique evolution of life. To date, there have been 5,090 

confirmed exoplanets (as of 19 September 2022) discovered orbiting nearby stars 

(Williams 2017; Caltech 2021). Due to the observational and technological 

limitations, the number of these confirmed exoplanets that are known to be Earth-

like remains inconclusive (Caltech 2021). Because Earth-like exoplanets are of 

particular interest, our understanding of other types of terrestrial exoplanets is also 

limited, resulting in an adverse effect on the progress of terrestrial exoplanet 

research.  

To account for these limitations, current methods must be refined to improve our 

understanding of all terrestrial exoplanets which may enhance the search for Earth-

like exoplanets and planetary systems similar to our solar system, both now and in 

the future. The research in this project will look to Venus-like exoplanets as an 

alternative target to Earth-like exoplanets. Venus-like exoplanets are suggested here 
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due since they are likely to display unique spectral features that are will be easily 

detectable by current and emerging instrumentation of space-based observatories. 

This method could assist the identification of planetary systems with the stability to 

contain other terrestrial exoplanets. Expanding the research to other types of 

terrestrial exoplanets may also assist the refinement of the current classification of 

terrestrial exoplanets. 

This thesis will give a literature review (Chapter 2) of the current knowledge of our 

Solar System, including an overview of the Sun, Earth, and Venus. The detection 

methods used for exoplanetary discoveries as well as the databases to be used in the 

methodology will also be detailed. Chapter 3 states the aims and research question 

that will be explored in this project. Chapter 4 will discuss the methodology used in 

this project, along with the installation of the simulation programs and any 

troubleshooting regarding the methods. The results to date will be found in Chapter 

5 which will be discussed and analysed in Chapter 6. Finally, concluding remarks on 

the project will be made in Chapter 7.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Planetary Systems including our Solar System 

Our Solar System contains a total of eight main planets, four of which are terrestrial 

or rocky planets (i.e. Mercury, Venus, Earth and Mars) where Earth is the only planet 

known to be inhabited by modern forms of life. The four remaining planets that 

reside in our Solar System are Jovian or gas giant planets (i.e. Jupiter, Saturn, Uranus 

and Neptune) (NASA 2021). Note that this project is not concerned with Jovian 

planets however, they will be discussed in later section to emphasise the current 

limitations of exoplanet research. The understanding of our solar system is 

quintessential for identifying similarities displayed in other planetary systems and 

thus, the possibility of finding terrestrial exoplanets.  

 

2.1.1 Solar-Type Stars and the Sun 

Our Sun is ~4.5 billion years old with a mass and radius of 1.989 × 1030 kg and 6.955 

× 108 m, respectively (Barnett 2018). Its luminosity is 3.84 × 1026 Watts (CSIRO 2021). 

Because of its mass, luminosity, and evolutionary status, the Sun is classified as a G2V 

(or G2 dwarf) star according to the Harvard Classification Scheme, where “G” is the 

spectral type, “2” is the spectral sub-class, and “V” is the luminosity class. For the 

case of the Sun, the “V” indicates that it is a dwarf star(Swinburne University of 

Technology 1999). Stars that have similar characteristics to our Sun are referred to 

as solar-type stars or solar analogs (Wilson 1978). Since it is difficult to determine the 

exact properties of stars, the search for solar analogs is broadened by using a range 

of spectral types (Soderblom & King 1997). In accordance with the Harvard 
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Classification Scheme, solar analogs have spectral types that range between K2V 

through to F8V (Soderblom & King 1997). However, exoplanets have also been found 

around M-dwarfs such as the TRAPPIST-1 system (Gillon et al. 2016). It is important 

to determine the star’s spectral type to narrow the number of planetary systems that 

may contain exoplanets similar to those found in our solar system.  

 

2.1.2 Our Home Planet – Earth 

Since life is only known to exist on Earth, the geophysical features (i.e. surface liquid 

water, active tectonic plates, a magnetic dynamo and an atmosphere abundant in 

greenhouse gases (specifically nitrogen gases (N2)) exhibited on Earth can be used to 

guide the search for life on other planets. Modern Earth’s atmosphere is abundant in 

gases such as methane (CH4), nitrous oxide (N2O), chloromethane (CH3Cl) and 

carbonyl sulfide (COS), as a result of the feedback from life (Kasting & Siefert 2002). 

This has greatly impacted the long-term stability of Earth’s climate (Charnay et al. 

2020).  

 

2.1.3 Venus: Earth’s Evil Twin 

Venus, also known as “Earth’s evil twin”, is similar to Earth in both size and bulk 

atmospheric composition (Hall 2019). However, the environments that occupy these 

worlds vary significantly from each other. That is, Earth is wet, temperate and 

suitable for modern life, and Venus is hot and uninhabitable (Kane et al. 2019). 

Theories suggest that Venus once accommodated a similar environment to Earth and 
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was formerly suitable for life of some kind (Kane et al. 2019). The factors that 

diverged the evolutionary paths of Earth and Venus remain inconclusive.  

As seen in Table 1, Venus’ current atmospheric composition predominantly consists 

of carbon dioxide (CO2) with small traces of nitrogen (N2), argon (Ar), sulphur dioxide 

(SO2), carbon monoxide (CO) and helium (He) (Lammer et al. 2018). Venus’ 

atmosphere is less abundant in atmospheric water vapours (H2O), where Venus has 

approximately 2.3 × 105 times less atmospheric H2O than Earth (Kane et al. 2019). In 

contrast to Earth, the pressure of the Venus atmosphere is 92 times that of Earth (i.e. 

92 bar atmosphere). It also has a surface temperature of approximately 735 Kelvin 

(K) (Taylor et al. 2018) whereas Earth’s surface temperature is 288 K (Williams 2019).  

Although Venus’ extreme temperature is partially due to its close orbital distance 

from the Sun (~0.72 au), this is a direct result of outgassing from volcanic activity on 

Venus (Way et al. 2016). The volcanoes present on Venus have emitted large 

amounts of CO2 and SO2 into its atmosphere  (Taylor et al. 2018) and has also 

contributed to the abundance of sulphuric acid (H2SO4) in Venus’ upper atmosphere 

(Luginin et al. 2016). Prior to the outgassing from volcanic activity, Venus’ ancient 

atmosphere may have had similar characteristics to the atmosphere of modern 

Earth. Global climate models developed by Way et al. (2016) showed that the ancient 

Venus atmosphere, assuming that there was 100% cloud coverage, was likely to be 

abundant in N2 with small traces of CO2 and CH4. Because Way et al. (2016) only 

modelled ancient Venus’ atmosphere with clouds, it is uncertain how a cloud-free 

model would affect the detection of other gases present in ancient Venus’ 

atmosphere.  
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H2SO4 however, due to the change in atmospheric temperature and pressure, H2SO4 

becomes thermodynamically unstable and begins to evaporate due to the conditions 

at this altitude (Titov et al. 2018; Ando et al. 2020).  

During the missions to Venus, the time available for data collection was limited since 

the probes malfunctioned upon reaching Venus’ surface (Voytek 2009). Because of 

this, there is currently an insignificant amount of information on the structure of 

Venus’ atmosphere and it will require further attention in future missions (Voytek 

2009). 

 

2.1.4 The Temperate Zone 

The term “Habitable Zone” was rendered in the 19th Century which defined the 

distance between a planet and its host star where liquid water could exist, and life 

could evolve (Ligman 2021). However, this term is specific to the structure of our 

solar system and the detection of habitability within it (Ligman 2021). Many 

astronomers now use the term Temperate Zone (Niraula et al.) since it defines the 

zone around the host star where stable liquid medium may exist on a planet (Hill 

2018). This term also shifts the focus onto the effects of stellar radiation on a 

terrestrial planet rather than the detection of life (Tasker et al. 2017).  

Both Venus and Earth are located relatively close to the Sun at 0.72 au and 1 au, 

respectively (California Institute of Technology 2019). The range of the TZ is 

approximated to be between 0.99 au (the inner edge) to 1.70 au (the outer edge) 

from the Sun (Wilson et al. 2021). The inner edge of the TZ is the minimum distance 

from the star for a planet to be able to retain liquid water on its surface (Way et al. 
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2016). The outer edge of the TZ identifies a planet’s ability to retain a CO2-rich 

atmospheres (Kopparapu et al. 2013). Note that the quantity of CO2 in a planet’s 

atmosphere determines whether the planet will experience a greenhouse effect. 

With this effect, the planet’s surface temperature increases which allows liquid 

medium to reside on its surface (Wordsworth & Pierrehumbert 2012).  

The evolution of a star causes the boundaries of the TZ to change over time and 

therefore, altering the planet’s geophysical characteristics such as its atmospheric 

properties and surface temperature (Wilson et al. 2021). However, a planetary 

system that has a stable TZ (i.e. the range of the TZ does not vary greatly over time) 

is more likely to contain potential habitable worlds (Agnew et al. 2019). Unstable TZs 

can be caused by the rapid increase in a star’s luminosity in a relatively short period, 

preventing the evolution of life within this time (Planetary Sciences Inc. 2019). Also, 

if a gas giant planet is present in the TZ, it is assumed that any terrestrial planets 

within the gas giant’s vicinity could not exist. This is because the terrestrial planet 

would be consumed by the strong gravitational pull of the gas giant (Planetary 

Sciences Inc. 2019). Although the TZ is important for determining the location of 

Earth-like exoplanets, it is not suitable for locating Venus-like exoplanets. The region 

that a Venus-like exoplanet may be detected is referred to as the Venus Zone. 
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2.1.4.1 The Venus Zone 

The Venus Zone (VZ) is the distance that the terrestrial planet is situated from its host 

star that allows the planet to have a Venus-like atmosphere. That is, a terrestrial 

planet that is experiencing a runaway greenhouse effect in its atmosphere, or its 

atmosphere is losing mass due to its proximity to its host star (Kane et al. 2019). Like 

the TZ, the VZ also has an inner and outer edge as shown in Figure 1. The boundaries 

for these zones are determined by the percentage of stellar radiation emitted onto 

the planet relative to the stellar radiation emitted onto Earth from our Sun.  

 

 

Figure 1: Diagram of the relative distances of the inner and outer boundaries of the 
Venus Zone (VZ) and the Temperate Zone (Niraula et al.) for stars at different 
temperatures. Note that this diagram refers to the TZ as the Habitable Zone. The y-
axis represents the temperatures of the star in Kelvin (K) and the x-axis represents 
the percentage of stellar radiation emitted onto the planet using a logarithmic scale. 
This percentage is relative to the percentage of stellar radiation emitted onto Earth 
from our Sun. The diagram also depicts the locations of Venus, Earth, and Mars in 
relation to our Sun, as well as current terrestrial candidates that have been observed 
in the VZ. Note that the size of each planet is relatively represented in this diagram. 
Sourced from Kane et al. (2019, p. 2022). 
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The outer edge of the VZ, which is also the inner edge of the TZ, is the distance from 

the host star where a planet will experience ~3000% of stellar radiation relative to 

the percentage of stellar radiation emitted onto Earth from our Sun (see Figure 1) 

(Kane et al. 2019). At this distance from its host star, the planet may experience a 

runaway greenhouse effect if there are moderate levels of CO2 present in the 

atmosphere (Kane et al. 2014). On the other hand, the inner edge of the VZ is the 

distance from the host star where a planet will experience ~90% of stellar radiation 

relative to the percentage of stellar radiation emitted onto Earth from our Sun (see 

Figure 1) (Kane et al. 2019). At this distance from the host star, the planet may 

experience atmospheric erosion. In other words, there would be significant loss of 

the planet’s atmospheric mass (Kane et al. 2014). According to Figure 1, the region 

of the VZ is greater than that of the TZ, suggesting that there is also a greater chance 

of finding a Venus-like candidate than an Earth-like exoplanet. 

 

2.2 Detection Methods 

Currently, terrestrial exoplanets are difficult to observe with current detection 

methods due to their relative size and orbital distance from their host star (Udry & 

Santos 2007). In saying this, the challenge of detecting terrestrial exoplanets does 

not imply that they cannot be found, but rather the quantity of terrestrial exoplanets 

detected is significantly less compared to the detection of larger exoplanets like gas 

giants. The two most successful methods for detecting exoplanets orbiting nearby 

stars are radial velocity and the transit method. Both methods have, and still are, 

detecting and confirming large quantities of all types of exoplanets.  
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2.2.1 Radial Velocity 

Radial velocity is the primary detection method for discovering exoplanets to date. 

Via spectroscopy, this method is able to detect the radial reflex motion when a planet 

interacts with its host star (Wright & Gaudi 2013). In other words, it can detect the 

small movements of the star’s position due to the gravitational pull of the planet (or 

multiple planets) orbiting the star (Yaqoob 2011). As seen in Figure 2, the star orbits 

in a small circle or ellipse around the system’s centre of mass due to the gravitational 

pull of a planet. This change in position makes the star appear to “wobble” which 

allows the observer to determine if a planet is orbiting the star or not.  
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Figure 2: Diagram of the radial velocity method. This method is used to detect 
exoplanets by looking for small changes in star’s position caused by the gravitational 
pull of an orbiting planet. When the star moves away from the observer (and the 
planet moves towards the observer), the spectral lines are red shifted. When the star 
moves towards the observer (and the planet moves away from the observer), the 
spectral lines are blue shifted. Sourced from Williams (2017). 

 

This “wobble” or radial reflex motion is confirmed through spectroscopy by 

measuring the Doppler shift of the star’s spectrum. When the star moves away from 

the observer, the wavelengths detected appear elongated or red shifted, and when 

the star moves towards the observer, the wavelengths detected appear compressed 

or blue shifted (Wright 2018).   
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This radial reflex motion of the star-planet interaction can determine the orbital 

period, distance from the star, eccentricity, and mass of a planet (Wright & Gaudi 

2013). Since larger planets cause a larger reflex motion of the host star, this detection 

method is biased against small, terrestrial exoplanets. In saying this, the minimum 

detectable size and mass of an exoplanet becomes smaller as the orbital distance 

decreases. This means that it is easier to detect planets with shorter orbital distances 

regardless of its size and mass (NASA 2017).  

 

2.2.2 The Transit Method 

The transit method is arguably the simplest method for detecting exoplanets (Wright 

& Gaudi 2013) and accounts for approximately 70% of all exoplanet detections (Deeg 

& Alonso 2018). As the name suggests, an exoplanet is detected with this method 

when it transits. That is, it passes directly in front or behind the star with respect to 

the observer’s perspective (see Figure 3). When the exoplanet passes in front of the 

star, it is referred to as a primary transit. When it passes behind the star, it is then 

referred to as a secondary transit (Encrenaz 2014).  

When a primary transit occurs, the brightness of the star is reduced for a period of 

time (Wright & Gaudi 2013). Depending on the amount of light from the host star 

that is blocked by the exoplanet, its radius can also be resolved as a percentage of 

the stellar radius. This radius can then be used to determine other characteristics of 

the exoplanet such as the atmospheric composition and temperature. This is because 

the radius of the exoplanet is inferred by the specific wavelengths of molecular 

species present in the exoplanet’s atmosphere (Encrenaz 2014). Note that this 
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method is only applicable when the exoplanet passes in front of the star with respect 

to the observer’s perspective to ensure that the dimming of the star’s brightness can 

be observed (Santos & Amorium 2017).  

Primary transits are more commonly used than secondary transits for exoplanet 

detection, particularly terrestrial exoplanets. This is because the size of a terrestrial 

exoplanet is relatively small compared to a larger gas giant exoplanet, which means 

that the effects that are detectable during a secondary transit are less likely to occur 

for smaller terrestrial exoplanets (Santos & Amorium 2017). 

 

Figure 3: Diagram of the transit method. This method measures the change in the 
brightness of the star as a planet passes in front of it with respect to the observer’s 
perspective. In the diagram, the change in brightness is indicated by the light curve 
where the light curve dips as the planet transits in front of the star. Sourced from 
NASA Ames (2021). 
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2.2.3 Simultaneous Spectroscopy and the Transit Method 

The transit method can also be used in conjunction with spectroscopy to analyse the 

transmission absorption spectrum and emission spectrum of the exoplanet and its 

host star. As mentioned in section 2.2.2, a primary transit occurs when the exoplanet 

transits in front of the star with respect to the observer’s perspective. When this 

occurs, a unique spectral “fingerprint” of the combined star and planet’s spectrum is 

created (Rugheimer et al. 2013). When the exoplanet completes a secondary transit, 

that is, it passes behind the star, only the star’s emission spectrum can be observed 

independently of the exoplanet (Hoeijmakers et al. 2018). By comparing the two 

spectral “fingerprints” of the primary and secondary transits, the exoplanet’s 

emission spectrum can be identified (Barstow et al. 2015).  

The exoplanet’s transmission absorption spectrum is determined during a primary 

transit. When the light from the star passes through the exoplanet’s atmosphere 

during a primary transit, the molecular species that are present in the atmosphere 

absorb specific wavelengths, thus allowing for the chemical composition of the 

exoplanet’s atmosphere to be observed. The absorption of light is also affected by 

other factors in the atmosphere such as Rayleigh Scattering. Rayleigh Scattering 

causes light passing through an atmosphere to “scatter” or refract due to the light’s 

interaction with the small gas molecules present in the atmosphere (Hansen & Travis 

1974). Examples of molecules that cause Rayleigh Scattering are O2, He and N2 

(Climate Policy Watcher 2022). The effects of Rayleigh Scattering can alter the 

transmission absorption spectrum by reducing the absorption of molecules at 

shorter wavelengths such as ultraviolet (Niraula et al.) and visible, thus changing the 
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overall planet spectra (Robinson et al. 2017). By interpreting the transmission 

absorption spectrum and considering the effects of Rayleigh Scattering within 

terrestrial exoplanet atmospheres, molecular constituents can be identified within 

their atmospheres (Chance & Spurr 1997). 

 

2.2.3.1 Detection and Characterisation of Venus-like Exoplanets 

Most terrestrial exoplanets have been discovered in the VZ when using the transit 

method since there is an observational bias towards exoplanets with shorter orbital 

periods (Kane et al. 2019).  

Because the exoplanet is located at close proximity to its host star, the amount of 

stellar radiation emitted onto it would cause the exoplanet to display unique 

atmospheric spectral features that are optimal for characterisation. Exoplanets that 

have shorter orbital periods are most likely to display runaway greenhouse spectral 

features like that of Venus (Kane et al. 2018). This means that Venus-like exoplanets 

are likely to be discovered in the VZ because of the spectral features that they are 

expected to display. Kane et al. (2014) showed that this is quantifiable, where it was 

determined that terrestrial exoplanets likely to display runaway greenhouse spectral 

features have an occurrence rate of ~0.32 and ~0.45 when sampled from 22 M dwarfs 

and 21 G-K dwarfs, respectively.  

Not only are the detection methods important for the discovery of Venus-like 

exoplanets, but the capabilities of the instrumentation used to detect them also have 

a significant impact on the outcome of exoplanet observations.  
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2.3 Space Telescope Instrumentation 

Telescopes are important astronomical instruments used to observe objects beyond 

Earth and within our universe. They can be either ground- or space-based. Space 

telescopes are superior to ground-based telescopes in terms of exoplanet research. 

This is because space telescopes are able to detect a wider range of frequencies and 

wavelengths of the electromagnetic spectrum that may be undetectable due to the 

interference of Earth’s atmosphere (University of Arizona 2016). The interference of 

Earth’s atmosphere can cause issues when looking for specific molecules expected 

to be found in Earth- and Venus-like atmospheres (University of Arizona 2016). Space 

telescopes have been able to detect and confirm thousands of exoplanets orbiting 

nearby star systems, including small, inner, terrestrial exoplanets. Table 2 lists the 

space telescopes that have been launched and have contributed to exoplanet 

discoveries to date.  
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Table 2: The fleet of space telescopes that have contributed to exoplanet discoveries. 

Telescope Lifespan Wavelength Contributions 

Hipparcos1 1989 – 1993 Optical • Observed and catalogued the precise position of 118 

2018 stars 

Hubble Space Telescope  

(HST)2 

1990 – present UV, Optical & Near IR  

(0.115 – 1.7 µm) 

• Observed the first confirmed discovery of a transiting 

exoplanet 

• Detected the first organic molecule in exoplanet 

atmospheres 

Spitzer3 2003 – 2020 Infrared  

(3.6 – 16 µm) 

• First telescope to detect light directly from distant 

exoplanet 

• Determined the geophysical parameters of distant 

planets through its IR capabilities 

• Detected exoplanets through the transit method 

Convection, Rotation and  

planetary Transit telescope 

(CoRoT)4 

2006 – 2013 Optical • Designed specifically to search for terrestrial 

exoplanets using the transit method 

• Able to calculate a star’s mass, age and chemical 

composition via ‘starquakes’ 

Kepler/K25 2009 -2018 Optical 

(0.43 – 0.89 µm) 

• Designed to determine the characteristics of 

exoplanets and their planetary systems 

• Used the transit method to detect exoplanets  

Gaia6 2013 – present Optical, Near IR 

(0.33 – 1.05 µm) 

• Precisely measure and catalogue stars, including 

information on their position, distance, movement, 

and magnitude 

Transiting Exoplanet Survey Satellite 

(TESS)7 

2018 – present Optical, Near IR 

(0.6 – 1 µm) 

• Searching for exoplanets using the transit method 
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Telescope Lifespan Wavelength Contributions 

• Cameras are capable of detecting terrestrial 

exoplanets 

• Set to monitor over 200 000 stars for transiting 

exoplanets 

Characterising ExOPlanets Satellite 

(CHEOPS)8 

2019 – present Optical, Near IR 

(0.4 – 1.1 µm) 

• Characterise exoplanets orbiting bright, nearby stars 

• Has made precise observations of transiting 

exoplanets, particularly super-Earths and Neptune-like 

exoplanets 

James Webb Space Telescope 

(JWST)9 

2021 – present Optical, IR 

(0.6 – 28.8 µm) 

• Will observe the formation and evolution of confirmed 

exoplanets and their planetary systems 
1 ESA 2022, Available at: https://www.cosmos.esa.int/web/hipparcos 

2 Space Telescope Science Institute 2022, Available at: https://hubblesite.org/mission-and-telescope, 

https://hubblesite.org/science/exoplanets 

3 Caltech n.d., Available at: https://www.spitzer.caltech.edu/mission/exoplanets  

4 Caltech n.d., Available at: https://www.esa.int/Science Exploration/Space Science/COROT overview 

5 Johnson 2018, Available at: https://www.nasa.gov/mission pages/kepler/overview/index.html  

6 ESA n.d., Available at: https://www.esa.int/Science Exploration/Space Science/Gaia overview  

7 Garner 2020, MIT n.d., Available at: https://www.nasa.gov/content/about-tess, https://tess.mit.edu/science/  

8 ESA n.d., Available at: https://www.esa.int/Science Exploration/Space Science/Cheops, https://sci.esa.int/web/cheops  

9 NASA 2022, Available at: https://jwst.nasa.gov/  
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There are many space telescopes famous for their success in finding exoplanets, 

particularly the Hubble Space Telescope, Spitzer, Kepler/K2, and the Transiting 

Exoplanet Survey Satellite. These telescopes will be discussed in more detail in the 

following sections. 

 

2.3.1 The Hubble Space Telescope 

In 1990, NASA launched its first major optical space telescope, known as the Hubble 

Space Telescope (HST), as part of their Great Observatories Program. For over 30 

years, HST has been orbiting 547 km above Earth’s surface, making millions of 

observations, and expanding our current knowledge of the universe (Belleville 2021). 

HST contains an abundance of science instruments that are capable of observing a 

wide variety of astronomical objects at a range of different wavelengths.  

 

2.3.1.1 HST Instruments and Specifications 

The science instruments on the HST include the Space Telescope Imaging 

Spectrograph (STIS), the Cosmic Origins Spectrograph (COS), the Advanced Camera 

for Surveys (ACS) and Wide Field Camera 3 (WFC3) (Space Telescope Science Institute 

2022a). Below in Table 3 and 4 are the specifications of the instruments currently in 

operation on the HST. In this section, only the HST instruments that have contributed 

to exoplanet discoveries will be discussed. 

The STIS is an instrument used for spectroscopy. This instrument consists of one 

charged-coupled device (CCD) and two multi-anode microchannel arrays (MAMA). 
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The CCD is used to detect near infrared (NIR) light whereas the two MAMA are used 

to detect ultraviolet light (Garner 2019; ICNIRP 2020). The wavelength range of all 

the devices in the STIS are between 0.115 to 1 micrometre (µm). Because of its 

wavelength range, the STIS is capable of capturing highly resolved spectra of objects 

in the optical, NIR and UV spectrum (Garner 2019). The STIS is often used in 

conjunction to the COS instrument since both devices are used for spectroscopy and 

have capabilities which complement each other (Garner 2019). 

The ACS instrument was originally designed to survey extensive areas of the sky but 

is capable of observing faint objects within the universe (Garner 2017b). The 

detectable wavelengths of the devices in the ACS instrument range between 0.115 

to 1.05 µm, meaning that it can detect wavelengths from UV to NIR (Garner, 2017). 

The ACS is mainly used to study weather patterns on other planets within our solar 

system (ESA 2022c).  

The COS instrument is another spectrograph on board the HST. The COS has two 

channels: the near ultraviolet (NUV) and far ultraviolet (FUV) channel. The NUV 

observes near UV wavelengths (0.170 to 0.320 µm), and the FUV observes far UV 

wavelengths (0.115 to 0.205 µm) (ESA 2022a). It is used to observe the formation and 

evolution of objects such as exoplanets (ESA 2022a). 

Like the ACS, the WFC3 instrument is used to observe the formation and evolution of 

stars and planets (ESA 2022b). Because its camera has a wider field of view with a 

higher resolution, it is able to observe a wider range of wavelengths than the ACS 

instrument. The wavelengths that the WFC3 can detect is within the UV and NIR 

spectrum (0.200 to 1.70 µm).  
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Table 3: Specifications of HST’s STIS and ACS instruments.  

Instrument Instrument 

Type 

Field of View 

(arcseconds) 

Wavelength range 

(µm) 

STIS1 Camera  

+ Spectrograph 

MAMA – 25 × 25 

CCD – 50 × 50 

0.115 – 1.00 

ACS2 Camera WFC – 202 × 202 

HRC – 29.1 × 26.1 

SBC – 1024 × 1024 

WFC – 0.35-0.15 

HRC – 0.200-1.05 

SBC – 0.115-0.18 
1 ESA 2022, Available at: https://esahubble.org/about/general/instruments/stis/ 

2 ESA 2022, Available at: https://esahubble.org/about/general/instruments/acs/  

 

Table 4: Specifications of HST’s COS and WFC3 instruments. 

Instrument Instrument 

Type 

Channel Detector 

Type 

Field of 

View 

(arcseconds) 

Wavelength 

Range (µm) 

COS1 Spectrograph FUV X-delay line - 0.115-0.205 

NUV NUV MAMA - 0.170-0.320 

WFC32 Camera UVIS Si 160 × 160 0.200-1.000 

NIR HgCdTe 123 × 137 0.850-1.700 
1 ESA 2022, Available at: https://esahubble.org/about/general/instruments/cos/ 

2 ESA 2022, Available at: https://esahubble.org/about/general/instruments/wfc3/ 

 

The WFC3 instrument’s capabilities were used to dictate the ideas for the 

instruments on board the recently launched James Webb Space Telescope (Garner 

2017a).  

 

2.3.1.2 Capabilities and Limitations of HST 

Currently, the HST is the only space telescope that is able to provide high resolution 

images in UV, optical and NIR wavelengths  (NASA 2020). Because of this, the HST is 

capable of observing exoplanet atmospheres by differentiating the spectra of the star 
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and the exoplanet’s atmosphere via Rayleigh Scattering (Sing et al. 2013). However, 

the atmospheres of small, inner terrestrial exoplanets like Earth and Venus become 

more difficult to characterise since the range of wavelengths are limited by the 

capabilities of the HST’s instruments. This also limits the types of molecules that can 

be detected in such atmospheres and thus limits the ability to find Venus- and Earth-

like exoplanets. As mentioned in Table 3 and 4, the range of wavelengths that can be 

observed by the HST instruments ranges from UV to NIR wavelengths (~0.115 to 

1.700 µm). The molecules and their associated isotopes that have the strongest 

signals and can be detected in this wavelength range include H2O (H2
16O), and O2 

(16O2).  

The HST’s ability to detect molecular species within the atmospheres of small 

gaseous (possibly terrestrial) exoplanets orbiting TRAPPIST-1 was demonstrated by 

de Wit et al. (2018). de Wit et al. (2018) specifically analysed the transmission 

absorption spectrum of TRAPPIST-1d, TRAPPIST-1f, TRAPPIST-1e and TRAPPIST-1g. 

The Mikulski Archive for Space Telescopes database was used to obtain light curve 

observations of each TRAPPIST-1 exoplanet. These observations were collected by 

the HST WFC3 instrument. The light curves of the exoplanets were then analysed 

using the Markov chain Monte Carlo software and a custom Fortran 90 code (see de 

Wit (2018)). By developing the transmission absorption spectral models of the 

TRAPPIST-1 system, de Wit et al. (2018) was able to analyse the abundance of 

molecules for each exoplanet. The molecules used to model the spectra were CO2, 

CH4, N2, H2O and H2 with a 3σ uncertainty for all exoplanets. As shown in Figure 4, H2 

molecules did not converge to the observation of any of the TRAPPIST-1 exoplanets. 

The article suggests the likelihood of the TRAPPIST-1 exoplanets being terrestrial 



 
 

24 
 

exoplanets since the models for H2O, N2 and CO2 slightly converge to the 

observations. However, the detection of strong molecular signals of H2O, N2 and CO2 

cannot be achieved with HST WFC3 due to the relatively low resolution and small 

wavelength range between 0.85 and 1.7 µm (see Table 4) which is suggested by the 

relatively small transit depths of each exoplanet observation as seen in Figure 4. 

HST’s inability to detect strong molecular signals means that other instrumentation 

should be favoured for analysing terrestrial exoplanet atmospheres.  

 

 

Figure 4: Models of the transmission absorption spectrums of four of the TRAPPIST-
1 exoplanetary system using a 3σ uncertainty. Exoplanets in the figure include 
TRAPPIST-1d, TRAPPIST-1f, TRAPPIST-1e and TRAPPIST-1g. The x-axis represents the 
wavelength in microns (µm) as a logarithmic scale, and the y-axis represents the 
calculated transit depth in parts per million (ppm). The observations were developed 
from four observation points collected by the Hubble Space Telescope’s Wide Field 
Camera 3 (HST WFC3) instrument. The spectra were then analysed using the Markov 
chain Monte Carlo software and a custom Fortran 90 code.  Sourced from de Wit et 
al. (2018). 
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The detection of molecules like H2O in terrestrial exoplanet atmospheres by the HST 

instruments was reported by Kreidberg et al. (2014). They determined that the 

spectral features of heavier molecules like H2O may be detectable in terrestrial 

exoplanet atmospheres since such molecules present absorption features that can 

be identified in the NIR spectrum (Kreidberg et al. 2014). Molecules that are not 

within this wavelength range or do not have a strong enough signal and cannot be 

detected by the HST. This includes molecules such as CH4 (12CH4), CO2 (12C16O2) and 

N2 (14N2) (Quanz et al. 2021; Gordon et al. 2022). Note that the isotopes listed with 

these molecules are the most abundant within this wavelength range. Further 

information about these isotopes can be found in the HITRAN database (Gordon et 

al. 2022). The molecules that cannot be detected by the HST instruments are the 

same molecules expected to be found in the atmospheres of Venus- and Earth-like 

exoplanets. This suggests that the HST may not be capable of categorising such 

exoplanets despite being able to find them. Some objects are also too distant and or 

too cold to emit wavelengths in the optical to NIR wavelengths, therefore these 

objects cannot be detected by the HST instruments (Quanz et al. 2021). Because of 

HST’s observational limitations, any future space-based telescopes will consider 

these limitations for improved detections of the atmospheres of exoplanets where 

improvements on the levels of HST discussed here would be ideal. NASA’s other 

telescopes such as the Spitzer Space Telescope, the Kepler telescope, and the 

Transiting Exoplanet Survey Satellite (TESS), compliment the discoveries of HST and 

further its research. 
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2.3.2 The Successors of the Hubble Space Telescope  

2.3.2.1 The Spitzer Space Telescope 

Launched in 2003 as part of NASA’s Great Observatory Program, the Spitzer Space 

Telescope was one of the first space telescopes specific to infrared (IR) astronomy. 

Its initial mission was to study a variety of objects from within our Solar System and 

the distant universe (McGregor et al. 2022). However, in 2009, issues with the 

telescope caused a re-evaluation of the Spitzer missions and it began studying 

specifically the expansion of the universe and asteroid characterisation. Spitzer also 

went on to study the atmospheres of exoplanets, in particular gas giants (McGregor 

et al. 2022).  The instruments on board Spitzer were able to observe wavelengths in 

IR, from near to far IR (2.4 to 38 µm) (Caltech 2022). Because of its instrument’s 

capabilities, Spitzer used the transit method to detect exoplanets, becoming the first 

space telescope to detect light directly from exoplanets within a planetary system 

(NASA 2022b). It also determine geophysical characteristics of larger exoplanets 

through spectral analysis, including the identification of their atmospheric 

compositions (NASA 2022b). After 16 years, Spitzers missions finally ended in 2020 

however, its legacy lives on in space telescopes specific to exoplanet detections, such 

as Kepler and TESS (NASA 2022b).  

 

2.3.2.2 The Kepler/K2 Missions 

In 2009, NASA’s Kepler space telescope was launched where its primary objective 

was to find Earth-sized exoplanets using the transit method. However, in 2011, 

Kepler faced mechanical issues which caused parts of the telescope’s instrument to 
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become unusable (Pyle 2020). NASA then designed the K2 mission, which would 

continue the use of the Kepler space telescope to detect a variety of different 

exoplanets instead of specifically targeting Earth-sized exoplanets (Mighell & van 

Cleve 2020).  

The Kepler/K2 telescope carries one instrument: a photometer (Pyle 2020). 

Composed of 42 CCDs, this photometer observes wavelengths between 0.4 and 0.85 

µm. This instrument has the ability to measure the light from distant stars and 

observe transiting exoplanets within that star’s system (Johnson 2017). After 

identifying over 2000 transiting exoplanets, the Kepler/K2 mission came to an end in 

2018 (Pyle 2020).  

 

2.3.2.3 The Transiting Exoplanet Survey Satellite 

In 2018, NASA launched the successor of Kepler/K2, the Transiting Exoplanet Survey 

Satellite (TESS) (Garner 2020). TESS contains four identical wide-field CCD cameras 

which are able to observe wavelengths from 0.6 to 1.04 µm (Vanderspek et al. 2018). 

The four cameras allow TESS to collect high-resolution images of its targets (MIT 

2022). Like the Kepler/K2 mission, TESS also detects exoplanets using the transit 

method. However, TESS can specifically target exoplanets that orbit within the TZ 

(Pyle 2021). Like all photometry-based space telescopes, TESS requires the use of 

other telescopes to confirm exoplanets as well as measure the spectrums of the stars 

and exoplanets since it does not have the instruments to do so itself (MIT 2022). In 

2020, the primary mission of TESS concluded, confirming the existence of 66 new 

exoplanets and nearly 2100 exoplanet candidates to be confirmed. To this day, TESS 
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continues to search for small, terrestrial exoplanets in its extended mission (Brennen 

2021).   

Although both the Kepler/K2 and the TESS missions contributed greatly to the search 

for exoplanets, they were not designed with the same capabilities as the HST 

instruments such as having the ability to perform spectroscopy. Both telescopes 

were also limited to using the transit method to find exoplanets. This meant that a 

lot of the exoplanets that Kepler/K2 and TESS found, had to be confirmed by external 

sources such as ground-based telescopes. Because of their limitations, NASA 

designed a larger, more equipped telescope, known as the James Webb Space 

Telescope, that would follow in the footsteps of the HST.  

 

2.3.3 The Future Endeavors of the James Webb Space Telescope 

Launched on the 25th of December 2021, the James Webb Space Telescope (JWST) is 

expected to expand upon the discoveries made by HST, Kepler/K2 and TESS. JWST 

will be able to precisely observe the evolution of the universe as well as characterize 

the atmospheres of exoplanets (Barstow et al. 2015). Like the HST, the JWST contains 

a number of instruments capable of completing planned research goals of previous 

space telescopes, including the observation of the early universe and continuing the 

research on exoplanets (Barnett 2022).  

 

2.3.3.1 JWST Instruments and Specifications 

Similar to the HST, the JWST has four instruments: the Mid-Infrared Instrument 

(MIRI), the Near-Infrared Camera (NIRCam), the Near-Infrared Imager and Slitless 



 
 

29 
 

Spectrograph (NIRISS), and the Near-Infrared Spectrograph (NIRSpec) (Space 

Telescope Science Institute 2020). Below in Table 5 are the specifications of the 

instruments on the JWST. In this section, only the instruments on the JWST that will 

contribute to exoplanet research will be discussed. 

MIRI operates as a combined imager and spectrograph that covers the mid-IR 

wavelengths (4.9 to 28.8 µm) (Space Telescope Science Institute 2020). The imager 

has a wavelength range from 5.6 to 25.5 µm whereas the spectrographs wavelength 

range is from 0.5 to 1.2 µm (Space Telescope Science Institute 2022b). The 

spectrograph uses both slitted and slit-less spectroscopy (Space Telescope Science 

Institute 2020). The main purpose of MIRI will be to image exoplanets and measure 

the spectra of transiting exoplanets (Reike et al. 2015). 

 

Table 5: Specifications of JWST’s MIRI, NIRCam, NIRISS and NIRSpec instruments.  

Instrument Instrument Type Field of View 

(arcseconds) 

Wavelength range 

(µm) 

MIRI1 Imager + Spectrograph 74 × 113 4.9 – 28.8 

NIRCam2 Imager + Coronagraph  

+ Spectrograph 

132 × 132 0.6 – 5.0 

NIRISS3 Imager 

+ Slitless Spectrograph 

132 × 132 0.6 – 5.0 

NIRSpec4 Spectrograph 204 × 216 0.6 – 5.3 
1 Space Telescopes Science Institute 2022, Available at: https://jwst-

docs.stsci.edu/jwst-mid-infrared-instrument/miri-observing-modes/miri-imaging 

2 Space Telescopes Science Institute 2022, Available at: https://jwst-

docs.stsci.edu/jwst-near-infrared-camera  

3 Space Telescopes Science Institute 2022, Available at: https://jwst-

docs.stsci.edu/jwst-near-infrared-imager-and-slitless-spectrograph  

4 Space Telescopes Science Institute 2022, Available at: https://jwst-

docs.stsci.edu/jwst-near-infrared-spectrograph  
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NIRISS is one of JWST’s imager/spectrograph instruments. (Space Telescope Science 

Institute 2020).  The NIRISS instrument will observe wavelengths in the NIR spectrum 

(0.6 to 5.0 µm) and has four observation modes; the wide field slitless spectroscopy 

(WFSS), single object slitless spectroscopy (SOSS), aperture masking interferometry 

(AMI) and imaging (Space Telescope Science Institute 2022c). NIRISS will be used to 

characterise exoplanet atmospheres and observe the spectrums of transiting 

exoplanet (NASA 2022a). 

 

2.3.3.2 Capabilities and Future Outcomes of JWST 

Bean, JL et al. (2018) predicts that the JWST will be able to observe the atmospheric 

compositions of transiting exoplanets, which is a fact supported by the known 

capabilities of the JWST instruments. The JWST instruments will primarily observe in 

the infrared spectrum where, across its four instruments, covers the range of 

wavelengths between 0.6 to 28 µm (ICNIRP 2020). The molecules (and their 

associated isotopes) that can be detected within this wavelength range, with a strong 

signal, include CO2 (12C16O2), CH4 (12CH4), SO2 (32S16O2), N2 (14N2), O3 (16O3), CO 

(12C16O), and NH3 (14NH3) (Gordon et al. 2022). These molecules cannot be detected 

by the HST since it observes wavelengths between 0.115 and 1.7 µm. As per section 

2.3.1 – Capabilities and Limitations of HST, the isotopes listed with these molecules 

are the most abundant within this wavelength range. Further information about 

these isotopes can be found in the HITRAN database (Gordon et al. 2022).Figure 

5shows the capabilities expected of the JWST instruments (Bean, J. et al. 2018). Bean, 

J. et al. (2018) used a program called PandExo to develop simulated observations of 

WASP-79b which was compared to existing data of WASP-79b collected by the HST 
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WFC3 instrument. From Figure 5, the simulated observations show that JWST will be 

able to observe strong molecular signals of H2O, CO and CO2 whereas HST is limited 

to only detecting weak molecular signals of H2O (Bean, J. et al. 2018). Compared to 

Figure 4 which depicts observation data of the TRAPPIST-1 system collected by the 

HST WFC3 instrument, the resolution of detectable molecules of the JWST 

instruments are also superior to that of the HST instruments.  

Since infrared wavelengths are longer than other wavelengths such as the optical and 

UV, the JWST instruments will be able to make observations that will not be 

interfered by dust and cloud. This means that the instruments on board the JWST will 

also be able to detect fainter and more distant objects such as small terrestrial 

exoplanets (Barstow et al. 2015).  

 

 

Figure 5: Simulated transmission spectral data of WASP-79b expected to be observed 
by the JWST instruments (NIRISS, NIRSpec and NIRCam) using the program, PandExo. 
The simulated data is plotted with the observed transmission spectral data of WASP-
79b collected by the HST WFC3 instrument. The plot also depicts the molecules for 
each transmission peak. These molecules include H2O, CO and CO2.  Sourced from 
Bean, J. et al. (2018). 
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The molecules that JWST can detect are also expected to be observed in the 

atmospheres of Venus-like exoplanets which may confirm their existence in the 

universe. JWST will also be able to detect these molecules at longer, more abundant 

wavelengths, therefore it will be easier to characterise the atmospheres of Venus-

like exoplanets. The data collected by JWST, including the atmospheres of Venus-like 

exoplanets, will be available to the public in databases such as the NASA Exoplanet 

Archive. 

 

2.4 Database Archive 

As stated in section 1.1, the search for Venus-like exoplanets may assist the future 

characterisation of terrestrial exoplanets. To identify a Venus-like exoplanet, the 

atmospheric composition of confirmed exoplanets found in nearby planetary 

systems would need to be compared to that of modern Venus. To determine the 

transmission absorption spectrum and the atmospheric composition of the Venus-

like candidates, the Python programs PLATON and TauREx will be used to simulate 

this using the astrophysical parameters of exoplanets and model their atmospheric 

characteristics (see section 2.5). These parameters can be found by searching 

databases containing the data collected by space-based observatories. In this project, 

the NASA Exoplanet Archive will be used to find exoplanets orbiting solar analogs 

that have similar planetary specifications to Venus, specifically its mass, radius and 

orbital semi-major axis (i.e. the planet’s proximity to its host star).  

The NASA Exoplanet Archive contains astronomical data on exoplanets from many 

astronomical data collections (NASA Exoplanet Science Institute 2021b). The data 
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provided in this archive is collected from the Kepler, TESS and CoRot missions, along 

with many ground-based surveys (Akeson et al. 2013). This archive allows users to 

search for specific exoplanet parameters including planet mass, radius, orbital 

period, and isothermal temperature. It also allows users to find specific stellar 

parameters such as the star mass, radius and temperatures (NASA Exoplanet Science 

Institute 2021b).  

 

2.5 Simulation programs 

With the launch of JWST, data of Venus- and Earth-like exoplanets are expected to 

be collected and uploaded to the NASA Exoplanet Archive. Because the JWST data 

will not be available to the public for some time, researchers have been using 

programs such as PLATON and TauREx to simulate what we expect to find from the 

JWST mission. 

 

2.5.1 PLATON 

Planetary Atmosperic Tool for Observer Noobs (PLATON) is a Python package that 

can calculate and model simple transmission absorption and emission spectra of 

exoplanets, as well as calculate their atmospheric properties (Zhang et al. 2019). 

PLATON has three main modules: TransitDepthCalculator, EclipseDepthCalculator 

and CombinedRetriever. For this project, only the TransitDepthCalculator will be 

used to model the transmission absorption spectra of Venus and the Venus-like 

candidates.  
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TransitDepthCalculator is used to compute the transmission absorption spectrum of 

transiting exoplanets (Zhang et al. 2019). The calculations for this module require the 

user to input parameters of the planetary system being modelled such as the star’s 

radius, the planet’s radius, the planet’s mass, and the isothermal temperature of the 

planet’s atmosphere. The models also consider other atmospheric parameters of the 

exoplanet such as the absorption of gas in the atmosphere, collision-induced 

absorption (Akeson et al.), Rayleigh and Mie scattering, as well as the effects of 

clouds (Zhang et al. 2019). The module then outputs both the plot and tabulated data 

of the wavelength versus the transit depth. By plotting the transit depths against the 

wavelengths, the transmission absorption spectrum of the exoplanet’s atmosphere 

is modelled (Zhang et al. 2019).  A detailed description of the TransitDepthCalculator 

in PLATON can be found in Appendix C.1. 

Zhang et al. (2020) used the capabilities of PLATON to model the transmission and 

emission spectra of the hot Jupiter exoplanet known as HD 189733b. These models 

were then compared to the available data collected by HST and Spitzer (Zhang et al. 

2020). The models developed by Zhang et al. (2020) were the first comprehensive 

models of HD 189733b. They found that there were distinct similarities between the 

models and the spectra observed by HST and Spitzer, demonstrating the accuracy of 

PLATON’s algorithm (Zhang et al. 2020).  

   

2.5.2   TauREx  

The Tau Retrieval for Exoplanets (TauREx) is a Python code predominantly used for 

analysing the atmospheres of gas giant exoplanets. However, the updated TauREx III 
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now allows users to model the atmospheres of relatively smaller and colder 

exoplanets such as terrestrials (Al-Refaie et al. 2021). In this thesis, TauREx III will be 

referred to as TauREx. The code requires an input of the transmission absorption 

spectral data of the exoplanet’s atmospheres. This can be either data collected from 

space-based observatories or modelled spectral data (Barstow et al. 2020). The user 

must also input the exoplanet’s mass, radius, and isothermal temperature. The 

chemistry of the planet’s atmosphere can be modified by altering the presence and 

abundance of molecules in the atmosphere (Barstow et al. 2020). This means that 

users can then model the atmosphere to fit the observational data and confirm the 

presence of molecular species in the planet’s atmosphere (Barstow et al. 2020). This 

helps the user identify which molecules contribute to the absorption of light in the 

atmosphere (i.e. active molecules) or interact with the incoming light and other 

molecules in the atmosphere (i.e. inactive molecules). This includes molecules that 

contribute to Rayleigh Scattering in the atmosphere (Al-Refaie et al. 2021). For more 

detail on the use of the TauREx code, see Appendix C.2. 

TauREx has been extensively used for projects specific to the characterisation of 

exoplanet atmospheres, more specifically the atmospheres of Jovian exoplanets. In 

2021, Tsiaras et al. (2021) presented their work on detecting water vapour in the 

atmosphere of K2-18b. This was achieved by using the data collected by HST’s WFC3 

instrument which collected eight transit observations of K2-18b. The raw observation 

data was then analysed through TauREx to determine the atmospheric parameters. 

From this, Tsiaras et al. (2021) modelled three different atmospheric scenarios for 

K2-18b: two different cloud-free atmospheres (H2O only, and H2O + N2) and a cloudy 

atmosphere (H2O + clouds). Although three different scenarios were presented, all 
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models showed the presence of water vapour. In addition, there was no significant 

difference found between the H2O + N2 cloud-free model and the H2O + clouds model 

at a 2σ uncertainty range (Tsiaras et al. 2021). Limitations of the model that were 

identified by Tsiaras et al. (2021) include the inability to identify other molecules in 

the atmosphere due to the signal-to-noise ratio and the wavelength coverage of the 

HST’s WFC3 instrument. Taking these findings into consideration, the Venus-like 

candidates in this project will only be modelled as a cloud-free atmosphere since the 

application of a cloudy atmosphere is unlikely to present significantly different results 

to the cloud-free spectral output of relatively small terrestrial exoplanets. 

  

2.6 The Importance of Terrestrial Exoplanet Characterisation 

Currently, the method for the classification of terrestrial exoplanets is flawed since 

the differences in atmospheric characteristics are indistinguishable with our current 

instrumentation. This means that most terrestrial exoplanets are often classified as 

‘Earth-like’ or ‘super-Earth’ exoplanets without due consideration of the known 

differences between the terrestrial planets within our solar system. Since this is the 

current method for classifying terrestrial exoplanets, a terrestrial exoplanet with 

Venus-like characteristics may be classed as an Earth-like exoplanet. To refine this 

classification, the specific characteristics of terrestrial exoplanet atmospheres must 

be identified. This can then be applied when space-based instrumentation is able to 

make the distinction between Earth-like and Venus-like exoplanets. 

 



 
 

37 
 

This project is expected to expand on our current knowledge of Venus-like exoplanet 

atmospheres through simulations which can help guide future space-based 

instrumentation, with improved capabilities, in the search for planetary systems like 

our own.  
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CHAPTER 3: AIMS AND RESEARCH QUESTIONS 

There are many confirmed terrestrial candidates residing in planetary systems that 

may exhibit similar geophysical properties to our solar system’s terrestrial planets, 

like Earth and Venus. However, due to the observational and technological 

limitations with our current space telescope instruments, this number is likely to 

represent the existence of only a small fraction of these types of exoplanets. These 

limitations include observation time, instrument lifetime, and capabilities, which 

combined, result in a reduction in the likelihood of successfully characterising 

relatively small, terrestrial exoplanets.  

As the classification of terrestrial exoplanets becomes more refined upon the 

discovery of new exoplanets, this knowledge, in conjunction with sophisticated 

models, can be used to further refine the parameters of specific exoplanet 

candidates. Chapter 2 prefaced that, although the HST instrumentation was state-of-

the-art for its time, a wider wavelength range is required to characterise the 

molecular species contained with exoplanetary atmospheres. Thus, future research 

of exoplanet atmospheres will eventually lead to the improved classification of 

terrestrial exoplanets. Possible candidates that could assist the classification of 

terrestrial exoplanets are Venus-like exoplanets. As planned space-based 

instruments mostly use the infrared spectrum, the molecules of a Venus-like 

exoplanet will be easier to detect. This would be a first step into accurately 

characterising exoplanet atmospheres and therefore, can contribute to the improved 

classification of terrestrial exoplanets. 
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3.1   Research Questions 

With the information from the previous section in mind, the research questions of 

this project are:  

1. Can atmospheric simulations of Venus and Venus-like candidates be used to 

guide the detection of molecular species and key properties of Venus-like 

exoplanets, using the next generation of space-based observatories? 

2. Can these simulations also be used to refine the classification of terrestrial 

exoplanets, particularly Earth- and Venus-like exoplanets, and assist our 

understanding of exoplanet and planetary system evolution? 
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CHAPTER 4: METHODOLOGY 

The aim of this project is to identify Venus-like exoplanets orbiting solar analogs using 

the NASA Exoplanet Archive. Since the HST instruments do not have the capability of 

detecting molecules expected to be found in the atmospheres of Venus-like 

exoplanets, the Python program, PLATON will be used to model the expected 

transmission absorption spectra of Venus and the Venus-like candidates that will be 

observed by the JWST. From this, the modelled spectral data from PLATON will then 

be inputted into the Python program, TauREx, to characterise the atmospheres of 

the Venus-like candidates. The models of the Venus-like candidate’s atmospheres 

will also be compared to the TauREx model of the Venus atmosphere, where any 

similarities and differences between the models and to real instrumentation 

capabilities will be identified. This will lead to the discussion of the likelihood that the 

candidates are Venus-like and further explore other possible inferences such as the 

evolutionary status of the planetary system. This method will also determine 

whether current space-based observatories and future missions will be capable of 

detecting Venus-like exoplanets. 

 

4.1 Data Collection 

The NASA Exoplanet Archive was used to search for Venus-like candidates. That is, 

exoplanets with similar astrophysical characteristics to Venus. The NASA Exoplanet 

Archive allows users to specify parameters for the exoplanet and the star.  

To find the Venus-like candidates, each parameter was individually refined until 

exoplanets with astrophysical characteristics most similar to Venus were found.   
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Table 6: The astrophysical specifications of Venus including its mass in Earth masses 

(MEarth), radius in Earth radii (REarth), and orbital semi-major axis in au. Modified from 

California Institute of Technology (2019). 

Planetary Parameter Value 

Mass  0.815 MEarth 

Radius 0.950 REarth 

Orbital semi-major axis 0.723 au 

Planet Density 5.2 g/cm3 

 

First, the star type was specified, narrowing the search to only include systems 

containing solar analogs. 

From the list of exoplanets produced, the search was further refined to only include 

terrestrial exoplanets. That is, exoplanets located within the TZ or VZ, that also have 

a mass, radius, and planet density similar to Venus (refer to Table 6 for the values 

used for these parameters). The exoplanets identified to be most Venus-like were 

tabulated to form the list of Venus-like candidates. 

 

4.2 Python Programs Installation 

The installation of PLATON and TauREx were completed on a Mac Operating System 

(OS). The specifications of the device used to install these packages can be found in 

Appendix A. The online installation guide for PLATON (Zhang et al. 2019) and TauREx 

(Al-Refaie et al. 2021) were used to install the software. An overview of the 

installation process used for these packages can be found in Appendix B.  
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4.3 PLATON Planetary Spectral Models 

For this project, PLATON’s TransitDepthCalculator template from the PLATON 

documentation was used to model the transmission absorption spectra of Venus and 

the Venus-like candidates (see Appendix C.1 for details about the PLATON code). 

Note that this code was modified and run in Jupyter Notebooks. PLATON’s 

TransitDepthCalculator required the user to input the planet and star’s parameters. 

This included the planet’s radius, mass, and isothermal temperature as well as the 

star’s radius, mass, and temperature. The PLATON code was then run to output the 

spectra of each of the planet. The format in which the spectra was outputted into 

includes a data file (.dat file extension) as well as an image of the spectral plot (.jpg 

file extension). 

For the PLATON output to be suitable for the TauREx input, modifications to the 

PLATON code had to be made. To input a data file into TauREx, it needs to be a three-

column ASCII file where the three columns are the exoplanet’s wavelength, the 

transit depth, and the standard error. The standard error is used to determine the 

accuracy of the simulated data. The first two columns (wavelength and transit depth) 

were calculations that the PLATON code originally produced. However, PLATON does 

not compute the standard error. The calculations for the standard error needed to 

be incorporated into the code and outputted as the third column. This was achieved 

by creating an array of the standard error, which was then combined into the original 

two column output of PLATON. For the modifications made to the PLATON code, see 

Appendix C.1. 
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Initially, the JWST Exposure Time Calculator (JWST ETC) (Pontoppidan et al. 2016) 

would be used to calculate the signal-to-noise ratio (SNR) of each exoplanet’s 

simulated transmission absorption spectrum. However, the SNR calculated by the 

JWST ETC only accounts for specific instruments on JWST and some HST instruments. 

To ensure that the simulations could be compared to a range of instruments, an 

inflated standard error of two times the calculated standard error was used. 

According to Tsiaras et al. (2021), a 2σ uncertainty range provided a significant 

overlap between a cloudy and cloud-free atmosphere. This is used here to ensure 

that the model incapsulated all scenarios. To calculate the new standard error, the 

following Python equation was incorporated (The SciPy community 2022): 

2 × 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐸𝑟𝑟𝑜𝑟 =  
2𝜎

√𝑛
 

Where 2σ is the standard deviation of the sample as given by Tsiaras et al. (2021), 

and n is the sample size which, in this case, is number of data points plotted by 

PLATON. The value for n for all PLATON outputs is 461. The resulting standard error 

is therefore two times the standard error. 

It is acknowledged that the JWST Exposure Time Calculator (Pontoppidan et al. 2016) 

signal-to-noise ratio values are more accurate however, the inflated standard error 

was used instead due to the formatting required by TauREx. The inflated standard 

error is still a good indication of the estimated average SNR of the PLATON data. If 

this research is pursued further, the SNR should be incorporated to determine a more 

accurate error. 
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Here, TRAPPIST-1b is used as an example of an SNR modelled by the JWST ETC. The 

SNR is calculated at each individual wavelength data point. The PLATON simulation 

for TRAPPIST-1b computes and outputs the dataset of its wavelengths and 

corresponding transit depths. The outputted .dat file is then inputted into the JWST 

ETC which plots the spectrum’s SNR (see Figure 4). Figure 4 clearly shows that the 

SNR changes with wavelength, therefore would be more accurate than the use of a 

standard error which is averaged over all wavelengths. Thus, reaffirming the need for 

this to be incorporated in future models for JWST simulations. 

 

Figure 6: Plot of the TRAPPIST-1b signal-to-noise ratio (SNR) using the JWST Exposure 
Time Calculator (JWST ETC) (Pontoppidan et al. 2016). The x-axis represents the 
wavelength in microns (µm), and the y-axis represents the corresponding SNR. The 
peak of the plot is the maximum SNR. For TRAPPIST-1b, the maximum SNR is 0.21 at 
1.15 µm. 
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4.4 Characterisation of Planet Atmospheres using TauREx 

TauREx was used to model the atmospheres of Venus and the Venus-like candidates. 

The TauREx code was run using a simple .par file which contained modifiable 

parameters for the planet being modelled. This includes the planet’s astrophysical 

parameters as well as the star’s parameters. The modelled data of the transmission 

absorption spectra for each planet was inputted into the .par file. This was achieved 

by setting the path to the folder that contained the .dat file for the planet being 

modelled.  

The parameters for the planet and star were set to match the data found in the NASA 

Exoplanet Archive. The planetary parameters set in the .par file are the planet’s 

radius, mass, semi-major axis, orbital period and isothermal temperature. The user 

can also set the pressure profile of the planet however, it was later determined that 

it was best to keep this parameter as the default. The star parameters set in the .par 

file are the star’s radius, mass and temperature. The user can also include the star’s 

metallicity however, it was later determined that this does not significantly change 

the outcome of atmospheric retrieval. Once these parameters were set, the 

chemistry of the planet’s atmosphere could now be modified.  In TauREx, the user is 

able to modify the active and inactive molecules present in the model. The active 

molecules available in TauREx include CH4, NH3, CO2, H2O and CO. The inactive 

molecules available in TauREx include He, H2, O2 and N2. For this project, the opacity 

file for SO2 was downloaded from the HITRAN repository (Gordon et al. 2022).  

To determine which molecules were likely to be found in the planet’s atmosphere, 

the process of elimination was incorporated to see which molecules allowed the 
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model to fit the data. Each molecule available in TauREx was set as the fill gas to see 

which one best fit within the uncertainties of the observation, where possible. The 

molecules that aligned with the observation were added to the list of possible 

molecules present in the planet’s atmosphere. Once the active molecules likely to be 

present were determined, the fill gas was replaced with inactive molecules. Since the 

planet’s being modelled in this project are likely terrestrial, He and N2 were 

predominantly used as fill gases. Through systematic reiteration, the abundance of 

each molecule was modified until the model converged on the observations. 

The .par file was then run through the Mac terminal to plot the forward model and 

the observation together (see Appendix C.2 for the commands used). The 

contributions of individual molecules, including the contributions of Rayleigh 

Scattering, were also plotted. This allowed the user to distinguish which molecules 

affected the transmission absorption spectra of the atmosphere. The transmission 

absorption models of the Venus-like candidates will then be compared to real 

instrumentation capabilities of HST and JWST to determine if the molecules expected 

to be in their atmospheres are detectable now and in the future. 

 

  



 
 

48 
 

  



 
 

49 
 

CHAPTER 5: RESULTS 

5.1 Collection of Exoplanet Data 

The specifications of Venus (see Table 6) along with the classification of solar analogs 

(see section 2.1.1) have been used to find candidates for Venus-like exoplanets. An 

extensive search of the NASA Exoplanet Archive was conducted to find exoplanets 

with similar astrophysical parameters to Venus. From this search, a list of 23 potential 

Venus-like candidates were found (see Table 7). This search was then narrowed to 

determine which exoplanets had the available parameters required for the PLATON 

input (e.g. the planet’s isothermal temperature) to simulate the Venus-like 

candidate’s transmission absorption spectrums (see Table 8). The top four exoplanet 

candidates were chosen to be modelled in PLATON and TauREx. The final five 

candidates chosen, including Venus, were TRAPPIST-1b, TRAPPIST-1c, GJ 9827c, and 

Kepler138c (see Section 5.2). These exoplanets were selected mostly from different 

planetary systems to diversify the samples modelled in PLATON and TauREx. 

TRAPPIST-1b and -1c were chosen to compare exoplanets within the same planetary 

system. Table 8 contains the final list of Venus-like candidates, where the planets 

with an asterisks were modelled in PLATON and TauREx.  



 
 

50 
 

Table 7: Exoplanets and their astrophysical parameters found using the NASA Exoplanet Archive. The exoplanets are ranked in order of most to 

least similar astrophysical characteristics to Venus. This table also includes comments on the appropriateness of the exoplanet in terms of its 

similarities to Venus as well as any information on the exoplanet in associated journal articles found in the databases. Modified from Space 

Telescope Science Institute (2021) and NASA Exoplanet Science Institute (2021a). 

Rank Star Name Planet Name Planet Mass 
(MEarth) 

Planet 
Density 
(g/cm3) 

Planet 
Radius 
(REarth) 

Orbital semi-
major axis  

(au) 

Spectral 
type 

Orbital 
Period 
(Days) 

Distance to 
Host Star 

(pc) 

1 TRAPPIST-1 TRAPPIST-1b 0.850 3.6±3.1 1.086 0.01111 M8 V 1.51087081 12.098491 

2 TRAPPIST-1 TRAPPIST-1f 1.039 5.02 1.045 0.03849 M8 V 9.207540 12.098491 

3 TRAPPIST-1 TRAPPIST-1g 1.321 5.06 1.129 0.04683 M8 V 12.352446 12.098491 

4 TRAPPIST-1 TRAPPIST-1e 0.62±0.58 4.4±4.2 0.918 0.02817 M8 V 6.099615 12.098491 

5 TRAPPIST-1 TRAPPIST-1d 0.388 4.37 0.788 0.02227 M8 V 4.049219 12.098491 

6 TRAPPIST-1 TRAPPIST-1h 0.326 4.16 0.755 0.06189 M8 V 18.772866 12.098491 

7 TRAPPIST-1 TRAPPIST-1c 1.38 6.45±2.92 1.056 0.01521 M8 V 2.4218233 12.098491 

8 GJ 9827 GJ 9827c 2.42 4.13 1.24 0.0429 K6 V 3.64823 29.6610 

9 TOI-561  TOI-561 b 1.59 3.0 1.423 0.01055 G9 V 0.446578 85.7990 

10 GJ 581 GJ 581 e 1.7 - - 0.028453 M3 V 3.14867 6.2981 

11 GJ 9827 GJ 9827d 2.35 1.51 2.10 0.060 K6 V 6.20141 29.6610 
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Rank Star Name Planet Name Planet Mass 
(MEarth) 

Planet 
Density 
(g/cm3) 

Planet 
Radius 
(REarth) 

Orbital semi-
major axis  

(au) 

Spectral 
type 

Orbital 
Period 
(Days) 

Distance to 
Host Star 

(pc) 

12 GJ 9827 GJ 9827c 2.42 6.4 1.269 0.03942 K5 V 3.648083 29.6610 

13  GJ 48n6  GJ 486 b 2.82 7.0 1.305 0.01734 M3.5 V 1.467199 8.07426 

14 L98-59 L98-59 e 3.06 - - 0.0717 M3 V 12.796 10.6194 

15 GJ 9827 GJ 9827b 3.42 4.5 1.62 0.01888 K5 V 1.2089802 11.2810 

16 HD 40307 HD 40307 f 3.63 - - 0.2485 K3 V 51.56 12.9363 

17 GJ 9827 GJ 9827b 3.69 5.11 1.58 0.0206 K6 V 1.208966 29.6610 

18 HD 40307 HD 40307 b 3.81 - - 0.0475 K3 V 4.3115 12.9363 

19 Kepler-138 Kepler-138c 3.83 5.0 1.61 - M1 V 13.78164 66.8624 

20 HD 3167 HD 3167 b 5.02 5.60 1.70 0.01815 K0 V 0.959641 47.2899 

21 61 Vir 61 Vir b 5.1 - - 0.050201 G5 V 4.12150 8.50332 

22 K2-141 K2-141b 5.31 8.00 1.54 0.716 K7 V 0.2803266 61.8736 

23 GJ 581 GJ 581 c 5.6 - - 0.072993 M3 V 12.9191 6.2981 
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Table 8: Venus and exoplanet parameters used to simulate the transmission absorption spectra in PLATON. The exoplanets in this table were 

derived from Table 7, where only the exoplanets listed here had the data required for the PLATON input. The information given in this table is 

specific to the PLATON simulations, including the units for each parameter. Modified from NASA Exoplanet Science Institute (2021a).  

  

Planet 
Name 

Star Radius 
(Rsolar) 

Star Mass 
(Msolar) 

Star 
Temperature 

(K) 

Star Age 
(Gya) 

Planet 
Mass 
(MJup) 

Planet 
Radius 
(RJup) 

Planet 
Distance 

(au) 

Orbital Period 
(days) 

Isothermal 
temperature 

(K) 

Venus* 1.00000 1.0000 5778 4.5 0.02564 0.08465 0.723 225 260 

TRAPPIST-
1b* 

0.11920 
±0.0013 

0.0898 
±0.0023 

2556±26 >0.5 
0.00432 
±0.069 

0.0969 
±0.00125 

0.01154 
±0.0001 

1.51 
±0.000006 

400 ± 9 

TRAPPIST-
1f 

0.11920 
±0.0013 

0.0898 
±0.0023 

2556±26 >0.5 
0.00327 

±0.000098 
0.0932 

±0.00116 
0.03849 

±0.00033 
9.21 

±0.000032 
219±4.2 

TRAPPIST-
1e 

0.11920 
±0.0013 

0.0898 
±0.0023 

2556±26 >0.5 
0.00218 

±0.00007 
0.0821 

±0.0012 
0.02925 
±0.0025 

6.10 
±0.000035 

251±4.9 

TRAPPIST-
1d 

0.11920 
±0.0013 

0.0898 
±0.0023 

2556±26 >0.5 
0.00122 

±0.00004 
0.0703 
±0.001 

0.02227 
±0.00019 

4.05 
±0.000026 

288±5.6 

TRAPPIST-
1c* 

0.11920 
±0.0013 

0.0898 
±0.0023 

2556±26 >0.5 
0.00412 

±0.000176 
0.0979 

±0.00125 
0.0158 

±0.00013 
2.42 

±0.000018 
342±6.6 

GJ 9827c* 
0.61300 

±0.06 
0.606 
±0.07 

4199±125 10 
0.00761 
±0.002 

0.1132 
±0.007 

0.03925 
±0.0006 

3.65 
±0.00006 

811±30 
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Planet 
Name 

Star Radius 
(Rsolar) 

Star Mass 
(Msolar) 

Star 
Temperature 

(K) 

Star Age 
(Gya) 

Planet 
Mass 
(MJup) 

Planet 
Radius 
(RJup) 

Planet 
Distance 

(au) 

Orbital Period 
(days) 

Isothermal 
temperature 

(K) 

GJ 9827d 
0.61300 

±0.06 
0.606 
±0.07 

4199±125 10 
0.01270 
±0.0026 

0.1804 
±0.004 

0.05591 
±0.0005 

6.20 
±0.00006 

646±20 

GJ 486b 
0.32300 
±0.011 

0.323 
±0.015 

3340±54 - 
0.00887 

±0.00035 
0.1164 

±0.0058 
0.01734 

±0.00026 
1.47 

±0.00003 
701±13 

GJ 9827b 
0.61300 

±0.06 
0.606 
±0.07 

4199±125 10 
0.01540 
±0.0015 

0.1407 
±0.0026 

0.0188 
±0.00018 

1.21 
±0.000007 

1114±36 

Kepler-
138c* 

0.54399 
±0.0158449 

0.5398 
±0.02375 

3880±157 4.7 
0.00619 
±0.006 

0.1068 
±0.0062 

0.0922 
±0.004 

13.8 
±0.0001 

398 

HD 3167b 
0.88197 
±0.0629 

0.91 
±0.1 

5438±63 5 
0.0176 
±0.003 

0.143 
±0.008 

0.0186 
±0.0003 

0.959 
±0.000044 

531 

*  Planets selected to be modelled in PLATON and TauREx
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Table 9: Fraction of molecular species present in the Venus-like candidates in TauREx 

models. As seen by the fractions given in the table, these values do not equal one, 

and are not required to (section 2.5.3). The TauREx code determines the remainder 

of the molecular species fractions in the atmosphere. 

 
Modern 

Venus 

Ancient 

Venus 

TRAPPIST-

1b 

TRAPPIST-

1c 
GJ 9827c 

Kepler 

138c 

Fill gas ratio 

[gas-1, gas-0] 

[CO2, N2] 

0.0363 

[He, N2] 

0.009 

[He, N2] 

0.001 

[He, N2] 

0.0001 

[He, N2] 

0.01 

[He, N2] 

0.001 

Absorption 

CO2 

- - - - - - 

Absorption 

SO2 
0.00015 - - - 0.000035 - 

Absorption 

H2O 
0.00002 0.0005 0.0006 0.0001 0.0015 0.002 

Absorption 

CO 
0.000017 - - - - - 

Absorption 

CH4 
- 0.005 0.009 0.0007 0.0007 0.007 

Absorption 

NH3 
- 0.009 0.0005 0.00009 - 0.004 

 

 

5.2 Atmospheric Models in PLATON and TauREx  

The following transmission absorption spectrums (i.e. the transit depth vs. 

wavelength) were modelled using the Python code, TauREx (section 4.4) where the 

observation for each of exoplanet was simulated in PLATON as outlined in section 

4.3. The observations were then used as an input into TauREx, where the forward 

model could then be matched to the observation. A detailed description of how to 

use TauREx can be found in Appendix C.2. 

Table 9 contains the fraction of the molecular species used to model the Venus-like 

candidates in TauREx. Seen here, the fractions do not equal one since the code 

determines the remainder of the fraction of the molecular species. Trials were run to 
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confirm this by forcing the fractions to equal one. However, it was found that the 

model would not converge to the observations better than the values listed in Table 

9. This is supported by section 2.5.3. 

The transmission absorption spectrum of modern Venus was modelled in TauREx 

using the known molecular species present in the modern Venus atmosphere (Figure 

7a). This atmosphere contains a high abundance of CO2 and N2, with traces of H2O, 

Ar and SO2. The percentages of the molecules present in modern Venus’ atmosphere 

can be found in Table 1. In Figure 7b, the transmission absorption spectrum of 

modern Venus was also simulated in PLATON using the known Venus astrophysical 

parameters and then plotted against the model of the modern Venus atmosphere 

(see Table 8). It is apparent that the model and the simulation do not match. This is 

because the modern Venus atmosphere displays characteristics of volcanic 

outgassing and the runaway greenhouse effect. Such factors cannot be accounted 

for in PLATON, therefore, the PLATON simulations are more similar to that of an 

Ancient Venus atmosphere prior to volcanic outgassing and the runaway greenhouse 

effect.  Figure 7c shows how each molecule contributes to the absorption of light in 

modern Venus’ atmosphere. Active molecules present such as CO2, SO2 and H2O 

contribute to atmospheric absorption. CO2 is the highest absorber in modern Venus’ 

atmosphere. High CO2 absorption occurs at ~1.8, 3.2 and 10.7 µm. Although SO2 is 

only a trace gas in modern Venus’ atmosphere, it also contributes to a large amount 

of absorption which occurs at ~7.0, 9.0 and 11.0 µm. Unlike CO2 and SO2, H2O has a 

small contribution to absorption at ~5.0 and ~12.0 µm. Inactive gases like He and N2 

contribute only to the effects of Rayleigh Scattering in modern Venus’ atmosphere. 
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Figure 7a: Plot of the forward model of the modern Venus transmission absorption 
spectrum in TauREx using the known abundance of each molecular species in Venus’ 
atmosphere (see Table 1). The x-axis represents the wavelength in microns (µm) as a 
logarithmic scale, and the y-axis represents the transit depth ((Rp/Rs)2) × 10-5. 

 

Figure 7b: Plot of the forward model of the Venus transmission absorption spectrum 
in TauREx using the known abundance of each molecular species in Venus’ 
atmosphere (orange line) versus the simulated transmission absorption spectrum of 
Venus from PLATON (blue dots). The x-axis represents the wavelength in microns 
(µm) as a logarithmic scale, and the y-axis represents the transit depth ((Rp/Rs)2) × 10-

5. 
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Figure 7c: Plot of the forward model of the Venus transmission absorption spectrum 
in TauREx using the known abundance of each molecular species in Venus’ 
atmosphere (orange line) versus the simulated transmission absorption spectrum of 
Venus from PLATON (blue dots) where the x-axis represents the wavelength in 
microns (µm) as a logarithmic scale, and the y-axis represents the transit depth 
((Rp/Rs)2) × 10-5. This plot also contains the individual plots of each molecule’s 
contribution to the planet’s modelled transmission absorption spectrum. This 
includes plots of the individual active and inactive molecules that affect the overall 
spectral output. For this model, the active molecules are CO2, SO2, H2O and CO. The 
inactive molecules that contribute to the effects of Rayleigh Scattering are N2 and 
He.  

 

The simulated transmission absorption spectrum created in PLATON was modelled 

using TauREx to compare the simulated to the known characteristics of the Venus 

atmosphere (Figure 8a). It was determined that the simulated Venus atmosphere 

contains the active molecules CH4, NH3 and H2O, which contribute to the absorption 

of light in the atmosphere. The simulated Venus atmosphere also contains traces of 

inactive molecules N2 and He, which contribute to the effects of Rayleigh Scattering 

in the atmosphere (Figure 8b). Because the PLATON simulation does not account for 

volcanic outgassing and the runaway greenhouse effect, this model is more 
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comparable to models of the Ancient Venus atmosphere, which is an atmosphere 

that lacks greenhouse gases and thick cloud layers.  

 

Figure 8a: Plot of the forward model of the Ancient Venus transmission absorption 
spectrum in TauREx (orange line) against the transmission absorption spectrum 
simulated in PLATON (blue dots). The x-axis represents the wavelength in microns 
(µm) as a logarithmic scale, and the y-axis represents the transit depth ((Rp/Rs)2) × 10-

5.  
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Figure 8b: Plot of the forward model of the Ancient Venus transmission absorption 
spectrum in TauREx (orange line) against the transmission absorption spectrum 
simulated in PLATON (blue dots). The axes, individual molecular contributions to the 
forward model are as for Figure 5c. For this model, the active molecules are CH4, NH3 
and H2O. The inactive molecules that contribute to the effects of Rayleigh Scattering 
are N2 and He.  

 

Figure 9a: Plot of the forward model of the TRAPPIST-1b transmission absorption 
spectrum in TauREx (orange line) against the transmission absorption spectrum 
simulated in PLATON (blue dots). The x-axis represents the wavelength in microns 
(µm) as a logarithmic scale, and the y-axis represents the transit depth ((Rp/Rs)2). 
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The first Venus-like candidate to be modelled was TRAPPIST-1b. Figure 9a displays 

the simulated transmission absorption spectrum of TRAPPIST-1b from PLATON which 

was then modelled in TauREx. Similar to the simulated Venus atmosphere, the model 

of TRAPPIST-1b showed that its atmosphere is also abundant in the active gases CH4, 

NH3 and H2O. The inactive gases N2 and He were also present (see Figure 9b). For this 

model, the strongest absorptions at ~1.3, ~2.2 and ~7.9 µm are caused by CH4. There 

is also a small but prominent peak at ~10 µm, which is caused by NH3. Upon analysis, 

TRAPPIST-1b is very similar to the simulated Venus models in terms of its 

atmospheric composition with notable visual similarities between the two 

transmission absorption spectrums. 

 

Figure 9b: Plot of the forward model of the TRAPPIST-1b transmission absorption 
spectrum in TauREx (orange line) against the transmission absorption spectrum 
simulated in PLATON (blue dots). The x-axis represents the wavelength in microns 
(µm) as a logarithmic scale, and the y-axis represents the transit depth ((Rp/Rs)2). This 
plot also contains the individual plots of each molecule’s contribution to the planet’s 
modelled transmission absorption spectrum. This includes plots of the individual 
active and inactive molecules that affect the overall spectral output. For this model, 
the active molecules are CH4, NH3 and H2O. The inactive molecules that contribute to 
the effects of Rayleigh Scattering are N2 and He.  
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TRAPPIST-1c was the second Venus-like candidate to be modelled (Figure 10a). This 

exoplanet resides in the same planetary system as TRAPPIST-1b. Visually, the 

TRAPPIST-1b and TRAPPIST-1c transmission absorption spectrums are very similar. 

Like Venus and TRAPPIST-1b, TRAPPIST-1c was found to contain the active molecules 

CH4, NH3 and H2O along with the inactive molecules, N2 and He. This is shown in 

Figure 10b. The highest amount of absorption in the TRAPPIST-1c atmosphere 

occurred at ~1.3, ~2.2 and ~7.9 µm, which is the same absorption pattern as 

TRAPPIST-1b. 

 

Figure 10a: Plot of the forward model of the TRAPPIST-1c transmission absorption 
spectrum in TauREx (orange line) against the transmission absorption spectrum 
simulated in PLATON (blue dots). The x-axis represents the wavelength in microns 
(µm) as a logarithmic scale, and the y-axis represents the transit depth ((Rp/Rs)2). 
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Figure 10b: Plot of the forward model of the TRAPPIST-1c transmission absorption 
spectrum in TauREx (orange line) against the transmission absorption spectrum 
simulated in PLATON (blue dots). The axes, individual molecular contributions to the 
forward model are as for Figure 9b. For this model, the active molecules are CH4, NH3 
and H2O. The inactive molecules that contribute to the effects of Rayleigh Scattering 
are N2 and He. 

 

Figure 11a: Plot of the forward model of the GJ 9827c transmission absorption 
spectrum in TauREx (orange line) against the transmission absorption spectrum 
simulated in PLATON (blue dots). The x-axis represents the wavelength in microns 
(µm) as a logarithmic scale, and the y-axis represents the transit depth ((Rp/Rs)2). 
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GJ 9827c was selected to be modelled due to its distinguished astrophysical 

parameters. That is, it has a small planet mass and a large planet radius in comparison 

to Venus. Visually, the atmospheric model of GJ 9827c differs from the simulated 

Venus model in terms of distinct absorption pattern as seen in Figure 11a.  Like 

TRAPPIST-1b and -1c, the atmosphere of GJ 9827c also contains the active molecules 

CH4 and H2O, as well as the inactive molecules N2 and He. However, GJ 9827c also 

shows spectral absorption indicating the presence of SO2, which has the strongest 

absorption at ~7.0 and 11.0 µm (Figure 11b). The known Venus atmosphere is the 

only other model to contain SO2. Since the PLATON simulations do not account for 

the effects of volcanic outgassing and runaway greenhouse, SO2 may be present for 

other reasons.  
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Figure 11b: Plot of the forward model of the GJ 9827c transmission absorption 
spectrum in TauREx (orange line) against the transmission absorption spectrum 
simulated in PLATON (blue dots). The x-axis represents the wavelength in microns 
(µm) as a logarithmic scale, and the y-axis represents the transit depth ((Rp/Rs)2). This 
plot also contains the individual plots of each molecule’s contribution to the planet’s 
modelled transmission absorption spectrum. This includes plots of the individual 
active and inactive molecules that affect the overall spectral output. For this model, 
the active molecules are CH4, SO2 and H2O. The inactive molecules that contribute to 
the effects of Rayleigh Scattering are N2 and He. 

 

Similar to GJ 9827c, Kepler 138c also has a small planet mass and a large planet radius 

compared to Venus. However, the model of Kepler 138c’s transmission absorption 

spectrum is more similar to the modelled Venus atmosphere despite the difference 

in its astrophysical characteristics (Figure 12a). Further analysis of the Kepler 138c 

model (Figure 12b) determined the presence of active molecules CH4, NH3 and H2O, 

along with inactive molecules N2 and He. Like the simulated Venus model, Kepler 

138c also has strong absorption at ~1.3, ~2.1 and ~7.6 µm, caused by CH4. This 

comparison shows that the planet’s astrophysical parameters should not affect the 

accuracy of the transmission absorption spectral output. 
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Figure 12a: Plot of the forward model of the Kepler 138c transmission absorption 
spectrum in TauREx (orange line) against the transmission absorption spectrum 
simulated in PLATON (blue dots). The x-axis represents the wavelength in microns 
(µm) as a logarithmic scale, and the y-axis represents the transit depth ((Rp/Rs)2). 

 

 

Figure 12b: Plot of the forward model of the Kepler 138c transmission absorption 
spectrum in TauREx (orange line) against the transmission absorption spectrum 
simulated in PLATON (blue dots). The axes are as per 7b. This plot also contains the 
individual plots of each molecule’s contribution to the planet’s modelled 
transmission absorption spectrum. This includes plots of the individual active and 
inactive molecules that affect the overall spectral output. For this model, the active 
molecules are CH4, NH3 and H2O. The inactive molecules that contribute to the effects 
of Rayleigh Scattering are N2 and He.  
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PLATON calculated the observations shown in the above models by using the 

astrophysical parameters of the star and planet which includes the star temperature 

and radius as well as the planet radius, mass, and isothermal temperature. Because 

of this, PLATON only interprets the information presented by the user and does not 

make assumptions about the planetary system and its evolutionary status. For 

example, if the planetary system contains an old, dim star with a small, inner 

terrestrial planet, it does not assume that the planet has evolved from its ancient 

status, with a modern and changed atmosphere under its current conditions. 

Because of this, the PLATON code is limited to only simulating the ancient 

atmospheric characteristics of an exoplanet given its current astrophysical 

parameters. This can be seen in Table 9 which presents the fractions of molecular 

species for each exoplanet in TauREx to fit the observation data simulated in PLATON. 

Note that these values are relative to the parameters of the exoplanet and are not 

expected to equal one as shown in section 2.5.2.  

By comparing modern Venus to Ancient Venus, where modern Venus uses the known 

atmospheric molecular abundance and ancient Venus is the simulated Venus model 

using PLATON, it is apparent that PLATON does not account for factors such as 

volcanic outgassing and the runaway greenhouse effect. In the modern Venus 

atmosphere, CO2, SO2 and CO are all present whereas the Ancient Venus atmosphere 

contains CH4, NH3 and H2O. This was also seen with most of the Venus-like 

candidates, where the molecules present aligned with that of Ancient Venus (see 

Table 9). The difference in molecules present in the Ancient Venus and Venus-like 
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candidate atmosphere proves that PLATON does not consider the evolution of the 

planetary system and how planet atmospheres may change with this. 

The simulated and modelled transmission spectral data of the Venus-like candidates 

can also be compared to real observation data to determine the level of detectability 

of molecules for different space-based instrumentation. Figure 13 depicts four plots 

of real transmission spectral data of the TRAPPIST-1 system collected by the HST’s 

WFC3 instrument. Figure 14 depicts JWST simulated transmission spectral data of 

WASP-79b developed in a program called PandExo plotted with observed data of 

WASP-79b collected by the HST’s WFC3 instrument. From the real observed data, it 

was determined that strong molecular signals of H2O, CO and CO2 could not be 

detected by the HST WFC3 instrument. In contrast to this, the simulated data from 

the JWST instruments has the capability to detect these molecules due to its ability 

to observe in a wider wavelength range and higher resolution.   
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Figure 13: Models of the transmission absorption spectrums of four of the TRAPPIST-
1 exoplanetary system using a 3σ uncertainty. Exoplanets in the figure include 
TRAPPIST-1d, TRAPPIST-1f, TRAPPIST-1e and TRAPPIST-1g. The x-axis represents the 
wavelength in microns (µm) as a logarithmic scale, and the y-axis represents the 
calculated transit depth in parts per million (ppm). The observations were developed 
from four observation points collected by the Hubble Space Telescope’s Wide Field 
Camera 3 (HST WFC3) instrument. The spectra were then analysed using the Markov 
chain Monte Carlo software and a custom Fortran 90 code.  Sourced from (de Wit et 
al. 2018). 

 

 

Figure 14: Simulated transmission spectral data of WASP-79b expected to be 
observed by the JWST instruments (NIRISS, NIRSpec and NIRCam) using the program, 
PandExo. The simulated data is plotted with the observed transmission spectral data 
of WASP-79b collected by the HST WFC3 instrument. The plot also depicts the 
molecules for each transmission peak. These molecules include H2O, CO and CO2.  
Sourced from (Bean, J. et al. 2018). 
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The above models and existing data presented for comparison provided insight into 

the classification of exoplanets via atmospheric characterisation. The results will now 

be discussed in Chapter 6 to further analyse the atmospheric models of the Venus-

like candidates.  
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CHAPTER 6: DISCUSSION 

The aim of this project was to characterise the atmospheres of Venus-like candidates 

to determine the molecular species present in the exoplanet’s atmospheres. This 

would also guide future observations of exoplanets in refining the classification of 

terrestrial exoplanets. 

Venus-like candidates (i.e. exoplanets that have similar astrophysical parameters to 

Venus) were identified using the NASA Exoplanet Archive. The required parameters 

for this classification were that the exoplanet must be orbiting a solar analog and 

have a similar planet radius, mass, and density to Venus. Using this classification 

scheme, 23 possible Venus-candidates were initially identified. 

The astrophysical parameters of the Venus-like candidates were then used in 

PLATON to model the data for each candidate’s transmission absorption spectrums. 

Of these candidates, only 11 had the parameters required for the PLATON input. 

Venus and four of the Venus-like candidates were then used for this project. The 

exoplanets modelled were TRAPPIST-1b, TRAPPIST-1c, GJ 9827c, and Kepler138c (see 

Section 5.2). These exoplanets were selected to diversify the sample of Venus-like 

candidates but also include two candidates within the same planetary system for a 

more complete comparison. PLATON outputted both the plot (see Section 5.1) and 

the tabulated data of the transmission absorption spectra for each candidate. The 

outputted tabulated data was then used as the observation input in TauREx. 

TauREx was used to characterise the atmospheres of the exoplanets given their 

astrophysical parameters. In the TauREx models, the temperature profile was set to 

isothermal, and the pressure profile was set to the default parameters for TauREx for 
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all models. The abundance identified for each molecular species in the exoplanet 

atmospheres can be found in Table 9. The atmospheric models for Venus and each 

of the Venus-like candidates presented in Section 5.2 will be discussed in Section 6.1. 

 

6.1 Interpretation of the Atmospheric Retrievals 

6.1.1 Atmospheric Model of Venus 

Existing transmission absorption spectral data was available for Venus however, it 

was not conducive to the TauREx format. Instead, this data was simulated with 

PLATON using non-runaway greenhouse parameters (i.e. Ancient Venus 

atmosphere). The atmosphere of this simulation was then modelled using TauREx. 

Initially, the known abundances of the molecules found in the modern Venus 

atmosphere were modelled (Figure 7a) and then plotted against the simulated 

transmission absorption spectrum of Venus from PLATON (Figure 7b). The 

contribution of active and inactive molecules was also modelled using TauREx (Figure 

7c). It is apparent that the simulated spectral data and the modelled spectrum of the 

known Venus atmosphere do not align. In Figure 7c, the molecules that contribute to 

the most absorption of light in Venus’ atmosphere are CO2 (green line) and SO2 (red 

line). In the TauREx model of the real Venus atmosphere (Figure 7a), most light 

transmitted through the Venus atmosphere is being absorbed at ~1.8 µm and ~3.4 

µm whereas in the PLATON model of Venus’ transmission absorption spectrum, light 

is mostly absorbed at ~2.3 µm and ~10 µm. The difference between the PLATON 

simulation and TauREx model of the known Venus atmosphere suggests that there 

are limitations with the PLATON simulations such as its inability to model the effects 
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of greenhouse gases and volcanic activity on the planetary atmosphere 

characteristics. This limitation will be considered when comparing the models of 

Venus and the Venus-like candidates in section 6.1.3.  

Another approach was considered to determine the limitations of PLATON and to 

understand its interpretation of the Venus parameters used for the simulation. Using 

the Venus spectrum simulated in PLATON, the atmosphere was modelled in TauREx 

disregarding the known abundances of the molecules in Venus’ atmosphere (see 

Figure 8a). In Figure 8b, we find that the active molecules contributing to the 

absorption of light are CH4 (green line), NH3 (red line), and H2O (purple line). N2 

(yellow line), which is an inactive molecule, contributes to the effects of Rayleigh 

Scattering. The abundance of N2 was increased and decreased to determine if this 

would change the absorption of light from 0.1 to 0.8 µm, however, there were no 

significant differences in the outcome. Since there are limitations with the PLATON 

simulation, the known molecules in Venus’ atmosphere cannot be used to determine 

whether an exoplanet is Venus-like. Instead, the gases found to match the PLATON 

simulation of Venus were used as a comparison. The gases found to match the 

PLATON simulation of Venus was more representative of an Ancient Venus 

atmosphere prior to the volcanic outgassing, which resulted in the runaway 

greenhouse effect displayed by the modern Venus atmosphere. Considering that 

PLATON does not account for the effects of greenhouse gases, the resulting 

atmospheric characteristics were expected. 
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6.1.2 Atmospheric Models of Venus-like Candidates 

 6.1.2.1 TRAPPIST-1b 

TRAPPIST-1b was the first Venus-like candidate to be modelled in PLATON and 

TauREx (Figure 9a). Compared to the astrophysical parameters of Venus, TRAPPIST-

1b has a similar planet radius of ~0.0969 RJup but a mass that is approximately one 

fifth of Venus. TRAPPIST-1b also has a shorter orbital period and a higher isothermal 

temperature than Venus (see Table 8).   

According to the atmospheric model (Figure 9b), the active molecules contributing 

to the absorption of light in the TRAPPIST-1b are CH4, NH3 and H2O. The inactive 

molecules that contribute to the effects of Rayleigh Scattering are N2 and He. The 

molecules characterised in this atmosphere are identical to those modelled for 

Venus. According to Table 9, the abundance of CH4 H2O in TRAPPIST-1b is relatively 

higher than ancient Venus but has a lower abundance of NH3. For TRAPPIST-1b, the 

highest amount of absorption occurs at ~1.3, ~2.2 and ~7.9 µm. There is also a smaller 

peak at ~10 µm caused by NH3 according to Figure 11b, similar to that found in the 

simulated Venus model (Figure 8a). 

Barstow and Irwin (2016) also modelled TRAPPIST-1b atmosphere using the Non-

linear optimal Estimator for MultivariatE Spectral AnalySIS (NEMESIS), which is a 

radiative transfer and retrieval code, NEMESIS. Unlike the models presented in this 

project, Barstow and Irwin (2016) assumed Earth-like characteristics for the 

TRAPPIST-1b atmosphere. They concluded that TRAPPIST-1b could be a hot present-

day Earth, suggesting that it may have an atmosphere similar to ancient Venus. This 
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model is in alignment with the results found using the PLATON simulations, in this 

project, of TRAPPIST-1b. 

 

6.1.2.2 TRAPPIST-1c 

TRAPPIST-1c was also modelled in TauREx (Figure 10a). TRAPPIST-1c is in the same 

planetary system as TRAPPIST-1b. TRAPPIST-1c also has similar astrophysical 

parameters to TRAPPIST-1b. TRAPPIST-1c is further from its star than TRAPPIST-1b 

(~0.0158 au) and has a lower isothermal temperature of 342 K (see Table 8). 

Figure 10b displays the contribution of molecules to the absorption of light in 

TRAPPIST-1c’s atmosphere. According to this model, the active molecules 

contributing to the absorption of light in the TRAPPIST-1b are H2O, CH4 and NH3. The 

inactive molecules that contribute to the effects of Rayleigh Scattering are N2 and 

He. For TRAPPIST-1c, the highest amount of absorption occurs at ~1.3, ~2.2 and ~7.9 

µm, with a small but prominent peak at ~10 µm. Like TRAPPIST-1b, there are also a 

lot of similarities between the TRAPPIST-1c and simulated Venus models (Figure 8a). 

According to Table 9, TRAPPIST-1c has a relatively similar molecular abundance to 

that of TRAPPIST-1b. In terms of the overall spectrum, the intensity of the absorption 

spectrum is less than TRAPPIST-1b in both peaks and troughs for TRAPPIST-1c. This 

difference in intensity of the absorption spectrum is caused by the greater orbital 

distance of TRAPPIST-1c. 

According to the parameters in Table 8, TRAPPIST-1b and TRAPPIST-1c are only ~0.02 

au apart from each other. Similarities are therefore likely between the atmospheric 

models of TRAPPIST-1b and TRAPPIST-1c since the astrophysical parameters of the 
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two exoplanets are similar, and that the PLATON output does not consider other 

factors such as the effects of runaway greenhouse gases. 

Like TRAPPIST-1b, Barstow and Irwin (2016) also modelled TRAPPIST-1c using 

NEMESIS. This model presented the possibility of TRAPPIST-1c also being a hotter 

modern Earth, an atmosphere suggested to be similar to ancient Venus. The results 

of this project, however suggest that its atmosphere would not be of the extent of 

TRAPPIST-1b.  

 

6.1.2.3 GJ 9827c 

According to the parameters in Table 8, GJ 9827c has a smaller planet mass but a 

larger radius than Venus. It also has a relatively high isothermal temperature of ~811 

K. These differences contribute to the diversity of this exoplanet’s atmospheric 

simulation.   

The strongest absorption for GJ 9827c occurs at ~2 µm and ~8 µm, where the active 

molecules that contribute most to the absorption are CH4, H2O and SO2. Again, N2 

and He are inactive molecules contributing to the effects of Rayleigh Scattering (see 

Figure 11b). Although this model has similar absorption feature to that of the 

simulated Venus model (Figure 8a), GJ 9827c has an abundance of SO2 in its 

atmosphere, a molecule that is found in the modern Venus atmosphere. As seen in 

Table 9, SO2 is also relatively low in abundance compared to the other molecules 

present in the GJ 9827c atmosphere. This is also the same for the abundance of SO2 

in the modern Venus atmosphere. In the modelled contribution of molecules in GJ 

9827c’s atmosphere (Figure 11b), SO2 was found to absorb intensely at ~8 µm. This 
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same peak is found in the model of the modern Venus atmosphere (Figure 7c) which 

is also caused by SO2. This means that, unlike modern Venus’ atmosphere, the 

presence of SO2 in GJ 9827c atmosphere was unlikely the result of outgassing from 

volcanic activity since the PLATON code does not account for such factors.  

Rodriguez et al. (2018) conducted observations of the GJ 9827 system. They found 

that GJ 9827c is in between a planet that has a radius that can sustain an H/He 

envelope (gaseous planet) and a planet that has lost its H/He envelope (terrestrial 

planet), suggesting that this exoplanet may be either a mini-Neptune or a super-

Earth. In this project, the model of GJ 9827c infers that it is likely to be a mini-Neptune 

due to the presence of SO2 and the age of the planetary system. According to Table 

8, the GJ 9827 system had formed ~10 Giga years ago (Gya), which is significantly 

older than both our solar system (~4.5 Gya) and the TRAPPIST-1 system (>0.5 Gya). 

The age of the GJ 9827 system suggests that the planets within it, such as GJ 9827c, 

have experienced events beyond an ancient status. In terms of atmospheric 

composition, SO2 is not present in any other terrestrial atmospheric models in this 

project except for modern Venus. Because PLATON does not consider the effects of 

volcanic outgassing and runaway greenhouse gases, the presence of SO2 suggests 

that GJ 9827c is a gaseous exoplanet. 

 

6.1.2.4 Kepler 138c 

Like GJ 9827c, Kepler 138c was modelled due to its diverse astrophysical parameters. 

As shown in Table 8, Kepler 138c has a larger planet radius but has a smaller planet 



 
 

78 
 

mass than Venus. Unlike GJ 9827c, Kepler 138c has a lower isothermal temperature 

of 398 K, which is more similar to the isothermal temperature of TRAPPIST-1b. 

Kepler 138c has a similar transmission absorption spectrum to the simulated Venus 

model (Figure 8a). From analysis, the Kepler 138c spectral model (Figure 12a) 

intensely absorbs at ~1.3, ~2.1 and ~7.6 µm, with a notable peak at ~10 µm. Again, 

these wavelengths resemble the peaks noted from the simulated Venus model 

(Figure 8a). Upon further analysis of Figure 10b, the active molecules contributing to 

the absorption in Kepler 138c’s atmosphere are CH4, H2O and NH3. The inactive 

molecules contributing to the effects of Rayleigh Scattering are He and N2. Again, 

these are the same molecules that are most abundant in the model of the simulated 

Venus atmosphere. This model is also similar to the modelled atmospheres of 

TRAPPIST-1b and TRAPPIST-1c, with varying intensities.  

Although Kepler 138c has astrophysical parameters that suggest it may not be 

terrestrial, projections developed by Almenara et al. (2018) shows that Kepler 138c 

is likely to have a rocky interior. The thickness of the layer of atmosphere above its 

interior remains undetermined, which is required to conclude whether this exoplanet 

is terrestrial or gaseous. Similar to GJ 9827c, this exoplanet is likely within the H/He 

threshold where it can either contain this type of atmosphere of not. However, the 

projection of this project suggests that it is terrestrial rather than gaseous due to 

other factors such as the age of the planetary system and its similar atmospheric 

composition to ancient Venus.  
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6.1.3 Comparison of Atmospheric Models of modern and Ancient Venus to 

Venus-like Candidates  

From the TauREx models, it is apparent that TRAPPIST-1b, TRAPPIST-1c and Kepler 

138c all exhibit the same atmospheric profile as the simulated Venus model (Figure 

8a). That is, they are all similar in terms of their molecular structure as well as the 

wavelengths of the atmosphere’s absorption. However, the transmission absorption 

spectral models of the Venus-like candidates are only similar to the simulated Venus 

model and not to the spectral model of Venus with the known atmospheric 

parameters. 

GJ 9827c on the other hand, displayed spectral features that suggest SO2 is present 

in its atmosphere. SO2 is a prominent molecule found in the modern Venus 

atmosphere, meaning that GJ 9827c may be a modern Venus-like exoplanet. The age 

of the GJ 9827 system also suggests that GJ 9827c has undergone atmospheric 

evolution. Because PLATON does not consider the effects of volcanic outgassing and 

runaway greenhouse gases, it is more likely that GJ 9827c is a gaseous exoplanet.  

It has been shown that PLATON can output an accurate transmission absorption 

spectrum of terrestrial exoplanets in accordance with their parameters. However, 

PLATON does not account for other factors that may alter the transmission 

absorption spectrum of exoplanets, such as the effects of runaway greenhouse gases 

and volcanic activity. This is shown in the model of modern Venus (Figure 7a) using 

known atmospheric parameters which are abundant in molecules like CO2 and SO2, 

does not match the PLATON spectral output of modern Venus. Unlike the modern 

Venus model, the simulated Venus model was found to have spectral features of 
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gases such as CH4 and NH3. Because of this marked difference in the known 

atmosphere of Venus and the simulated model, PLATON does not have the 

capabilities to account for other atmospheric factors.  

Despite PLATON and TauREx being limited by their capability to model certain 

evolutionary factors, the models are still able to produce extensive detail of a 

terrestrial atmosphere that has not evolved to extent of modern Venus. This 

potentially leads to improved spectral simulations of exoplanetary atmospheres and 

the beginning of an era where we can comprehensively study and understand 

terrestrial exoplanet atmospheres. 

6.1.4 Comparison of Venus-like Candidate Models to Real Instrumentation 

Capabilities 

Since space-based instrumentation is constantly evolving, our current 

instrumentation’s abilities must be considered when searching for Venus-like 

exoplanets. From Figure 13 and 14, the capabilities of the HST WFC3 instrument and 

JWST’s instruments were analysed using real and simulated transmission spectral 

observations from de Wit et al. (2018) and Bean et al. (2018). Models of these 

spectral observations were also developed to identify molecular species. From Figure 

13 and 14, it was determined that the HST WFC3 instrument can detect weak signals 

of H2O but, is not capable of detecting strong molecular signals of H2O, CO and CO2, 

which are molecules expected to be found in a Venus-like atmosphere. The 

simulations and models of exoplanets using JWST instruments showed that these 

same molecules are likely to be detected by JWST. The required percentage transit 

depth of the Venus-like candidate models can be compared to the JWST capabilities 
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(see Figure 14). The required percentage transit depth for H2O at 3µm (in the infrared 

spectrum) for TRAPPIST-1b and TRAPPIST-1c are ~0.857% and ~0.84%. The 

differences in the percentage for TRAPPIST-1b and TRAPPIST-1c are due to the 

distance from their star, where TRAPPIST-1c is further from the star than TRAPPIST-

1b. The required percentage transit depth for H2O at 3 µm for Kepler-138c and GJ 

9827c is ~0.005% and ~0.047%, respectively. The percentage of detectability for H2O 

appears to correlate with the distance of the exoplanet from the host star. The JWST 

model of WASP-79b developed by Bean et al. (2018) showed that H2O at 3µm has a 

percentage transit depth of 1.15%. Although there is a discrepancy between the 

models developed for the Venus-like candidates and the JWST model for WASP-79b, 

they do indicate that the JWST instruments are superior to that of HST. This also 

means that future spaced-based instrumentation should also exceed the capabilities 

of JWST.  Although not specifically explored here due to the limitations of TauREx, 

the H2O comparison given here also gives a good indication of the detectability of 

other molecules in the infrared spectrum, such as CO2 and CO. 

 

6.2 Future Directions in Exoplanet Atmospheric Research 

In this project, the characterisation of terrestrial exoplanet atmospheres was 

explored using Venus and Venus-like candidates. Initially, 23 candidates were 

identified to have astrophysical parameters similar to that of Venus however, only 

four were modelled in this project. The remaining 19 Venus-like candidates 

contained a diverse selection of exoplanets that will be considered as candidates in 

future. The results produced from the four Venus-like candidates indicate that three 
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of the four exoplanets are likely to have atmospheres similar to that of ancient Venus, 

which provides insight into the capabilities of current atmospheric modelling 

programs. Here, the improvements of the modelling programs used in this project 

will be discussed, as well as the future directions for the characterisation of small, 

terrestrial exoplanet atmospheres.  

 

6.2.1 Improvements of Modelling using PLATON and TauREx 

PLATON and TauREx are predominantly used for modelling gas giant exoplanets. 

Therefore, the production of spectral outputs for terrestrial exoplanets extends 

beyond the programs’ original capabilities. Their ability to accurately characterise 

small, terrestrial exoplanets like Earth and Venus, such as the ability to account for 

the effects of volcanic outgassing, and the effects of runaway greenhouse gases in an 

atmosphere, is limited. Other geodynamical models, as those modified by Kane et al. 

(2020), may be used in conjunction with PLATON and TauREx to determine a more 

accurate transmission absorption spectrum that accounts for other atmospheric 

factors. 

The format of the PLATON data output was not suitable for the TauREx input. This is 

because PLATON does not calculate the errors associated with the spectral data. For 

this project, the standard error multiplied by two was used in accordance with Tsiaras 

et al. (2021), where the errors incapsulated both the cloud and cloud-free 

simulations. However, a more accurate error would be to calculate the SNR 

associated with the wavelengths of the spectral output using the JWST Exposure 

Time Calculator specifically for the JWST instruments.  
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6.2.2 Future Research of Venus-like Exoplanets 

The launch of new space-based observatories and probes such as JWST and the Deep 

Atmosphere Venus Investigation of Noble gases, Chemistry, and Imaging (DAVINCI) 

mission will provide promising insight into the unresolved research of atmospheric 

characterisation with their improved instrumentation.  

The JWST is designed to observe in the IR spectrum where previous space telescopes 

like HST, were limited to the optical and NIR spectrum and, in turn, limited the ability 

to detect a wider range of molecules in an exoplanet atmosphere. As seen with the 

model of K2-18b developed by Tsiaras et al. (2021), this also limits the 

characterisation of an exoplanet’s atmosphere. Since JWST is able to observe in a 

wider spectral range, this will simplify the identification of atmospheric signatures 

for particular exoplanet atmospheres, such as the atmospheres of Venus-like 

exoplanets, which will lead to their classification. For the Venus-like candidates used 

in this project, this may also improve the understanding of the effects of volcanic 

outgassing and runaway greenhouse gases in small, terrestrial exoplanet 

atmospheres because of its ability to detect the signatures of CO2 and SO2. 

DAVINCI is expected to further investigate the atmosphere of Venus, of both its past 

and present status. In particular, it will be used to understand the effects of volcanic 

activity which is presumed to have led to modern Venus’ extreme atmosphere. Past 

missions to Venus such as the Venus Spectral Rocket Experiment (VeSpR) were used 

to determine the presence of liquid water on ancient Venus. The findings of water 

escaping in Venus’ atmosphere shows that ancient Venus may have had a past 

atmosphere resembling that of modern Earth.  
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By combining the research from both missions, a better understanding of Venus’ 

atmospheric evolution will be developed and thus, a better understanding of small, 

terrestrial exoplanet atmospheres. 

  



 
 

85 
 

CHAPTER 7: CONCLUSION 

Currently, there are many confirmed terrestrial candidates residing in planetary 

systems that have similar astrophysical and geophysical characteristics to terrestrial 

planets within our solar system, such as Earth and Venus. However, the task of 

classifying these candidates is challenging due to the limited ability to characterise 

exoplanet atmospheres with current observation methods and the available space-

based instrumentation. With the advancement of technology, such as the recently 

launched James Webb Space Telescope (JWST), this task may be simplified.  

Alternative methods can be used to refine the number of terrestrial candidates 

residing in planetary systems that may exhibit atmospheric characteristics like Earth 

and Venus. In this project, the characteristics of modern Venus were used to guide 

the search for terrestrial candidates for atmospheric characterisation. Venus was 

selected due to its prominent spectral features that are expected to be detected in 

the optical to IR wavelengths of which JWST can observe (JWST wavelength range = 

600 to 28000 nm (ICNIRP 2020)). To guide this alternative method, the following 

research questions were explored:   

1. Can atmospheric simulations of Venus and Venus-like candidates be used to 

guide the detection of molecular species and key properties of Venus-like 

exoplanets, using the next generation of space-based observatories? 

2. Can these simulations also be used to refine the classification of terrestrial 

exoplanets, particularly Earth- and Venus-like exoplanets, and assist our 

understanding of exoplanet and planetary system evolution? 
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To help answer the above questions, this project provided necessary background 

information; the details of the methods used; the resulting outcomes from the 

methods; and a discussion of the contributions of the results to the current 

understanding and future implications of terrestrial exoplanet atmospheric 

characterisation. 

The literature review (Chapter 2) detailed the current understanding of the Sun, as 

well as modern Earth, modern Venus, and ancient Venus, to provide a basis for the 

definition of terrestrial exoplanet atmospheres. The current observational methods 

and technological limitations were also discussed to emphasise their limitations 

when detecting and characterising small, terrestrial exoplanets similar to that of 

Venus and Earth.  Specification regarding current and new space-based 

observatories, such as the Hubble Space Telescope (HST) and JWST in particular, 

were presented to demonstrate the evolving capabilities of space-based 

observatories.  

Section 2.4 discussed how the parameters of modern Venus was used to guide the 

search for Venus-like candidates in the NASA Exoplanet Archive database. These 

parameters included the astrophysical characteristics of Venus and the planetary 

systems that Venus-like exoplanets may reside in. The astrophysical specifications 

included the planet mass, radius, and density, as well as the parameters of the host 

star which included the star temperature and age. These identified parameters were 

required for the spectral simulations and atmospheric models of Venus and Venus-

like candidates using the Python programs, PLATON and TauREx, where an overview 
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of each program was presented in section 2.5. Finally, section 2.6 gives the context 

behind the field of research, to provide the direction of this project. 

Chapter 3 gives the aims and research questions for this project. The focus of the 

aims was to emphasise how to overcome the limitations of current methods and 

instrumentation used to characterise the atmospheres of small terrestrial 

exoplanets. The aims highlighted the importance of the two research questions 

stated above. 

The methodology (Chapter 4) discussed the parameters of modern Venus used to 

identify the Venus-like candidates from the NASA Exoplanet Archive which would 

then be used in the models.  The mechanics of the Python programs, PLATON and 

TauREx, that were used in this project were then detailed. The error calculation used 

in PLATON was derived from The SciPy community (2022), where the errors were 

inflated to 2σ to account for the potential cloudy and cloud-free scenarios identified 

in Tsiaras et al. (2021). This error was incorporated into the PLATON code, which was 

then outputted with the resulting models in Chapter 5.  

Chapter 5 presented the results of this project. The candidate selection from the 

NASA Exoplanet Archive was systematically narrowed to include Venus, TRAPPIST-

1b, TRAPPIST-1c, GJ 9827c and Kepler 138c. TRAPPIST-1b and TRAPPIST-1c were 

selected since they reside in the same planetary system, whereas GJ 9827c and 

Kepler 138c were chosen to diversify the candidate sample. The transmission 

absorption spectrum developed in PLATON for each candidate (including both 

modern and Ancient Venus) were modelled in TauREx. The input values used for each 

candidate were listed in Table 8 and 9. Plots of the forward model and simulated 
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observations were given for each candidate, including the plots of the contributions 

of the individual molecules to the forward model (Figure 5a to 10b). The results 

showed that most of the models converged to have similar spectral features to 

ancient Venus. However, GJ 9827c did not align with the ancient Venus model.    

The discussion of the results in Chapter 6 detailed the similarities and differences 

between the Venus and Venus-like candidate’s atmospheres presented in Chapter 5. 

The absorption features of most of the Venus-like candidates were found to be 

similar to that of ancient Venus. The main absorption features were noted to be 

intense at similar wavelengths for TRAPPIST-1b, TRAPPIST-1c and Kepler 138c in 

comparison to ancient Venus. The contributing molecules for Rayleigh Scattering 

slightly varied for each output due to the free parameters of TauREx. The molecular 

species identified in GJ 9827c match the spectral features of modern Venus. PLATON 

does not consider factors such as volcanic outgassing and runaway greenhouse 

effect, and considering its astrophysical parameters, this suggests that GJ 9827c is 

gaseous rather than terrestrial. This was further supported by Rodriguez et al. (2018).  

Section 6.2 further discussed the future directions for characterising terrestrial 

exoplanet atmospheres. This includes increasing the number of exoplanets analysed, 

improvements to the codes used in this project, and the future direction of space 

missions to Venus such as DAVINCI.  

The outcome of this project provided insight into modelling of atmospheric 

simulations of small terrestrial exoplanets. The atmospheric models developed in this 

project showed that there are common molecular species present in the 

atmospheres of Ancient Venus and the Venus-like candidates. The molecular species 



 
 

89 
 

identified are also detectable in the wavelength range of the JWST instruments, 

meaning that the molecules expected to be in both modern and Ancient Venus-like 

exoplanets are likely to be detected by the JWST instruments. This claim is supported 

by Figure 14 which shows that JWST instruments are an improvement compared to 

past space-based instrumentation, but still requires an increase in capability in order 

to detect the percentage transit depths required. 

The findings in this project and supporting literature show that classification of Earth-

like exoplanets are more likely to be Venus-like. This inference can be made from 

both the astrophysical parameters of the Venus-like candidates and the atmospheric 

similarities to ancient Venus which are displayed. Not only does this show the 

misclassification of terrestrial exoplanets, but it also shows the difference between 

the modern and Ancient Venus atmospheres, which is a result of its evolution. This 

difference could be used to guide our understanding of planetary evolution and thus, 

accurately classify terrestrial exoplanets in the future. 

The atmospheric simulations and models developed in this project allowed for the 

identification of the molecular species that are likely present in the Venus-like 

candidates’ atmosphere. Compared to the ancient Venus model and given their 

astrophysical parameters, most of the Venus-like candidates are likely to be 

terrestrial. The molecular species identified is potentially detectable in exoplanet 

atmospheres by instruments that have the capability of observing in the optical to IR 

wavelengths, such as instruments like JWST and improved future space-based 

instruments, which will confirm the atmospheric characteristics of exoplanets. This 
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will lead to the refinement of the classification of confirmed exoplanets to further 

understand the evolution of planetary systems in future research. 
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APPENDIX 

APPENDIX A: SPECIFICATIONS OF MAC 

OPERATING SYSTEM (OS) LAPTOP 

 

OS Version: macOS Catalina Version 10.15.7 

Processor: 2.9 GHz Dual-Core Intel Core i5 

Memory: 8GB 

Graphics: Intel Iris Graphics 6100 1536 MB  
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APPENDIX B: OVERVIEW OF THE 

INSTALLATION OF SIMULATION PROGRAMS 

 

B.1: Installation of PLATON 

PLATON is installed through the Mac terminal as per the PLATON installation 

information (Zhang et al. 2019). For this project, PLATON was downloaded from the 

GitHub repository (Zhang et al. 2020). The following line is used to download PLATON 

through the terminal: 

>>git clone https://github.com/ideasrule/platon.git 

>>cd platon/ 

>>python setup.py install 

 

To test that the code is working, run the following line in the terminal: 

>>nosetests -v 

 

B.2: Installation of TauREx 

TauREx III is installed through the Mac terminalas per the TauREx installation 

information (Al-Refaie et al. 2021). To install TauREx through the terminal, use the 

following commands: 

>> pip install taurex 
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To test that the code is working, run a test: 

>> python -c "import taurex; print(taurex.__version__)" 

 

The following command is used to test that TauREx is working: 

>> taurex 

The command should run with no errors if the program has been installed correctly.  
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APPENDIX C: EXERTS OF CODE FROM 

SIMULATION PROGRAMS 

C.1: Exert of code for PLATON 

Note: For this project, only the TransitDepthCalculator in PLATON will be used to 

model the transmission spectra of exoplanets.  

The following code is an example of the TransitDepthCalculator. This file can be 

downloaded from the PLATON GitHub repository (Zhang et al. 2020). By running this 

code, it will output a .dat file containing the wavelength (µm) and transit depth ( 

(Rs/RP)2 ).  

>>import numpy as np 

>>import matplotlib.pyplot as plt 

>>from platon.transit_depth_calculator import TransitDepthCalculator 

>>from platon.constants import M_jup, R_sun, R_jup 

 

>># All quantities in SI units: 

>>Rs = 1.16 * R_sun  #Radius of star 

>>Mp = 0.73 * M_jup  #Mass of planet 

>>Rp = 1.40 * R_jup  #Radius of planet 

>>T = 1200 #Temperature of isothermal part of the atmosphere 

 

>>#Create a TransitDepthCalculator object and compute wavelength dependent 

transit depths: 

>>depth_calculator = TransitDepthCalculator(method="ktables") #put "xsec" for 

opacity sampling 

>>wavelengths, transit_depths = depth_calculator.compute_depths( 

    Rs, Mp, Rp, T, CO_ratio=0.2, cloudtop_pressure=1e4) 

 

>>print("#Wavelength(m)       Depth") 

>>for i in range(len(wavelengths)): 

>>print(wavelengths[i], transit_depths[i]) 
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>>plt.semilogx(1e6*wavelengths, transit_depths) 

>>plt.xlabel("Wavelength (um)") 

>>plt.ylabel("Transit depth") 

>>plt.show() 

 

In order for the output of PLATON to be used in TauREx, the inflated standard error 

needed to be calculated. This is because TauREx requires a 3-4 column ASCII format 

to read in the data. This file needs to be a .dat extension. The standard error was 

calculated using the in-built standard error function from SciPy (The SciPy community 

2022). To inflate the standard error, the standard deviation was multiplied by two as 

per Tsiaras et al. (2021) which resulted in two times the standard error as per section 

4.3. 

The example code for the TransitDepthCalculator was modified as follows to be used 

as an input for TauREx: 

>>import numpy as np 

>>from numpy import histogram2d 

>>import matplotlib.pyplot as plt 

>>import pickle 

>>import pandas as pd 

>>From scipy.stats import sem 

>>import math 

>>from platon.transit_depth_calculator import TransitDepthCalculator 

>>from platon.constants import M_jup, R_sun, R_jup, METRES_TO_UM 
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>># All quantities in SI 

>>Rs = R_sun     #Radius of star 

>>Mp = 4.867e+25     #Mass of planet 

>>Rp = 6.0518e+6      #Radius of planet 

>>T = 260             #Temperature of isothermal part of the atmosphere 

>>T_star = 5778 

  

>>#create a TransitDepthCalculator object and compute wavelength dependent 

transit depths: 

depth_calculator = TransitDepthCalculator(method="xsec") #put "xsec" for opacity 

sampling: 

>>wavelengths, transit_depths = depth_calculator.compute_depths( 

    Rs, Mp, Rp, T, logZ=0.012, CO_ratio=0.5, T_star=T_star) 

  

>># Convert wavelength from m to um for TauREx input 

>>wavelengths = wavelengths * METRES_TO_UM 

  

>># ADDED CODE 

>># Determine standard error and create an array 

>>stderror = sem(transit_depths)*2 

>>stderror_array = np.empty([len(wavelengths)]) 

>>stderror_array.fill(stderror) 

>>print(stderror_array) 

  

>># Print wavelegnth, depth and error into table 

>>print("#Wavelength(um)       Depth                Error") 

>>for i in range(len(wavelengths)): 

>>DataOut = print(wavelengths[i], transit_depths[i], stderror_array[i]) 

  

>># Save data as .dat file 

>>DataOut = np.column_stack((wavelengths,transit_depths,stderror_array)) 

>>np.savetxt('venus.dat', DataOut, delimiter=" ") 
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>>print(DataOut) 

  

>># Plot Transit Depth against Wavelength 

>>plt.title("Venus") 

>>plt.xscale("log") 

>>plt.xlabel("Wavelength (um)") 

>>plt.yscale("log") 

>>plt.ylabel("(Rp/Rs)^2") 

>>plt.errorbar(wavelengths, transit_depths, yerr=stderror_array) 

>>plt.savefig("venus.jpg", dpi=200, bbox_inches="tight") 

 

This will then output an ASCII table in a .dat format where the table reads (from left 

to right) the wavelength, transit depth and standard error for 461 values. This value 

is set as the default by PLATON.  

PLATON will then output a plot of the transmission absorption spectrum of the 

exoplanet (see Figure 11). 
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Figure 15: Example PLATON output of the transmission absorption spectrum of 
Venus. The x-axis represents the wavelength in microns (µm) as a logarithmic scale, 
and the y-axis represents the transit depth ((Rp/Rs)2) × 10-5. 

 

C.2: Exert of code for TauREx 

A .par file is used to specify the parameters of the star and exoplanet. This includes 

the exoplanets astrophysical parameters and its atmospheric composition. This is 

also where the user will specify the path for xsec (cross-section) and cia (collision-

induced absorption) files required to model the data. These files are downloaded 

with the installation of TauREx. The paths are set under the heading [Global]: 

>>[Global] 

>> xsec_path = C:\path\to\xsec_files 
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The [Temperature] heading is used to set the temperature profile of the modelled 

planet in K. For this project, the profile_type was set to isothermal. Other options for 

this parameter can be found in the TauREx documentation: 

>>[Temperature] 

>>profile_type = isothermal 

>>T = 230 

 

The [Pressure] heading is used to set the pressure profile of the modelled planet. This 

heading allows the user to set the pressure at the top of the atmosphere 

(atm_max_pressure) and at the bottom of the atmosphere (atm_min_pressure) in 

Pa for a particular number of layers (n_layers). For this project, the profile_type was 

set to simple and the default pressure range for 100 layers. Other options for this 

parameter can be found in the TauREx documentation: 

>>[Pressure] 

>>profile_type = simple 

>>atm_min_pressure = 1e0 

>>atm_max_pressure = 1e6 

>>n_layers = 100  

 

The [Chemistry] heading of the .par file defines the molecular abundance in the 

planet atmosphere. For this project, the chemistry_type is set to taurex however, 

there are other options for this variable listed in the TauREx documentation (Al-

Refaie et al. 2021). The fill_gases are gases used to fill the atmosphere. The ratio used 

for this is the abundance of the first listed molecule between the second listed 

molecule. The mix_ratio gases are set to an independent abundance value. Note that 
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the abundance is in decimal format. The total value of mix_ratio gases must be less 

than one, but not necessarily equal to one. This is because the TauREx code calculates 

the remainder of the fraction of molecular species to equal one. This is shown in the 

example code used in Al-Refaie et al. (2021). The user must also set the gas_type 

variable. For this project, this is set to constant. Other options for this variable are 

listed in the TauREx documentation (Al-Refaie et al. 2021). 

Below is an example .par file using the [Chemistry] heading to define the molecular 

abundance of molecules in the modern Venus atmosphere which contains the active 

molecules CO2, SO2, H2O and CO, and the inactive molecules He and N2. In this 

project, the fill gas was used as a ratio of CO2 to N2 (CO2:N2): 

>>[Chemistry] 

>>chemistry_type = taurex 

>>fill_gases = CO2, N2 

>>ratio = 0.0363 

>>  

>> [[SO2]] 

>> gas_type = constant 

>> mix_ratio = 0.00015 

>> 

>> [[H2O]] 

>> gas_type = constant 

>> mix_ratio = 0.00002 

>> 

>> [[CO]] 

>> gas_type = constant 

>> mix_ratio = 0.000017 
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>> 

>> [[He]] 

>> gas_type = constant 

>> mix_ratio = 0.000012 

 

The [Planet] heading is used to define the astrophysical parameters of the planet. 

This includes the planet mass in MJup, the planet radius in RJup, the planet distance in 

au, and the orbital period in days. For this project, the planet_type was set to simple. 

Other options for this variable can be found in the TauREx documentation (Al-Refaie 

et al. 2021). Below is an example of the parameters used for the Venus model in 

TauREx: 

>>[Planet] 

>>planet_type = Simple 

>>planet_mass = 2.565e-3 

>>planet_radius = 8.4e-2 

>>planet_distance = 0.723 

>>orbital_period = 225 

 

Like the [Planet] heading, the [Star] heading is used to define the parameters of the 

star such as its temperature in K. For this project, the star_type was set to blackbody. 

Other options for this variable can be found in the TauREx documents (Al-Refaie et 

al. 2021): 

>>[Star] 

>>star_type = blackbody 

>>temperature = 5778 

 



 
 

118 
 

The [Model] heading is used to set the type of model outputted by TauREx. For this 

project, a transmission absorption spectrum with Rayleigh Scattering contributions 

was outputted. Other parameters available for the [Model] heading can be found in 

the TauREx documentation (Al-Refaie et al. 2021): 

>>[Model] 

>>model_type = transmission 

>> [[Absorption]] 

>> [[Rayleigh]] 

 

The [Observation] heading allows users to input observation data from an external 

source. For this project, the data used was in the format of a 3-column ASCII .dat file. 

The observation data is inputted into TauREx by setting the path to the file: 

>>[Observation] 

>>observed_spectrum = /path/to/observation_data_file/ 

 

The .par file can then be run in the terminal, using the following command: 

>>taurex -I filename.par –plot 
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Figure 16: Example output of a transmission absorption spectral model and 
observations in TauREx. The x-axis represents the wavelength in microns (µm) as a 
logarithmic scale, and the y-axis represents the transit depth ((Rp/Rs)2). Sourced from 
Al-Refaie et al. (2021). 

 

This command outputs the forward model. If an observation data file path is set in 

the .par, TauREx will output the model and the data as one plot. An example of this 

is shown in Figure 12. 

 A plot of the molecular contributions to the spectrum can also be outputted (see 

Figure 13). To do this, the following command is run in the terminal: 

>> taurex -I filename.par –plot -C 
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Figure 17: Example output of a transmission absorption spectral model, observation 
and the molecular contributions in TauREx. The x-axis represents the wavelength in 
microns (µm) as a logarithmic scale, and the y-axis represents the transit depth 
((Rp/Rs)2). Sourced from Al-Refaie et al. (2021). 




