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A B S T R A C T 

The Great Oxidation Event was a period during which Earth’s atmospheric oxygen (O 2 ) concentrations increased from ∼10 

−5 

times its present atmospheric level (PAL) to near modern levels, marking the start of the Proterozoic geological eon 2.4 billion 

years ago. Using WACCM6, an Earth System Model, we simulate the atmosphere of Earth-analogue exoplanets with O 2 mixing 

ratios between 0.1 and 150 per cent PAL. Using these simulations, we calculate the reflection spectra o v er multiple orbits 
using the Planetary Spectrum Generator. We highlight how observer angle, albedo, chemistry, and clouds affect the simulated 

observ ations. We sho w that inter-annual climate variations, as well short-term variations due to clouds, can be observed in our 
simulated atmospheres with a telescope concept such as LUVOIR or HabEx. Annual variability and seasonal variability can 

change the planet’s reflected flux (including the reflected flux of key spectral features such as O 2 and H 2 O) by up to factors 
of 5 and 20, respectively, for the same orbital phase. This variability is best observed with a high-throughput coronagraph. For 
example, HabEx (4 m) with a starshade performs up to a factor of two times better than a LUVOIR B (6 m) style telescope. 
The variability and signal-to-noise ratio of some spectral features depends non-linearly on atmospheric O 2 concentration. This 
is caused by temperature and chemical column depth variations, as well as generally increased liquid and ice cloud content for 
atmospheres with O 2 concentrations of < 1 per cent PAL. 

Key words: astrobiology – planets and satellites: atmospheres – planets and satellites: physical evolution – planets and satellites: 
terrestrial planets. 
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 I N T RO D U C T I O N  

uring the current era of exoplanet discovery, the search for a tem-
erate Earth-sized exoplanet orbiting around a G-type star continues.
ata from telescopes and future observatories will add thousands
ore exoplanets to the list of o v er 5000 that have been disco v ered

o date. 1 , 2 Upcoming transit and radial v elocity surv e ys will make
ore precise measurements for the masses and radii of terrestrial

xoplanets, thus enabling confident estimates of their bulk density
nd surface gravity. In the future, an Earth-sized exoplanet orbiting a
-type star at a semimajor axis of approximately 1 au may be found.
his poses the question: will it be habitable? 
Atmospheric information can be gained from measurements of

mission, reflection, or transmission spectroscopy. Exoplanet at-
ospheres have been observed and characterized since the early

000’s (Charbonneau et al. 2002 ), with larger, Jupiter-sized planets
 E-mail: pygjc@leeds.ac.uk (GJC); d.marsh@leeds.ac.uk (DRM); 
.walsh1@leeds.ac.uk (CW) 
 https://e xoplanetarchiv e.ipac.caltech.edu/
 http:// www.exoplanet.eu/ 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi
eing the least challenging to observe (Seager & Deming 2010 ).
etecting atmospheric properties and molecules for an Earth-sized

xoplanet around a G-type star is much more challenging due to the
omparatively weaker spectroscopic signal. 

Any measurement of an exoplanet’s atmosphere will be taken
uring a specific period of its geological evolution (Kaltenegger,
raub & Jucks 2007 ). The Earth itself has had a complicated
eological and biological history which is still not wholly understood
Catling & Zahnle 2020 ; Cole et al. 2020 ; Steadman et al. 2020 ).
t least three geological eons have harboured life on Earth: the
rchean (4–2.4 Gyr ago), the Proterozoic (2.4–0.54 Gyr ago), and

he Phanerozoic (0.54 Gyr ago – present; Lyons & Reinhard 2009 ;
odd et al. 2017 ; Betts et al. 2018 ). The atmosphere during the
rchean w as anoxic, lik ely containing larger amounts of CO 2 and
H 4 compared to present-day (see Table 1 ; Haqq-Misra et al. 2008 ;
harnay et al. 2020 ). The emergence of cyanobacteria, in addition

o hydrogen escape throughout the Archean (Catling, Zahnle &
cKay 2001 ; Zahnle, Gacesa & Catling 2019 ), have been proposed

o have led to the Great Oxidation Event (GOE) approximately
.4 Gyr ago (Warke et al. 2020 ). The GOE enabled oxygen to
ncrease to concentrations ≥0.1 per cent the present atmospheric
evel (PAL; Kasting & Siefert 2002 ), with possible Proterozoic eon
© The Author(s) 2022. 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. A simplified chemical timeline of Earth is presented for O 2 , 
CO 2 , and CH 4 , during the Archean, mid-Proterozoic, and Phanerozoic. 
Molecular abundances are constraints from years of research, including 
geological evidence and modelling studies. The ‘inclusive’ data from 

Olson et al. ( 2018a ) is listed. Data for O 2 and CH 4 during the mid- 
Proterozoic is also from Large et al. ( 2019 ), Steadman et al. ( 2020 ), and 
Lyons et al. ( 2021 ). The mixing ratio for O 2 is gi ven relati ve to its present 
atmospheric level (PAL) of 0.21. The mixing ratios for CO 2 and CH 4 are 
given in terms of parts per million by volume (ppmv). 1 Ga represents 1 
billion years in the past. 

Molecular Archean mid-Proterozoic Phanerozoic 
abundance 4–2.4 Ga 1.8–0.8 Ga 0.54–0 Ga 

O 2 (PAL) 10 −12 −10 −5 10 −5 −1 10 −1 −2 
CO 2 (ppmv) 2500 −40 000 1400 −28 000 200 −2800 
CH 4 (ppmv) 100 −35 000 1 −100 0.4 −10 
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4 A list of compsets can be found here: 

https:// www.cesm.ucar.edu/ models/cesm2/config/2.1.3/compsets.html 
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oncentrations lying between 1 PAL and 10 −3 PAL (Steadman et al. 
020 ; Lyons et al. 2021 ). Phanerozoic O 2 concentrations are posited
o have been between ∼0.1 PAL and ∼2 PAL (Olson et al. 2018a ;
arge et al. 2019 ). Table 1 presents a simplified o v erview of the
omposition of Earth’s atmosphere for the past 4 billion years. These 
hree geological eons represent important observ ational windo ws for 
arth-analogue exoplanets (Rugheimer & Kaltenegger 2018 ) and the 
earch for habitable and inhabited exoplanets. 

Gases such as O 2 , N 2 O, and CH 4 are primarily produced by life
n Earth. Ho we ver, these gases can also be abiotically produced
Wordsworth & Pierrehumbert 2014 ; Kleinb ̈ohl et al. 2018 ) and
he detection of such gases in an exoplanet atmosphere is not a
onclusive detection of the presence of life (Selsis, Despois & Parisot
002 ; Grenfell 2017 ). O 3 is the photochemical by-product of O 2 

nd therefore indicates the presence of O 2 without a detection of
 2 itself. Several modelling studies have shown that the amount of
 3 in an Earth-analogue atmosphere increases as the concentration 
f O 2 rises (Kasting & Donahue 1980 ; Segura et al. 2003 ; Way
t al. 2017 ; Gregory, Claire & Rugheimer 2021 ; Cooke et al. 2022 ).
lson et al. ( 2018b ) discussed how seasonal O 2 variations could
ive rise to seasonal changes in the reflectance spectra of O 3 in the
ltraviolet (UV) region, noting ho we ver that separate hemispheres 
hat experience opposite seasons mask the full seasonality signature. 

Previous work has modelled modern Earth as an exoplanet 
Kaltenegger & Traub 2009 ), as well as Earth at different geological
ime periods (Rugheimer et al. 2015 ; Arney et al. 2016 ; Rugheimer &
altene gger 2018 ; Kaltene gger, Lin & Madden 2020a ; Kaltenegger,
in & Rugheimer 2020b ). Other studies investigated the photometric 
nd spectroscopic variations of an Earth-analogue exoplanet (Ford, 
eager & Turner 2001 ; Monta ̃ n ́es-Rodr ́ıguez et al. 2006 ; Tinetti
t al. 2006a , b ). These investigations have used a variety of 1D
nd 3D models, and it is clear that numerous parameters, including 
eological eras with different atmospheric compositions, influence 
olecular detectability. The emission and transmission spectra of 

xygenated exoplanets (varying through geological time) has been 
redicted with 1D models (e.g. Segura et al. 2003 ; Rugheimer &
altene gger 2018 ; Kaltene gger et al. 2020a ). While most work in

his area has focused on modelling, De Cock et al. ( 2022 ) performed
 phase angle analysis of Earth using data from the EPOXI mission
hich observed Earth to test exoplanet observational predictions 

Livengood et al. 2011 ). 
Emission and reflectance spectra can be observed through high- 

ontrast imaging (HCI). This does not require the planet to transit
he star, although the observer’s inclination to the plane of the 
rbit will affect the observations because the brightness amplitude 
s reduced as the orbital inclination decreases from ‘edge-on’ to 
face-on’ (Maurin et al. 2012 ). As the planet orbits, it reflects
ight, particularly in the ultraviolet and visible wavelength regions. 
he Earth’s emission peaks in the infrared, where the emission 

both in terms of its strength and wavelength variance) depends on
emperature, clouds, and chemistry (Parmentier & Crossfield 2018 ). 
he brightness of the host star (G-type) far outshines the brightness
f an Earth-analogue exoplanet. Coronagraphs can be used to reduce 
he incoming light from the star, with a contrast of ∼10 −10 required
o reliably characterize an Earth-Sun analogue system (Lee 2018 ; 
urrie et al. 2022 ); hence, we explore the use of a coronograph in

his work. 
Recently, Checlair et al. ( 2021 ) e v aluated the detectability of O 3 

nd O 2 on Earth-analogue (defined as possessing an oxygenated 
tmosphere due to life) exoplanets with four different telescope 
oncepts: LUV OIR A (15 m diameter), LUV OIR B (8 m diameter),
abEx (4 m diameter) with and without a starshade. They simulated
bservations with these missions for O 2 concentrations of 10 −5 PAL 

nd upwards to 1 PAL, finding that larger diameter telescopes will
etter constrain the frequency of Earth-analogue worlds, noting that 
his depends on the occurrence rate of exo-Earth candidates. 

In this work, we present thousands of synthetic high-contrast 
maging spectra based on simulations of Earth-analogue exoplanet 
tmospheres o v er various atmospheric oxygen concentrations. This 
nables us to predict the variability in future observations, both 
ithin spectral features of interest, and in the broad-band. These 

tmospheric simulations utilize a 3D Earth System Model with 
ully coupled chemistry and physics – the Whole Atmosphere 
ommunity Climate Model 6 (WACCM6). Using the Planetary 
pectrum Generator (PSG), we investigate the impact that changing 
xygen concentrations has on simulated observations, considering 
limate, chemistry, temporal, annual, and seasonal variations. We 
etermine the observability of such variations with next-generation 
elescope concepts. 

 M E T H O D S  

.1 WACCM6 

ACCM6 is an Earth System Model configuration of the Community 
arth System Model (CESM) that couples together atmosphere, land, 

and-ice, ocean, and sea-ice sub models (Gettelman et al. 2019 ). The
odel release used in this w ork w as the Coupled Earth System
odel version 2.1.3 (CESM2.1.3 3 ). The configuration that we used 

BWma1850 ‘compset’ 4 ) has 98 chemical species, 208 chemical 
eactions, and 90 photolysis reactions. The model resolution was 
.875 ◦ in latitude by 2.5 ◦ in longitude. 
We simulated five different scenarios that are presented in Table 2 .

he scenarios were a pre-industrial atmosphere simulation (hereafter 
I), and simulations with atmospheres that have O 2 concentrations of 
50 per cent PAL, 10 per cent PAL, 1 per cent PAL, and 0.1 per cent
AL. Each simulation had a 24 h rotation rate and the modern Earth’s
and and ocean configuration. Each simulation was stopped when 
tmospheric trends in temperature and chemistry were determined to 
ave fluctuations that are expected from a climate model (e.g. year-
o-year and diurnal cycle variations) for the last four model years,
MNRAS 518, 206–219 (2023) 

http://www.cesm.ucar.edu/models/cesm2/
https://www.cesm.ucar.edu/models/cesm2/config/2.1.3/compsets.html


208 G. J. Cooke et al. 

M

Table 2. Annual mean modelled temperatures and ozone columns under five different O 2 mixing ratio ( f O 2 ) scenarios. f O 2 is given in 
terms of present atmospheric level (PAL = 21 per cent by volume of the atmosphere). Listed are the global mean surface temperature, 
T S , the global mean tropopause temperature ( T Tp ), and the minimum ( T Tp, min ) and maximum values ( T Tp, max ) of the global tropopause 
temperature. Also listed is the global mean ozone column, C O 3 , as well as the maximum C O 3 , max , and minimum, C O 3 , min , ozone columns 
in Dobson Units (DU), where 1 DU = 2.687 × 10 20 molecules m 

−2 . All temperatures and O 3 columns are time-av eraged o v er the final 
4 yr of each simulation. 

Simulation name f O 2 (PAL) T S (K) T Tp (K) T Tp, min (K) T Tp, max (K) C O 3 (DU) C O 3 , min (DU) 
C O 3 , max 

(DU) 

150 per cent PAL 1.500 288.5 205.0 193.6 216.3 313 261 426 
PI 1.000 288.5 204.4 193.3 216.0 279 236 375 
10 per cent PAL 0.100 288.9 204.9 194.0 215.7 169 130 235 
1 per cent PAL 0.010 288.5 202.4 191.6 213.5 66 41 83 
0.1 per cent PAL 0.001 286.0 196.6 184.4 210.0 18 13 23 
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ather than ongoing trends (e.g. a decrease in surface temperature
ear on year). 

The mixing ratios of the following species were held constant at
he surface: O 2 (varied as in Table 2 ), CH 4 (0.8 ppmv), CO 2 (280
pmv), N 2 O (270 ppbv), and H 2 (500 ppb v). The fix ed mixing ratio
f other minor constituents (mixing ratio < 1 ppbv) are listed on the
xo-CESM GitHub 5 page. The chemistry of all other species was

eft to evolve according to the chemical mechanism. All simulated
tmospheres have a surface pressure of 1000 hPa. In each simulation
n which the O 2 concentration was decreased, the N 2 concentration
as increased to maintain a 1000 hPa surface pressure. Each

imulation used the modern-day Sun as the solar input spectrum.
his solar spectrum’s irradiance was specified between 10.5 and
9975.0 nm. 
Model data were output as mean average values (the sum of the

nstantaneous output at each time-step divided by the number of
ime steps considered) every 5 d, and mean average values every
onth. For the mean vertical profiles computed for Fig. 1 , time

nd longitudinal means were taken, and latitudinal weights were
v eraged o v er (grid box es near the poles have a smaller area than
rid boxes near the equator), leaving just the vertical level dimension.
dditionally, the instantaneous model state was output every 5 d (a

snapshot’ of the model). The snapshots were used for estimating
eflection/emission spectra at a specific point in time. Time means
resented in Fig. 1 and Table 2 were averaged over the last 4 yr of
ach simulation. 

.2 Planetary spectrum generator 

he PSG (Villanue v a et al. 2018 ) was used to compute theoretical
election/emission spectra for the WACCM6 atmospheric simula-
ions. We used the GlobES 3D mapping tool 6 to upload 3D data
rom our simulated atmospheres. To reduce the memory footprint of
he model input to be compatible with GlobES in PSG, the data were
ebinned to a resolution of 10 ◦ in longitude only (with the latitudinal
rid resolution unchanged at a value of 1.875 ◦). 
All of the synthetic spectra were calculated assuming an Earth-

nalogue exoplanet around a G2V star with a 1-yr orbit at a
0 ◦ inclination angle. Edge on systems are also likely to be best
haracterized in terms of mass and radius. All synthetic spectra were
et to an exposure time of 60 s, with 1440 exposures, adding up
o a total integration time of 24 h. Although the noise estimates do
ot simply scale with distance because of reduced coronagraphic
NRAS 518, 206–219 (2023) 

 https:// github.com/exo-cesm/ CESM2.1.3/ tree/main/ O2 Earth analogues 
 https:// psg.gsfc.nasa.gov/ apps/globes.php 

m  

P
i  
hroughput at larger distances, to good approximation, the noise
stimates do scale with total integration time, T int ( σnoise ∝ T 0 . 5 int ).
e show spectra for an integration time of 48 h, where we assume

hat the noise is reduced by a factor of 
√ 

2 from the 24 h PSG
esults. Synthetic spectra from HCI observations were computed
ith WACCM6 snapshots every 5 d at 00:00 UTC, from January
 until December 27. Consequently, the illuminated side of the
lanet is centred at 180 ◦ longitude, where it is predominantly ocean
i.e. it is mostly the Pacific ocean that is receiving sunlight at these
imes). Each snapshot was ingested into PSG by updating the orbital
arameters for Earth (using the ephemeris data from the year 2020)
very 5 d. This was then matched with the longitude and latitude of
he Earth grid, to simulate the orbit in PSG to coincide with the orbit
f the WACCM6 simulations. 
The molecules used for the computation of reflection/emission

pectra were N 2 , O 2 , CO 2 , H 2 O, O 3 , CH 4 , and N 2 O. Each molecule
sed the default HITRAN opacity data (Gordon et al. 2017 ). All
vailable collision induced absorption coefficients were utilized. The
ffects of scattering were included, as well as that of ice clouds and
ater clouds (Villanue v a et al. 2011 ). The ef fecti ve radius of the

loud particles was assumed to be 5 μm for water (stratocumulus)
louds and 100 μm for ice (cirrus) clouds, as is typical in the modern
arth’s atmosphere. We also ran the same set of simulations with
maller diameter cloud particles, assuming 1 μm for water clouds
nd 1 μm for ice clouds – equi v alent figures to Figs 3 –7 are shown
n the Supplementary Information. 

Telescope templates are used for the Large Ultraviolet Optical
nfrared Surv e yor (LUV OIR; The LUV OIR Team 2019 ) concept
nd the Habitable Exoplanet Observatory (HabEx; Gaudi et al. 2020 )
oncept. For LUVOIR, we used both the A (15 m primary mirror) and
 (8 m primary mirror) templates. We changed the B template to a
 m primary mirror based on the recent suggestions from the Decadal
urv e y (National Academies of Sciences, Engineering, and Medicine
021 ). The LUVOIR A and B concepts have spectral resolutions of
 = 7 (0.2–0.515 μm), R = 140 (0.515–1.0 μm), and R = 70 (1.01–
.0 μm) for the UV, VIS, and NIR channels, respectively (where R =
/ �λ, λ is the wavelength, and �λ is the wavelength bin width). The
abEx concept had the same spectral resolutions in the UV (0.2–
.45 μm and VIS channels (0.45–0.975 μm) but instead with R = 40
n the NIR channel (0.975–1.8 μm). 

Idealized spectra were computed with PSG (Fig. 2 ). Ho we ver, to
educe whether atmospheric constituents in any of the WACCM6
imulations are physically observable, we also estimated the at-
ospheric signal-to-noise ratio (SNR) on the produced spectra.
SG calculated the noise, σ noise , on an observation set. σ noise 

ncluded contributions from the source (the star and planet), from

https://github.com/exo-cesm/CESM2.1.3/tree/main/O2_Earth_analogues
https://psg.gsfc.nasa.gov/apps/globes.php
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Figure 1. (a) The vertical profile of global mean temperatures for the following simulations: 150 per cent PAL (grey), PI (black), 10 per cent PAL (green), 
1 per cent PAL (dark blue), and 0.1 per cent PAL (light blue) O 2 atmospheres. Black dashed lines indicate the transitions between the major temperature layers 
in the pre-industrial atmosphere. Mixing ratio vertical profiles, denoted as f X , where X is the molecule shown, are plotted for O 3 (b), O 2 (c), CO 2 (d), H 2 O (e), 
CH 4 (f), OH (g), and N 2 O (h). 
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he background sky, and from the telescope itself (read noise and 
ark noise). 
The SNR of a molecular detection also depends on a ‘baseline’ 

tmosphere that does not contain that molecule. This provides a 
ontinuum with which to estimate the absorption strength of the 
pectral features. We use a 1000 hPa N 2 atmosphere as our baseline
hich was created from each simulation by removing all other 

tmospheric molecules, but keeping the presence of liquid and 
ce clouds in the atmosphere. SNR were calculated at a specific 
avelength with no rebinning performed on the simulated spectra. 
The PYTHON code to produce configuration files to upload to PSG 

s included with the data associated with this manuscript. We note 
ere that all simulations with PSG computed for this work are forward 
odels. More details on the simulations completed are given in 
ppendix A . 

 RESULTS  

.1 WACCM6 simulations 

ere, we summarize the globally averaged and time-averaged atmo- 
pheric chemistry of the simulations that were fed into PSG. See 
ooke et al. ( 2022 ) for a more detailed discussion. 
Fig. 1 shows the atmospheric mixing ratio vertical profiles from 

ll five WACCM6 simulations for O 3 , O 2 , CO 2 , H 2 O, CH 4 , OH, and
 2 O. Also shown are the vertical profiles for temperature. When O 2 

s reduced, there is less O produced from the photodissociation of
 2 , such that fewer O 3 molecules can be produced from the reaction 

 + O 2 + M −→ O 3 + M , (1) 

here M is any third body. 
When the O 2 concentration decreases (from 150 per cent PAL 

own to 0.1 per cent PAL), the O 3 column also decreases. While this
ffect has been reported in previous work, our WACCM6 simulations 
esult in O 3 columns that are reduced by up to a factor of ∼5 compared
o previous work for O 2 concentrations between 0.5 per cent and 
0 per cent PAL (see Cooke et al. 2022 ). With less O 3 to absorb
V radiation, at ≤ 1 per cent PAL, there is reduced heating in the

ower stratosphere and this cools the tropopause. Hence, more water 
s frozen out in the tropopause ‘cold-trap’ (Fueglistaler et al. 2009 ),
enerally resulting in more liquid and ice clouds. 
Increased photolysis rates for CH 4 , N 2 O, and CO 2 result in lower
ixing ratios. The mixing ratios for N 2 O and CO 2 are reduced by a

actor of 100 or more by the mesopause, and that for CH 4 is reduced
y several orders of magnitude abo v e the tropopause. Furthermore,
s O 2 reduces, H 2 O is increasingly photolysed abo v e the tropopause
nd has mixing ratios reduced below 0.1 ppmv (parts per million by
olume) in the stratosphere for the 1 per cent PAL and 0.1 per cent
AL cases, or in the upper mesosphere for the 10 per cent PAL
ase. This is in contrast to the PI atmosphere that retains at least
.1 ppmv of H 2 O in the lower thermosphere. Therefore, the five
ajor greenhouse gases in Earth’s atmosphere are all reduced abo v e

he tropopause when molecular oxygen is reduced. In addition to 
educed heating from UV absorption by O 3 , this results in cooling of
he troposphere in the simulations with the lowest O 2 concentrations, 
esulting in a reduced water vapour column. 

.2 PSG reflection and emission spectra output 

ig. 2 shows reflection and emission spectra for the PI, 150 per cent
AL, 10 per cent PAL, 1 per cent PAL, and 0.1 per cent PAL
tmospheres. These spectra are simulated on March 22, which is at
59.5 ◦ phase in our geometrical set-up, just before the exoplanet goes
nto secondary eclipse at 0 ◦ phase. In reality, this idealized spectrum
ill not be observable because of the small angular separation at this
hase that results in low coronagraph throughput. 
The emission from several spectral features are modified when 

xygen is reduced. For example, the peak at 15 μm for CO 2 , within
n absorption trough, indicates the presence of a hot stratosphere, 
s has previously been reported (Selsis 2000 ; Kaltenegger et al.
007 ; Rugheimer & Kaltenegger 2018 ). Once O 2 has reduced to
1 per cent PAL in our simulations, the stratosphere no longer
MNRAS 518, 206–219 (2023) 
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Figure 2. Idealized reflection/emission spectra in which a coronagraph is 
not used, given in terms of planet-to-star flux ratio ( F p / F ∗ [10 −6 ]), for the 
150 per cent PAL (grey), PI (black), 10 per cent PAL (green), 1 per cent PAL 

(dark blue), and 0.1 per cent PAL (light blue) atmospheres between 0.1–1 μm 

(a), 0.1 –3 μm (b), 3 –8.5 μm (c), and 8.5 –20 μm (d). Key spectral features 
are indicated. The spectra are computed at a phase of 395.5 ◦ for climate 
simulations at midnight on March 22. Note that each subplot has a different 
y- axis range and scaling. The spectra are binned to a spectral resolution of R = 

250, where R = λ/ �λ, λ is the wavelength of light, and �λ is the wavelength 
bin width. 
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xists, so this feature is seen completely in absorption. O 2 features
een in absorption are at 0.69 , 0.76 , and 1.27 μm. An increase
n oxygen increases the depth of these features relative to the
ontinuum. There is a noticeable difference in magnitude between
he PI and 150 per cent PAL cases; the 150 per cent PAL O 2 features
re 13 per cent, 9 per cent, and 28 per cent deeper relative to the
ontinuum at R = 250, respectively. When O 2 is reduced, there is less
tratospheric O 3 resulting in a lower total O 3 column; hence, there is
educed atmospheric absorption by O 3 . This is most noticeable at UV
avelengths, where the depth of the feature lies between ≈9 × 10 −7 

nd ≈3 × 10 −5 ppm. The depth of H 2 O features mostly result from
he climate at the chosen time stamp and orbital phase, although
he time-averaged water column is reduced by up to 20 per cent at
.1 per cent PAL because of lower tropospheric temperatures. 
The spectra in Fig. 2 are simulated at a single point in time. How-

ver, the spectra will change throughout the orbit due to seasonal,
limatic, and chemical changes in the atmosphere. The presence and
istribution of clouds also affects reflection and emission spectra.
NRAS 518, 206–219 (2023) 
louds can either mask molecular features, or boost them through
eflectivity (Rugheimer & Kaltenegger 2018 ). We now simulate
he spectra of these exoplanets as seen through HCI by sampling
he climate system along the orbit. We then use these simulations
o estimate the variations expected from future observations of
xygenated Earth-analogue exoplanets. 

.3 Spectra from high-contrast imaging 

e present spectra generated using HCI for the PI and 0.1 per cent
AL atmosphere with the LUVOIR A telescope concept for an
xoplanet at 10 pc, with 24 or 48 h of integration time (annual
ariability curves for the 10 per cent PAL and 1 per cent PAL
imulations are included in the Supplementary Information). We
ecognize that this is an optimistic distance at which an Earth-
nalogue exoplanet could be found, so we also include calculations
t 25 and 50 pc. Previous work has used 10 pc for a variety of rocky
xoplanet predictions (e.g. Fujii et al. 2011 ; Checlair et al. 2021 ; Alei
t al. 2022 ) and so this distance also allows meaningful comparisons
ith those works. 
The PSG radiation output is in terms of planetary flux ( F p ), stellar

ux ( F ∗), and the total flux received by the detector ( F T = F p + F ∗).
ote that F p cannot be empirically detected in such coronagraphic
bservations, where some stellar light still reaches the detector. The
rror bars on F T depend on several sources of noise, as described in
ection 2 . 

.3.1 Maximum SNR 

e quantify the maximum SNR possible with the three telescope
oncepts in Fig. 3 , at 10, 25, and 50 pc, after a total integration time
f 24 h. Occurrence rate estimates for Earth-analogue planets around
-type stars (usually denoted as η⊕) in the literature have various
efinitions (Catanzarite & Shao 2011 ; Traub 2012 ; Fressin et al.
013 ; Zink & Hansen 2019 ; Bryson et al. 2021 ), and the calculated
ates typically vary between 0.01 and 2 per star (Traub 2012 ; Petigura,
oward & Marcy 2013 ; Burke et al. 2015 ; Bryson et al. 2021 ), with
 being the optimistic end of estimates. According to the SIMBAD
nline data base (Wenger et al. 2000) , 7 there are 13 G0V-G9V stars
loser than 10 parsecs and 2830 G0V–G9V stars closer than 75 pc.
his implies that an Earth-analogue exoplanet with a random orbital

nclination should be found somewhere between 10 and 75 pc. This
s a large range and should be kept in mind when considering the
esults from Fig. 3 . 

Assuming the threshold for detection of a molecule is an SNR
f ≥5, then O 3 in the UV can be detected for all atmospheres and
elescopes for an exoplanet at 10 pc. O 2 can be detected in the PI
tmosphere by LUVOIR A at both 0.69 and 0.76 μm, although for the
.1 per cent PAL atmosphere this would require an integration time
f ≈50 and ≈1.2 d for the 0.69 and 0.76 μm features, respectively.
 2 O can be detected at 0.94 μm with LUVOIR A but not at 1.4 μm,

nd the LUVOIR B and HabEx SS cannot detect it at 10 pc with a
4 h integration time. Rebinning of the two assessed H 2 O features
ould impro v e their SNRs. At a distance of 25 pc, only LUVOIR
 can detect any molecules (O 3 ). No molecules can be detected by

ny telescope in any atmosphere for an exoplanet at 50 pc, but O 3 in
he PI and 10 per cent PAL atmospheres may be detectable for T int 

3.4 d with LUVOIR A. LUVOIR A (15 m) is the best performing
elescope o v erall, and HabEx with a starshade (4 m) performs better
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Figure 3. The signal-to-noise ratio for five molecular features are given for the PI (black), 10 per cent PAL (green), 1 per cent PAL (dark blue), and 0.1 per cent 
PAL (light blue) atmospheres, at a distance of 10 pc ( top row ), 25 pc ( middle row ), and 50 pc ( bottom row ). The LUVOIR A ( left column ), LUVOIR B ( middle 
column ), and HabEx with a starshade ( right column ) telescope concepts are e v aluated, each observing for a total integration time of 24 h. Only the first year of 
the final 4 yr of each simulation is e v aluated in this figure. 
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han LUVOIR B (6 m) despite the larger diameter telescope size of
UVOIR B. For example, the SNR for O 3 at 10 pc is up to a factor of
.2 higher for HabEx with a starshade when compared to LUVOIR B.
Similar to Checlair et al. ( 2021 ), where a cloud-free atmosphere

as assumed in their calculations, we also find that the detection of
 2 and O 3 becomes increasingly difficult as the O 2 concentration 

educes. Because a different O 2 concentration affects atmospheric 
hemistry and photolysis rates, the energy budget for the atmosphere 
hanges. This results in different tropospheric temperatures that 
re positively correlated with the total water column (see the 
upplementary Information for how the water column varies with 
rbital phase) and thus influences the reflection and emission spectra 
y modulating absorption and emission. Therefore, we find that the 
NR for detecting H 2 O is also influenced by the O 2 concentration,
lthough the change between atmospheres is small. The effect 
ill be more significant for transmission spectra where the middle 

tmospheric concentration of H 2 O reduces with reduced O 2 . 
Additionally, decreasing the diameter of cloud particle sizes from 

 and 100 μm to 1 and 1 μm (for water and ice clouds, respectively)
ncreases the maximum SNR available during an orbit due to an 
ncreased amount of photons reaching the telescope detector. To 
ive an example, the maximum SNR at 24 h integration time with
UVOIR A for O 3 at 0.3 μm in the PI atmosphere is 66 with the

arger diameter particles, versus an SNR of 100 with the smaller 
iameter cloud particles. 

.3.2 Annual variations with LUVOIR A at 10 pc 

n Fig. 4 , we show how the same atmospheres exhibit interannual
ariability by modelling the spectra from HCI of four consecutive 
odel years using the LUVOIR A telescope concept. This is the most

ptimistic future telescope concept we have assessed as discussed 
n Section 3.3.1 . We choose the final 4 yr for each simulation as
hese data are how we have assessed the stability of the climate (see
ection 2.1 ). Fig. 4 shows the measured total flux ( F T ) as a function
f orbital phase, where January 1 is at a phase of 279 ◦. 
For LUVOIR A observing an oxygenated Earth analogue exo- 

lanet at 10 pc, the inter-annual variability for the broadband and 
ndividual spectral features year-on-year is larger than the noise in 
he VIS channel at multiple phases. Specific lines within the UV do
ot sho w observ able year-to-year v ariations, although the broadband
n this channel does. Because the inner working angle (IWA) of
he coronagraph is proportional to wavelength, longer wavelengths 
re increasingly harder to observe due to reduced coronagraphic 
hroughput – see Appendix B . This means that longer wavelengths, 
specially in the NIR channel, cannot be differentiated year on year.
dditionally, certain phases cannot be differentiated, and this is either 
ecause the magnitude of the year-on-year variations are within 
he noise, or the coronagraph throughput is too low to detect any

eaningful planetary flux variation. 
The H 2 O and O 2 features have larger variations compared to O 3 

eatures. Variations for H 2 O and O 2 at some phases are distinguish-
ble from the noise for some years, but not necessarily all of the
ears. Therefore, multiple years ( ≥3) of observations may be needed
o witness variations at particular phases. Greater integration times 
ill increase the amount of phases where inter-annual variation is 
bservable. Almost all phases can be differentiated in broad-band 
bservations. 
In the UV channel, the same wavelength at the same phase between 

ears can vary in brightness by up to 1.3 times and 2.4 times for F T 

nd F p , respectively. In the VIS and NIR channels, these numbers
an reach up to 1.5 and 2.5, and 1.7 and 5, respectively. 

Fig. 5 shows the year 1–year 2 percentage differences in the total
ux versus orbital phase for the 0.76 μm O 2 and 0.94 μm H 2 O
eatures. In addition, we swapped either clouds, composition, or 
urface albedo between the years to isolate the contribution of these
lanetary properties to the total year-to-year difference. The largest 
ercentage difference for H 2 O between these 2 yr is + 22.4 per cent,
ccurring at an orbital phase of 316 ◦, where the percentage difference
rom only swapping clouds is + 21.9 per cent. On the other hand,
 swap in chemistry never contributes a change of more than
4 per cent, and surface albedo never more than ±1 per cent. We can

ummarize this by stating that in our simulations, the inter-annual 
ariation is primarily influenced by clouds, secondarily by chemistry 
composition), and surface albedo plays only a minor role. This trend
s similar across oxygenation states and wavelengths. 
MNRAS 518, 206–219 (2023) 
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Figure 4. The total flux measured as a function of orbital phase for four consecutive years is plotted to demonstrate year-on-year variability. Plotted in the radial 
direction in units of Jy is the total flux F T = F p + F ∗ from the planet and star as seen by the detector from the final 4 yr (1st year = black, 2nd year = yellow, 
3rd year = blue, 4th year = red) of the PI and 0.1 per cent PAL simulated atmospheres. Note that the total flux never goes to zero because there is al w ays some 
flux from the star. The total integration time is 48 h using LUVOIR A for an exoplanet at 10 pc. The discontinuity in the curves is between December 27 and 
January 1. Top and Middle : The top and middle rows show the variation with phase (in the azimuthal direction) at the 0.3 μm O 3 feature, at the 0.69 μm O 2 

feature, at the 0.76 μm O 2 feature, and at the 0.94 μm H 2 O feature for the PI and 0.1 per cent PAL atmospheres. The width of the lines indicate the noise for that 
particular measurement. Bottom : The bottom row shows the broad-band variation in the PI and 0.1 per cent PAL atmospheres for the UV and VIS channels. The 
broad-band noise is indicated by the width of the lines. The magenta shaded regions represent phases where the exoplanet would be inside the inner working 
angle of the LUVOIR A coronagraph, such that the coronagraph throughput significantly drops. 
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Total cloud co v erage and cloud water path changes often for
ach atmosphere, such that clouds change the o v erall albedo of the
lanet. The O 2 column does not significantly vary throughout an
rbit, whereas the H 2 O column does due to atmospheric temperature
uctuations and resultant changes in water phase. This is why a
hange in composition influences the spectra more for H 2 O features
han for O 2 features. For a specific date and corresponding phase,
NRAS 518, 206–219 (2023) 
ear-to-year, the surface albedo is almost constant. In the cases
onsidered here, it has little effect on observed annual variations.
he surface albedo does affect the seasonal variations, however, as
e will show in the next section. 
In Fig. 6 , we show how each atmosphere varies o v er four

onsecutive years at quadrature (maximum planet–star separation,
here the orbital phase is either 90 ◦ or 270 ◦). The mean is plotted
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Figure 5. The total flux difference (in terms of percentage difference) versus 
orbital phase is plotted for the first and second year of WACCM6 data from 

the PI atmosphere for the 0.76 μm O 2 feature ( top ) and for the 0.94 μm H 2 O 

feature ( bottom ). Black squares indicate the difference between the standard 
output from the atmosphere with no changes. Grey circles, orange triangles, 
and red pentagons indicate the flux difference when clouds, composition, and 
surface albedo, respectively, from the second year, are swapped into the first 
year atmosphere before being processed by PSG. Although these swaps do 
not represent a physical atmospheric prediction, they enable quantification of 
what is affecting the atmospheric variability between years. 
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longside the range. The largest positive percentage difference in flux 
rom the mean flux at quadrature for each atmosphere is + 18, + 21,
 29, and + 30 per cent, for the PI, 10 per cent PAL, 1 per cent PAL,

nd 0.1 per cent PAL atmosphere, respecti vely. Like wise, The largest
igure 6. The mean (unbroken line), minimum (dashed line), and maximum (dotted
orbital phases closest to 90 ◦ and 270 ◦) are plotted for LUVOIR A at 10 pc. The m
ate at which the 0.88 μm line (often the wavelength with the highest flux) exhib
haded regions show the range between the maximum and minimum total flux at e
0 per cent PAL (b), 1 per cent PAL (c), and 0.1 per cent PAL (d) atmospheres are
lanetary brightness, it does correspond to the most observable phase at different d
hroughput. 
e gativ e percentage difference is −18, −23, −23, and −19 per cent
or the PI, 10 per cent PAL, 1 per cent PAL, and 0.1 per cent PAL
tmosphere, respectively. 

We also show the total range between all phases and wavelengths
shaded background in Fig. 6 ). Although the SNR for O 3 is high in
he UV, O 3 column variations due to climate may not be detectable
ecause of the very small range at 0.3 μm. The total flux range
aries with wavelength, and the largest total flux range occurs in
he 0.1 per cent PAL case. The flux range of wavelengths that cover
 3 and O 2 features, including the continuum, generally increases 
ith decreasing atmospheric O 2 concentration. This trend with 
 2 concentration is not al w ays linear for H 2 O features. These

esults indicate that inter-annual variations in observations may be 
ependent on O 2 concentrations, but more than four orbits would be
equired to determine this as a statistically reliable result, rather than
 consequence of chemistry-independent climate variability within 
he model. 

.3.3 Seasonal variations with LUVOIR A at 10 pc 

side from interannual variations, observer geometry also affects 
he spectra as we will demonstrate in this section. We have varied
he observer geometry simply by adding 90 ◦, 180 ◦, and 270 ◦ to the
rbital phase to which each model date corresponds to. We do this
or the synthetic spectra for two consecutive model years (year 2 and
ear 3 from the final 4 years of data) to demonstrate how seasonal
 ariations af fect exoplanet spectra in Fig. 7 . 
We find that seasonal variations are larger than inter-annual 

ariations between the same phase, as would be expected for a planet
ike Earth where the seasons are set by Earth’s obliquity, i.e. the
limatic differences between July 1 and January 1 are more likely to
MNRAS 518, 206–219 (2023) 

 line) for observations taken at maximum projected star-exoplanet separation 
inimum and maximum observations at quadrature are determined to be the 
its minimum and maximum flux for that particular year, respectively. The 
ach wavelength, now accounting for all phases. The results from the PI (a), 
 all plotted. Whilst maximum separation does not correspond to maximum 

istances. Closer star-exoplanet separations may have reduced coronagraphic 
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Figure 7. This figure demonstrates how seasons can impact exoplanet spectra. In units of Jy the total flux received by the telescope ( F T = F p + F ∗) is plotted 
in the radial direction against phase in the azimuthal direction. This is for a 48 h integration time using LUVOIR A for an exoplanet at 10 pc. A standard 
year is plotted, and then observer geometry is rotated + 90 ◦, + 180 ◦, and + 270 ◦. ‘yr 2’ and ‘yr 3’ refer to the second and third years of the final 4-yr data set, 
respectively. Top : Variation for the pre-industrial and 0.1 per cent PAL atmospheres are shown for O 2 at 0.76 μm and H 2 O at 0.94 μm. The width of the lines 
represent the ±1 σ noise uncertainty on the observations. Bottom : The broad-band variation is shown in the UV and VIS channels with phase. The discontinuity in 
the curves is between December 27 and January 1. The magenta shaded regions represent phases where the exoplanet would be inside the IWA of the LUVOIR 

A coronagraph. The width of the lines represent the ±1- σ noise broad-band uncertainty. 
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xhibit a greater variation in magnitude than two consecutive years
n January 1. Because one w ould lik ely not know a priori which
eason is being observed, this can initially limit the observational
nformation gained about a particular exoplanet’s climate because of
he potential for degenerate interpretations. 

The reason why the phases between 180 ◦ and 360 ◦ in Fig. 4 are
ften (but not al w ays) brighter than 0 ◦–180 ◦ by up to ≈15 per cent is
ue to an increase in surface ice co v erage. The H 2 O column shows
 seasonal cycle and this will affect the magnitude of the signal for
 2 O features (e.g. more H 2 O results in increased absorption). The in-
uence from the cloud column is less obvious when comparing these

wo time periods because clouds do not vary with a seasonal cycle
s clear as the ice seasonal cycle. 180 ◦–360 ◦ roughly corresponds to
eptember–March, which co v ers winter in the Northern hemisphere,
hen Arctic ice is most pre v alent. The period between 0 ◦ and 180 ◦

oughly corresponds to March–September, with increased surface ice
round Antarctica during this time, although a higher proportion of
he Earth’s surface in the Arctic is co v ered in ice during the Northern
emisphere’ s winter . More ice raises the albedo of Earth, such that
he phases between 180 ◦–360 ◦ are generally brighter. 

By shifting the phases that the dates correspond to, the same
avelength at the same phase for shifted seasons can vary in
NRAS 518, 206–219 (2023) 

(  
rightness by up to 2.8 and 10.5 times for F T and F p , respectively,
n the UV channel. In the VIS and NIR channels, these numbers can
each up to approximately 2.3 and 17, and 2 and 20, respectively. 

 DI SCUSSI ON  

e have demonstrated that chemistry and clouds impact the vari-
bility of high contrast imaging spectra of oxygenated terrestrial
xoplanets. The variability depends upon the exoplanet’s climate and
hemistry, but the ability to detect this variation will be influenced
y the distance, orbital geometry, and telescope design. Naturally,
his will dictate what scientific results are retrie v able from specific
argets. 

.1 Molecular detectability 

e acknowledge that the SNR estimates in Section 3.3.1 depend on
arious parameters that we have assumed, such as a 90 ◦ inclination
ngle, as well as the underpinning simulations from the Earth System
odel WACCM6. Other chemistry-climate models when used in

onjunction with PSG as we have here would yield different results
Fauchez et al. 2022 ). The estimates also depend on telescope

art/stac2604_f7.eps


Variability in Earth-analogue observations 215 

c
i
b  

w
 

(  

u
t
d
o  

a
i  

o
i
c

 

t
t
t  

1  

r
i
t
e
c

4
m

T
a
(  

2  

c  

c
2
o
s

o  

i
s
t
i
t
r
t
i
m  

2
a
d
H
c
s
I
a  

t
w  

o
 

t

E  

b  

c
A  

b  

l  

r
e
s
t
a
t
m  

b
v  

i
r  

h  

o  

k
t  

p

e
p  

c
a
m  

a
t
u

 

n  

e
a  

a  

t
p
(
e  

b
s

4

O
i
a  

t
c
t
t  

T  

b
p  

o  

a
c

c  

c  

n

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/206/6702740 by guest on 05 January 2023
oncepts that have not been constructed. Therefore, the results are an 
ndicativ e, not e xhaustiv e, picture of possible future measurements 
ased on the information available for each concept at the time of
riting. 
In the event that an Earth-like exoplanet is found even farther away

e.g. 75 pc) it would be much more challenging to detect any partic-
lar molecular feature. A longer integration time may not improve 
he performance because the coronagraph throughput significantly 
rops with distance for these concepts and the exoplanet would be 
bservable only o v er a narrow range of phases and wavelengths, if
ny. The coronagraph throughput drops when the exoplanet passes 
nside the IWA of the coronagraph and is therefore partly or fully
bscured by the coronagraph. The IWA for the LUVOIR concept 
s proportional to wavelength so longer wavelengths are cut off and 
annot be detected (The LUVOIR Team 2019 ) – see Appendix B . 

The SNR of each feature is set in part by its depth relative to
he continuum. It also depends on the telescope’s diameter, the 
elescope’s coronagraph, the total integration time, and distance to 
he planetary system. For example, even though the H 2 O feature at
.4 μm is deeper than that at 0.94 μm, the SNR is lower because of
educed coronagraphic throughput, and higher noise, in the near- 
nfrared. The HabEx with a starshade concept, when compared 
o a LUVOIR concept with an identically sized primary mirror, 
nables characterization at greater distance due to the enhanced 
oronagraphic throughput (Checlair et al. 2021 ). 

.2 Predicted spectra variations from a 3D chemistry-climate 
odel 

he O 2 concentrations that we calculate in the lower and middle 
tmosphere are identical to those predicted by previous work 
Kasting & Donahue 1980 ; Segura et al. 2003 ; Gregory et al.
021 ). Ho we ver, we find that the lower and middle atmospheric
oncentrations of H 2 O, O 3 , CH 4 , OH, and other molecules, differ
onsiderably compared to prior 1D and 3D modelling (Cooke et al. 
022 ). In this work, we have considered the temporal variability 
f chemistry and climate and how this affects predicted reflection 
pectra. 

Although the effect of chemistry on the spectra for different 
xygenation states is evident in Fig. 2 , chemistry has a smaller
mpact than when considering the time variability from the same 
imulation. The largest variation between years is caused by clouds, 
hen chemistry, and then surf ace albedo. Nevertheless, surf ace albedo 
s important for seasonal cycles and is crucial for understanding 
he spectra presented in Section 3.3.3 . 1D atmospheric models that 
un to steady state cannot access this temporal variability, nor can 
hey assess the seasonal effect on exoplanet spectra. Because clouds 
n 3D global climate models show significant variability between 
odels (Ceppi et al. 2017 ; Lauer & Hamilton 2013 ; Fauchez et al.

020 ), future comparisons with 3D time-resolved simulations using 
 different global climate model will therefore be of interest to 
etermine how the predicted magnitude of spectral variations from 

CI differ between models and oxygenation states (or various other 
hemical regimes). A comparison has been done for transmission 
pectra from 3D models in the TRAPPIST Habitable Atmosphere 
ntercomparison (Fauchez et al. 2022 ). These comparisons could 
lso be done with 1D models to e v aluate the uncertainty across
he entire range of models used in the exoplanet community, which 
ould then be used to assign confidence to the interpretation of future
bservations. 
Our simulated spectra were e v aluated at 00:00 UTC, such that

he Pacific ocean is illuminated, with a small proportion of the 
arth’s land and ice illuminated. The albedos of land and ice are
oth greater than that of the ocean, so reflection spectra from HCI
ould be affected if observations were calculated at different times. 
dditionally, the model time step is 30 min in our simulations,
ut we assumed this instantaneous state at 00:00 UTC held for
ong enough to integrate 24 or 48 h of observations o v er. Our
easoning for this assumption is that saving multiple 3D variables 
very time-step for four model years and for multiple oxygenation 
tates, then simulating each time-step snapshot with PSG (and with 
hree telescope concepts), would require vastly more data storage 
nd computational expense. As this assumption likely does not hold 
rue (see the diurnal variations predicted in low precision photometry 
easurements by Ford et al. 2001 ), greater temporal variations may

e introduced by further surface albedo and cloud variations. These 
ariations during the time-scale of the observations are likely to be
mportant, especially when the observer does not know the rotation 
ate of the e xoplanet. F or instance, Guzewich et al. ( 2020 ) predicted
o w dif ferent planetary rotation rates af fected the absorption depth
f H 2 O, O 2 , and O 3 features. Fortunately, the rotation rate may be
nown provided that approximately 5–15 rotations are observed, and 
he integration time is less than 1/6 to 1/4 of the planetary rotation
eriod (Li et al. 2022 ). 
The exoplanet is usually at its brightest just before secondary 

clipse, but with the coronagraphs simulated here, such orbital 
hases are not observable as the planet is also being blocked by the
oronagraph. Therefore, there is a trade-off between detectability 
nd brightness. Other orbital phases show different ranges between 
inimum and maximum flux (see Fig. 6 ), so the observer may not be

ble to constrain certain parameters, including the amount of year- 
o-year variation across multiple phases, depending on the telescope 
sed and the distance to the exoplanetary system. 
With the mission concepts e v aluated in this work, monitoring a

earby ( < 25 pc) Earth-analogue exoplanet for a single orbit is long
nough to inform the observer about short-term climate variability 
nd is ample time to detect if molecules of interest (e.g. O 2 , O 3 ,
nd H 2 O) are present. If inter-annual climate variability is of interest
o future observers, then our simulations suggest it is observable 
rovided conditions are fa v ourable. Fully characterizing an exoplanet 
determining temperature, chemistry, seasons, obliquity, cloud cov- 
rage, rotation rate, land and ocean co v erage, etc.) will be aided
y observations of multiple orbits. Nevertheless, there will remain 
ignificant challenges to interpreting those observations. 

.3 Challenges and future work 

ur atmospheric scenarios are based on the current understand- 
ng of Earth’s atmospheric history since the GOE, when Earth’s 
tmospheric oxygen concentrations rose abo v e 10 −5 PAL. Ho we ver,
he abundance of gases throughout Earth’s history is not well 
onstrained. Even if better constraints are achieved in the future, 
here is no reason why the atmospheric evolution of exoplanets 
hat are oxygenated must take a similar path to Earth (Krissansen-
otton et al. 2021 ). None the less, the Earth system provides the
est-known template for an oxygenated atmosphere of a terrestrial 
lanet. Large changes in the magnitude of the mixing ratios of
ther chemical species (e.g. CO 2 , CH 4 ), decreased or increased
tmospheric pressure, and the proportion of land versus ocean 
o v erage (Macdonald et al. 2022 ), will all affect our predictions. 

Changes in assumed cloud properties will also change the cal- 
ulations presented in this work. Komacek et al. ( 2020 ) varied ice
loud particle radius between 20 and 200 μm and showed that this
on-linearly affected the amount of transits required to detect water 
MNRAS 518, 206–219 (2023) 
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apour in transmission spectra of a terrestrial exoplanet atmosphere
sing the James Webb Space Telescope . Although we have not
o v ered a large range of cloud parameters, our results show that
ssumed particle sizes are important in PSG, affecting both variability
nd SNRs. Thus, the effects of how clouds are modelled in global
limate models and radiative transfer models, and their impacts on
redictions, requires further investigation. 
There are many unknowns for exoplanets that compound the

ifficulty of modelling and interpreting spectra from a directly-
maged exoplanet. We have investigated a temporal and 3D problem
hat depends on: (1) albedo; (2) seasonal climatic variability (Cowan,
oigt & Abbot 2012 ); (3) clouds (Parmentier & Crossfield 2018 ); (4)
hemistry (Parmentier & Crossfield 2018 ); (5) inter-annual climatic
 ariability; (6) eccentricity (Co wan et al. 2012 ); (7) obliquity (Gai-
os & Williams 2004 ; Cowan et al. 2012 ); (8) observer inclination
ngle (Maurin et al. 2012 ; Boutle et al. 2017 ); and (9) other
xoplanets in the system contaminating the signal (Parmentier &
rossfield 2018 ). Some of these variables interact with each other.
ur high-contrast imaging spectra predictions account for some of

hese parameters (points 1–5) using a 3D fully coupled climate model
or the first time, whilst others were not investigated in this work (6–
). Further work should investigate how these other parameters affect
he predicted spectra of oxygenated exoplanets. At greater distances,
here less orbital phases are available to observe, assessments of

he year-to-year variability we demonstrate in our simulations will
e less reliable. Additionally, our simulations assume that whilst F ∗
aries with wavelength, the flux in each wavelength bin is assumed to
e constant o v er the duration of an orbit. If we instead modified our
imulations to include realistic stellar flux variations, it is unclear
ow detectable the observed flux variations due to the exoplanet
ould be. 
Several methods already exist to obtain information that is other-

ise difficult to access. For example, exo-cartography has been stud-
ed as a process for retrieving the surface maps of exoplanets, despite
he planetary surface being unresolved in observ ations (Co wan &
ujii 2018 ; Fan et al. 2019 ; Berdyugina & Kuhn 2019 ). Already it is
lear that different surfaces produce similar light curves, and lifting
egeneracies to accurately map the surface of these exoplanets will
e difficult. Teinturier et al. ( 2022 ) used Earth observation data and
ound that for exoplanets with a similar climate to Earth, removing
louds to obtain a surface albedo map may produce unreliable
esults. They remarked that longer, continuous observing periods
ill help with mapping. Indeed, clouds may have the largest impact
n spectra variation (Paradise et al. 2022 ), as we have also found in
ur simulations. Additionally, Schwartz et al. ( 2016 ) found that, at
east theoretically, it should be possible to determine the obliquity
f an exoplanet by observing at 2-4 different orbital phases. With
nown obliquity, the impact of seasons can be estimated. Recently,
ham & Kaltenegger ( 2022 ) used a machine learning algorithm –
nalysing more than 50 000 synthetic spectra of cold, Earth-like
lanets – to show that snow/clouds and water could be detected in
0 per cent and 70 per cent of cases, respectively. A similar evaluation
sing machine learning, and including both spectra produced from
D and 3D atmospheric models, would be useful. Such a study would
nable assessment of how reliably the community can use machine
earning and 1D models to explore the parameter space that 3D

odels struggle to co v er due to computational expense. 
All of our simulations presume a biotic source of O 2 . Even if

 biogenic molecule is detected with high SNR, this may not be
nough to pro v e that life exists on an exoplanet. Further information
ill likely be required for context to confirm that any potential biosig-
ature that is detected has arisen from the presence of extraterrestrial
NRAS 518, 206–219 (2023) 
ife (Meadows 2017 ; Catling et al. 2018 ; Krissansen-Totton et al.
021 ). This includes but is not limited to the detection of chemical
isequilibrium (e.g. O 2 and CH 4 ; Lo v elock 1965 ; Sagan et al. 1993 ;
rissansen-Totton, Bergsman & Catling 2016 ), or temporal changes

n biogenic gases that indicate atmospheric modulation by life (Olson
t al. 2018b ) rather than by geological processes. Ho we ver, detecting
uch temporal chemical variations will likely be complicated by
emporal changes in planetary albedo. We note here that detecting
easonal O 3 variations in the UV as suggested by Olson et al. ( 2018b )
ay be complicated by clouds, as well as the seasons available to the

bserver, and because we have not explored all observing geometries,
he effect of different inclination angles (Olson et al. 2018b ). 

Additionally, abiotic build-up of O 2 is physically feasible on exo-
lanets (and references therein Meadows 2017 ). Moreo v er, there is
he possibility of detecting an e xoplanet–e xomoon system which has
 2 and CH 4 in the spectra, but not on the same celestial body (Rein,
ujii & Spiegel 2014 ). In the coming decades, observational data,
omputational procedures which identify the sources of biologically-
ele v ant gases (Catling et al. 2018 ; Lisse et al. 2020 ), and simulations
hat utilize state-of-the art climate models, will all be needed to
etermine the most habitable exoplanets (Shields 2019 ), and indeed
o determine if any are inhabited. 

Finally, we have only e v aluated telescope concepts which will have
pectroscopic capabilities between the ultraviolet and near-infrared
av elength re gions. To detect molecules such as O 3 , H 2 O, and CO 2 

n the infrared, this will require a mission design different to LUVOIR
r HabEx. Proposed candidates include the Large Interferometer For
xoplanets (LIFE; Quanz et al. 2018 ; Defr ̀ere et al. 2018 ) and the
rigins Space telescope (OST; Wiedner et al. 2021 ) missions. These

elescope concepts may be able to constrain planetary emission in
he mid-infrared and detect molecules such as H 2 O, O 3 , and CH 4 

Alei et al. 2022 ), potentially enabling the confirmation of chemical
isequilibrium. Certainly, multiwavelength observations which cover
ltra violet wa velengths to mid infrared wa velengths will enable a
reater degree of atmospheric characterization. Evaluating the OST
nd LIFE missions with our simulated atmospheres and calculating
ny variability that may be detected is left as future work. 

 C O N C L U S I O N S  

sing a state-of-the-art Earth System Model, WACCM6, we have
imulated Earth-analogue exoplanets around a G2V star with varying
oncentrations of O 2 (0.1 per cent PAL → 150 per cent PAL). Based
n the Earth System Model output for these hypothetical exoplanets,
e used the PSG to simulate thousands of high-contrast imaging
bservations with three future telescope concepts: LUVOIR A,
UVOIR B, and HabEx with a starshade. 
All telescopes are capable of detecting O 3 at 10 pc after 1 d

f integration time. H 2 O and O 2 detection may require longer
ntegration times, or high O 2 concentrations for improved SNR for
 2 (e.g. ≥10 per cent PAL). At 25 pc, O 3 in the UV can still be
etected with LUVOIR A, but integration times longer 13 d may be
equired for H 2 O and O 2 detection. 

Long-term interannual climate variations and short-term variations
an theoretically be observed in our simulated atmospheres with a
elescope concept such as LUVOIR or HabEx. Both annual and
easonal variability can affect the brightness of key chemical features
uch as O 2 and H 2 O. The annual variability is primarily caused
y clouds, and the variability appears to depend non-linearly on
tmospheric O 2 concentration (although more than four orbits would
nable this to be a statistically robust result), as well as depending on
avelength, distance, and telescope design. The seasons that can be
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ccessed through observations will affect the maximum magnitude 
f the incoming flux, with more ice co v erage increasing this limit. 
Future potential missions, such as the 6-m diameter UV/VIS/IR 

elescope that was recommended by the Decadal Surv e y, and the
IFE mission, will present exciting opportunities to characterize the 
tmospheres of possible Earth analogues. Confident interpretation 
f future observations that next-generation telescopes return will re- 
uire sophisticated planetary modelling and observational analysis. It 
s important that future work continues to account for the complexity 
f chemistry and clouds, as well as long- and short-term climate 
ariations. 
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PPENDI X  A :  F U RTH E R  DETA I LS  O F  

OMPLETED  PSG  SI MULATI ON  

e have not performed an exhaustive list of simulations in PSG. The
arameter space is vast and to co v er ev ery future telescope concept,
lanet distance, oxygenation state, etc., is beyond the scope of this
aper. See Table A1 for the simulations that have been performed. 

The PSG packages required for these calculations were BASE ,
ROGRAMS , and CORRKLOW . The versions used were last updated on
0/05/2022, 04/02/2022, and 01/03/2022, respectively. 
Each simulation used NMAX = 3 and LMAX = 41. NMAX is

efined as the number of stream pairs and the Legendre terms is
iven as LMAX – see the Fundamentals of the Planetary Spectrum
enerator for more details (Villanue v a et al. 2022 ). Calculation

peed is proportional to LMAX but is approximately proportional
o NMAX 

3 (Villanue v a et al. 2022 ). Multiple tests with different
alues of NMAX and LMAX were performed to ensure spectra
ontributions from scattering were accurate, while not compromising
he speed in such a way that collating the simulations would be
nachie v able within a reasonable time frame. In a small proportion
f cases (<2 per cent) where unusually large brightness occurred,
ikely due to an asymmetry calculation in PSG, the substellar point
as slightly shifted horizontally (<3 ◦) to produce consistent results. 
L atmospheres, the PSG simulations that have been run are listed below. A 

V, VIS, NIR) for 73 phase points around the orbit (one snapshot every 5 d), 
ns for a full orbit for LUV OIR A, LUV OIR B, and HabEx with a starshade, 
ed in brackets. A dash means no telescope observations have been e v aluated. 
for each particular date and phase, using the ephemeris data from the year 
a particular atmosphere which has had all molecules remo v ed apart from N 2 

 the + 90 ◦, + 180 ◦, and + 270 ◦ configurations. The water cloud particle size 
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PPEN D IX  B:  OBSERVABILITY  O F  

X O P L A N E T  USING  C O RO NAG R A P H  

s an exoplanet orbits a star, with an orbital phase denoted by ψ ,
he coronagraph throughput varies because the projected exoplanet- 
tar angular separation changes for the observer. When using a 
oronagraph, the IWA is typically defined as 

WA = 

λ

D 

, (B1) 

here λ is the wavelength of light and D is the diameter of
he telescope. The telescope coronagraphs e v aluated here are the 
UVOIR ECLIPS instrument and HabEx with a starshade. For 
UVOIR, the IWA is given in the LUVOIR Final Report (The
UVOIR Team 2019 ) as 4 λ/ D for the UV channel, and 3.5 λ/ D for

he VIS and NIR channels. For HabEx with a starshade, an IWA of
8 mas at 0.3–1.0 μm is given in the HabEx Final Report (Gaudi
t al. 2020 ). For the planet to be visible (and not blocked by the
oronagraph), the IWA must be smaller than the angular separation 
f the star and planet ( θ ), which is given by 

≈ s 

d 
, (B2) 

here s is the projected separation and d is the distance to the planet–
tar system. The maximum projected separation for a circular orbit 
s the semimajor axis ( a ; 1 au for Earth). For circular orbits of
nclination, i , the separation, s , takes the general form 

 = a 
√ 

sin 2 ( ψ) + cos 2 ( i) cos 2 ( ψ) . (B3) 

n the simplified case of a system inclined at 90 ◦ from the perspective
f an observer, 

 = ±a sin ( ψ) . (B4) 

hen the IWA < θ , the exoplanet is fully observable and when the
WA >θ , the coronagraph throughput is reduced. The equations can 
e rearranged to find the orbital phase at which the exoplanet is about
o enter inside the IWA, such that 

 = sin −1 

(
λd 

aD 

)
for 

λd 

aD 

≤ 1 . (B5) 

hus, one can see that as the wavelength λ increases or the distance
 increases, then a smaller proportion of the orbit will be observable
ith the coronagraph. On the other hand, if the semimajor axis or

he telescope diameter increases, then a larger proportion of the total
rbit will be accessible for higher SNR observations. 
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