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In the next few years, the launch of the James Webb Space Telescope (JWST), along with the

construction of new ground-based observatories, will provide the opportunity to attempt atmo-

spheric characterization of terrestrial planets in the habitable zones (Kasting et al., 1993; Seager

et al., 2009; Kopparapu et al., 2013) of nearby M dwarf stars. For the first time, the assessment

of habitability and the possibility of detecting biosignatures from planets around other stars will

be within the capabilities of astronomical observatories. Truly Earth-like planets (i.e. orbiting a

Sun-like, G-type star) are not yet accessible, and may not be until the selection, construction, and

launch of a next-generation space telescope, such as LUVOIR (Roberge and Moustakas, 2018) or

HabEx (Gaudi et al., 2018), which are under consideration for potential prioritization by the 2020

Decadal Survey on Astronomy and Astrophysics. In the immediate future, it will only be possible

to characterize the atmospheres of Earth-sized planets that orbit M dwarf hosts, because the meth-

ods of observation for imminent observatories favor shorter-period planets and stronger signal can

be achieved with smaller star-planet size ratios.

However, planets orbiting M dwarfs face an evolutionary history very different than a planet

like Earth, orbiting a Sun-like, G-type star. Additionally, these stars go through a much longer

superluminous pre-main-sequence phase than G dwarfs, which can drive ocean loss via the run-

away greenhouse effect, subsequent photolysis from stellar UV radiation, and, finally, permanent



loss of hydrogen to space. As a result, M dwarf habitable zone planets can be stripped of their

volatiles before life could originate and proliferate (Luger and Barnes, 2015). Even if life did

originate, M dwarf stars generally exhibit intense levels of high-energy activity throughout their

main-sequence lifetimes, so the planetary surface can experience much more extreme irradiation

than the early Earth environment (Segura et al., 2005, 2010; Ranjan et al., 2017; Tilley et al., 2019).

Additionally, because M dwarfs are small and dim, planets must orbit much closer to the star

than Earth does to the Sun to allow for the possibility of liquid water on their surfaces. This prox-

imity increases the probability for such planets to be synchronously rotating with their host star

(e.g. Kasting et al., 1993; Ribas et al., 2016), which may result in large temperature differences be-

tween the permanent day and permanent night sides, raising the possibility of atmospheric collapse

on the night side of the planet (Joshi et al., 1997).

Despite these challenges, the observational advantages of M dwarf stars mean that they will be

the first place to search for habitability and life outside the Solar System. Several small planets have

recently been discovered in the habitable zones around nearby M dwarf stars during ground-based

surveys (e.g. TRAPPIST, MEarth, and HARPS). Of these, I focus on the TRAPPIST-1 planetary

system, whose seven Earth-sized planets provide an unprecedented opportunity to study plane-

tary evolution and habitability in a single system, which includes three planets in the traditional

habitable zone. As TRAPPIST-1 is an ultra-cool dwarf star (spectral type M8V), its planets are

more easily amenable to near-term observations compared to other terrestrial-sized planet discov-

eries around earlier-type stars (e.g. LHS 1140 b and c, Ross 128 b), because of the exceptionally

diminutive size of the TRAPPIST-1 star (barely larger than Jupiter), maximizing the planet-to-star

signal.

To support upcoming observations of nearby M dwarf planetary systems, I provide foundational

modeling efforts to understand the range of likely environmental states of the TRAPPIST-1 planets

and how to spectrally discriminate them. I developed a versatile, coupled climate-photochemical

model for terrestrial exoplanets. Using this model, I present self-consistent climate-photochemical



model atmospheres of a wide range of potential TRAPPIST-1 planetary states, and generate and

analyze synthetic spectra of these planets to identify observational features that can be used to

distinguish between these planetary environmental outcomes. The modeled planetary states span

evolved, post-runaway, desiccated planets with thick atmospheres, to a variety of water worlds.

To assess a variety of environments that could be possible using a robust radiative transfer model,

but also consider the day-night differences these planets may experience, I develop a two-column,

day-night mode for an advanced 1D radiative-convective climate model, VPL Climate (Robinson

and Crisp, 2018).

The diversity of possible environments modeled here supports the habitable zone as probabilis-

tic: encompassing a range of possible states for each planet, which may or may not be habitable.

Planets within the habitable zone could be either freezing, temperate, or hot, depending on their

atmospheric composition. Planets beyond the outer edge, such as TRAPPIST-1 h, could also have

temperate or hot atmospheres, if they have a Venus-like greenhouse effect. Potential observa-

tional discriminants for these atmospheres in transmission and emission spectra are influenced by

photochemical processes and aerosol formation. The atmospheric states simulated here include

collision-induced oxygen absorption (O2-O2), and O3, CO, SO2, and H2O absorption features,

with transit signals of up to 200 ppm, well above the 20–30 ppm putative noise floor of JWST

in the NIR (Greene et al., 2016). These simulated transmission spectra are consistent with K2,

Hubble Space Telescope, and Spitzer Space Telescope observations of the TRAPPIST-1 planets.

To help discriminate ambiguous observations, including the detection of water vapor, I assess

the possibility of detecting isotopic evidence for ocean loss in transit transmission spectra. In the

Solar System, differences in isotopic abundances between the Solar abundance and planetary at-

mospheres have been used to infer the history of ocean loss and atmospheric escape (e.g. Venus,

Mars). I show that H2O and CO2 isotopologues could similarly be used as indicators of past ocean

loss and atmospheric escape of terrestrial planets around M dwarfs. These measurements may be

possible with JWST if the escape mechanisms and resulting isotopic fractionation were similar to



Venus, but exist in a more transparent atmosphere, such as N2-dominated, or an O2-dominated

atmosphere that may result from extreme water loss. In these atmospheres, isotopologue bands

are detectable throughout the near-infrared (1–8 µm), especially 3–4 µm. These are not likely

detectable in CO2-dominated atmospheres because the saturated CO2 bands obscure key HDO

features, and at the high temperatures exhibited by a Venus-like atmosphere, the ro-vibrational

quantum states of the rare isotopologues are not occupied (see e.g. Mollière and Snellen, 2019).

The results of spectral modeling suggest that the detection of O2-O2 along with increased frac-

tionation in HDO relative to Earth would be strong evidence that a planet is not habitable, despite

detections of atmospheric oxygen and water, which would normally be considered evidence of an

inhabited Earth-like world.

In the last investigation of this dissertation, I use the newly-developed two-column model to

assess observational implications for planets with large day–night temperature contrasts. I find

that transit transmission spectroscopy is not likely sensitive to large surface temperature varia-

tions. Together with the importance of photochemistry on atmospheric observables demonstrated

in this thesis and previous work, these results imply that 1D coupled climate-photochemical mod-

els are ideally suited for predicting and assessing upcoming terrestrial planet observations for

JWST. With both 1D and two-column models, I present several simple climate validation tests

compared with 3D GCM results. To demonstrate the flexibility of this model, I simulate a selec-

tion of synchronously-rotating planets with Earth-like, Venus-like, O2, and H2-dominated cases. I

present two-column model atmospheres with globally-averaged photochemical results, and associ-

ated observational discriminants in transit transmission spectra. For hotter atmospheres, I produce

day–night phase amplitude variation spectra (Selsis et al., 2011), made possible by the two-column

model.

The results of this dissertation have demonstrated a small but diverse selection of plausi-

ble planetary conditions given current knowledge of planetary processes that may exist on other

worlds, which nonetheless have provided a broad exploration of environmental states for the



TRAPPIST-1 planets. The combined studies point to multiple spectral discriminants to identify

past ocean loss and to differentiate between different environmental states. Although spatially-

resolved models (from two columns to full 3D GCMs) can assess the climate distribution on a

planet, transit transmission spectra are most sensitive to regions of the atmosphere where tempera-

ture gradients are usually small, and where the primary processes are radiation and photochemistry,

a regime ideally suited to 1D coupled climate-photochemical models. The spectral discriminants

presented here and in future work will help guide and interpret upcoming observations of planets

in and around the habitable zones of M dwarf stars, particularly the TRAPPIST-1 system, which is

already scheduled for observation with JWST.
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to climate and cloud formation. The bulk gases CO2 and N2 are 96.5% CO2 and
3.5% N2 for the 10 bar and 92 bar atmospheres, respectively. With a (clear-sky)
Venus-like atmosphere, TRAPPIST-1 b may exhibit surface temperatures in excess
of Venus (due to higher instellation) and is too hot to form sulfuric acid aerosols
in our model, even though it was most effective at forming high-altitude H2SO4
vapor. Sulfur dioxide survives more readily in these atmospheres due to the lower
MUV–NUV flux. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.3 Sulfuric acid cloud total optical depths for each cloudy Venus atmosphere. TRAPPIST-
1 b did not condense sulfuric acid in the models. TRAPPIST-1 c maintained only
thin clouds, because sulfuric acid absorption warms the cloud layer and the lo-
cal warming can cause the clouds to evaporate. Optical depths peak for planet d,
which has vigorous sulfuric acid formation and has lower surface gravity, so can
more easily loft aerosols. The planets generally decline in optical depth with dis-
tance from the star due to lower photolysis rates and for the 10 bar atmospheres, the
lower abundance of water vapor. Note the 92 bar atmosphere photochemistry and
cloud formation were truncated at 10 bar. Planets f, g, and h had cloud formation
to 10 bar, and so could also form thicker clouds deeper toward the surface. . . . . 79

3.4 Climates, gas mixing ratios, and eddy diffusion profiles for TRAPPIST-1 e, clear-
sky and cloudy aqua planets. Included are data from Earth: the temperature and
mixing ratio profiles are from case 62 of the Intercomparison of Radiation codes in
Climate Models (ICRCCM), and the eddy diffusion rate is that retrieved by Massie
and Hunten (1981). The temperatures of our modeled atmospheres are somewhat
colder than modern Earth, but still able to maintain surface water. The mixing
ratios of trace constituents differ from modern Earth, except CO2. . . . . . . . . . 81
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3.5 Simulated transit transmission spectra for the O2 desiccated (upper panel) and O2
outgassing (lower panel) atmospheres. The y-axes are the relative transit depths,
and show the modeled atmospheric signal. I show only the 10 bar atmospheres,
as the 100 bar atmospheres are qualitatively similar. The desiccated atmospheres
are dominated by CO2 and O2-O2. The presence of weaker O3 bands and CO are
indicative of the desiccated environment. The outgassing atmospheres have addi-
tional features from H2O and SO2. The hotter atmospheres maintain substantial
stratospheric H2O and the outer planets, too cold for maintaining H2O, build up
SO2, which would otherwise condense with H2O to form sulfuric acid. Compared
to Lincowski et al. (2018), here I have updated the transmission spectra to include
the 6 µm O2-O2 CIA band, which affects the desiccated and the colder outgassing
atmospheres. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

3.6 Simulated transit transmission spectra for the Venus-like clear-sky (upper panel)
and cloudy (lower panel) atmospheres. The y-axes are the relative transit depths,
and show the modeled atmospheric signal. We show only 10 bar atmospheres,
as the 92 bar atmospheres are quantitatively similar. All unlabeled features are
CO2, which dominate these spectra. The generally flat, higher transit depths of the
cloudy Venus-like spectra are due to the sulfuric acid aerosols. TRAPPIST-1 b is
not included, because it did not condense H2SO4. The colder cloudy atmospheres
have lower cloud decks (see Figure 3.2), revealing deeper relative transit depths. . 87

3.7 Transit transmission spectrum for clear sky and cloudy TRAPPIST-1 e aqua plan-
ets. Most of this simulated planet’s important and abundant gases, including H2O,
O2, CH4, and O3, have features in this spectral range. These cloudy and clear
spectra demonstrate that a potentially habitable planetary atmosphere, some of its
trace outgassed constituents, and photochemical byproducts are accessible using
transmission spectroscopy, which could be attempted with JWST . . . . . . . . . . 88

3.8 Normalized emission (outgoing flux) spectra for the desiccated atmospheres. The
legends provide the factors by which the spectra were reduced to normalize the
flux to 15 µm for each. The emission spectra are dominated by CO2 features in
both absorption and emission, but also include H2O, O3, and SO2. . . . . . . . . . 89

3.9 Outgoing flux spectra for clear sky and cloudy, 1 bar TRAPPIST-1 e aqua planets.
These closely resemble Earth’s emission spectrum (c.f. Robinson et al., 2011),
characterized by the 6.3 µm water band and weak water features throughout, and
the 15 µm CO2 band. The weak water features mostly disappear in the cloudy
case, and the overall emission spectrum is reduced in magnitude by half. . . . . . 91
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3.10 TRAPPIST-1 b (top panel) and d (center panel) transit transmission spectra, and
TRAPPIST-1 d thermal emission spectra (bottom panel) of the 10 bar atmospheres,
for all environments simulated. The higher mass environments exhibit similar
spectral features, but different strengths and temperatures. I include the stellar
spectrum (grey) in the transmission plots to illustrate the spectral regions with the
most available photons for backlighting the atmosphere in transmission. As shown
in the previous figures, CO2 dominates all of these environments. Absorption by
O2-O2, O3, SO2, CO, H2O, and weaker CO2 bands can distinguish these environ-
mental states in both transmission and emission. Note the inset for b that shows
overlapping CO2 and O2-O2 bands that could be confused at low resolution and/or
low signal-to-noise. The H2O feature of the clear sky Venus-like atmosphere in
emission peaks at ∼420 W m2 µm−1. TRAPPIST-1 b is scheduled to be observed
by JWST and has the strongest features, due to lower gravity and hotter temper-
atures. Planet d also has strong signal in transmission, even with high-altitude
sulfuric acid aerosols. TRAPPIST-1 b, c, and d exhibit strong features in emission
due to high temperatures—d is shown here in emission to demonstrate the large
difference due to aerosols. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

3.11 TRAPPIST-1 e transit transmission (top panel) and thermal emission (bottom panel)
spectra of the 10 bar atmospheres for the four simulated evolved environments, and
a self-consistent pre-industrial Earth. The higher mass environments exhibit simi-
lar spectral features, but different strengths and temperatures. I include the stellar
spectrum (grey) in the transmission plot to illustrate the spectral regions with the
most available photons for backlighting the atmosphere in transmission. As shown
in the previous figures, CO2 dominates all of these environments. Absorption by
O2-O2, O3, H2O, and weaker CO2 bands can distinguish these environmental states
in both transmission and emission. The H2O feature of the clear sky Venus-like at-
mosphere in emission peaks at ∼60 W m2 µm−1. . . . . . . . . . . . . . . . . . . 100
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3.12 Comparison spectra of the 10 bar, TRAPPIST-1 d Venus analogs. To directly com-
pare, Morley et al. (2017) spectra were sampled at 1 cm−1 and convolved with a
1 cm−1 half-width at half-max slit function. Upper left panel: clear-sky and cloudy
Venus spectra simulated here compared to the high-albedo (A = 0.7) thermochemi-
cal equilibrium Venus of Morley et al. (2017). The radiative effects of sulfuric acid
aerosols are much more complex than their effect on planetary albedo. The planet
effectively emits from the cloud deck, which is not captured in models that assume
a higher surface albedo to account for clouds. Upper right panel: my clear-sky
Venus is qualitatively similar to the lower albedo (A = 0.0− 0.3) of Morley et al.
(2017). Lower panel: Transmission spectra showing relative transit depth. Clouds
substantially impairing the ability to observe gas absorption features. The strong
SO2 features in the Morley et al. spectra are likely due to uniform vertical gas
profiles and colder emission temperatures. . . . . . . . . . . . . . . . . . . . . . 104

3.13 Transmission spectra of the 1 bar, TRAPPIST-1 e Earth analogs: the aqua planet
modeled here with Earth geological outgassing compared to the thermochemical
equilibrium Earth of Morley et al. (2017) (sampled at 1 cm−1 and convolved with
a 1 cm−1 half-width at half-max slit function, scaled to 30%, and offset for this
plot). The Morley et al. atmospheres do not have O3, an abundant stratospheric
photochemical by-product of O2, or CH4, which together are the most distinctive
observational features of Earth (Selsis et al., 2002; Schwieterman et al., 2018). . . 106

3.14 Comparison of available photometric transit data from K2 and Spitzer (Gillon et al.,
2017; Delrez et al., 2018) with 10 bar model spectra for TRAPPIST-1 b. The col-
ored points correspond to the model spectra convolved with the appropriate pho-
tometric filters. A vertical offset is applied to each model transmission spectrum
so that the models optimally overlap the observations. These offsets correspond to
the difference between the assumed radius for TRAPPIST-1 b and the solid body
radius assuming a model atmosphere and its associated absorbing radius above
the surface. The offsets are -293 km for the desiccated O2, -308 km for O2 with
outgassing, and -312 km for the clear sky Venus. The desiccated, O2-dominated
atmospheres fits the Spitzer data within 1σ , while the other two atmospheres fit
within 2σ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

3.15 Brightness temperature of emergent flux for all three 10 bar environments mod-
eled for TRAPPIST-1 b. The atmospheric structures are plotted on the right for
comparison. Brightness temperature represents emergent flux plotted in units of
temperature (i.e. the emitting layer temperature as a function of wavelength). As
shown by comparing to the temperature profiles, higher brightness temperatures
are emitted from lower layers, while lower temperatures represent emission from
higher, cooler layers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

x



3.16 Atmospheric scale heights at the effective transit height in the wavelength range
relevant for Spitzer for modeled TRAPPIST-1 b atmospheres. The calculated scale
heights are consistent with Solar System terrestrials (7–16 km). Transmission spec-
tra sample the stratosphere, where the atmospheres are cooler, so the scale heights
are smaller. The O2-dominated atmospheres are more transparent than the Venus-
like atmospheres, so their atmosphere are probed deeper into the hotter regions.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.1 SIMULATED TRAPPIST-1 B ATMOSPHERES EXHIBIT ISOTOPOLOGUE FEA-
TURES THAT MAY BE DETECTABLE WITH JWST. Simulated transmission spec-
tra for the O2 outgassing environments for TRAPPIST-1 b, which contain∼500 ppm
or ∼5 ppm stratospheric H2O, comparing up to δD –– 100 and δ18O –– 10. These at-
mospheres exhibit transmission signals at multiple wavelengths up to 79 ppm, pri-
marily from HDO. High HDO abundances partially obscure signals from 18O12C16O
(notated as 18OCO in the plots). The center panel shows the range of the highest
signal from the star, 1.0–2.5 µm, which contains weak isotopologue bands that
may contribute significantly to the detection of these species. . . . . . . . . . . . 122

4.2 SIMULATED TRAPPIST-1 B ATMOSPHERES EXHIBIT ISOTOPOLOGUE FEA-
TURES THAT MAY BE DETECTABLE WITH JWST. Upper panel: simulated
transmission spectra for a 10 bar desiccated O2-dominated atmosphere, demon-
strating δ18O in CO2 up to 100. Lower panel: simulated transmission spectra for
a 10 bar Venus-like (CO2-dominated) atmosphere comparing up to δD –– 100 and
δ18O –– 10. This case does not have clouds. The desiccated O2-dominated atmo-
spheres exhibit up to 94 ppm transit signals at multiple wavelengths, primarily
from 18O12C16O (notated as 18OCO). The Venus-like atmosphere exhibits weak
isotopologue fractionation signals because the spectrum is dominated by strong
CO2 absorption. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.3 TRAPPIST-1 D AND E O2-DOMINATED ATMOSPHERES WITH GEOLOGI-
CAL OUTGASSING MAY EXHIBIT DETECTABLE ISOTOPOLOGUE FEATURES
IN TRANSIT TRANSMISSION SPECTRA. Simulated transmission spectra for TRAPPIST-
1 d (upper panel) and e (lower panel) compare up to δD –– 100 and δ18O –– 10. These
spectra are similar to the TRAPPIST-1 b case. Planets d and e are farther away
from the star and exhibit more refraction of stellar photons in transit, which re-
duces the sizes of the absorption features. For d, transit transmission signals peak
at 55 ppm for δD –– 100 and 36 ppm for δ18O –– 10, with combined features peaking
at 57 ppm. For e, transit transmission signals peak at 11 ppm for δD –– 100 and
12 ppm for δ18O –– 10. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
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4.4 TRANSITS TO DISTINGUISH ISOTOPOLOGUE FEATURES COMPARED TO VS-
MOW ABUNDANCES AT 〈S/N〉 = 5 WITH A SELECTION OF JWST INSTRU-
MENTS AND FOR THE MODELED ATMOSPHERES. NIRSpec Prism and G395H
Grism, along with NIRCam with F322W2 filter, are best suited to detect HDO and
18O12C16O. All modeled TRAPPIST-1 e spectra, except for the case shown, re-
quired greater than 100 transits to distinguish isotopologue features compared to
VSMOW abundances at 〈S/N〉=5. The cells are colored darker for fewer transits
and lighter for more transits required. . . . . . . . . . . . . . . . . . . . . . . . . 127

4.5 ISOTOPOLOGUE BANDS MAY BE DETECTED IN A TRAPPIST-1 B CLEAR-
SKY POST-OCEAN-LOSS O2-DOMINATED ATMOSPHERE WITH JWST. Sim-
ulated transmission spectra for the O2 outgassing environment for TRAPPIST-
1 b with ∼500 ppm stratospheric H2O, comparing δD –– 100 (blue) vs. VSMOW
(black). These spectra were processed through the PandExo JWST instrument sim-
ulator (Batalha et al., 2017) and are presented with error bars at the native res-
olution for NIRSpec Prism (nominal resolving power R ∼ 100), using ngroups = 6
(Batalha et al., 2018), with 11 transits coadded. The difference between these spec-
tra is detectable at 〈S/N〉=5. The broad HDO band at 3.7 µm provides a significant
contribution to the overall detection. The O2-O2 bands at 1.06 and 1.27 µm can
also be seen here. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.1 COMPARISON OF THAI CASE BEN 1 ATMOSPHERIC AND SURFACE TEM-
PERATURES. Surface (top left) and 0.1 bar (bottom left) temperature maps of
GCM results used for comparison; atmospheric temperature structures for VPL
Climate and GCM (right). Although the day side from the GCM exhibits a sig-
nificant surface temperature gradient, the night side surface and planet-wide free
atmosphere exhibit only weak surface temperature gradients. The coldest surface
areas are the polar areas, primarily on the night side, and on the night side of the
eastern terminator (i.e. just before dawn). In the free atmosphere (i.e. above the
planetary boundary layer, where vertical transport dominates) the day–night gra-
dients are ameliorated and show mostly uniform zonal temperatures, with only a
slight gradient toward the poles, similar to rapidly-rotating planets like Earth, for
which 1D models work well. Data for these maps were provided by E. Wolf (pri-
vate communication). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
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5.2 ZONAL WINDS CALCULATION VALIDATION USING GCM HEMISPHERICALLY-
OR GLOBALLY-AVERAGED DATA FOR THAI CASE HAB1. Using the GCM
temperature and heating rate profiles (upper left and upper right plots), here I
demonstrate the calculation for horizontal (zonal) wind speeds used in VPL Cli-
mate. The layer stability (upper center) is derived from the temperatures (upper
right) by s = dT/dz+Γ. The vertical winds are plotted in the lower left and the
horizontal winds in the lower center plot, with the range of GCM winds given by
the shaded regions. Although the vertical wind calculation differs considerably,
this method results in coarsely similar horizontal winds. However, the calculated
winds above the middle troposphere (0.5 bar) do not have to be large to produce
small day–night temperature differences, which is shown in VPL Climate exam-
ples in later figures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5.3 Comparison of key atmospheric variables for the three THAI cases, showing VPL
Climate and GCM profiles. Temperatures between the day and night sides di-
verge in the troposphere, primarily due to different vertical transport parameter-
izations between the models. Even though there is some deviation in horizontal
wind speeds between VPL Climate and ExoCAM, above the lower troposphere
the temperature profiles are very similar, implying that there may be some critical
wind speed that maintains very small day–night temperature differences, which are
met by both models. This is consistent with the Weak Temperature Gradient ap-
proximation. Solar heating rates, assumed here to drive horizontal transport, differ
between the GCM and SMART as a result of RT physics rather than the temper-
ature profile, except for the hab1 aqua planet, where very different water profiles
result in different heating rates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

5.4 THAI HAB1 GCM HEATING RATES AND EMITTED FLUX FOR THE SUB-
STELLAR POINT COMPARED WITH SMART. Upper left panel: the GCM tem-
perate profiles for the sub-stellar and anti-stellar pointsused as inputs to SMART.
Upper right panel: compares the heating rates between the GCM and SMART for
the sub-stellar profile. The GCM is different from SMART by a factor of 2–5.
Lower panel: Thermal emission spectra, with SMART spectra presented in both
1 cm1 resolution (light brown) and binned to the GCM bins (dark brown). The gas
absorption bands match well, but the spectral windows (8–14 µm) vary consider-
ably, likely due to different optical properties used between these models. . . . . . 152
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5.5 THAI BEN2 HEATING RATES AND EMITTED THERMAL FLUX FOR THE SUB-
STELLAR POINT FOR THE GCM COMPARED WITH SMART. The panels in
this figure are the same Figure 5.4, except this case is testing the radiative trans-
fer for CO2. Here, the error in radiative heating rates by the GCM reaches 38%
at 0.1 bar and is approximately 64% of the dynamical heating rate at that layer.
This difference could affect the structure of the atmosphere or the dynamical forc-
ing. Lower panel: Emitted flux spectra. The GCM k coefficients do not include
CO2 between 1100–1800 cm−1 (5.5–9.1 µm). The lack of these isotopologue ab-
sorption bands and associated CIA continuum reduces the greenhouse forcing and
increases the radiative cooling in the GCM. These bands are not material in atmo-
spheres with low CO2 abundance, such as Earth, but here are demonstrated to be
very important at higher CO2 abundance. . . . . . . . . . . . . . . . . . . . . . . 153

5.6 TEMPERATURE PROFILES FOR TRAPPIST-1 E AQUA PLANET WITH A RANGE
OF SURFACE HEAT TRANSPORT FLUXES. The black solid line is the 1D model
result, the orange lines represent the day side results, and the blue lines represent
the night side results. Day–night surface (ocean) heat transport is represented by
different line styles: dash-dotted lines are for none (i.e. only atmospheric heat
transport), the dashed lines represent 10 W m−2 ocean heat transport, and the
dotted lines represent 50 W m−2 ocean heat transport. As expected, increasing
amounts of surface heat flux reduce the day–night temperature difference. The 1D
model is generally consistent with the two-column temperature profiles, though a
little cooler in the troposphere. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5.7 1D (solid lines), day (dashed lines), and night (dotted lines) temperature struc-
tures for all nominal modeled atmospheres. The globally-averaged 1D models are
generally cooler in the troposphere. The two-column models exhibit temperature
profiles that are nearly the same on the day and night sides until the lower tro-
posphere, where vertical transport dominates over radiative-advective processes.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

5.8 PROFILES OF TEMPERATURES AND KEY GASES FOR POTENTIALLY HABIT-
ABLE, PHOTOCHEMICALLY-CONSISTENT SIMULATED ENVIRONMENTS. The
temperature profile for each case is a thick black line. The TRAPPIST-1 e aqua
planet and Earth-like planet both have 10% CO2. The 10 bar O2 TRAPPIST-1 e
planet has 0.5%, while TRAPPIST-1 d here is modeled with 280 ppm. The three
completely ocean-covered planets have only geological outgassing fluxes, while
the Earth-like case additionally has biogenic fluxes. This strongly influences the
CH4 abundance. The 10 bar O2 atmospheres generate sufficiently high ozone to
form mild stratospheres. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
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5.9 PROFILES OF TEMPERATURE AND KEY GASES FOR THE TRAPPIST-1 G
SUPER-EARTH PLANET WITH HYDROGEN-DOMINATED ATMOSPHERE. The
temperature profile is the thick black line. This planetary state assumes the planet
was able to accrete some H2 during formation (e.g. Luger et al., 2015). This planet
has Earth-like geological outgassing but with higher levels of CH4 outgassing,
which is assumed to originate from a more reduced interior. CO2 is specified as
10%. Water vapor increases with altitude likely due to photochemical/catalytic
production from CO2 and CH4 or H2. . . . . . . . . . . . . . . . . . . . . . . . . 160

5.10 Transit transmission spectra (top left) and pressure-temperature profiles (top right)
for the THAI hab1 case, and transit transmission spectra for a photochemically-
consistent aqua planet (bottom). For THAI hab1, the differences between spectra
for the day and night sides and for cases with ocean heat transport between 0–
50 W m−2 are so small, that they are plotted as a range in grey, with the 1D pro-
file plotted in black. The pressures probed by gas absorption from continuum to
peak in transit are shown as a grey shaded band on the temperature-pressure plot,
with the ranges for day- and night-side temperatures in orange and blue, respec-
tively, and with the 1D profile plotted as the black line. In the bottom plot, the
photochemically-consistent aqua planet shows the cloudy spectrum with the black
line, and the difference between the cloudy and clear-sky spectrum filled in with
grey. Clouds are uncertain, but their effects on transit are likely to act as a surface
in retrievals of future observations. . . . . . . . . . . . . . . . . . . . . . . . . . . 162

5.11 Transit transmission spectra for TRAPPIST-1 d O2-dominated aqua planet. This
spectrum displays the classic CO2 bands at 4.3 and 15 µm. The other strong bands
are due to ozone at 0.6, 4.7, and 9.6 µm. Ozone is strong enough here to produce
weak bands as well. The 3.3 µm O3 band overlaps with CH4. Other methane bands
could identify its presence with higher abundances. O2-O2 bands indicate a high
O2 atmosphere. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

5.12 Transit transmission spectrum for a putative H2-dominated TRAPPIST-1 g atmo-
sphere. The strong bands for CO2 and CH4 are among the most prominent fea-
tures. Water vapor is largely masked by CH4, except at 6.3 µm. Collision-induced
absorption due to H2-H2 is present but not likely detectable, due to its broad con-
tinuum (8–12 µm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
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5.13 DAY–NIGHT FLUX AMPLITUDE VARIATION SPECTRA FOR TRAPPIST-1 E
AQUA PLANETS WITH 0–50 W M−2 OCEAN HEAT TRANSPORT. Full-resolution
spectra are plotted with convolved points convolved with the Spitzer IRAC and
JWST MIRI filters. Ocean heat transport of 50 W m−2 reduces the day–night con-
trast by up to 50%, most strongly in the 11.3 µm JWST band that probes closest to
surface emission. Whether with or without ocean heat transport, temperate plan-
ets are likely to be too cool on both sides of the planet to yield useful day–night
variation spectra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

5.14 Venus-like and desiccated O2-dominated TRAPPIST-1 b phase amplitude variation
spectra convolved with Spitzer IRAC and JWST MIRI filters. Although these hot
atmospheres produce significant flux in the 3.6 µm Spitzer IRAC band and almost
no flux in the 4.5 µm band (due to CO2 absorption), neither band provides sig-
nificant differences in phase curve amplitude, making these bands poor choices to
detect atmospheric features. The 15 µm is a good choice for the clear-sky Venus-
like atmosphere due to its 100 ppm (convolved) day–night contrast, but a poor
choice for the O2-dominated atmosphere. Due to the complete lack of water vapor
and extreme day–night surface temperature contrast, the O2 atmosphere produces
the largest amplitude signal here at 21 µm (over 200 ppm). Unlike the temperate
aqua planets, the 11.3 µm filter is not a high-amplitude spectral band. Note that
thermal noise in the JWST hardware increases with increasing wavelength. . . . . 169

xvi



LIST OF TABLES

Table Number Page

1.1 Current stellar and planetary system parameters for TRAPPIST-1. . . . . . . . . . 22

2.1 Adjustable Convection Model Parameters . . . . . . . . . . . . . . . . . . . . . . 39

2.2 Comparison of the global energy budget for Earth (Trenberth et al., 2009) with
VPL Climate model results. Except surface temperature, all quantities are flux
[W m−2]. Values from Trenberth et al. (2009) include the range from several stud-
ies compared (in parentheses). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.3 Updated UV–Vis. Cross Sections . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.4 Earth Validation Lower Boundary Conditions. . . . . . . . . . . . . . . . . . . . . 56

2.5 Venus Validation Lower Boundary Conditions. All unlisted species have a lower
boundary condition vdep = v = Km/2H. Boundary conditions are either deposition
velocities (vdep), given in cm s−1, or a fixed surface mixing ratio r0. The Venus
lower boundary is at 28 km (∼ 11.5 bar). . . . . . . . . . . . . . . . . . . . . . . 57

3.1 Stellar and planetary system parameters used in this chapter as model inputs for
the TRAPPIST-1 system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.2 Adjustable Convection Model Parameters . . . . . . . . . . . . . . . . . . . . . . 69

3.3 Modeled Planetary States and Their Environmental Parameters . . . . . . . . . . . 69

3.4 Surface temperatures [K] for every modeled planet and environment combination.
Colors represent surface climate: blues are significantly below the freezing point of
water, reds are above the runaway greenhouse temperature, and greens are within
potentially habitable surface temperatures. The aqua planet environment was only
modeled for TRAPPIST-1 e. Venus trace gases have boundary values of 30 ppm
H2O, 28 ppm SO2, and 1 ppm OCS at 10 bar, and photochemical-kinetic equilib-
rium abundances of CO and H2S. Temperate surfaces do not imply habitability
due to the inhospitable character of the environmental states, including very low
water abundance. Planets in the habitable zone may not necessarily have habitable
temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.5 Ozone Column Densities [cm−2] . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.6 Observational Discriminants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

xvii



4.1 Climatically and photochemically self-consistent environments from §3 simulated
for spectral analysis, dominated either by O2 or CO2, assuming a range of trace
species outgassing. TRAPPIST-1 b, d, and e were simulated for all environments
with the listed fractionation levels. We model a reduced H2O case for the O2
outgassing environments, where the water vapor is scaled down by a factor of 100
(TRAPPIST-1 b) or 10 (TRAPPIST-1 d), which reduces the water vapor to the
level observed in the stratospheres of Venus and Earth (∼ 1−3 ppm). As a result,
the reduced H2O atmospheres do not have self-consistent climates/photochemistry.
There was no reduced H2O case for TRAPPIST-1 e because the water vapor was
already ∼1–5 ppm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
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Chapter 1

INTRODUCTION
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Within the next few years, small planets in and around the habitable zones of M dwarf host

stars will be observed with extremely large ground- and space-based telescopes to assess their

atmospheres for markers of habitability, or even for signs of life (Rodler and López-Morales, 2014;

Cowan et al., 2015; Snellen et al., 2015; Quanz et al., 2015; Greene et al., 2016; Lovis et al., 2017).

These will likely be the only types of small planets amenable to atmospheric characterization in the

next two decades. Because these small, cool, yet UV-active M dwarf stars affect the evolution and

bulk and trace gas composition of planetary atmospheres differently than G dwarf stars like our

Sun, rigorous atmospheric climate, photochemical, and spectral modeling can improve planning

and interpreting these observations.

1.1 Detecting and Characterizing Exoplanets

Astronomers have proven wildly successful at detecting planets outside of our Solar System (i.e.

exoplanets), including those in the respective habitable zones of other stars. The Kepler space

telescope has been used to discover thousands of planets and planet candidates around a variety of

stars (Dressing and Charbonneau, 2015; Borucki, 2016; Twicken et al., 2016; Kruse et al., 2019)

using the transit method (by measuring the dip in light from a star when a planet passes in front

of it, Charbonneau et al. 2007). Ground-based surveys have long been successful at discovering

planets using the radial velocity method (by measuring the doppler shift in stellar spectral lines due

to an orbiting mass, such as a planet). These radial velocity surveys include HARPS (Mayor et al.,

2003), which helped discover the nearest possible (only 1.3 pc away) habitable zone planet candi-

date Proxima Centauri b (Anglada-Escudé et al., 2016) at visible wavelengths. More recent sur-

veys, such as CARMENES (Quirrenbach et al., 2018), are using IR spectrographs, which are more

sensitive to planets orbiting cooler stars. Dedicated M dwarf surveys such as MEarth (Nutzman

and Charbonneau, 2008) and TRAPPIST (Gillon et al., 2011, 2013) have been successful using the

transit method. The successor to Kepler, the Transiting Exoplanet Survey Satellite (TESS; Ricker

et al., 2015; Barclay et al., 2018), is actively searching for planets around the nearest stars, includ-

ing M dwarfs, and is covering the entire sky over a two year period. The ability to characterize

planets from these discovery observations is limited; alone, the radial velocity method provides the
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minimum mass of the planet, and the transit method provides the radius. In a multi-planet system,

the transit method can also be used to constrain planetary masses by carefully analyzing the transit

timing variations (TTVs), which results from the planet-planet gravitational interactions during the

closest approaches in their orbits (Agol et al., 2005). The mass and radius together can be used to

constrain the density, and thus a degenerate selection of bulk compositions (Brugger et al., 2016;

Barr et al., 2018; Dorn et al., 2018; Unterborn et al., 2018a,b).

Although not yet possible for terrestrial-sized planets, characterization of giant exoplanet at-

mospheres has been underway for decades. Important features of exoplanetary atmospheres dis-

covered include: detection of gas absorption, providing insight into the atmospheric constituents

(e.g. Charbonneau et al., 2002; Vidal-Madjar et al., 2004); evidence of water vapor (e.g. Tinetti

et al., 2007); evidence of the atmospheric temperature structure, including an inversion, from mea-

surement of the thermal emission (e.g. Knutson et al., 2008); inference of hazes, an indication of

photochemical processes that can demonstrate the interaction between the star and planetary atmo-

sphere (e.g. Sing et al., 2011); and demonstration of the usefulness of high-dispersion spectroscopy

from ground-based instruments, which can be used to “see” through the Earth’s atmosphere (e.g.

Snellen, 2014). However, true spectroscopic characterization of small exoplanets remains out-

side the capabilities of current flagship observatories, including the Hubble Space Telescope (e.g.

Kreidberg et al., 2014; de Wit et al., 2016; de Wit et al., 2018). In the future, even when high-

precision spectra are obtained from terrestrial exoplanets, the determination of whether a planet

is actually habitable and could or does host life will require a sophisticated retrieval analysis of

the observed spectra to understand the nature of the planetary environment. Interpretation of these

data will require a breadth of knowledge of the processes that impact the observed spectra: stellar

and planetary processes, spanning the disciplines of stellar astrophysics, atmospheric physics and

chemistry, planetary science, geophysics, geochemistry, and biology.

1.2 Imminent Terrestrial Planet Observations

The construction of extremely large ground-based telescopes and the imminent launch of the

NASA flagship James Webb Space Telescope (JWST) will provide the unprecedented opportunity
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to attempt terrestrial exoplanet characterization. In particular, due to the ubiquity and diminutive

sizes, M dwarf stars host a rich planetary target sample. M dwarfs are the most common type of

star, comprising approximately 75% of stars in our Galaxy (Henry et al., 2006). Despite the ob-

serving biases of current detections (Gaidos and Mann, 2012), M dwarfs have no shortage of small

planets, exhibiting a high occurrence rate of both multi-planet systems (e.g. Ballard and Johnson,

2016; Gillon et al., 2017), and Earth-sized planets in the habitable zone (Dressing and Charbon-

neau, 2015). Consequently, M dwarfs host the most potentially habitable planets of any stellar

type by a large margin, and are therefore key to understanding the broader evolution of potentially

habitable terrestrial planets and the distribution of life beyond the Solar System.

The small size of M dwarf stars produces a more favorable signal for both the transit and radial

velocity methods, for the same size planet. M dwarf stars are faint because they are smaller and

have cooler effective temperatures than the Sun, so their habitable zones are very close to the star

(Kopparapu et al., 2013). For example, the habitable zone for an M8V star is as close as ∼0.02 au,

with corresponding orbital periods as short as ∼4 days. These close, short-period planets allow

for rapidly repeated transit observations (because the planet must orbit and pass in front of the

star to be observed), and a higher amplitude radial velocity curve, due to the smaller stellar mass

and short-period planetary orbits. The transit depth is similarly favorable around a small star

because the transit depth is given as δF/F = (Rp/Rs)
2, where F is flux from the star and R is the

planetary (p) or stellar (s) radius. The differences in transit depth as a function of wavelength, due

to atmospheric gas absorption and scattering (i.e. “transit transmission spectra”), are also far more

favorable for planets around smaller stars. Thus, planets orbiting smaller stars can produce higher

signal-to-noise per observation, with the opportunity for a higher frequency of observations. The

latter is particularly important for space-based observatories, which have more limited lifetimes.

For the best targets, upcoming facilities may have the precision required to undertake the first

spectroscopic search for atmospheric water vapor and biosignature gases, such as O2 and CH4

(Des Marais et al., 2002; Rodler and López-Morales, 2014; Meadows, 2017; Meadows and Barnes,

2018; Schwieterman et al., 2018; Catling et al., 2018; Fujii et al., 2018; Walker et al., 2018). Of

these facilities, JWST is particularly promising in the next few years. JWST is a near-to-mid-
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infrared, 6.5 m segmented-mirror space telescope scheduled for launch in 2021. Although JWST

has a coronagraph, an instrument that blocks the light of a stellar target to directly image orbit-

ing material, it does not have the inner working angle to image habitable zone planets. Direct

observation of M dwarfs will be challenging with all but the closest targets and largest telescopes

(Meadows et al., 2018). However, JWST will employ the transit method (which does not use a

coronagraph) to spectroscopically probe the atmospheres of a small number of terrestrial planets

for signs of an atmosphere, habitability, and potentially for life (Morley et al., 2017; Krissansen-

Totton et al., 2018; Lincowski et al., 2018; Lustig-Yaeger et al., 2019a). Because the transit method

relies on the host star for signal, the most favorable wavelengths are in the bandwidth of NIR in-

struments (1–5 µm—near the peak of the M dwarf SED), particularly NIRSpec (Greene et al.,

2016; Batalha et al., 2018; Lustig-Yaeger et al., 2019a). This wavelength range is rich in molecu-

lar absorption for assessing the atmosphere and habitability, especially absorption by H2O, CO2,

and CH4. While CH4 and CO2 together may be considered a strong signature of chemical dise-

quilibrium, commonly attributed to life (Krissansen-Totton et al., 2016), this conclusion may not

be as robust around M dwarf stars—I will show in Chapter 3 that even geological outgassing can

produce Earth-like levels of methane (Lincowski et al., 2018), due to the longer photochemical ox-

idation timescales for planets orbiting M dwarfs (Segura et al., 2005). Furthermore, stellar flaring

activity, specifically particle events that are not currently constrained for stars other than our Sun,

can also drastically affect the lifetimes and abundances of key biosignature gases, such as O3 and

CH4 (Scheucher et al., 2018; Tilley et al., 2019).

Large and extremely large ground-based observatories will also employ the transit method

(Pallé et al., 2011; Rodler and López-Morales, 2014; Cowan et al., 2015; López-Morales et al.,

2019), along with direct imaging techniques using high-dispersion spectroscopy with template

matching (Snellen et al., 2013; Snellen, 2014; Snellen et al., 2015; Mollière and Snellen, 2019).

The extremely large telescopes are the Giant Magellan Telescope (GMT, with seven 8 m mono-

lithic mirrors), the Thirty Meter Telescope (TMT, a 30 m segmented mirror telescope), and the

European Extremely Large Telescope (E-ELT, a 39.6 m segmented mirror telescope). Medium res-

olution observations from the ground will be limited, due to telluric absorption lines and thermal
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contamination from the telescope and atmosphere. However, high-dispersion spectroscopy with

template matching can be used with radial velocity shifts to directly image an atmosphere in re-

flectance (Snellen et al., 2013; Snellen, 2014; Snellen et al., 2015; Mollière and Snellen, 2019). In

this thesis, I focus on medium-resolution transit spectra with JWST. All of the atmospheres mod-

eled in this dissertation are equally suited to generating high-dispersion (R∼ 100,000) spectra for

ground-based telescopes, the consideration of which will be left to future work.

Several planets that are likely to be terrestrial have been found orbiting M dwarfs, which would

be excellent targets for observation with these upcoming facilities. These include Proxima Centauri

b, a habitable zone planet candidate around the nearest star (Anglada-Escudé et al., 2016); the

seven-planet TRAPPIST-1 system (Gillon et al., 2016, 2017; Luger et al., 2017c); LHS 1140 b and

c (Dittmann et al., 2017; Ment et al., 2019); Ross 128 b, an Earth-sized planet in a distant 1 au orbit

(Shvartzvald et al., 2017); and recently two planet candidates around the nearby Teegarden’s Star

(Zechmeister et al., 2019). In addition to the potential for discoveries by current dedicated M dwarf

planet searches MEarth, CARMENES, TRAPPIST, and SPECULOOS, future observatories and

observing programs will certainly find more small planets.

1.3 Factors Affecting Planetary Habitability

Before I introduce studies of the habitability of planets orbiting M dwarfs, here I review factors

affecting planetary habitability in general. From the perspective of planetary atmospheres, habit-

ability falls into two broad areas: 1) the creation, maintenance, and loss of the atmosphere, and

2) climate modulation and buffering. These are closely coupled to the presence or loss of surface

water.

The understanding of planetary habitability begins with Earth, the single known inhabited

planet. Life requires energy (either from the host star, chemical reactions, or planetary internal

heat); a solvent in which to conduct reactions / metabolism; and a source of nutrients, the building

blocks of molecules. Water is favored as a solvent because of its large range of stable temperatures

as a liquid and its large cosmic abundance. Planetary habitability is broadly focused on how well

liquid water is maintained, and how well the water interacts with minerals, the source of nutrients.
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For Earth, the most abundant source of energy is the Sun. Photosynthetic life takes advantage of

this energy source directly.

More fundamentally, the Solar energy absorbed by the atmosphere and surface of Earth main-

tains a temperate climate. To first order, the climate of the planet is controlled by the total stellar

irradiance (instellation) S and the albedo A of the planet. In the absence of significant internal heat

flux, this determines the effective (emitting) temperature of the planet, which can be calculated by

T 4
eq =

S(1−A)
4σ

, (1.1)

where more generally the instellation at a given orbital distance d for a star of luminosity L is

S =
L

4πd2 . (1.2)

Apart from the size and mass (i.e. density, if known) of a planet, the first indication that can be

used to determine the potential habitability of a planet is to calculate the instellation received by

a planet relative to that flux received at the orbit of Earth. The flux at the orbit of Earth is called

the “Solar constant,” S⊕ = 1361 W m−2 (though this value does vary with the solar cycle). The

fraction of flux for a given planet compared to Earth is

S
S⊕

=

(
1au
d

)2

. (1.3)

Many other planetary processes may affect habitability, and there is significant overlap be-

tween the categories of creating and maintaining an atmosphere, and buffering of planetary climate.

Clouds, water abundance, bulk planetary characteristics, planetary and orbital dynamics, geologi-

cal processes, and interactions between the star and atmosphere all affect planetary climate. These

processes are discussed individually in the following sections.
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1.3.1 Planetary Albedo and Clouds

The albedo given in equation (1.1) refers to the Bond albedo, not the surface albedo. The Bond

albedo can be significantly affected by clouds. Though not habitable, a good example is Venus:

although closer to the Sun than Earth, Venus has a cooler equilibrium temperature because the

high-altitude sulfuric acid clouds are extremely reflective. Even though atmospheric cloud treat-

ments have been employed in 1D models for decades (e.g. Manabe and Strickler, 1964; Mischna

et al., 2000), typical habitability calculations have not included the radiative effects of clouds other

than by an adjustment to surface albedo (Kasting et al., 1993; Kopparapu et al., 2013). The lack

of radiatively-active clouds are shortcomings, because planetary climate is extremely sensitive to

albedo (Kitzmann et al., 2010), particularly in 1D models (Godolt et al., 2016), though the climate

results of 3D models are also sensitive to cloud formation parameterizations (Yang et al., 2013,

2014; Kopparapu et al., 2016; Bin et al., 2018; Yang et al., 2019c), which affect the planetary

albedo by changing the abundance, optical depth, and distribution of clouds.

In addition to their reflectivity, which increases planetary albedo, clouds can have a warming

or cooling effect depending on their properties such as composition, size, and height distribution

(Kitzmann et al., 2010, 2013). Due to these properties and because clouds scatter anisotropically,

estimates of the climate effects of CO2 ice clouds on cold, potentially habitable planets, such as

early Mars, have varied widely over time (c.f. Forget and Pierrehumbert, 1997; Pierrehumbert

and Erlick, 1998; Mischna et al., 2000; Forget et al., 2013; Kitzmann, 2016, 2017). Clouds are

computationally expensive to model and are formed from micro-scale processes (e.g. coagulation),

so they remain a burdensome component of climate modelling, subject to significant uncertainty

(Yang et al., 2019c).

1.3.2 Climate Buffering by Water Abundance

Planetary climate is directly coupled to surface and atmospheric water abundance. Abundant sur-

face water allows a large reservoir from which water vapor can evaporate, and can be transported

either horizontally to dry regions, or vertically. There is a direct feedback between climate and
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water abundance, because the atmospheric temperature determines how much water vapor can be

contained per unit volume. Because water vapor is a powerful greenhouse gas, extra water vapor

causes the temperature of the gas to rise. Water vapor further controls the climate and transport

from the surface to the upper atmosphere, due to the condensable nature and large latent heat of

water vapor. As a saturated air parcel rises from near the ground, it expands and cools adiabat-

ically. However, as the temperature decreases, the water carrying capacity of the air parcel also

decreases, so water vapor condenses and forms a cloud and/or precipitates. Condensation releases

heat, decreasing the change in temperature with altitude. This process continues until the air parcel

rises to the “cold trap”, above which the temperature no longer decreases. In the atmosphere of

Earth, the temperature becomes stable and stratified with altitude above this height due in part to

stratospheric heating caused by ozone absorption. The boundary between the lower atmosphere

(troposphere) and stratosphere is the tropopause, which prevents escape of water vapor due to

evaporation and transport from the surface because the cold temperature and condensation inhibits

the upward transport of water vapor. Therefore, a strong (i.e. more cold) tropopause would im-

prove habitability, while unfortunately also decreasing water vapor in the region of the atmosphere

probed by transit spectroscopy.

1.3.3 Bulk and Orbital Planetary Properties

Bulk characteristics of the planet and its orbital/rotational configuration have been shown to affect

habitability, by changing the column depth of the atmosphere, by changing the planetary albedo,

or by influencing atmospheric dynamics. Higher planetary mass can extend habitability to higher

instellation, due to the thinner atmospheric extent, which lowers the H2O column depth (Kopparapu

et al., 2014).

Planets with short-period orbits are subjected to significant tidal forces, which scale with dis-

tance as d−3. These forces can slow the orbit of a planet until it becomes “tidally-locked”, either

in a synchronous state (1:1 spin:orbit period) or into a resonance state, like Mercury (e.g. 3:2

spin:orbit). Tidal forces can induce extreme internal heating that can also induce extreme out-

gassing of volatiles from the interior, such as experienced by the Jovian moon Io.
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A slow rotation rate can give rise to a thick sub-stellar cloud deck due to strong convection from

intense surface heating, which can allow a planet to remain temperate at a higher instellation, due

to the high cloud albedo. A faster rotational state reduces this effect (Yang et al., 2014; Kopparapu

et al., 2016; Way et al., 2018; Komacek and Abbot, 2019). The evaporation or advection of clouds

away from the sub-stellar point may in fact be the deciding factor for the inner limit of habitability

for synchronously rotating planets (Yang et al., 2013, 2014; Kopparapu et al., 2016, 2017; Way

et al., 2018; Wolf, 2017; Wolf et al., 2019).

Though not likely a factor for planets orbiting M dwarfs because of tidal locking, high planetary

obliquity (i.e. the tilt of the planetary rotational axis with respect to the orbital plane) shifts irradi-

ation to polar latitudes, which affects the general circulation of the atmosphere and global climate

(e.g. Hunt, 1982; Williams and Pollard, 2003; Wang et al., 2016; Nowajewski et al., 2018). This

circulation regime may result in a moist stratosphere (Kang, 2019), which can make H2O more

detectable but also more easily lost by top-of-atmosphere escape processes. For M dwarf planets

in particular, the reduction in sub-stellar clouds results in planetary warming, which may move the

inner edge of the habitable zone to lower instellation (Wang et al., 2016). Non-zero orbital eccen-

tricity can affect climate by causing extreme seasonal changes; on average, the long-term climate

stability depends on the time-average stellar flux (Williams and Pollard, 2002), but obliquity will

also affect the climate of high-eccentricity planets, resulting in several different possible climate

states (Dressing et al., 2010; Linsenmeier et al., 2015; Kilic et al., 2017). Varying orbital obliq-

uity (i.e. Milankovitch cycles, Milankovitch 1941, and other dynamical regimes) can also cause

extreme ice ages, reducing long-term climate stability (Deitrick et al., 2018).

1.3.4 Geological Climate Buffering

Aside from water vapor, CO2 is perhaps the most important greenhouse gas, and is among the most

abundant atmospheric gases, comprising the bulk of the atmospheres of both Venus and Mars, and

is a key greenhouse ingredient in the atmosphere of Earth. On a planet with an ocean, atmospheric

CO2 is in equilibrium with dissolved carbonates in the ocean. Long-term planetary CO2 levels

are controlled by the balance of outgassing and carbon burial deep in the ocean. This balance
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is thought to be controlled by carbonate-silicate weathering (Walker et al., 1981), where runoff

following surface interactions between minerals and water leads to eventual marine burial. This

process is a negative feedback for CO2 because higher temperatures from increased greenhouse

forcing encourage faster weathering, and eventually faster removal of CO2 from the atmosphere.

Carbonate burial is generally thought to require plate tectonics, because crust subduction is the

primary mechanism for burial of carbon. If not buried, seafloor minerals can release carbon back

into the ocean, as by “reverse weathering” (Isson and Planavsky, 2018). Because the carbonate-

silicate cycle (and hence assumptions for planetary habitability) depend on plate tectonics, recent

studies have investigated the bulk planetary properties and interior dynamics that give rise to plate

tectonics, as opposed to a stagnant lid regime. Earth and Venus may represent evolutionary end-

points of the bifurcation between these two tectonic states (Lenardic et al., 2016). Furthermore, the

result of a planetary state in one regime or another may be related to evolutionary history (driven

by e.g. solar irridiation), and not solely bulk properties—note that Earth and Venus are similar in

bulk size and composition (Lenardic et al., 2016).

Interior dynamics can be affected by bulk properties, such as planetary mass. Planets more

massive than Earth, if in a stagnant lid regime, may not outgas sufficiently to remain habitable at

lower irradiation (Noack et al., 2017). Conversely, Earth-mass planets with similar CO2 budgets

may retain sufficient outgassing, even in a stagnant lid regime (Noack et al., 2017; Foley and Smye,

2018). Unfortunately, the only way to probe an exoplanetary interior remotely is by studying its

atmosphere, which can only give evidence for volatiles expelled from the interior that remain in

the atmosphere.

1.3.5 Star-Planet Interactions

The interactions between the host star and planet are key to understanding planetary habitability,

especially as a function of stellar type and stellar activity. This interaction is not limited to total

irradiation; atmospheric gas absorption, the albedo of the surface, atmospheric chemistry initiated

by photolysis by UV photons, and atmospheric escape can also affect habitability. The interaction

of radiation with specific atmospheric gases means that interactions between the star, atmosphere,
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surface, and interior affect planetary habitability in complex ways.

The trapping of stellar energy by greenhouse gases is a well-known example of these inter-

actions. Traditionally (for the Earth), greenhouse gases warm the surface by being transparent to

incoming stellar radiation but opaque to outgoing thermal radiation, trapping the heat. For the

Earth and Venus, H2O and CO2 together are very effective greenhouse gases, due to overlapping

IR bands. The effect depends on both the stellar type and on each gas (or combination of gases). In

addition to H2O and CO2, other greenhouse gases can potentially affect habitability (particularly at

lower instellation). Thick (& 1 bar) hydrogen-dominated atmospheres can produce strong green-

house warming due to collision-induced absorption by H2-H2, H2-N2, H2-CH4, H2-CH4, or even

CH4-CO2 (Pierrehumbert and Gaidos, 2011; Wordsworth et al., 2013; Ramirez and Kaltenegger,

2017; Wordsworth et al., 2017), though for M dwarf planets CH4 itself may actually be an anti-

greenhouse gas (Ramirez and Kaltenegger, 2018), due to mid-atmospheric warming by strong NIR

absorption.

Planetary albedo, a measure of the net effects of reflection and absorption of stellar radiation, is

a function of the stellar spectrum, atmospheric composition, clouds, and the wavelength-dependent

surface reflectance, which is dependent on the surface composition. A well-known effect for Earth

is the ice-albedo feedback. When a planet is cold enough to form ice, the albedo increases sig-

nificantly because waterice is highly reflective at visible wavelengths. This can cause runaway

glaciation. However, volcanic outgassing then increases atmospheric CO2 over time due to the

reduced weathering and burial rates. Once the CO2 greenhouse forcing warms the surface enough,

the ice would melt and reduce the planetary albedo, allowing the planet to continue to warm. How-

ever, this environment would more quickly weather and bury CO2, reducing the greenhouse forcing

and cooling the climate. The balance of weathering, outgassing, and albedo can lead to climate

oscillations called limit cycles (Tajika, 2003; Kadoya and Tajika, 2014; Haqq-Misra et al., 2016)

that can reduce planetary habitability, due to the long periods of global glaciation. However, this

effect is non-existent for planets orbiting M dwarfs. Ice has strong NIR absorption bands, so there

is no large albedo difference between ice and water under a star with a NIR energy peak (Shields

et al., 2013).
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Atmospheric chemistry, in particular photochemistry, can drastically affect planetary climate.

The existence of the sharp tropopause of Earth is in part due to ozone absorption, which creates the

strong stratospheric temperature inversion. This inversion inhibits mixing between the troposphere

and stratosphere (e.g. Fleming et al., 1999). Ozone is generated in a complex cycle but the source

is oxygen split by UV radiation in the stratosphere. Because ozone absorbs UV in bands comple-

mentary to O2, it provides important UV protection for surface life; without photochemistry, the

surface of Earth would not be as habitable as it is today. Atmospheric chemistry also helps keep

the atmosphere “clean”: the primary cleaning agent in the troposphere is OH– , a radical produced

by photolysis of water vapor, which is highly reactive and destroys complex molecules.

Stellar irradiation is also the primary driver of atmospheric loss. Water vapor is ionized by

FUV radiation in the mesosphere, releasing atomic hydrogen, which can diffuse upward to the

exobase, from which it easily escapes. Escape is driven by a variety of stellar processes. XUV

radiation (λ < 912 nm) is absorbed in the ionosphere, causing heating and higher rates of thermal

escape. Stellar winds, including ion processes, can drive high escape rates. These processes are

more extreme for more active stars and for planets in closer orbits.

1.3.6 Atmosphere Generation and Maintenance

Due to rapid escape timescales and the current states of the inner planets of our Solar System,

terrestrial planets do not likely maintain primordial, H/He-dominated atmospheres. Instead, they

slowly outgas secondary atmospheres. Due to atmospheric escape processes, lighter gases either

escape or are oxidized into heavier, more stable gases, which comprise current terrestrial atmo-

spheres (e.g. N2, O2, and CO2). These gases are comparably heavy, so they do not easily escape

via thermal processes and require stronger non-thermal forces to induce their escape. These gases

are also more resilient to photochemical destruction, and when split are rapidly recombined in

catalytic cycles.

Despite atmospheric escape processes, rocky planets that incorporated volatiles during forma-

tion can generate and maintain an atmosphere from outgassing volatiles from the interior. Whether

an atmosphere can persist may be a function of atmospheric escape processes, the outgassing rate
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of volatiles, and the size of the volatile reservoir. In the case of Mars, the planet was small enough

that its volatile reservoir was depleted. In the case of Venus, its remaining volatile content does (at

least partially) reside in its thick CO2 atmosphere. In the case of Titan, which has a surprisingly

substantial (1.5 bar) N2 atmosphere, the CH4 abundance has been shown to require replenishment

due to the destruction timescale (Yung et al., 1984).

1.4 The Habitable Zone

Understanding of stellar and planetary processes can be integrated into the calculation of the “Hab-

itable Zone” (HZ), defined as the region around a star for which an Earth-like planet could maintain

liquid water on its surface (Huang, 1959, 1960; Kasting et al., 1993). The HZ allows newly discov-

ered planets to be ranked for follow-up observations based on the potential for habitability. Several

important assumptions are invoked within the definition of the HZ: it is assumed that habitable

planets are Earth-like, so have N2-CO2-H2O atmospheres with substantial liquid surface water that

is in contact with a geologically-active, mineral-based crust.

Failures of these assumptions and the physical processes described earlier help define the

boundaries of the habitable zone. Toward the inner edge, H2O increases with higher tempera-

ture (because the water carrying capacity of air increases with temperature, so higher temperatures

trigger more evaporation to maintain surface vapor pressure equilibrium) until triggering the run-

away greenhouse effect (Ingersoll, 1969; Kasting, 1988; Kasting et al., 1993). The runaway green-

house can occur because as temperature increases, water opacity in the IR flattens to a continuum,

preventing thermal radiation from escaping to space from the warming planet. The planet must

then warm until it can radiate from spectrally clear regions in the visible spectrum. The thermal

emission threshold is approximately 282 W m−2 (Goldblatt et al., 2013). The surface temperature

required to radiate in the visible and reach equilibrium is approximately 1600–1800 K (Goldblatt

et al., 2013; Kopparapu et al., 2013), far too hot to be habitable. During this process, water is

boiled off, can no longer condense, and can be photolyzed and lost via hydrogen escape (Hoyle,

1955; Ingersoll, 1969; Kasting, 1988; Kasting et al., 1993; Kopparapu et al., 2013).

Toward the outer edge, increasing amounts of greenhouse gases (traditionally, CO2) are re-
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quired to maintain a temperate surface until the additional gases can no longer sufficiently warm

the surface. Traditional HZ calculations assume that the carbonate-silicate cycle works to maintain

the ideal level of CO2, although it may require unrealistic outgassing and burial rates. The outer

limit is more specifically and optimistically defined by the “maximum greenhouse effect”—there

is a CO2 abundance at which the greenhouse warming by additional CO2 is offset by the additional

effectiveness of Rayleigh scattering (Kasting et al., 1993; Kopparapu et al., 2013). Roughly 10 bars

of CO2 are required to maintain a global average surface temperature of 273 K at the outer edge.

1.4.1 Venus and the Inner Edge

As the sister planet to Earth in terms of size and composition, Venus is a useful laboratory for

understanding the failure of planetary climate buffering at the inner edge. It is optimistically as-

sumed that Venus may have had surface liquid water approximately 1 billion years ago, before the

last global resurfacing event, when the Sun was fainter (Solomon and Head, 1991; Kasting et al.,

1993). Decades of theoretical work coupled with observations suggest—probably due to the in-

creasing luminosity of the Sun—that Venus underwent a runaway greenhouse state, during which

it lost its surface water. Venus likely outgassed its massive (92 bar) CO2 atmosphere after sur-

face weathering by water-rock interactions ceased, marking the end state of a runaway greenhouse

planet.

The strongest evidence that Venus once had water is the observation of the deuterium to hydro-

gen (D/H) ratio from mass spectroscopy and spectral observations of water vapor absorption in the

atmosphere. Assuming the inner planets of the Solar System all formed from roughly the same set

of materials, they should all have formed with similar isotopic abundances. The D/H ratio of Earth,

known as Vienna Standard Mean Ocean Water (VSMOW), is enhanced by a factor of about 8 com-

pared to the solar nebula (c.f. Hagemann et al., 1970; Asplund et al., 2009). Compared to VSMOW,

Venus is enhanced by another factor of 120–140 (McElroy et al., 1982; Donahue et al., 1982; Har-

tle and Taylor, 1983; Kumar and Taylor, 1985; De Bergh et al., 1991; Matsui et al., 2012). While

the specific escape mechanism(s) remain debated, it is widely accepted that a mass-dependent dif-

ference in escape of hydrogen (compared to deuterium) from the atmosphere of Venus during or
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following the runaway greenhouse phase was responsible for the enhanced D/H ratio (see reviews

by Chassefière et al., 2012; Bullock and Grinspoon, 2013; Lammer et al., 2018).

1.4.2 Mars and the Outer Edge

Mars was likely habitable in the past as well: there is wide-scale evidence of past fluid flows on

the surface (see review by Wordsworth, 2016). While the small size of Mars likely contributed to

its loss of habitability, Mars still provides evidence for processes that control the outer edge and

habitablity in general—atmospheric loss due to escape or to atmospheric collapse. Like Venus,

Mars has isotopic evidence of hydrogen escape, with a D/H enhancement of ∼ 4 times VSMOW

(Owen et al., 1988; Villanueva et al., 2015; Encrenaz et al., 2018). The atmosphere of Mars may

also be in vapor equilibrium, as CO2 condenses to form clouds (Montmessin et al., 2007) and the

polar caps of Mars grow and shrink with the seasons, with evidence suggesting the poles include

CO2 ice (Hu et al., 2012).

Originally, the conservative outer edge of the habitable zone was suggested to be the CO2 con-

densation limit (Kasting et al., 1993), but this was later ignored in favor of the “maximum green-

house” limit (Kasting et al., 1993; Kopparapu et al., 2013). Because the levels of CO2 required

to maintain the maximum greenhouse limit are idealized, it could be that atmospheric collapse is

actually the limiting factor, which has been the case for system-specific 3D GCM work for planets

around M dwarf stars, depending on the methods for CO2 collision-induced absorption and the

abundance of CO2 assumed (Turbet et al., 2016; Wolf, 2017; Turbet et al., 2018), though these

studies did not include dynamic ocean heat transport, which could warm the night side.

1.4.3 A Statistical Approach

With the large number of processes influencing planetary habitability, a more useful way to think

about the habitable zone may be in terms of the probability of a planet being habitable given

what can be observed from initial astronomical observations, such as its bulk composition and

orbital parameters. For spectroscopic characterization, potential target planets could be assigned
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a habitability index (Barnes et al., 2015). A true determination of the habitable zone, and its

associated probability density function, will require a robust statistical sample (Bean et al., 2017).

Planets in the habitable zone are not guaranteed to be habitable or host life; the HZ helps de-

termine which targets for observation are most likely to host detectable life. Because exoplanets

are accessible only by remote observation methods (unlike the astrobiological targets in the Solar

System), only global signs of habitability or life (i.e. a global biosphere) can be detected. After

inferring the existence of an atmosphere (Lustig-Yaeger et al., 2019a), the first goal of terrestrial

planet observations is to detect signs of habitability, which could include: the detection of surface

liquid (Williams and Gaidos, 2008; Robinson et al., 2010; Lustig-Yaeger et al., 2018) and evidence

of a surface temperature at which water is likely that liquid; detection of water vapor in the at-

mosphere; and detection of other atmospheric gases that would suggest a hospitable environment.

The temperature of a planet could be measured by thermal direct imaging or secondary eclipse

spectroscopy (e.g. Knutson et al., 2008), but for terrestrial planets this low-signal measurement is

outside the capabilities of current or planned instruments, including JWST (Lustig-Yaeger et al.,

2019a). However, at a given instellation, characterization of the abundances of atmospheric green-

house gases using retrieval methods (e.g. Krissansen-Totton et al., 2018) can be used with forward

(i.e. climate) modeling to assess the likely climate of the planet. Bulk non-condensable, non-

greenhouse gases can also affect climate and habitability (Wordsworth and Pierrehumbert, 2014),

but these are sometimes much more difficult to detect and quantify (e.g. Schwieterman et al., 2015,

2016).

Observations to detect this evidence for habitability in the next two decades will be difficult,

and will be largely dictated by the observatories being built (i.e. JWST and ELTs). These obser-

vatories and the potential methods of characterization available to them will favor planets orbiting

the smallest stars, M dwarfs.

1.5 M Dwarf Planetary Habitability and Challenges

Although M dwarfs provide invaluable observational advantages for transit spectroscopy with

JWST, these stars exhibit very different properties compared to our Sun. Compared to what is
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known about what makes Earth habitable, the differences in planetary processes for planets orbiting

M dwarfs can drastically affect the observables, the potential for habitability, and the development

of life.

Differences between M dwarfs and Sun-like stars begin with the birth of the star. After a star

has begun fusion but is still accreting gas from the protosolar nebula, the star exhibits a much higher

luminosity (the superluminous pre-main-sequence phase), which is much longer for stars smaller

than the Sun and can extend up to a billion years for the smallest M dwarfs (Baraffe et al., 2015).

This phase begins approximately 100 times more luminous than the main-sequence luminosity and

also exhibits high XUV luminosity. As planets form and accrete volatile materials, the high XUV

flux drives the photoevaporation of the volatiles and subsequent planetary atmospheres by heating

the upper atmosphere and driving escape through a variety of thermal and nonthermal processes

(Khodachenko et al., 2007; Lammer et al., 2007, 2011; Luger et al., 2015; Luger and Barnes, 2015;

Tian, 2015; Ribas et al., 2016; Airapetian et al., 2017; Garcia-Sage et al., 2017; Dong et al., 2017,

2018). High XUV flux can also potentially sterilize the surface (Tarter et al., 2007; Shields et al.,

2016). In particular, this super-luminous phase could drive an ocean-bearing terrestrial planet into

a runaway greenhouse state for up to a billion years until the planet enters the habitable zone, as

the star dims and enters the main sequence (Luger and Barnes, 2015; Meadows et al., 2018). This

effect is far more extreme for M dwarf planets than for Earth around the Sun and may be a key

factor in determining M dwarf planet evolutionary outcomes and prospects for habitability. This

may lead to a ubiquity of Venus-like planets, leading to the possibility of a “Venus zone” (Kane

et al., 2014). As a result of the intense pre-main-sequence phase and its affect on planets even

within the main sequence circumstellar habitable zone, the Venus zone may displace the habitable

zone.

As introduced in §1.3.5, planetary climate is strongly influenced by the interplay between the

stellar spectral energy distribution, atmospheric gas absorption, and wavelength-dependent surface

reflectivity (Figure 1.1). The cooler M dwarf SED is red-shifted into the near-infrared (compared

to the visible peak of the Sun), which affects the amount of atmospheric and surface absorption,

depending on composition. The atmosphere of Earth is mostly transparent to the incident SED
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Figure 1.1: Top: Spectral energy distributions (SEDs) of the Sun and M8V star TRAPPIST-1
(synthetic spectrum from Peacock et al., 2019) at the equivalent distance for an integrated flux of
1S⊕ = 1361 W m−2, which for the Sun is 1 au. The red-shifted SED reduces photosynthetically-
active radiation, which could pose barriers to the origin of oxygenic life (e.g. Buccino et al., 2007).
The deep absorption bands in the TRAPPIST-1 spectrum are due to water vapor in the stellar at-
mosphere. Rayleigh scattering is not as effective for cooling a planetary atmosphere because there
is little flux at shorter wavelengths where that process is more effective. Center: Gas absorption
intensity from HITRAN2016 (Gordon et al., 2017) for key gases absorbing in the stellar spectral
range (note actual gas absorption is defined by the abundance, temperature, and pressure broaden-
ing). There are an abundance of gas absorbers in the peak emission of TRAPPIST-1 at 0.7–3 µm,
and line intensities increase with wavelength. Bottom: surface reflectance albedos for key plane-
tary surfaces. The albedo of snow is highly variable depending on grain size and state (i.e. snow
or slush), and whether there is particulate contamination, which lowers the albedo.
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of the Sun, so most of the light can warm the planetary surface and cause strong convection.

However, most terrestrial greenhouse gases—including water, carbon dioxide, and methane—have

absorption bands in the NIR, so instead of heating the surface by direct absorption of light from

the host star, the atmosphere will absorb and re-emit much of the radiation. This atmospheric

absorption leads to a warmer cold trap and potentially an anti-greenhouse effect for gases such as

methane (Ramirez and Kaltenegger, 2018) that more strongly absorb in the NIR (stellar absorption)

than the MIR (planetary thermal emission). For light that does reach the surface, cold M dwarf

planets do not experience the same ice-albedo feedback that occurs around Sun-like stars, because

ice and snow have significant absorption bands in the NIR, so do not exhibit the high albedo

apparent under visible light (Shields et al., 2013). As a result, climate oscillations due to freezing

and melting are unlikely (Haqq-Misra et al., 2016).

Notwithstanding global effects caused by the stellar SED, the close proximity of habitable zone

planets to an M dwarf host star is expected to result in tidal locking within a short geological time

(Dole, 1964; Kasting et al., 1993). The most common state is likely a 1:1 spin:orbit synchronous

rotation, though higher order asynchronous states such as 3:2 are possible (Leconte et al., 2015;

Ribas et al., 2016). The synchronous rotation state may be problematic for planetary climate, due to

the permanent day and night sides that may result in large day–night temperature contrasts and po-

tentially collapse of the atmosphere on the night side (Joshi et al., 1997; Joshi, 2003; Wordsworth,

2015; Turbet et al., 2016, 2018). Many studies have assessed and addressed atmospheric and dy-

namical conditions that would prevent collapse (e.g. Joshi et al., 1997; Joshi, 2003; Merlis and

Schneider, 2010; Leconte et al., 2013; Yang et al., 2013; Yang and Abbot, 2014; Cullum et al.,

2014; Hu and Yang, 2014; Kopparapu et al., 2016), and ocean heat transport (Hu and Yang, 2014;

Way et al., 2018) or glacier transport (Turbet et al., 2018; Yang et al., 2019b) may also help amelio-

rate this problem. Due to the large and permanent day–night temperature contrast, the habitability

and climate of terrestrial planets around M dwarfs may rest critically on the efficiency of global

heat transport. Earlier studies (before discoveries such as the TRAPPIST-1 planets) considered

extreme cases, with rotation periods between 60–365 days (Joshi et al., 1997; Joshi, 2003), which

produced extreme day-night contrasts, slow circulation, and what has been deemed the “eyeball”
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climate state (Pierrehumbert, 2011). Late-type M dwarf planets, however, have much faster orbits,

and hence the maximum rotation period for such planets is only several days. Such rotation rates

bring these planets into regimes closer to a rapid-rotator (Haqq-Misra et al., 2018), which may mit-

igate day–night concerns for such planets. This is an advantage that extremely late-type M dwarf

planets such as those orbiting TRAPPIST-1 may have over other, earlier-type discoveries.

There are also significant differences between early-type and late-type M dwarf stars that make

late-type M dwarfs the most advantageous for observation. Although early-type M dwarfs have

shorter pre-main-sequence phases, they are significantly larger, hotter, and more luminous than

the later type stars, so many of the discussed observational advantages are not as significant.

These earlier-type stars also exhibit strong main-sequence activity when young, though this activ-

ity decreases over time (Schneider and Shkolnik, 2018). Because they are much smaller, late-type

M dwarf stars have a significant advantage in producing a much larger transit depth for small plan-

ets (Figure 1.2), although the signal from the faint star itself can pose challenges (Batalha et al.,

2018; Lustig-Yaeger et al., 2019a) and so can variability from the stellar photosphere (Morris et al.,

2018; Rackham et al., 2018, 2019). Furthermore, the activity levels of these stars may not signif-

icantly decline with age (Schneider and Shkolnik, 2018). Nonetheless, the late-type M dwarfs

transit depth advantage is compelling for observations with JWST (Morley et al., 2017; Lincowski

et al., 2018; Lustig-Yaeger et al., 2019a).

Based on their abundance, detectability, and fundamental differences compared to planets

around Solar-type stars, determining whether M dwarf HZ planets are in fact habitable is there-

fore a key focus in astrobiology and exoplanet science (see e.g. Shields et al., 2016; Meadows

and Barnes, 2018, for reviews). Because M dwarf terrestrial planets are likely to experience very

different evolutionary paths compared to those in our Solar System, their HZ planets may have

atmospheres that have evolved considerably from their primordial composition. Reflecting their

extreme evolution, these atmospheres may not be Earth-like or N2-dominated, and the planets may

not be habitable (Meadows et al., 2018).
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Figure 1.2: Transit transmission spectra for clear-sky, photochemically self-consistent modern
Earth analogs at 0.66S⊕ for three stellar types, with radii 0.48R⊕, 0.3761R⊕, and 0.121R⊕ (GJ832,
GJ436, and TRAPPIST-1, respectively). Because ultra-cool dwarf stars like TRAPPIST-1 are much
smaller stars, an orbiting planet will have much larger transit depths than around earlier types,
which makes the later types much more plausible for transit observations.

Parameter Modeled Measureda

Star TRAPPIST-1—2MASS J23062928-0502285
Magnitudesb V = 18.80±0.08, R = 16.47±0.07, I= 14.0±0.1, J = 11.35±0.02, K = 10.30±0.02
Mass (M�)e 0.089 ± 0.007
Radius (R�)d 0.121 0.121 ± 0.0030
Luminosity (L�) 0.000524 0.000524 ± 0.000034
Effective Temperature (K)d 2500 2,511 ± 37
Metallicity [Fe/H] 0. + 0.04 ± 0.08
Planetsa b c d e f g h
Period (days)d 1.510876 2.42181 4.050 6.0990 9.2056 12.3545 18.768
Semi-major axis (AU)d 0.0115 0.016 0.022 0.029 0.038 0.047 0.062
Irradiation (S�)d 3.88 2.07 1.04 0.60 0.35 0.24 0.13
Radiusd (R⊕) 1.121+0.032

−0.031 1.095+0.031
−0.030 0.784±0.023 0.910+0.027

−0.026 1.046+0.030
−0.029 1.148+0.033

−0.032 0.773+0.027
−0.026

Massc (M⊕) 1.107+0.143
−0.154 1.156+0.131

−0.142 0.297+0.035
−0.039 0.772+0.075

−0.079 0.934+0.078
−0.080 1.148+0.095

−0.098 0.331+0.049
−0.056

Densityc (ρ⊕) 0.726+0.091
−0.092 0.883+0.078

−0.083 0.616+0.062
−0.067 1.024+0.070

−0.076 0.816+0.036
−0.038 0.759+0.033

−0.034 0.719+0.102
−0.117

Gravityc (m/s2) 7.96+1.02
−1.00 9.47+0.90

−0.85 4.73+0.51
−0.47 9.11+0.67

−0.62 8.36+0.39
−0.38 8.54+0.39

−0.38 5.44+0.86
−0.75

Impact parameter b (R∗)d 0.157±0.075 0.148±0.088 0.08+0.10
−0.06 0.240+0.056

−0.047 0.337+0.040
−0.029 0.406+0.031

−0.025 0.392+0.039
−0.043

Note: We use nominal values for our modeling. Error bars (1σ ) are shown for reference. Standard errors on the period are smaller than the
precision reported here. Errors on semi-major axes are approximately 3% of the quoted values. Irradiation is computed from the reported
semi-major axis, assuming the luminosity quoted here.
a Data from Gillon et al. (2017) unless otherwise noted.
b Data from Gillon et al. (2016).
c Data from Grimm et al. (2018).
d Data from Delrez et al. (2018).
e Data from Van Grootel et al. (2018).

Table 1.1: Current stellar and planetary system parameters for TRAPPIST-1.
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1.6 The TRAPPIST-1 Planetary System

Of late-type stars, the recently discovered TRAPPIST-1 planetary system provides an unprece-

dented opportunity to study terrestrial exoplanet evolution and planetary habitability in the near

future. TRAPPIST-1, 12.43 pc away (Gaia Collaboration et al., 2016, 2018), is known as an ultra

cool dwarf star, spectral class M8V (Liebert and Gizis, 2006), with an effective temperature of only

2516 K, a radius of only 0.121R� (similar to Jupiter), and mass of 0.089M� (Van Grootel et al.,

2018). TRAPPIST-1 is currently known to host seven transiting terrestrial-sized planets (Gillon

et al., 2016, 2017; Luger et al., 2017c), approximately three of which (e, f, and g) lie in the habit-

able zone. Planet b receives about twice the instellation as Venus, and c receives a similar amount

to Venus, while d sits within the uncertainties of the habitable zone inner edge. TRAPPIST-1 h sits

firmly outside estimates of the outer edge.

Because the semi-major axes of the orbits of the seven transiting TRAPPIST-1 planets encom-

pass and extend beyond both the inner and outer boundaries of the habitable zone, the TRAPPIST-1

system enables the possibility of testing evolutionary processes as a function of semi-major axis

and position relative to the HZ. Modeling studies provide significant uncertainties for where the

true inner limit may be and what processes may effect it (Kasting et al., 1993; Kopparapu et al.,

2013; Kopparapu et al., 2014; Hu and Yang, 2014; Yang et al., 2014; Kopparapu et al., 2016; Bin

et al., 2018; Way et al., 2018; Yang et al., 2016, 2019a,b,c). With several planets in and around the

IHZ, this system provides the opportunity to assess the mechanisms of atmospheric escape (Lam-

mer et al., 2007), as these planets will have been subjected to different levels of radiation from the

host star. This system is an observational point for assessing possible factors controlling the outer

edge, particularly atmospheric collapse due to condensation on the night side of a synchronously

rotating planet (e.g. Kasting et al., 1993; Wolf, 2017; Turbet et al., 2018), and on the functioning of

the carbonate-silicate cycle to act as a climate buffer and control CO2 levels on terrestrial worlds

(Walker et al., 1981; Kasting et al., 1993).
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1.7 A Hierarchy of Models

In advance of imminent observations by upcoming space- and ground-based observatories, a large-

scale assessment of atmospheric processes and characteristics applicable to M dwarf planets is

needed to effectively plan and interpret these observations. To most effectively sweep the parameter

space of known processes, a hierarchy of models can be used.

1.7.1 Global Climate / General Circulation Models

Models are always a simplification of reality. Depending on the complexity (and corresponding

computational expense), exoplanet GCMs must inevitably have shortcuts and exclude physics to

be able to consider other parameters. Sometimes, known critical physics are ignored. For example,

GCMs often employ radiative transfer algorithms that are oversimplified, or even hard-coded for

Earth-like optical properties with N2-O2 atmospheres with trace abundances of H2O and CO2.

Others neglect or oversimplify the radiative forcing by clouds and aerosols. Most terrestrial GCMs

also oversimplify or completely ignore the role of atmospheric chemistry in the determination of

the atmospheric composition or climate (with recent developments by Chen et al. 2018, 2019;

Yates et al. 2020, and off-line attempts, e.g. Fauchez et al. 2019; Pidhorodetska et al. 2020). Due

to hard-coded Earth parameters and/or inflexible radiative transfer physics, GCMs do not deviate

significantly from Earth-like (i.e. N2-CO2-H2O) compositions. Up until recently, GCM studies

rarely present observables that could be used by astronomers to plan observations (exceptions

include Turbet et al., 2016; Boutle et al., 2017; Wolf et al., 2019; Chen et al., 2019; Fauchez et al.,

2019; Pidhorodetska et al., 2020). Other GCMs exclude dynamic ocean heat transport, which can

also alter the climate (Hu and Yang, 2014; Yang and Abbot, 2014; Way et al., 2017; Way et al.,

2018; Del Genio et al., 2019; Yang et al., 2019a,b), and which is a substantial component of heat

transport on Earth (Hastenrath, 1980; Carissimo et al., 1985; Savijärvi, 1988; Trenberth and Caron,

2001; Wunsch, 2005).

The effects considered most by 3D GCM studies, including the details of atmospheric dy-

namics, cloud coverage, and details of the meridional and zonal temperature distributions, will be
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difficult to observe with existing or planned instruments (c.f. Turbet et al., 2016; Meadows et al.,

2018; Lustig-Yaeger et al., 2019a). Exoplanet observations will be limited to single-pixel data, so

high-fidelity, time-dependent observations will be required to infer spatial phenomena, which will

require commensurately better data, due to the reduction in time-averaging permissible. Spatial

differences in temperature may be derived from thermal phase curves (Knutson et al., 2009; De-

mory et al., 2016; Kreidberg et al., 2019), but this is and will remain difficult for temperate planets,

even with JWST (Morley et al., 2017; Meadows et al., 2018; Lustig-Yaeger et al., 2019a). How-

ever, time-dependent information may be retrieved from phase curves in reflected light, which may

be possible for next-generation visible-light flagship instruments under consideration, particularly

LUVOIR (e.g. Lustig-Yaeger et al., 2018). Unfortunately, the interpretation of any observations

may be compromised by inherent biases in model predictions, introduced in shortcomings in the

parameterizations for radiative, chemical, or dynamical processes or limited spatial or temporal

resolution.

1.7.2 Global Single-Column Models

Globally-averaged, single-column models (1D models) have been in use for decades to study a

larger parameter space or investigate individual planetary processes. These models are generally

much less computationally complex and can be applied to a wider variety of atmospheric compo-

sitions, though some common 1D models are still limited by Earth heritage (c.f. Meadows et al.,

2018; Wunderlich et al., 2019). 1D models can be very useful for exoplanet studies because they

often employ fewer assumptions about the environmental processes that cannot by easily observed.

Phase-dependent assessments (to distinguish spatial properties) will only be feasible with a large

next-generation instrument for a very small sample of potential planets (Lustig-Yaeger et al., 2018).

Historically, 1D models have been used to investigate a wide parameter space unavailable to

or intractable by 3D models, and to include other processes, such as more detailed treatments of

radiative transfer, cloud processes, and photochemistry. More recently, 1D models with accurate

radiative transfer have been used to demonstrate important radiative physics that may impact cli-

mate (Kitzmann et al., 2013) and have been used to demonstrate the versatility of accurate physics
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(Robinson and Crisp, 2018). However, 1D models may not provide an accurate surface climate as-

sessment for planetary environments with large day-night differences arising from slow planetary

rotation, due to the lack of spatial resolution or a realistic treatment of horizontal heat transport

(c.f. Turbet et al., 2016; Meadows et al., 2018). Lastly, 1D models are most likely to be incorpo-

rated into the first retrievals of atmospheric properties from observations due to the large parameter

space and noisy data (e.g. Kreidberg et al., 2014). The ease and versatility with which 1D model

results can be used to predict and interpret exoplanetary spectral observations makes 1D models

critical for exoplanet habitability characterization.

Although they have been used to model exoplanetary atmospheres for more than a decade,

exoplanet models for H2-dominated worlds (e.g. Miller-Ricci et al., 2009; Hu and Seager, 2014)

may not be applicable for small M dwarf planets, which may be more terrestrial in composition,

and are therefore likely to have solid or liquid surfaces and secondary outgassed (i.e. high molec-

ular weight) atmospheres. Though excluding low molecular weight atmospheres with certainty

is not always possible with current instruments (Moran et al., 2018), there is growing evidence

that the bulk properties of planets with radii . 1.5R⊕ are more similar to our Solar System ter-

restrials than to sub-Neptune planets with H2-dominated atmospheres (Weiss and Marcy, 2014;

Rogers, 2015; de Wit et al., 2016; Fulton et al., 2017; de Wit et al., 2018). The densities of

nearby M dwarf HZ planets (e.g. GJ1132 b, 6.0±2.5 g cm−3, Berta-Thompson et al., 2015,

and LHS1140 b, 12.5±3.4 g cm−3, Dittmann et al., 2017) are similar to or greater than Earth’s

(5.5 g cm−3) and Venus’ (5.3 g cm−3) densities, consistent with mixtures of silicate rock and iron.

The TRAPPIST-1 planets have currently measured densities that span 0.6 to 1.0 times Earth’s den-

sity (i.e. 3.3–5.5 g cm−3; see Table 3.1). The generally lower nominal densities of the TRAPPIST-1

planets (Gillon et al., 2017; Grimm et al., 2018), along with their resonant orbits, suggest migration

(Luger et al., 2017c; Unterborn et al., 2018a). If this is the case, they may have formed at larger

distances from the star with a more volatile-rich composition. Single-column models with versatile

and accurate atmospheric radiative transfer, chemical and cloud models may play a rciritcal role

in assessing the factors that influence the surface climates on these terrestrial bodies with evolved,

secondary outgassed atmospheres.
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1.7.3 Recent M Dwarf Climate Studies—TRAPPIST-1

To plan and support the interpretation of future observations, particularly with JWST, numerical

models are being used to study the possible evolutionary pathways and resultant climates of the

TRAPPIST-1 planets and to generate simulated thermal emission and transit transmission spectra.

These models and simulated observations can be used to predict observable phenomena that may

help discriminate between habitable and uninhabitable planetary environmental states, and help

identify the evolutionary processes that generated them. These have included the effects of stellar

evolution (Bolmont et al., 2017) and planet formation (Quarles et al., 2017). Planetary atmospheric

models have been used to assess climate and atmospheric composition. Simple energy balance cli-

mate models (EBMs) were used to assess the climate response to globally parameterized variables

such as albedo and vegetation coverage (Alberti et al., 2017), and identified TRAPPIST-1 d as the

planet most likely to maintain surface water over a large range of albedo/vegetation parameters,

with f, g, and h unlikely to host surface liquid water. To explore potential atmospheric states of

the TRAPPIST-1 planets as a function of semi-major axis, Morley et al. (2017) distilled the bulk

atmospheric compositions of Earth, Venus, and Titan into their lowest Gibbs free energy compo-

nents using thermochemistry. They used this approximation to explore a broad parameter space

of atmospheric pressures spanning 0.0001–100 bars, with prescribed atmospheric thermal profiles

and surface temperatures adjusted to be consistent with planetary equilibrium temperatures for

different assumed values of planetary Bond albedo. Morley et al. assessed the observational signa-

tures of these atmospheres in transmission and emission, and concluded that planet b would require

fewer than 10 eclipse observations with JWST/MIRI to detect thermal emission and constrain the

planetary emission temperature. They suggested that planets d–f could have surface liquid water

and that their environments may be probed using JWST photometry.

Wolf (2017) and Turbet et al. (2018) used 3D GCMs to model climates for HZ and outer

TRAPPIST-1 planets with N2 and pure CO2 atmospheres and surface pressures up to 10 bars.

In contrast with the EBM study (Alberti et al., 2017), Wolf (2017) concluded that only planet

e resided within the classical habitable zone, and that it would require substantially more CO2
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than Earth to maintain an Earth-like surface temperature. Turbet et al. (2018) assessed the outer

planets, and found that atmospheres consisting of N2, CO, or O2 are resistant to collapse, even

for synchronously rotating planets. They argued that greenhouse gases like CO2, NH3, and CH4

would be difficult to maintain in the atmospheres of the TRAPPIST-1 planets after outgassing, due

to easy condensation of CO2 on the night side and the likely photochemical destruction of NH3 and

CH4 (they did not actually calculate this). They noted that if the planet started with larger amounts

of CO2 (> 10 bar), then the greenhouse effect and heat redistribution would allow CO2 to remain

stable in the atmosphere. Turbet et al. (2018) agreed with Wolf that TRAPPIST-1 e has the highest

potential for habitability, although they concluded that several bars of CO2 would be sufficient for

TRAPPIST-1 f and g to also support liquid surface water. Turbet et al. (2018) may be correct in

this assessment, due to a more up-to-date radiative transfer parameterization, particularly for CO2

CIA.

The above studies do not include photochemistry, and are largely insensitive to the effect

of TRAPPIST-1’s redder, more variable stellar spectrum on planetary atmospheric composition,

which can be significant for terrestrial atmospheres at the range of instellation levels received by

the TRAPPIST-1 planets (e.g. Segura et al., 2005; Segura et al., 2007; Grenfell et al., 2014; Mead-

ows et al., 2018). Without coupled climate-photochemistry models forced by the incoming stellar

spectrum, it is not possible to obtain self-consistent solutions for planetary atmospheric composi-

tion and corresponding temperature structures. This could have large effects on predicted spectra,

especially for emission spectra at MIR wavelengths, which are strongly dependent on the vertical

temperature structure of the atmosphere (note again that temperate planet emission spectra will be

nearly impossible for currently planned instruments, Lustig-Yaeger et al. 2019a).

1.7.4 Two-Column Models: Bridging the Model Gap

Two-column models have been used in Earth studies, and could bridge the gap between the spatial

coverage of 3D models with more accurate radiative physics possible in 1D models. Earlier Earth

studies have used two-column models to approximate the primary circulation cells of the tropics

and associated cloud formation (i.e. Hadley cells with an upwelling column and downwelling
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column, Emanuel 1991; Nilsson and Emanuel 1999), or the energy budget between different parts

of the atmosphere (Pierrehumbert, 1995). Two column models have been used for a number of

other specific studies for Earth climate (Raymond and Zeng, 2000, 2005).

Haberle et al. (1996) developed a low-order, global-average two-column model for Earth,

which used a simple two-box (day-night) advection scheme for the atmosphere but did not in-

clude surface heat transport. Yang and Abbot (2014) developed a similar two-column model,

which included surface heat transport, and compared and validated their model against 3D results.

Goldblatt (2016) extended the work of Haberle et al. (1996) and provided the model equations, ap-

plying this work to Proxima Centauri b. While the community entrenches in 1D and 3D modeling

frameworks, there is precedent for the use of two-column models, which may be used to fuse some

of the advantages of both 1D and 3D models.

1.8 Structure of this Thesis

In this dissertation, I simulate possible climates and observables of planets in and around the hab-

itable zone of late-type M dwarf stars that will be observed in the near future. I use a generalized,

physically rigorous line-by-line climate model coupled to a terrestrial photochemical model to

simulate plausible environmental states and their discriminants from Earth-like environments. I

develop a new two-column mode for this model to bridge the flexibility of accurate radiative trans-

fer of our rigours 1D model to the spatial coverage of 3D models.

In Chapter 2, I introduce the VPL Climate model, the photochemical model, the coupling

between them, and present details of my implementation of the two-column mode in VPL Climate.

Inputs for these models are also discussed, while details specific to individual planet simulations

are left to the later chapters. In Chapter 3, I present modeled climates and photochemistry in

1D for evolved climate states and associated spectra. In Chapter 4, I assess how different isotopic

fractionation levels for these evolved climates (which would likely have a higher fraction of heavier

isotopes) could be observed, and how that enhancement is a signature for ocean loss. In Chapter 5,

I present day, night, and globally-averaged climate states of a wide variety of worlds using the two-

column climate model, coupled to global photochemistry, and present spectra for detectability. I



30

summarize the key results of this dissertation and suggest future work in Chapter 6.
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Chapter 2

MODEL SUITE
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To predict and interpret upcoming observations of tidally-locked M dwarf terrestrial planets,

in this dissertation I use the versatile, recently developed 1D VPL Climate model (§2.1), and an

updated terrestrial photochemical-kinetics-transport model (§2.4), which I couple together. I de-

velop a new two-column mode for the climate model (§2.6) and introduce a Python framework for

interfacing these models (§2.7).

2.1 The Virtual Planetary Laboratory Climate Model

The modeling work in this dissertation relies on a new climate model, the Virtual Planetary Lab-

oratory 1D climate model (VPL Climate), which is capable of simulating a wide variety of plan-

etary atmospheres. VPL Climate was originally developed and presented by Robinson and Crisp

(2018). The model incorporates a framework for executing a radiative transfer solver and a set of

convection-condensation routines. A number of models support VPL Climate, including the Spec-

tral Mapping Atmospheric Radiative Transfer code (SMART, Meadows and Crisp, 1996; Crisp,

1997) based on the Discrete Ordinates Radiative Transfer (DISORT, Stamnes et al., 1988; Stamnes

et al., 2000) and the Line-By-Line Absorption Coefficients code (LBLABC, Meadows and Crisp,

1996).

I have completed a number of tests and improvements to these models, particularly a Python

framework to generate standardized input scripts and external coupling of VPL Climate to a

photochemical-kinetics code (Kasting et al., 1979; Zahnle et al., 2006; Arney et al., 2016). I have

improved and vetted the convection-condensation routines and of the photochemical model. The

climate model components and improvements are described in detail below. The photochemical

model is described separately in §2.4. A diagram of the coupled model framework is shown in

Figure 2.1.

2.1.1 Radiative Heating Rates from SMART Spectrally-Dependent Flux Jacobians

A major advantage of the VPL Climate model is its radiative accuracy and flexibility, due to its core

radiative transfer solver, SMART (Spectral Mapping Atmospheric Radiative Transfer, Meadows
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Figure 2.1: Diagram of coupled climate-chemistry physics (left) and day–night transport mode
(right). The climate–chemistry diagram illustrates the physical and chemical processes present in
their respective models. These models are coupled through iteration of their temperature, gas abun-
dance, and eddy diffusion profiles. Unlike recent simpler models (Haberle et al., 1996; Yang et al.,
2014; Goldblatt, 2016; Koll and Abbot, 2016), the day–night mode is a layer-by-layer advection
framework, where the advective flux is proportional to the horizontal wind speed and temperature
difference. A surface flux can be specified.
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and Crisp 1996; Crisp 1997). SMART is a multi-stream, multi-scattering, spectrum-resolving

radiative transfer code that incorporates the Discrete Ordinates Radiative Transfer solver, DISORT

(Stamnes et al., 1988; Stamnes et al., 2000). SMART has been shown to faithfully reproduce the

spectra of Earth (Robinson et al., 2011), has been used to produce disk-averaged spectra for Mars

(Tinetti et al., 2005), and has been used to fit spatially-resolved spectra of the night side of Venus

in a retrieval of gas mixing ratios and cloud optical depths (Arney et al., 2014).

VPL Climate solves the 1D surface-atmosphere thermodynamic energy equation as an initial

value problem using timestepping. To step towards equilibrium in a model atmosphere without

incurring the computational penalty of a full radiative transfer calculation at every timestep, VPL

Climate uses SMART to generate spectrally-resolved Jacobians describing the response of the

radiative fluxes to changes in temperature and, where applicable, gas mixing ratios. Jacobians for

other variable components of the atmospheric or surface state can also be used (aerosol optical

depth, surface pressure, and surface albedo), but these require further development for the climate

model. At each time step, the stellar and thermal fluxes at each wavelength are derived at each level

using a layer-adding approach that uses layer-by-layer reflectivity and transmissivity, and stellar

and thermal source terms and their derivatives (Jacobians). These quantities are used in a linear

flux-adding approach to determine radiative fluxes and heating rates (Robinson and Crisp, 2018).

As the temperature structure changes from its initial state, the flux Jacobians are used to estimate

new fluxes and heating rates given the perturbed temperatures (or other state quantities). If, at

any timestep, the atmospheric properties are outside the specified linear range of the Jacobians,

timestepping is suspended, and updated fluxes and layer radiative properties and their Jacobians are

re-computed using SMART. High-resolution fluxes from SMART are spectrally binned, typically

to 10 cm−1 (stellar) or 1 cm−1 (thermal) intervals for calculating the stellar heating and thermal

cooling in each model layer at each timestep.

Spectrally-dependent molecular absorption cross-sections for rotational-vibrational transitions

of gases used by SMART are evaluated using the line-by-line model, LBLABC (Meadows and

Crisp, 1996). LBLABC employs nested spectral grids that fully resolve the narrow cores of indi-

vidual absorption lines for every atmospheric layer and include the line contributions up to 1000
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Figure 2.2: Diagram of layers and levels in the VPL Climate model.

cm−1 from line center. Cross-sections for CO2 are computed using sub-Lorentzian wings with

experimentally-determined χ correction factors to simulate the effects of quantum-mechanical line

mixing (Perrin and Hartmann, 1989). Lines for H2O are computed using a line shape model with

super-Lorentzian wings to parameterize the far-wing quasi-continuum absorption due to the fi-

nite duration of molecule collisions (Clough et al., 1989). Opacities for O2 are computed using

super-Lorentzian line wings (Hirono and Nakazawa, 1982), with an exponent of 1.958. Line pa-

rameters, collisional-induced absorption, and UV–visible cross sections are obtained from a variety

of sources (see §2.2.1).

At each time step, the atmospheric heating rates, q, define the instantaneous rate of change of

temperature of each atmospheric level. In general, the heating rate in a given layer of a medium is

related to the divergence of energy flux across that layer, which in hydrostatic equilibrium is

q = Γ
∂F
∂P

=− 1
ρcP

∂F
∂ z

, (2.1)

where Γ = cP/g is the dry adiabatic lapse rate, cP is the specific heat at constant pressure, g is

the acceleration due to gravity, F is the energy flux, P is pressure, and z is altitude. These two

definitions are related by the assumption of hydrostatic equilibrium:

dP
dz

=−ρg. (2.2)

SMART calculates outputs for radiative fluxes on the input grid (i.e. at the levels, which are

the specified layer boundaries; see Figure 2.2), but because heating rates are proportional to the

divergence of the radiative fluxes, the heating rates are calculated across layers. VPL Climate
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requires the heating rates at the levels to iterate changes in the temperature state, but the heating

rates are defined as averaged values, integrated over layers. To calculate level heating rates, VPL

Climate may use either the input atmospheric grid, or a doubly-sampled grid to improve numerical

stability. The double grid is effective at preventing numerical artifices, but at the cost of additional

computation time. The heating rates for the single grid are taken as the density-weighted average

of the layer heating rates. The top-of-atmosphere (TOA) level heating rate is taken as the top layer

heating rate and the surface boundary level heating rate is taken as a linear extrapolation from the

lowest two layer heating rates. The heating rates for the output grid are calculated using the center

difference method from the doubled grid values. With the finer double radiation grid, the output

surface boundary level heating rates are taken as the lowest high-resolution layer heating rates.

2.1.2 Convection by Mixing Length Theory

Convective processes transport heat vertically in planetary atmospheres. Convection can result in

both sensible heating (related to the energy required to change the temperature of an air parcel due

to vertical mixing) and latent heating (related to the energy required to change the phase of a sub-

stance, e.g. due to condensation and evaporation). For planets with substantial greenhouse gases

but transparent to radiation from the host star, these processes can transport substantial amounts of

heat from the surface to the upper troposphere. For example, early 1D modeling results showed

that convective processes reduce Earth’s surface temperature relative to pure radiative equilibrium

conditions by ∼50 K (Manabe and Strickler, 1964). Convective processes are also responsible

for transport of trace species in the atmosphere, substantially altering atmospheric chemistry (e.g.

Fleming et al., 1999; Charnay et al., 2015).

In VPL Climate, mixing length theory is used to calculate convective heat fluxes and heating

rates, as this approach is more physically rigorous and versatile than the convective adjustment

typically used in 1D exoplanet models. Convective adjustment sets the troposphere temperature

profile to a moist or dry adiabat defined by Earth’s atmospheric conditions (e.g. Kopparapu et al.,

2013; Godolt et al., 2016). In these regimes, convective adjustment does not allow for atmospheric

lapse rates that exceed the adiabat, which occurs on planets with more tenuous atmospheres, like
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Mars (e.g. Hinson and Wilson, 2004). Convective adjustment also stabilizes atmospheric layers

perfectly at every timestep, even if such instantaneous stability is unphysical (e.g. may require

convective motions faster than the speed of sound). Furthermore—and especially problematic for

coupling to chemistry models—convective adjustment provides no direct insight into the vertical

transport of mass in the atmosphere. In contrast, mixing length theory uses fundamental physical

properties of the atmosphere and its constituents (e.g. air parcel temperature, density, specific heat

capacities, and static stability) to estimate the vertical heat transport rate, expressed as a vertical

“eddy diffusivity,” K. This quantity is then used to calculate the resulting heat and mass fluxes.

Mixing length theory is therefore applicable to a wider variety of atmospheric temperature and

composition regimes, and can be used to model convection for a diverse range of exoplanet atmo-

spheres.

The convective heating rate is related to the divergence of the convective energy flux:

qc =−
1

ρcp

∂Fc

∂ z
, (2.3)

where z is altitude, cp is the specific atmospheric heat capacity, and ρ is the air density. The

convective energy flux Fc is given by:

Fc =−ρcpKh

(
∂T
∂ z

+Γad

)
, (2.4)

where Kh is the eddy diffusion coefficient for heat and the adiabatic lapse rate is Γad = g/cp, where

g is the acceleration due to gravity. The atmosphere is unstable to convection when ∂T/∂ z<−Γad.

In this case, the eddy diffusion coefficient for heat Kh is given by:

Kh = kl2
[
− g

T

(
∂T
∂ z

+Γad

)]1/2

, (2.5)

where k is a proportionality constant equal to 1.32 (Priestley, 1959) and l is the mixing length.

VPL Climate includes several choices for calculating the mixing length: a given constant value,

proportional to scale height, or the nominal case for this dissertation, an asymptotic profile given
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by Blackadar (1962):

l =
kvkz

1+ kvkz/l0
. (2.6)

Here, kvk is von Kármán’s constant and l0 is the mixing length in the free atmosphere, which we

express as

l0 = fzH, (2.7)

where H is the pressure scale height, given by:

H =
RT
µg

, (2.8)

where R is the ideal gas constant, µ is the mean molar mass, and fz is the proportionality constant.

The preceding convection parameterization was used by Robinson and Crisp (2018), with fz =

1.0 and with Kh = 0 under stable conditions. However, turbulent eddies still provide some vertical

mass transport in stable conditions, due to shear instability and gravity wave breaking (e.g. Hodges,

1969; Kondo et al., 1978; Lindzen and Forbes, 1983; Canuto et al., 2008). Based on measurements

of Earth and Venus eddy diffusion rates (see Figure 2.3), I specify the following parameterization

for the eddy diffusion coefficient for mass transport:

Km = Km,0 (ρ/ρ0)
−1/2

(
1− e−P/P0

)
+Km,1Λ+Km,2, (2.9)

where Λ is a stability-related parameter (in concept from Ackerman and Marley 2001). To deter-

mine Λ, I iterate the following from the surface upward, layer-by-layer:

Λk =

Γ/Γad, if Γ/Γad > Λ0

Λk+1e−zk/zk+1 , otherwise
(2.10)

where Γ = −∂T/∂ z. In the first term of equation (2.9), the density dependence represents the

correlation of eddy diffusion with breaking gravity waves in terrestrial atmospheres (Lindzen and

Forbes, 1983; Izakov, 2001) and the exponential decay term allows the reduction in eddy diffusion
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as the gravity wave amplitude decreases to zero around pressure P0. Molecular diffusion is not

calculated in the climate model, though this is calculated in the photochemical model. The vast

majority of 1D and 3D climate models do not reach the molecular diffusion level because this is

not relevant to climate. I calculate the temperature structure to low pressures here to provide to the

photochemical model and for the strongest bands (e.g. for CO2) in transit spectroscopy, which can

reach 1 Pa (see Lustig-Yaeger et al., 2019b).

The second term in equation (2.9) is stability-dependent and includes additional eddy diffusion

in neutral and unstable conditions, such as in Earth’s troposphere, which may represent the extra

buoyancy experienced by moist air parcels that rise and release latent heat. Equation (2.10) slowly

reduces the contribution of stability in the transition between unstable and stable regions. The

overall profile is then consistent with Earth measurements presented in Massie and Hunten (1981)

and Brasseur and Solomon (2006), and with the eddy diffusion profiles assumed in exoplanet

photochemical-kinetics studies by other authors (e.g. Segura et al., 2007; Hu et al., 2012). The dry

environments I simulate have thick atmospheres and no oceans, and therefore are more like Mars

and Venus, whose eddy diffusivities are well-modeled by breaking gravity waves alone (Izakov,

2001), so in those cases Λ = 0. See Table 3.2 for nominal values.

Parameter Dry Moist Description
fz 0.01 0.03 Mixing length fraction
U [m s−1] 0.1–1 7–10 Surface wind speed
z0 [m] 0.005 0.0002–0.001 Surface roughness length
ρ0 [kg m−3] 1 1 Baseline density for eddy diffusion
P0 [Pa] 1 1 Pressure for breaking of gravity waves in eddy diffusion
Km,0 [m2 s−1] 0.5 0.01–0.5 Eddy scaling coefficient for mass, gravity waves
Km,1 [m2 s−1] – 20–100 Eddy scaling coefficient for mass, stability
Km,2 [m2 s−1] 0.5 0.5 Constant minimal eddy diffusion
Λ0 – 0.1 Stability threshold
fmin 10−4 10−4 Minimum stability scaling factor for heat
fmax 0.15 0.15 Maximum stability scaling factor for heat

Table 2.1: Adjustable Convection Model Parameters

In stable conditions, the eddy diffusion coefficient for heat is reduced compared to that for
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momentum (e.g. Kondo et al., 1978). This reduction occurs gradually as a function of stability;

Kondo et al. (1978) provided a fit based on Richardson number (Ri). However, the mixing length

code cannot compute Ri in the free atmosphere, because it does not include an explicit description

of the vertical shear in horizontal wind, so I use Γ/Γad (also as in Λ, similar to Ackerman and

Marley 2001) as a representative stability parameter for this purpose and reduce the eddy diffusion

coefficient for heat by:

Kh = fhKme−αΓ/Γad , (2.11)

where I set

α ≡ 1
2

ln
(

fmin

fmax

)
, (2.12)

and

fh ≡ fmaxeα . (2.13)

The minimum and maximum scaling from Km to Kh are denoted by fmin and fmax, respectively,

and given in Table 3.2. The values chosen for Km,X are chosen for best results with the Earth and

Venus validations to represent the moist and dry planets, respectively.

For Chapter 5, I add additional logic to improve continuous transition between stable and un-

stable regions of the eddy diffusivity. The mixing length equation for eddy diffusivity in unstable

layers goes to zero as stability goes to zero (i.e. neutral conditions). To smoothly transition from

the unstable layers to stable layers, I set a transition stability value of ±0.1 K/km. If the calculated

stability falls within this range, the stability is set to 0.1 K/km. Here I change Km,add to a calculated

value rather than a parameter, given by the value of Km calculated at 0.3 bar with a stability term

equal to 0.1 K/km.

Equations (2.3)–(2.9) are comprised almost entirely of fundamental physical properties of the

local atmospheric conditions: pressure, temperature, density, gravity, and specific heat capacity.

Because the vertical transport of heat, mass, and momentum in terrestrial exoplanet atmospheres

are generally unknown, I chose to use this physically-motivated approach to convection (with some

ad-hoc additions to eddy diffusion), rather than using convective adjustment to a prescribed lapse
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Figure 2.3: Eddy diffusion profiles for Earth (left panel) and Venus (right panel). For Earth, model
fits to observations are shown from Wofsy et al. (1972), Hunten (1975), Johnston et al. (1979),
Allen et al. (1981), Massie and Hunten (1981), and Patra and Lal (1997). For Venus, I show
two points derived from probes of the atmosphere (Woo and Ishimaru, 1981; Kerzhanovich and
Marov, 1983), profiles used with chemical kinetics modeling to fit tracer species (Krasnopolsky and
Parshev, 1983; Krasnopolsky, 2012), and theoretical modeling (Izakov, 2001). The VPL Climate
Earth eddy profile is calculated using the Intercomparison of Radiation codes in Climate Models
(ICRCCM) case 62 mid-latitude summer temperature profile (Programme and Luther, 1984; Luther
et al., 1988; Ellingson and Fouquart, 1991). The VPL Climate Venus eddy profile is calculated from
the Venus International Reference Atmosphere temperature profile (Seiff et al., 1985). For both
planets, a reasonable fit is obtained, considering that observations and studies of eddy diffusion
rates vary widely.

rate, which can differ from the adiabatic lapse rate (e.g. Earth is ∼ 6.5 K/km, Mars ∼ 2.5 K/km,

and Venus ∼ 8.0 K/km; Catling and Kasting 2017). The parameterizations and parameters I have

chosen reproduce eddy diffusion coefficients for mass consistent with measurements and kinetics

studies of Earth and Venus (see Figure 2.3).

2.1.3 Condensation and Kinematic Mixing

To simulate moist convection, which would occur on planets with substantial surface condensible

(e.g. oceans), an option for latent heat exchange and kinematic mixing of a condensible gas is

available. The layer-by-layer vertical mixing of a condensible species is calculated by solving the
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continuity-transport equation in 1D:
∂ r
∂ t

=− 1
ρ

∂Fm

∂ z
, (2.14)

where the kinematic flux is given by:

Fm =−ρKm
∂ r
∂ z

. (2.15)

Here, Km is the eddy diffusion coefficient for mass transport and r is the mixing ratio of the con-

densible species. As a result of either radiative cooling or an upwelling condensible species, a

gas may become super-saturated (i.e. when the partial pressure at a level exceeds the saturation

vapor pressure). I assume sufficient cloud condensation nuclei such that any condensate above the

saturation point condenses immediately (i.e. within a single time-step). The saturated mass mixing

ratio (more precisely, the saturated specific humidity, because VPL Climate assumes all mixing

ratios are with respect to the full air parcel mass, not the dry component) is determined by:

rsat =
µ

µatm

Psat

P
. (2.16)

At the globally-averaged temperatures, it is unlikely that the globally-averaged water mixing ratios

will approach saturation, though there is nonetheless condensation, evaporation, and latent heat

exchange due to saturation of individual air parcels. The simplest solution here is to use a different

mixing ratio criterion for saturation. I compute condensation if relative humidity exceeds that

maximum humidity using a modified, more generalized form of equation 2 from Manabe and

Wetherald (1967) for Earth:

rh = rhsmax
(

p/ps−0.02
1−0.02

,0.2
)
, (2.17)

where s refers to the surface value. The modification is the specification of a minimum value

that depends on the surface humidity (Manabe and Wetherald made a similar adjustment to obtain

Earth’s stratospheric H2O abundance). While Manabe and Wetherald (1967) use rhs = 0.77, a
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thorough climate validation matched fluxes better with rhs = 0.88 (§2.3). This profile is also

broadly consistent with globally-averaged GCM results for M dwarf planets (e.g. Wolf, 2017).

Under these saturation humidity assumptions, the condensation criterion during a convective

timestep is:

r+
∂ r
∂ t

∆t > rh · rsat. (2.18)

Formulations for the calculation of latent heat fluxes in climate models vary. Here I use a flux

formulation as follows to directly tie the latent heat flux to the condensible mixing that causes it.

The change in latent heat flux giving rise to the release of latent heat is given by:

δFlh =−ρcPKm
∂Fm

∂ z
, (2.19)

where the eddy diffusivity and flux are directly from the kinematic mixing. The heating rates are

related to the flux divergence, as with the radiative and convective heating rates:

qlh =−
1

ρcp

∂Flh

∂ z
. (2.20)

Latent heat fluxes (2.19) are added upwards from the surface. That is, evaporation draws a large

positive (upward) flux of energy from the surface, and each condensing layer deposits heat into the

layer, reducing the upward flux of latent heat.

2.1.4 Surface Fluxes

The surface fluxes of sensible heat, latent heat, and condensible gas are calculated in accordance

with similarity theory (e.g. Pierrehumbert, 2011, pp. 395–409):

Fc,sh =ρcpCDU(Ts−Tsbl) (2.21)

Fm =ρCDU(rs− r) (2.22)

Fc,lh =
Hv

µc
Fm (2.23)



44

where U is the surface wind speed, Ts is the temperature of the surface, Tsbl is the temperature of

the lowest atmospheric layer, rs is the surface mixing ratio boundary condition (determined from a

humidity assumption or fixed mixing ratio), and CD is the coefficient of drag at the surface, which

we calculate as in Pierrehumbert (2011):

CD =

(
kvk

logz/z0

)2

, (2.24)

where z0 is the surface roughness height. Surface wind speeds and roughness heights are chosen

based on the modeled planet surface type and in accordance whenever possible with Earth or other

measurements (Davenport et al., 2000; Jarraud, 2008).

2.1.5 Aerosols

I include the radiative effects of aerosols in cloudy cases for both the aqua planet and Venus-like

atmospheres. Because this is a 1D climate model, I enter cloud optical depths representative of a

global average. For the validation of Earth (§2.3), this is calibrated for the planetary albedo and

radiative forcing. For later work with the two-column model, this is from area-weighted, log-based

averages. Because I have not implemented a cloud microphysics model in the climate model, I

specify altitude-dependent differential optical depths and aerosol optical properties from Earth or

Venus, as appropriate. Aerosol parameters are described in §2.2.2.

2.1.6 Convergence

I first approach convergence using 4-stream radiative transfer for a single, global-average approxi-

mation solar zenith angle of 60 degrees. The final convergence of VPL Climate is conducted using

8-stream radiative transfer with four-point Gaussian quadrature integration of the stellar radiance

over solar zenith angle, which increases the accuracy of the convergence result (Cronin, 2014;

Hogan and Hirahara, 2015). Kitzmann (2016) determined that increasing the number of radiative

transfer streams from 8 to 16 had no effect on the radiative fluxes.
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2.2 Model Inputs

2.2.1 Gas Absorption Data

Gas absorption cross sections are calculated from three sources: vibrational-rotational transitions

at visible and infrared wavelengths, continuum absorption from electronic transitions and pre-

dissociation bands at UV wavelengths, and dimer- and pressure-induced absorption bands at vis-

ible to infrared wavelengths. Absorption lines associated with vibrational-rotational transitions

are calculated using the line-by-line model, LBLABC (Meadows and Crisp, 1996) with the HI-

TRAN2012, HITRAN2016, HITEMP2010, or Ames line databases (Rothman et al., 2013; Gordon

et al., 2017; Rothman et al., 2010; Huang et al., 2017). These line lists assume Earth-like isotopic

abundances. I include foreign broadening by the dominant gases in the atmosphere (CO2, N2, O2,

and/or H2).

Collisional-induced absorption data is used for CO2-CO2 (Moore, 1972; Kasting et al., 1984;

Gruszka and Borysow, 1997; Baranov et al., 2004; Wordsworth et al., 2010; Lee et al., 2016), for

N2-N2 (Lafferty et al., 1996; Hartmann et al., 2017), and for H2-H2 (Borysow, 2002). Updates

were made to O2-O2 during this dissertation research. Absorption data for O2-O2 was originally

from sources used in Schwieterman et al. (2016) (Greenblatt et al., 1990; Hermans et al., 1999;

Maté et al., 1999). This was later regenerated from the HITRAN compilation (Maté et al., 1999;

Baranov et al., 2004; Tran et al., 2006; Spiering et al., 2011; Spiering and van der Zande, 2012;

Thalman and Volkamer, 2013; Karman et al., 2018).

UV–visible cross section data is incorporated from a variety of primary sources available from

the MPI-Mainz UV/VIS Spectral Atlas of Gaseous Molecules of Atmospheric Interest1 (Keller-

Rudek et al., 2013). Updated sources are listed in Appendix 2.5.

1http://satellite.mpic.de/spectral_atlas

http://satellite.mpic.de/spectral_atlas
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2.2.2 Aerosol Optical Properties

Aerosols are included in some of the atmospheres modeled here. The single-scattering optical

properties of clouds and aerosols are defined in pre-computed tables for a range of specific particle

types. Each particle type is defined by its composition, associated wavelength-dependent refractive

indices, and its particle size and shape distributions. Given these properties, a single scattering

model is used to compute the wavelength-dependent extinction and scattering efficiencies (Qext and

Qabs) and the phase function moments (for Mie scattering) or the particle asymmetry parameter (g

for some non-spherical particles) used in radiative transfer calculations.

For ocean-bearing planets, I specify Earth-like cirrus (water-ice) and stratocumulus (liquid

water) clouds. For cirrus clouds, the optical properties from B. Baum’s Cirrus Optical Property

Library (Baum et al., 2005)2 are used. The particles consist of a distribution of 45% solid columns,

35% plates, and 15% 3D bullet rosettes, spanning 2–9500 µm with a cross-section weighted mean

diameter of 100 µm. Stratocumulus cloud optical properties are based on refractive indices of

water from Hale and Querry (1973) and calculated using Mie scattering, with a two-parameter

gamma distribution (a = 5.3, b = 1.1) and mean particle radius 4.07 µm. The optical depths and

cloud altitudes are specified for each planet and are described in their respective sections.

For Venus-like sulfuric acid aerosols, I use refractive indices for a range of specific acid concen-

trations between 25 and 100% from Palmer and Williams (1975). The sulfuric acid concentration

is computed assuming vapor pressure equilibrium of the H2O and H2SO4 gases with the condensed

solution. The effective optical properties are then calculated by spline interpolation of the tables.

The photochemical model calculates the monodisperse aerosol radii at every atmospheric layer

given the coagulation, sedimentation, and diffusion timescales (see e.g. Pavlov et al., 2001), in

phase equilibrium. For climate and spectral modeling, I convert the monodisperse distributions

into log-normal distributions, with the modal radii equal to the monodisperse particle radii, as in

Arney et al. (2016). The geometric standard deviation is set to 0.25, similar to the particle distri-

bution findings for individual Venus aerosol modes as described in Crisp (1986). The differential

2http://www.ssec.wisc.edu/˜baum/Cirrus/Solar_Spectral_Models.html

http://www.ssec.wisc.edu/~baum/Cirrus/ Solar_Spectral_Models.html
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optical depth profile used in the radiative transfer calculations for each planet is calculated from the

log-normal distribution, assuming that the total mass in each layer is the same as in the monodis-

perse distribution. The optical depth dτ is calculated by:

dτ = dz
∫ Rmax

Rmin

πr2Qext(λ ,r)n(r)dr, (2.25)

where Qext is the extinction efficiency at a reference wavelength and n is the number density dis-

tribution.

2.2.3 Thermodynamic Data

The thermodynamic data required for condensibles in VPL Climate (e.g. H2O) consist of saturation

vapor temperature, pressure, and enthalpy of formation. For water, above 273 K I use data sourced

from NIST3. Below 273 K, I use the saturation vapor temperature and pressure from Wagner et al.

(1994). The enthalpy of condensation is from a fit to data provided in Rogers and Yau (1989).

For sulfuric acid (H2SO4), I use a fit calculated by Gao et al. (2015) (see references therein). I

also compiled data for CO2; from the triple point (216 K) to the critical point (303 K), I used data

tabulated from NIST; below the triple point, I averaged enthalpy of formation data from several

sources (Giauque and Egan, 1937; Stull, 1947; Ambrose, 1956; Bryson III et al., 1974; Stephenson

and Malanowski, 1987).

2.2.4 Surface Spectral Albedo

I use different surface compositions based on the type of climate being simulated. Basalt was used

for the volcanic, Venus-like planets and a desert surface (primarily kaolinite) was used for the post-

ocean-loss O2-dominated atmospheres. For the ocean-bearing planets, “open ocean” and/or snow

was used. Surface reflectance data is from the U.S.G.S. spectral library (Clark et al., 2007)4, except

3http://webbook.nist.gov/chemistry/fluid/

4http://speclab.cr.usgs.gov/spectral.lib06

http://webbook.nist.gov/chemistry/fluid/
http://speclab.cr.usgs.gov/spectral.lib06
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Figure 2.4: Wavelength-dependent surface re-
flectance for modeled planetary environments
with stellar irradiation plotted for comparison.
The desert surface is primarily kaolinite and was
used for the desiccated O2-dominated climates.
The basaltic surface was used for Venus-analog
climates. The ocean surface was used for the
habitable aqua planet. These data are from the
U.S.G.S. spectral library (Clark et al., 2007)4,
except for the ocean longward of 2 µm, which
is from the ASTER spectral library (Baldridge
et al., 2009)5

for the ocean longward of 2 µm, which is from the ASTER spectral library (Baldridge et al., 2009)5

(see Figure 2.4). The integrated, energy flux-weighted surface albedos for these surfaces for the

TRAPPIST-1 stellar spectrum are: 0.09 (basalt), 0.37 (desert), 0.02 (ocean), and 0.16 (snow).

Some of the planets simulated used multiple surfaces. In the 1D model, this is possible in two

different ways: 1) splitting the solar-source surface and thermal-source surface, and 2) splitting

the surface based on solar zenith angle. The split for solar and thermal was necessary for some

direct comparisons with GCMs, which may specify grey surfaces in this manner. In that case, a

grey surface is specified for the solar source, and a blackbody for the thermal source. To better

simulate an ocean-bearing world with ice, in some cases I split the surface based on solar zenith

angle, where small angles represent regions around the substellar point, and large angles represent

the poles and/or terminator region. Emissivity in the thermal source is similar in either case. The

degree of splitting depends on the number of solar zenith angles used in the solar calculation and

on where the split is made between the surfaces. In this dissertation, I used four solar zenith

angles, and split the surfaces at 60 degrees (i.e. 21 and 47 degree angles are ocean, while 71 and

86 degree angles are snow). This better approximates the radiative impact of a planet with some

ocean and some ice, even if the global average temperature is below freezing, and particularly for

a synchronously rotating planet.

5https://speclib.jpl.nasa.gov/

https://speclib.jpl.nasa.gov/
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2.2.5 Stellar Spectrum

The stellar spectrum of TRAPPIST-1 (2MASS J23062928-0502285) is needed to characterize the

climate and generate reflected light spectra of the TRAPPIST-1 planets. The available data on this

star in the UV to IR is limited to photometry and to measurements of Lyman-α from the Hubble

Space Telescope (Bourrier et al., 2017). TRAPPIST-1 has an effective temperature of 2516± 41 K,

[Fe/H] = 0.04 ± 0.08, M∗ = 0.089± 0.006 M� , and R∗ = 0.121± 0.003 R� (Van Grootel et al.,

2018).

To model the panchromatic UV–NIR stellar spectrum necessary for line-by-line climate-photo-

chemical modeling for the evolved climates described in Chapter 3, I constructed a plausible spec-

trum using the 2500 K, [Fe/H] = 0.0, log g = 5.0 spectral model from the PHOENIX v2.0 spectral

database, which spans from 0.25 to 5.5 µm, and has been shown to faithfully reproduce the visible–

NIR spectra of M dwarfs (France et al., 2013). I compared this PHOENIX model to the photomet-

ric observations (Gillon et al., 2016), and found that the model spectral energy distribution (SED),

binned to available photometric bands, is within 3σ of the available measurements.

The intensity and wavelength dependence of the stellar UV spectrum is a critical factor affect-

ing atmospheric chemistry, and subsequent atmospheric composition and climate. For example,

Grenfell et al. (2007) noted UV-induced changes in the atmospheres of planets around F-G-K stars

as a function of orbital distance, including the impact of outgassed species on climate, and Grenfell

et al. (2014) noted that UV changes within 200–350 nm have the largest effect on ozone levels for

planets around late-type M dwarfs.

Because a complete UV spectrum of TRAPPIST-1 is not available, initially I fit a UV spectrum

compiled for Proxima Centauri (Meadows et al., 2018, and references therein), the latest-type

M dwarf star for which a near-complete UV spectrum was available. I scaled the UV spectrum of

Proxima Centauri by the ratio of the Lyman-α flux of TRAPPIST-1 to Proxima Centauri, a factor

of 1/6/at 1 au (Bourrier et al., 2017). The UV flux was stitched to the PHOENIX SED at 0.3 µm,

where photospheric emission began to dominate (i.e. where the flux from the PHOENIX model

began to rise above the UV). This method provides only a possible UV flux environment for the
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planets of TRAPPIST-1 and does not represent the star’s actual activity (except the reconstructed

Lyman-α). Given the variable activity of M dwarfs, UV observations of TRAPPIST-1 are needed

to properly characterize its planets.

After Lincowski et al. (2018) was published (see also Ch 3), Peacock et al. (2019) published

synthetic high-resolution panchromatic spectra for TRAPPIST-1, calibrated to the available UV

photometric data. In Ch. 5, I used an average of the three Peacock et al. spectra for all modeling,

except in comparison cases with GCMs, where I used the high-resolution version of the quiescent

input spectrum used in the GCM.

2.3 Validation for Earth

The VPL Climate model has been validated for Earth for radiation only (Robinson and Crisp,

2018). In this section, I validate this model in radiative-convective mode, with condensation and

associated latent heat fluxes that help control the temperature structure and surface climate of Earth.

The stability criterion remains the dry adiabatic lapse rate. The parameterized eddy diffusivity for

mass drives vertical mixing of water vapor, which can release latent heat in the middle troposphere

to decrease the overall lapse rate and increase the tropopause temperature. I present a traditional

clear-sky case, with an associated increase in surface albedo to account for the missing clouds

(Kasting et al., 1993; Kopparapu et al., 2013), and a full cloudy case, where the optical depths

of vertically-distributed cirrus (water-ice) and stratocumulus (water) clouds have been tuned for

this validation. In Table 2.2, I compare the radiative, sensible heat, and latent heat fluxes with

sophisticated Earth 3D climate models (Trenberth et al., 2009).

2.3.1 Clear-Sky Earth

A classic short-cut to modeling an Earth-like atmosphere is to ignore clouds and instead increase

the surface albedo to account for net cloud reflectivity (Kasting et al., 1993; Kopparapu et al.,

2013), though other types of studies also set surface albedo values based on e.g. stellar type (Wolf,

2017; Turbet et al., 2018). Here I demonstrate that for Earth, I can obtain a consistent radiative-
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Trenberth et al. (2009) Earth Clear Earth Clouds
Surface Temperature [K] 289.1 (288.7–289.25) 286.85 289.06
Direct Solar 341.3 (339.1–341.8) 344.3 344.3
Net Reflected Solar 101.9 (94.6–117.0) 87.5 91.7
Solar reflected by atmosphere and clouds 78.8 (69–82.4) 10.0 69.2
Solar reflected at surface 23.1 (22.8–45.2) 77.5 22.5
Net Solar flux at surface 161.2 (160.4–169.8) 182.9 183.5
Net thermal flux at surface 63 (48.5–72.8) 98.1 96.0
Outgoing thermal flux 238.5 (235.6–253.6) 259.3 255.0
Surface sensible heat flux 17 (15.3–24) 2.4 4.6
Surface latent heat flux 80 (78–85.1) 83.0 83.0

Table 2.2: Comparison of the global energy budget for Earth (Trenberth et al., 2009) with VPL
Climate model results. Except surface temperature, all quantities are flux [W m−2]. Values from
Trenberth et al. (2009) include the range from several studies compared (in parentheses).
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Figure 2.5: Comparison of clear-sky and cloudy versions of the VPL Climate model for modern
Earth with the VPL 3D Spectral Earth model, derived from Earth observing data. There is excellent
agreement in temperature and water vapor for both cases with the global average of Earth.

convective-equilibrium surface temperature using this method with VPL Climate. However, this

method does not result in the correct energy fluxes within the atmosphere. The first obvious dif-

ference is that most of the reflected radiation is reflected from the surface, rather than the clouds,

which changes the altitudes in which the atmosphere absorbs radiation. Even though this method
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uses the same surface albedo (30%) as the net bond albedo of Earth, the net top-of-atmosphere so-

lar (and thermal) fluxes are higher, completely outside the range from a variety of studies compared

by Trenberth et al. (2009).

2.3.2 Cloudy Earth

To represent an average state for partially-cloudy Earth, here I weight the cloud coverage fraction

with the average optical depths presented in Kitzmann et al. (2010). Compared to Kitzmann et al.

(2010), which assessed a range of water cloud types, here the liquid water clouds are simplified to

be composed only the most abundant type, stratocumulus. I use slightly lower globally-averaged

optical depths to obtain the correct surface temperatures (τice = 0.05 and τliq = 1.25). With prop-

erly chosen mixing length parameters, eddy diffusivity for heat, and parameterization for eddy

diffusivity for mass mixing, VPL Climate is capable of excellent reproduction of the global tem-

perature and water vapor profile for Earth. The net heat fluxes at the top of the atmosphere and at

the surface are balanced, though the surface heat fluxes for solar and thermal are both higher than

measured. which may indicate sensitivity in atmospheric components that do not strongly affect

the overall temperature profile. The small differences near the surface may play an outsize role in

this discrepancy, as the largest differences are in thermal flux balance at the surface and surface

sensible heat flux. The surface sensible heat flux is too small, meaning convection is not cooling

the surface as much as it should, while both solar and thermal fluxes are too high, with the bal-

ance being extra radiative cooling. The radiative balance is due to insufficient downward thermal

radiation, which could be caused by lower temperature and lower water vapor content in the lower

troposphere.

2.4 1D Photochemical-Kinetics-Transport Model

Here, I describe several updates made to the photochemical model to allow more robust model-

ing of the alien environments in this dissertation. I modified the wavelength grid to accommo-

date an input SED with wavelengths shorter than Lyman-α and have increased the resolution to
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100 cm−1, which now includes 750 flux bins versus the standard 118. I updated cross-sections

for the molecules listed in Table 2.3. Additionally, based on the recommendations in Burkholder

et al. (2015), I updated the quantum yields of O3 with fits by Matsumi et al. (2002) and Nishida

et al. (2004). These updates extended the O3 photochemistry to cooler temperatures necessary for

modeling the range of planets simulated here.

I made several other changes to the photochemical model for consistency and flexibility. First,

as a result of the cross-sections and grid update, I set the solar zenith angle to the daytime-mean of

60 degrees, to approximate the global diurnal average when using a two-stream radiative transfer

model (e.g. Manabe and Strickler, 1964; Li, 2017). For the non-moist templates, I modified treat-

ment of the water vapor profile so that it was no longer specified to a fixed humidity, moist adiabat,

or Earth-like profile, but instead was treated like every other long-lived trace species. This was

required to model atmospheres with water abundances significantly less than that of Earth, such as

the atmosphere of Venus and the evolved post-ocean-loss O2-dominated atmospheres. Likewise, I

also treated CO2 as a long-lived gas, as in Kopparapu et al. (2011), rather than as a fixed species

(c.f. Meadows et al., 2018). Long-lived gases are included in the Jacobian solved at each time

step, and transport between layers is calculated. This modification allowed more accurate mod-

eling the photolysis and longer recombination lifetimes of CO2 in desiccated atmospheres, where

CO2 photolysis can outpace recombination, resulting in a steady-state equilibrium between CO2,

CO, O2, and O3 (Gao et al., 2015). Lastly, I adjusted the grid spacing for the atmospheric scale

heights necessary to model each planet. Because the climate model and photochemical model have

different grids (the photochemical model uses a constant altitude grid, while the climate model has

whatever grid the user supplies), I interpolate the atmospheric structure values when passing data

from one model to the other. Both model grids extend to 0.01 Pa.

2.5 Photochemical Validation of Earth and Venus

With the updates presented in the preceding sections, I present a new validation for the atmospheres

of Earth and Venus.



54

Species Wavelengths (nm) References
CO2 121–169 Lewis and Carver (1983)

169–200 Shemansky (1972)
200–225 Power law extrapolation

H2O 120–194 Mota et al. (2005)
H2O2 125–190 Schürgers and Welge (1968)

190–350 Sander et al. (2011)
350–557 Power law extrapolation

H2S 120–160 Feng et al. (1999)
160–260 Wu and Chen (1998)
260–313 Power law extrapolation

H2SO4 120–200 Lane and Kjaergaard (2008)
512–745 Mills et al. (2005)

H2CO 120–226 Cooper et al. (1996)
226–375 Sander et al. (2011)

HNO2 120–184 Power law extrapolation
184–396 Sander et al. (2011)

HNO3 120–192 Suto and Lee (1984)
192–350 Burkholder et al. (1993)

NO 120–207 Iida et al. (1986)
NO2 120–422 Vandaele et al. (1998)

QY: Sander et al. (2011)
N2O 120–160 Zelikoff et al. (1953)

160–240 Sander et al. (2011)
N2O5 152–200 Osborne et al. (2000)

200–420 Sander et al. (2011)

Species Wavelengths (nm) References
O2 120–179 Lu et al. (2010)

179–203 Yoshino et al. (1992)
205–240 Yoshino et al. (1988)

O3 120–845 Serdyuchenko et al. (2011)
OCS 120–210 Limão-Vieira et al. (2015)

210–300 Molina et al. (1981)
SO2 120–403 Manatt and Lane (1993)

403–500 Power law extrapolation
SO3 120–140 Power law extrapolation

140–180 Hintze et al. (2003)
180–330 Sander et al. (2011)
330–350 Power law extrapolation

S3 350–475 Billmers and Smith (1991)
S4 425–575 Billmers and Smith (1991)
CH4 120–153 Lee et al. (2001)
CH3O2 205–295 Sander et al. (2011)
CH3OOH 210–405 Sander et al. (2011)
HCl 120–135 Brion et al. (2005)

135–220 Cheng et al. (2002)
ClO 236–312 Simon et al. (1990)
OClO 125–183 Hubinger and Nee (1994)

290–460 Bogumil et al. (2003)
COCl2 168–305 Sander et al. (2011)
SO2Cl2 190–300 Uthman et al. (1978)

Note: Most data obtained from the MPI-Mainz UV/VIS Spectral Atlas of Gaseous Molecules of
Atmospheric Interest (Keller-Rudek et al., 2013, http://satellite.mpic.de/spectral atlas).

Table 2.3: Updated UV–Vis. Cross Sections

2.5.1 Earth

In addition to the updates presented in the preceding sections, I validated this model for Earth

using the boundary conditions given in Table 2.4. In particular, this includes fluxes (not fixed mix-

ing ratios) from an Earth atmospheres textbook (Seinfeld and Pandis, 2006) or primary sources of

the important Earth constituents CO, CH4, NO, H2S, H2SO4, OCS, N2O, CS2, dimethyl sulfide

(C2H6S), SO2, and CH3Cl (see Table 2.4). Oxygen is fixed at the surface at 21% and nitrogen at

78%. Carbon dioxide is fixed at the surface to the recent value of 400 ppm. The flux of NO is cali-

brated to best reproduce the effects of NOx chemistry, as this Earth template does not include many

pollutants not listed here. The water vapor profile is from a modified form of relative humidity (rh)

from Manabe and Wetherald (1967), equation (2):

rh = rh0

(
P(z)/P(0)−0.02

1−0.02

)
, (2.26)
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Figure 2.6: Photochemical equilibrium validation for Earth, using the average temperature from
the data-derived 3D Spectral Earth model (Robinson et al., 2011). Calculated mixing ratio profiles
of key species are shown in solid lines. For comparison, plotted are an average derived from the
3D Spectral Earth model (Robinson et al., 2011, dotted lines), measurements from (Massie and
Hunten, 1981, dashed lines), the ICRCCM Earth mid-latitude summer sounding case 62 (dash-
dotted lines), and data points for HCl (Ackerman et al., 1976) and for CH3Cl (Hu et al., 2010).

using a fixed surface humidity (rh0) of 88%, assuming the tropopause is at 14 km, and that the

minimum saturation value in the troposphere is 10% of the surface value. Vertical profiles of

important species are shown in Figure 2.6 along with several data sources for comparison.

2.5.2 Venus

This is the first time this photochemical model has been used for a Venus-like planet, which has

required careful selection of boundary conditions, reactions, and of the eddy diffusion profile.

Few additional changes were required to the model itself to model the Venusian photochemistry.

In addition to the model updates discussed in the previous sections, I updated saturation vapor

pressure data, added an additional lower boundary condition, compiled a new Venus input template,

and conducted a validation against recent Venus literature.

The saturation vapor pressure and temperature data for sulfuric acid solutions were updated

using finer intervals of 1% by fitting splines to published refraction and absorption data, which are
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Species Boundary Condition References
O vdep = 1.
O2 r0 = 0.21
H2O rh0 = 0.88
H vdep = 1.
OH vdep = 1.
HO2 vdep = 1.
H2O2 vdep = 0.2
H2 vdep = 2.4×10−4

CO vdep = 0.03, F = 3.7×1011 Hauglustaine et al. (1994), Seinfeld and
Pandis (2006)

HCO vdep = 1.
H2CO vdep = 0.2
CH4 F = 1.0×1011

NO vdep = 1.6×10−2, F = 1.0×109 Hauglustaine et al. (1994), F calibrated
NO2 vdep = 3.0×10−3

HNO vdep = 1.
H2S vdep = 0.02, F = 2.0×108 Seinfeld and Pandis (2006)
SO2 vdep = 1., F = 9.0×109 Sehmel (1980), Seinfeld and Pandis (2006)
H2SO4 vdep = 1., F = 7.0×108 Seinfeld and Pandis (2006)
HSO vdep = 1.
OCS vdep = 0.01, F = 1.5×107 Hu et al. (2012), F calibrated, fluxes uncer-

tain (Seinfeld and Pandis, 2006)
HNO3 vdep = 0.2
N2O F = 1.53×109 Seinfeld and Pandis (2006), IPCC2013
HO2NO2 vdep = 0.2
CO2 r0 = 4.0×10−4

CS2 F = 2.0×107

C2H6S(DMS) F = 3.3×109 Lana et al. (2011)
CH3Cl F = 3.0×108 Hu et al. (2010)
N2 r0 = 0.78

Note: All unlisted species have a lower boundary condition vdep = 0. Deposition velocities (vdep)
are given in cm s−1, fluxes (F) are given in molecules cm−2 s−1, r0 is a fixed surface mixing ratio,
and rh0 is the surface relative humidity.

Table 2.4: Earth Validation Lower Boundary Conditions.
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Figure 2.7: Photochemical equilibrium validation for Venus. Mixing ratios from our model for
select species are shown, along with a selection of published measurements. Note that there is
considerable variation in these abundances as a function of day vs night and latitude (e.g. Ignatiev
et al., 1999; Arney et al., 2014).

available at sulfuric acid concentrations of 25, 38, 50, 75, 84.5, and 95.6% (Palmer and Williams,

1975). Addition details on this are discussed in §3.2.

I drew heavily on recent Venus literature (primarily Krasnopolsky 2012 and Zhang et al. 2012)

to construct the Venus template, consisting of important species, their boundary conditions, and

relevant reactions. The boundary conditions are listed in Table 2.5. As in previous work (e.g.

Krasnopolsky, 2012; Zhang et al., 2012), the photochemical template for Venus is not extended to

Species Boundary Condition
O2 vdep = 2v
H2O r0 = 3.0×10−5

H2 r0 = 4.5×10−9

NO r0 = 5.5×10−9

SO2 r0 = 2.8×10−5

OCS r0 = 1.0×10−6

HCl r0 = 4.0×10−7

CO2 r0 = 0.965
N2 r0 = 0.035

Table 2.5: Venus Validation Lower
Boundary Conditions. All unlisted
species have a lower boundary con-
dition vdep = v = Km/2H. Boundary
conditions are either deposition ve-
locities (vdep), given in cm s−1, or a
fixed surface mixing ratio r0. The
Venus lower boundary is at 28 km
(∼ 11.5 bar).
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the surface. Instead, the lower boundary is set at 28 km (∼ 11.5 bar), as thermochemical reactions,

which are typically treated as a separate regime from the photochemical region (e.g. Krasnopolsky,

2013), are not included. Because the lower boundary is not the surface, the “deposition velocity” v

must be calculated to obtain the correct lower boundary flux. This depends on the scale height and

eddy diffusion coefficient (Krasnopolsky, 2012):

v =
Km

2H
. (2.27)

The reactions in the Venus template are primarily reproduced from those given in Krasnopolsky

(2012).

The validation for Venus was primarily for major climate and observable species, particularly

those involving Venus’ sulfuric acid clouds (e.g. H2O and SO2). I find good agreement with re-

cent modeling by Krasnopolsky (2012), on which this reaction and boundary condition template is

based. However, there are still disagreements between Venus photochemical modeling in the lit-

erature among the abundances retrieved from different observations, particularly observed oxygen

abundances and in the features of the SO2 profile. Future improvements to the Venus reactions can

be made as those researchers who focus on Venus solve these outstanding issues.

The photochemical model includes simplistic aerosol formation, including sulfuric acid aerosols,

based on production/loss lifetimes (Pavlov et al., 2001). This model fails to produce the specific

distribution of the multiple aerosol models found in the atmosphere of Venus. This model is also

unable to generate aerosols as large as the mode 3 (3.85 µm) particles. Nonetheless, this model and

Venus template do self-consistently generate aerosols at altitudes consistent with the Venus cloud

deck. I find that the transmission spectrum for the model Venus is roughly consistent with the

cloud parameterization from Crisp (1986). Therefore, this template should provide an acceptable

starting point for self-consistent climate-chemistry modeling of Venus-like exoplanets with aerosol

formation.
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2.6 A Two-Column Climate Model for Terrestrial Exoplanets

To model the day–night climate contrast for synchronously rotating planets, I extend the 1D VPL

Climate model with a two-column mode that separates the model into two semi-independent

radiative-convective-equilibrium columns, linked by horizontal advection of temperature and con-

densibles between the columns. To develop a global-scale advective transport system, I follow

from the basic circulation assumptions outlined for simple two-column models developed by Yang

et al. (2014) and Koll and Abbot (2016). Instead of constructing an analytic model, I numerically

calculate zonal winds from the primitive meteorological equations, with approximations applied

on a global scale. The global zonal winds then directly determine the advection of heat and con-

densible species (e.g. water).

To distill the 3D primitive equations into a two-column framework, I make several assumptions

about the thermal structure and circulation that affect the accuracy and range of validity of this

model. I assume that the temperature differences across the day and night sides are sufficiently

small such that each hemisphere can be represented by a hemispherical average. For the night

side, Yang et al. (2014) and Koll and Abbot (2016) called this the “weak temperature gradient”

(WTG) approximation. I demonstrate the validity of this in §5.3.1.2. To calculate the zonal winds

using the primitive equations, the mass divergence is required, and therefore also the vertical winds

profile. The 1D model does include a diffusive vertical transport scheme, based on mixing length

theory, which can yield a dimensional estimate of the vertical winds. Here, I improve the approach

by simplifying the thermodynamic energy equation and solving for the vertical winds, similar to

earlier Earth and Mars climate studies (e.g. Shine, 1989) and recent two-column work (Yang et al.,

2014; Koll and Abbot, 2016). Horizontal distances are featured in the primitive equations, for

which I approximate the day–night distance as πR.

Earlier studies made many additional assumptions, particularly for radiative transfer, such as

emission height, emissivity, the height of the tropopause (Yang et al., 2014; Koll and Abbot, 2016).

Here, I do not make analytic assumptions about the tropopause or which layers of the atmosphere

may be in radiative equilibrium vs radiative-convective-advective equilibrium. However, those
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studies nonetheless critically showed that two-column models are capable of reproducing the pri-

mary day–night contrasts produced by 3D models for exoplanet climate studies. Here, I take a

different approach and use the versatile, radiatively-rigorous line-by-line RCE code, VPL Climate,

and extend it with a two-column mode.

To distill global-scale transport into a two-column framework, I use simplified forms of the

primitive equations:

∂u
∂ t

=−u
∂u
∂x
−w

∂u
∂ z
− ∂Φ

∂x
− fcorv−FD, (2.28)

1
r cosφ

∂ (ρu)
∂λ

+
1

r cosφ

∂ (ρv)
∂φ

=− 1
r2

∂ (ρr2w)
∂ r

, (2.29)

dT
dt

=
u
R

∂T
∂λ
−w

(
∂T
∂ z

+Γ

)
+qdiab. (2.30)

The first equation is the horizontal momentum equation in the zonal direction, the second is the

continuity equation, and the third is the thermodynamic energy equation.

The two columns are connected by advective heat transport. The advective heating rate is given

by the first term on the right-hand side of the thermodynamic energy equation:

qad =
u
R

∂T
∂λ

, (2.31)

where I assume the day–night hemispherical angular distance for λ is π . To calculate the horizontal

wind speed u, I use the horizontal momentum equation, neglecting the Coriolis force:

∂u
∂ t

=−u
∂u
∂x
−w

∂u
∂ z
− ∂Φ

∂x
−FD, (2.32)

where ∂x is the horizontal distance scale, w is the wind velocity, Φ is the geopotential, and FD is

the drag force. The geopotential Φ is:

Φ = gz+
(Ωr cosθ)2

2
, (2.33)
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where I have included the centrifugal force (the last term). Simulations of M dwarf planets using

3D models have demonstrated that meridional terms are small compared to the other terms (e.g.

Kopparapu et al., 2017).

The vertical wind speed w is required to calculate u. Similar to Santee and Crisp (1993) and

Koll and Abbot (2016), I assume that thermodynamic forcing is a primary driver of the general

circulation, which has the benefit of being directly related to an atmospheric property that is cal-

culated by a spectrum-resolving radiative transfer model. This approximation has been in use in

diagnosing the zonal circulation in earlier Earth studies (see Shine, 1989, for a review). Because

this model is iterative (using time-steps), I solve the thermodynamic energy equation for w:

w =
qdiab−qad

∂T
∂ z +Γ

, (2.34)

where qdiab is the net diabatic heating rate (i.e. due to solar, thermal, and latent heating) and the

denominator is the static stability, where Γ = g/cP is the dry adiabatic lapse rate. The advective

heating rate qad is zero in the first time step, and each subsequent time step uses the advective

heating from the previous step. Though this method is only approximate and there exist a number

of potential complications (Shine, 1989), the fact remains that atmospheric studies of Earth require

a higher level of precision and accuracy than exoplanet studies, due to the depth and breadth of

studies of Earth and corresponding dearth of such data for terrestrial exoplanets. The use of this

methodology (though not without error for spatially-resolved studies of the atmosphere of Earth)

serves as an adequate basis for constructing physically reasonable circulations for this exoplanetary

model, for which the various sources of error outweigh the concerns present in the many Earth

studies discussed in Shine (1989). The ability to neglect eddy heating terms in the dynamical

equations is a key assumption underlying the calculation of a radiation-driven diabatic circulation

(Dunkerton, 1978; Gille et al., 1987).

After calculation of vertical wind speeds, I assume that the zonal flow dominates over the

meridional flow, such that the zonal mass divergence can be approximated as equal to the vertical

mass divergence. In spherical coordinates, the divergence of the mass flux from the continuity
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equation is:
1

r cosφ

∂ (ρu)
∂λ

≈− 1
r2

∂ (ρr2w)
∂ r

, (2.35)

where r is the radial distance from the center of the planet, λ is latitude, and φ is longitude.

Equation (2.35) allows linearization of the primitive equation for horizontal transport, assuming

steady state:
∂u
∂ t

= 0≈ u
1

ρr2
∂ (ρr2w)

∂ r
−w

∂u
∂ z
− 1

r
∂Φ

∂λ
−FD, (2.36)

and a solution for u using finite differences via tridiagonal methods (Press, 1996). Lastly, I include

Rayleigh friction as a dissipation force directly proportional to the zonal wind velocity: FD =

D(ρ)u(z), with the following parameterization for D(ρ):

D(ρ) = D0
ρα

Porb
, (2.37)

where D0 and α are parameters and Porb is the orbital period in seconds.

The validation of this two-column mode is presented in §5, with the corresponding climate

results.

2.7 A Python Framework for VPL Model Coupling

The core model codes are written in Fortran. To aid ease-of-use and to couple these models to-

gether, I developed a Python framework, which writes out the run scripts and plots outputs. For

coupling, the Python code reads model outputs for one model and writes them to the model inputs

for the other model. A schematic is shown in Figure 2.8.
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Figure 2.8: Schematic overview of climate-photochemistry model coupling.
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Chapter 3

EVOLVED CLIMATES AND OBSERVATIONAL DISCRIMINANTS FOR
THE TRAPPIST-1 SYSTEM
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Portions of this chapter were originally published in collaboration with V. S. Meadows, D. Crisp, T.

D. Robinson, et al. in The Astrophysical Journal (Lincowski et al., 2018, The Astrophysical Jour-

nal, c©2018 The American Astronomical Society), and in collaboration with J. Lustig-Yaeger and

V. S. Meadows in The Astronomical Journal (Lustig-Yaeger et al., 2019, The Astronomical Jour-

nal, c©2019 The American Astronomical Society), and are reproduced below under the Creative

Commons Attribution 3.0 license (https://creativecommons.org/licenses/by/3.0/).

This chapter represents the first comprehensive application of the versatile 1D VPL Climate

model. This work focuses on plausible evolved, post-ocean-loss atmospheres for all seven planets

in the TRAPPIST-1 system, and includes a single water world (“aqua planet”) for TRAPPIST-

1 e for maximum breadth of comparison with other contemporary work (particularly 3D GCM

studies).

3.1 Introduction

As described in detail in the Introduction to this thesis, M dwarf stars are not simply scaled-down

versions of our Sun; M dwarfs have a different evolutionary history and different life-long UV

activity levels that can adversely affect the evolution of planetary atmospheres and the develop-

ment of life. Early stellar evolution and planetary disk migration may have caused changes in the

planetary bulk and atmospheric compositions, and the subsequent evolutionary paths of M dwarf

planets in ways unlike those seen in our Solar System. For example, Ribas et al. (2016), Cole-

man et al. (2017), and Barnes et al. (2018) assessed evolutionary outcomes for a single planet in

the habitable zone of an M5.5 dwarf star, Proxima Centauri b. Their work suggests that these

evolutionary paths could produce desiccated planets that rapidly lost their oceans by evaporation,

photolysis, and subsequent hydrogen loss to space, leaving massive O2-dominated atmospheres

(Kasting, 1995; Luger and Barnes, 2015; Barnes et al., 2018), or runaway greenhouse conditions

with CO2-dominated atmospheres (i.e. Venus-like; Kasting, 1995; Meadows et al., 2018). The

former hypothesized planetary environment assumes O2 build-up as a result of the super-luminous

pre-main-sequence phase and subsequent water loss, with inefficient atmospheric loss or surface
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sinks for oxygen. Processes other than XUV-driven hydrodynamic escape may cause O2 loss, such

as surface interactions (Hamano et al., 2013; Schaefer et al., 2016; Wordsworth et al., 2018) and

non-thermal processes favoring ion escape (Collinson et al., 2016; Airapetian et al., 2017; Dong

et al., 2017; Garcia-Sage et al., 2017; Dong et al., 2018).

The current understanding of the history of Venus suggests that oxygen loss may be efficient. If

so, a CO2-dominated atmosphere is also a likely case that may evolve from the loss processes that

the TRAPPIST-1 planets may have experienced, because these planets could continue to outgas

volatiles (Donahue and Pollack, 1983), eventually producing Venus-like atmospheric conditions.

These planets could also have migrated inwards to their current positions (Luger et al., 2017b;

Unterborn et al., 2018a), which would have allowed primordial H2 envelopes to be stripped by

the young star to reveal a terrestrial core (Lammer et al., 2011; Luger et al., 2015) that may be

volatile-rich and result in a more Earth-like H2O- or N2-rich atmosphere.

Here I model O2- and CO2-rich, evolved atmospheres, which may be common on planets or-

biting M dwarfs. In §3.3, I present results of coupled climate-chemistry simulations of several

different atmospheric compositions, and the associated simulated direct imaging and transmission

spectra. In §3.4, I discuss the climate-photochemistry results, identify observational discriminants

for the modeled environments, compare these results with other recent work, and assess recent

observations.

3.2 Model Inputs

The climate, photochemical, and atmospheric escape models I use here require a number of inputs

that tailor the model to the planetary atmosphere studied. Inputs include planetary properties (e.g.

orbit, radius, etc.), atmospheric gas mixing ratios for each constituent in each layer, gas absorption

properties (i.e. cross section data and line lists), thermodynamic data for condensible gases, parti-

cle optical properties for aerosols, wavelength-dependent surface albedo data, and stellar spectral

energy distribution (SED). These are discussed in detail in the Model Inputs section in the Models

chapter §3.2. Individual deviations are described here.
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Parameter Modeled Measureda

Star TRAPPIST-1—2MASS J23062928-0502285
Magnitudesb V = 18.80±0.08, R = 16.47±0.07, I= 14.0±0.1, J = 11.35±0.02, K = 10.30±0.02
Mass (M�) 0.0802 ± 0.0073
Radius (R�) 0.117 0.117 ± 0.0036
Luminosity (L�) 0.000524 0.000524 ± 0.000034
Effective Temperature (K) 2500 2,559 ± 50
Metallicity [Fe/H] 0. + 0.04 ± 0.08
Log g 5. 4.8
Planetsa b c d e f g hc

Period (days) 1.510870 2.42182 4.0496 6.0996 9.2067 12.353 18.767
Semi-major axis (AU) 0.01111 0.01521 0.02144 0.02817 0.0371 0.0451 0.0595
Irradiation (S�) 4.245 2.265 1.140 0.6603 0.381 0.258 0.148
Radiusd (R⊕) 1.121+0.032

−0.031 1.095+0.031
−0.030 0.784±0.023 0.910+0.027

−0.026 1.046+0.030
−0.029 1.148+0.033

−0.032 0.773+0.027
−0.026

Massd (M⊕) 1.107+0.143
−0.154 1.156+0.131

−0.142 0.297+0.035
−0.039 0.772+0.075

−0.079 0.934+0.078
−0.080 1.148+0.095

−0.098 0.331+0.049
−0.056

Densityd (ρ⊕) 0.726+0.091
−0.092 0.883+0.078

−0.083 0.616+0.062
−0.067 1.024+0.070

−0.076 0.816+0.036
−0.038 0.759+0.033

−0.034 0.719+0.102
−0.117

Gravityd (m/s2) 7.94 9.46 4.74 9.15 8.37 8.55 5.43
Impact parameter b (R∗) 0.126+0.092

−0.078 0.161+0.076
−0.084 0.17±0.11 0.12+0.11

−0.09 0.382±0.035 0.42±0.031 0.45+0.06
−0.08

Note: I use nominal values for the modeling. Error bars (1σ ) are shown for reference. Standard errors on the period are smaller than the precision
reported here. Error on semi-major axis is approximately 3% of the quoted values. Irradiation is computed from the reported semi-major axis,
assuming the luminosity quoted here. Gravity is given without error bars, and is for the nominal values of mass and radius.
a Data from Gillon et al. (2017) unless otherwise noted.
b Data from Gillon et al. (2016).
c Data from Luger et al. (2017c).
d Data from Grimm et al. (2018).

Table 3.1: Stellar and planetary system parameters used in this chapter as model inputs for the
TRAPPIST-1 system.

3.2.0.1 Planetary Properties and Model Atmospheres

Here I adopt the current best-fit orbital periods, radii, and masses of the TRAPPIST-1 planets

(see Table 3.1 and Gillon et al., 2016, 2017; Luger et al., 2017c; Grimm et al., 2018). I assume

the planets are in fixed, circular orbits. For all seven known planets, I simulate post-runaway-

greenhouse, O2-dominated atmospheres with and without continuous outgassing, and Venus-like

CO2-dominated atmospheres. These atmospheres are modeled with surface pressures of 10 and

100 bars for O2-dominated cases and 10 and 92.1 bars (Venus’ surface pressure) for Venus-like

cases. I also model a potentially habitable aqua planet for TRAPPIST-1 e for comparison, both

with the uninhabitable cases that I present here and with other studies of TRAPPIST-1 planetary

climates (Wolf, 2017; Turbet et al., 2018) and observables (Morley et al., 2017). The particulars of

each case are presented in detail in §3.3.

VPL Climate requires a number of convection parameters, which I vary depending on the
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planetary environment. These are shown in Table 3.2. The primary differences are between the dry

and moist planets, as additional parameters are specified for vertical mixing in the tropospheres of

moist planets.

Parameter O2-dominated Venus-like Aqua planet Description
fz 0.01 0.01 0.01 Mixing length fraction
U [m s−1] 0.1 0.1 10 Surface wind speed
z0 [m] 0.005 0.005 0.0002 Surface roughness length
ρ0 [kg m−3] 1 1 1 Baseline density for eddy diffusion
P0 [Pa] 1 1 1 Pressure for breaking of gravity waves in eddy diffusion
Km,0 [m2 s−1] 0.5 1.0 0.5 Eddy scaling coefficient for mass, gravity waves
Km,1 [m2 s−1] – – 20 Eddy scaling coefficient for mass, stability
Km,1 [m2 s−1] – 0.5 – Constant minimal eddy diffusion
Λ0 – – 0.1 Minimum stability factor
fmin 10−4 10−4 10−4 Minimum stability scaling factor for heat
fmax 0.15 0.15 0.15 Maximum stability scaling factor for heat

Table 3.2: Adjustable Convection Model Parameters

3.3 Results

I present calculated climates and compositions for O2- and CO2-dominated atmospheres, and their

spectra and observational discriminants. To span plausible pressure and compositional ranges for

these evolved atmospheres, I model 10 and 100 bar O2-dominated atmospheres, with and with-

out trace constituents due to surface outgassing or volatile delivery; and 10 and 92.1 bar CO2-

dominated Venus-like atmospheres, with and without Venus-like haze/cloud aerosols. As a poten-

tially habitable comparison case, I also calculate climate and trace composition of a 1 bar atmo-

sphere for an ocean-covered TRAPPIST-1 e “aqua planet”. I show simulated pressure-temperature

structures and mixing ratio profiles. A summary of these experiments is shown in Table 3.3.

Planetary State Surface clouds gases surf. pres.
Aqua planet, clear sky ocean None 80% N2, 20% O2, trace H2O, CO2, SO2, H2S, OCS, NO, CH4 1 bar
Aqua planet, cloudy ocean 50% water, 50% ice 80% N2, 20% O2, trace H2O, CO2, SO2, H2S, OCS, NO, CH4 1 bar
O2, desiccated desert None 95% O2, 4.5–4.95% N2, 0.5 bar CO2 10, 100 bar
O2, outgassing desert None 95% O2, 4.5–4.95% N2, 0.5 bar CO2, trace H2O, SO2, OCS, H2S 10, 100 bar
Venus-like, clear sky basalt None 96.5% CO2, 3.5% N2, trace H2O, SO2, OCS, H2S, NO, HCl 10, 92 bar
Venus-like, cloudy basalt H2SO4 96.5% CO2, 3.5% N2, trace H2O, SO2, OCS, H2S, NO, HCl 10, 92 bar

Table 3.3: Modeled Planetary States and Their Environmental Parameters
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A number of assumptions underlie the modeling in this work. These atmospheres are assumed

to be in hydrostatic equilibrium, though hydrodynamic processes could be occurring on planets b,

c, and d, inward of the inner edge of the habitable zone. I assume the modeled atmospheres are

stable against collapse on the night side, due to sufficiently high atmospheric mass (10–100 bar)

to reduce day-night temperature contrasts (Turbet et al., 2018) or ocean circulation for the 1 bar

aqua planets (Hu and Yang, 2014). I assume these planets began in a warm state due to the super-

luminous pre-main-sequence phase, and that their secondary atmospheres were formed during this

time. I ignore ion and particle effects, though these non-thermal processes may be important drivers

of atmospheric loss (Airapetian et al., 2017; Garcia-Sage et al., 2017) and atmospheric chemistry

(Segura et al., 2010; Airapetian et al., 2017; Tilley et al., 2019). The recent densities inferred

from transit timing variation (TTV) measurements by Grimm et al. (2018) currently indicates high

volatile content planets, perhaps with the exception of planet e, which suggests that the most des-

iccated atmospheres are less probable, and supports ocean-bearing surfaces or large outgassing

fluxes. However, the error bars on the planet densities remain quite large, and do not rule out more

refractory compositions, supporting the possibility of desiccated atmospheres.

3.3.1 Planetary Environmental States

In the following subsections, I describe the input assumptions and resultant environmental states

(atmospheric temperature profiles as a function of pressure, and vertical profiles of principal atmo-

spheric constituent abundances) for each atmosphere. Globally-averaged surface temperatures for

all modeled climates are given in Figure 3.4, and O3 column densities are given in Table 3.5.

3.3.1.1 O2-Dominated Atmospheres—Desiccated

In Figure 3.1, I present environmental states for completely desiccated, oxygen-dominated atmo-

spheres for the seven TRAPPIST-1 planets, assuming 10 or 100 bars surface pressure. These sur-

face pressure values were chosen as representative of possible states, because although TRAPPIST-

1’s pre-main-sequence evolution may produce up to thousands of bars of O2 in the most extreme
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b

Aqua planet, clear

c d e

279

f g h

Aqua planet, cloudy 1 bar 282

O2, desiccated 10 bar 439 346 281 238 202 180 151

O2, desiccated 100 bar 428 336 275 226 206 184 159

O2, outgassing 10 bar 560 438 343 271 225 200 166

O2, outgassing 100 bar 556 476 407 314 261 201 163

Venus, cloudy 10 bar 616 398 304 263 243 200

Venus, clear 10 bar 714 633 593 496 407 336 259

Venus, cloudy 92 bar 779 634 551 527 491 398

Venus, clear 92 bar 927 816 743 689 642 572 465

Table 3.4: Surface temperatures [K] for every modeled planet and environment combination.
Colors represent surface climate: blues are significantly below the freezing point of water, reds
are above the runaway greenhouse temperature, and greens are within potentially habitable sur-
face temperatures. The aqua planet environment was only modeled for TRAPPIST-1 e. Venus
trace gases have boundary values of 30 ppm H2O, 28 ppm SO2, and 1 ppm OCS at 10 bar, and
photochemical-kinetic equilibrium abundances of CO and H2S. Temperate surfaces do not imply
habitability due to the inhospitable character of the environmental states, including very low water
abundance. Planets in the habitable zone may not necessarily have habitable temperatures.

case (Bolmont et al., 2017; Lincowski et al., 2018), much of this O2 is likely to be re-incorporated

into the land surface, ocean, lithosphere, or mantle (e.g. Hamano et al., 2013; Schaefer et al., 2016;

Wordsworth et al., 2018), or depending on each planet’s magnetic field, lost to non-hydrodynamic,

top-of-atmosphere processes over time (e.g. Khodachenko et al., 2007; Lammer et al., 2007, 2011;

Ribas et al., 2016), such as the “electric wind” on Venus (Collinson et al., 2016). While an abiotic

O2-dominated planetary atmosphere has yet to be discovered, and Venus does not retain signifi-

cant quantities of atmospheric oxygen, it may be possible to test the existence of this hypothesized

ocean-loss-generated atmosphere with JWST.

These atmospheres were initialized with 95% O2, 0.05 bar CO2 (consistent with Meadows

et al., 2018), and the remainder N2, each specified as a fixed surface mixing ratio, with no out-

gassing. Because this case assumes a planet that was severely volatile-depleted in both its at-
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Planets b c d e f g h
Aqua planet, clear, 1 bar 3.1×1018

Aqua planet, cloudy, 1 bar 2.9×1018

O2, desiccated, 10 bar 2.5×1018 6.3×1018 1.1×1019 4.7×1019 2.2×1022 6.0×1022 1.3×1023

O2, desiccated, 100 bar 7.2×1017 2.4×1018 6.4×1018 8.8×1018 6.1×1022 2.7×1023 1.4×1024

O2, outgassing, 10 bar 1.6×1018 5.2×1018 9.9×1018 2.7×1019 8.5×1020 2.4×1021 4.0×1021

O2, outgassing, 100 bar 1.7×1019 2.1×1020 2.7×1021 2.4×1022 7.2×1023 6.6×1024 1.8×1025

Venus-like, clear, 10 bar 2.3×1015 2.1×1015 5.4×1015 1.0×1015 6.9×1015 8.6×1015 1.5×1016

Venus-like, cloudy, 10 bar 1.0×1015 1.1×1016 4.6×1015 7.6×1015 9.1×1015 1.5×1016

Venus-like, clear, 92 bar 1.8×1015 1.9×1015 5.1×1015 1.3×1015 6.7×1015 9.1×1015 1.6×1016

Venus-like, cloudy, 92 bar 1.0×1015 9.5×1014 4.2×1015 7.8×1015 9.8×1015 1.6×1016

Compare to global-average Earth ozone column depth of 8×1018 cm−2 (https://ozonewatch.gsfc.nasa.gov/).

Table 3.5: Ozone Column Densities [cm−2]

mosphere and mantle, these atmospheres are considered completely desiccated (i.e. they contain

no water, nor any other hydrogen-bearing species). The remaining composition is dominated by

photochemically-produced trace gases.

The composition of photochemically-produced trace gases, principally O3 and CO, increase

monotonically as a function of irradiation from the parent star (i.e. as a function of semi-major

axis). The equilibrium concentration of ozone is due to the competing effects of vertical transport

and the Chapman cycle, whereby photolysis of O2 produces atomic oxygen that can combine with

O2 to form O3, which is directly lost by photolysis if atomic oxygen combines to form O2. For

the hotter planets (b–d), O3 photolysis is efficient down to the surface from absorption in the broad

Chappuis band. However, the colder planets receive less UV flux as a result of distance from the

star, so the photolysis rates are slower. In the coldest atmospheres (f, g and h), eddy transport

can overwhelm photolysis and reaction rates for O3, resulting in well-mixed vertical profiles and

saturated O3 absorption bands. Furthermore, photolysis of O2 drops faster with semi-major axis

because its cross-section is limited to the FUV and easily saturates compared to O3, which is

includes a strong NUV band and the weak Chappuis band in visible wavelengths, which are not

easily saturated.

After the publication of these results in Lincowski et al. (2018), I further investigated the cause

of the ozone accumulation in the atmospheres of the outer planets (an effect previously noticed

by Grenfell et al. 2007). While the influence of irradiation on the Chapman cycle is a driving

https://ozonewatch.gsfc.nasa.gov/
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Figure 3.1: Converged structures for the 10-bar desiccated (upper panel) and outgassing (lower
panel) O2-dominated TRAPPIST-1 atmospheres. The 10 bar atmospheres are generally similar
in structure to the 100 bar atmospheres above 10 bars (106 Pa), though the 100 bar desiccated
atmospheres have even stronger temperature inversions, due to O2-O2 CIA. The outgassing atmo-
spheric structures and associated surface temperatures exhibit a continuum from Venus-like hotter
atmospheres to colder temperature profiles similar to the desiccated cases.

factor, I noted in Lustig-Yaeger et al. (2019a), §4.2, that the differences among the planets can

more specifically be attributed to catalytic cycles of nitrogen oxides (primarily, N2O, NO, and

NO2), which drive the destruction of O3, as in the stratosphere of Earth (Seinfeld and Pandis,

2006). Because these atmospheres contain N2, O1D produced from photolysis of oxygen-bearing
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molecules can react with N2 to generate nitrogen oxides. The availability of O1D declines with

distance from the star due to lower UV fluxes. Beginning with planet e, the production of nitrogen

oxides declines substantially, removing them as a mechanism for the destruction of O3, so that

O3 accumulates and becomes well-mixed, generating a large column density. In the atmosphere

dominated by O2 and without N2, O3 levels would likely be higher, due to the lack of NOx catalysts.

The monotonic increase in CO with semi-major axis in these atmospheres is due to CO2 pho-

tolysis and lack of recombination. In the terrestrial Solar System atmospheres, the recombination

to CO2 is efficient due to photolytic water products (e.g. OH– ). Because this environment is de-

void of hydrogen, CO can only recombine with atomic oxygen under a slow, density-dependent

three-body reaction (Gao et al., 2015).

These modeled environments exhibit surface temperatures (151–439 K, from h to b) that are

similar to their equilibrium values (173–400 K; Gillon et al. 2017; Luger et al. 2017c) largely due to

low greenhouse gas abundances. The temperatures shown here differ slightly from those published

in Lincowski et al. (2018), because the published work did not include the 6 µm O2-O2 collision-

induced absorption (CIA) band. This band is mostly irrelevant in moist atmospheres because it

coincides with a large H2O band. In these desiccated atmospheres, however, it has a noticeable

impact, particularly on the warmer cases. This occurs because at higher temperatures, a non-

negligible portion of thermal flux from the surface blackbody reaches that 6 µm band. This does

not occur in the cooler cases, so planets e, f, g, and h are largely unaffected in surface temperature.

However, the temperature structures of all desiccated O2 planets were affected by the additional

O2-O2 band.

Most of the atmospheric structures for these completely desiccated planets exhibit a strato-

spheric temperature inversion, like Earth, due to the radiative effects of the photochemically-

produced O3 and O2-O2 CIA, which is significant in these dense O2 atmospheres. For the cooler

atmospheres, a sensitivity test removing each constituent to determine the radiative effect suggests

that O3 and O2-O2 contribute equally to the heating structure with temperature inversion, but via

different mechanisms: O2-O2 directly absorbs M dwarf NIR irradiation, while O3 traps outgoing

thermal radiation. The hottest planets did not exhibit a temperature inversion, because they were
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hot enough that the 6 µm trapped outgoing thermal radiation, and so functioned like water vapor

in the atmosphere of Earth, providing a greenhouse effect near the surface.

The pressure level at which the stratosphere peaks in the cooler atmospheres is different than

Earth, again due to the O2-O2 CIA. The stratosphere of Earth is caused by O3 NUV absorption

and peaks around ∼0.001 bar, while the pressure level at which the peak in these O2 atmospheres

occurs is much closer to the surface, around 1–10 bar, due to the stronger density dependence of

CIA. This stratospheric absorption induces heating in the atmosphere, exceeding heating at the

planetary surface, causing a surface temperature inversion similar to Earth and Mars at night (e.g.

André and Mahrt, 1982; Hinson and Wilson, 2004), and inhibiting a troposphere from forming.

The causes for these conditions on Earth and Mars at night are due instead to rapid cooling of the

surface, rather than warming of the atmosphere.

3.3.1.2 O2-Dominated Atmospheres—Outgassing

Here I consider the case where a planet has lost its oceans, but continues to outgas from a volatile-

rich mantle, as is likely the case on Venus (e.g. Bullock and Grinspoon, 2001). For other planetary

systems, including TRAPPIST-1, this could also be due to delivery by impactors (Chyba, 1990;

Kral et al., 2018). For all seven planets we specify Earth-like outgassing fluxes (F), which are rel-

atively well-known: 1.68×1011 cm2 s−1 H2O (∼ 10FCO2; Burton et al., 2000), 1.0×108 cm2 s−1

H2S, 1.35×109 cm2 s−1 SO2 (Carn et al., 2017), 6.88×109 cm2 s−1 CO2 (∼ 3.5FSO2; Williams

et al., 1992), and 3.7×105 cm2 s−1 OCS (∼ 10−4FCO2; Belviso et al., 1986). These fluxes repre-

sent volcanic outgassing, so are distributed within one scale height of the surface (∼6–20 km). I

specify minimal non-zero dry deposition rates of 10−8 cm s−1 for all outgassed species to prevent

a “runaway” state.

As shown in Figure 3.1, identical outgassing fluxes result in different levels of trace gases across

the seven planets. Some species vary monotonically with irradiation (H2O, O3, CO2), while others

do not (CO, SO2). These trends are modulated by surface gravity (planets b, d, and h have low

surface gravity) and atmospheric temperature. There are several interacting chemical networks:

carbon, ozone, and sulfur. First considering the carbon network, the primary carbon species are
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CO2 and its photolytic product, CO. The CO profiles demonstrate the competing effects of photoly-

sis and vertical transport. The hotter planets have a steep CO gradient, driven by strong photolysis,

while the colder planets have well-mixed CO profiles, where vertical transport overcomes photol-

ysis rates and the peak abundance drops. The CO2 levels are not wholly a function of photolysis;

for a given surface pressure, they have different atmospheric column masses. Even though the

hotter planets have larger mixing ratios of CO2, because of hotter temperatures their atmospheres

are less dense, and have smaller number densities. Photolysis of CO2 from identical outgassing

fluxes results in lower CO2 inventories (i.e. number densities) in the more irradiated atmospheres.

These CO2 results differ from the fully desiccated environments due the Earth-like active surface

fluxes we assumed here.

The ozone profiles are very similar to the desiccated O2-dominated planets. The production of

O3 is the same, but the outgassing planets have more sinks, primarily water vapor. As a result, the

outgassing cases overall have lower column densities of O3. Because the outer planets can be very

cold, they cannot maintain much water vapor (Figure 3.1), so they too can accumulate substantial

quantities of O3, particularly g and h.

The abundance and vertical distribution of species in the sulfur network (SO2, SO3, and H2SO4)

is a balance between water vapor availability, temperature, and photolysis rates. The colder at-

mospheres are water-limited due to condensation and lower photolysis rates, so atmospheric SO2

inventories are highest. The formation of SO3 is from combination of SO2 with free oxygen atoms.

Sulfuric acid is a primary sink for SO3 and is formed by (Krasnopolsky, 2012):

SO3 +H2O+H2O−−→ H2SO4 +H2O, (3.1)

and can either thermally decompose or condense and rain out. The inner planets receive sufficient

irradiation to permit efficient conversion of SO2 to SO3 and H2SO4.

Volatiles in these atmospheres have a large effect on planetary climate and bridge the results of

the O2 desiccated and Venus-like atmospheres. The coldest planets (g and h) maintain temperature

profiles similar to the desiccated cases, including near-surface temperature inversions, because
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they are too cold to maintain quantities of water vapor sufficient to heat the lower atmospheres.

Conversely, the remaining planets generate sufficient water abundances to maintain a positive lapse

rate. To prevent a full runaway greenhouse, I limited the stratospheric water relative humidity to

0.1% for b and 1.0% for c, while the remaining planets are limited to 10%. Planets b, c, and d

show the tendency to continue into a runaway greenhouse state, which is supported in our results

by their abundances of water vapor well-mixed throughout the atmospheric column. Reducing

the outgassing of H2O in our model would more closely approximate Venus-like H2O abundance.

Only TRAPPIST-1 e has a moderate surface temperature (271–314 K) in this outgassing case,

which supports the possibility for it to outgas an ocean and recover habitability.

3.3.1.3 Venus-Like Atmospheres

Here I model Venus-like environments, which may be common around M dwarfs (Kane et al.,

2014). For this environmental state, I assume that the complete loss of oceans during the super-

luminous pre-main-sequence phase removed a potentially strong sink for soluble gases (e.g. CO2

and SO2). Subsequent loss or sequestration of oxygen over time (Schaefer et al., 2016; Wordsworth

et al., 2018), and initial and subsequent outgassing of volatiles, may have allowed a Venus-like

high-CO2 atmosphere to develop. Even though planet h may not have lost an entire Earth ocean

(Lincowski et al., 2018), it could have initially outgassed significant amounts of CO2. I modeled

Venus-like atmospheres for all seven planets (Figure 3.2) using the 10-bar boundary conditions

used to validate observations of Venus, following Krasnopolsky (2012) (see my §2.5). Venus

atmospheric chemistry is typically modeled in sections: by thermochemistry, which dominates

the lower atmosphere below the cloud deck (e.g. Krasnopolsky, 2013), and by photochemistry,

which is responsible for the chemistry of gases at directly observable altitudes at and above the

cloud deck (e.g. Krasnopolsky, 2012; Zhang et al., 2012). I use photochemistry to model these

atmospheres but do not include thermochemical reactions, which could be a useful improvement

in future work for the planets with the highest surface temperatures.

The Venus-like atmospheres are initiated as either 10 or 92 bars of total pressure with Venus-

like levels of CO2 (96.5%) and N2 (3.5%). For the 92 bar cases, I assumed a constant mixing ratio
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Figure 3.2: Converged structures of the 10-bar clear-sky (upper panel) and cloudy (lower panel)
Venus-like TRAPPIST-1 atmospheres. Note: b is not included in the cloudy case, as aerosols
were not formed. The Venus International Reference Atmosphere (VIRA) temperature structure is
shown in the cloudy panel (black dashed line). The 92 bar atmospheres are not shown here, but
show similar structure to the 10 bar cases. Here we show H2O, SO2, SO3, and H2SO4 gases only,
as the most relevant to climate and cloud formation. The bulk gases CO2 and N2 are 96.5% CO2
and 3.5% N2 for the 10 bar and 92 bar atmospheres, respectively. With a (clear-sky) Venus-like
atmosphere, TRAPPIST-1 b may exhibit surface temperatures in excess of Venus (due to higher
instellation) and is too hot to form sulfuric acid aerosols in our model, even though it was most
effective at forming high-altitude H2SO4 vapor. Sulfur dioxide survives more readily in these
atmospheres due to the lower MUV–NUV flux.
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Figure 3.3: Sulfuric acid cloud total optical depths for each cloudy Venus atmosphere. TRAPPIST-
1 b did not condense sulfuric acid in the models. TRAPPIST-1 c maintained only thin clouds,
because sulfuric acid absorption warms the cloud layer and the local warming can cause the clouds
to evaporate. Optical depths peak for planet d, which has vigorous sulfuric acid formation and has
lower surface gravity, so can more easily loft aerosols. The planets generally decline in optical
depth with distance from the star due to lower photolysis rates and for the 10 bar atmospheres, the
lower abundance of water vapor. Note the 92 bar atmosphere photochemistry and cloud formation
were truncated at 10 bar. Planets f, g, and h had cloud formation to 10 bar, and so could also form
thicker clouds deeper toward the surface.

for every species from 10 bars to the surface. I initiated the photochemical model with trace gas

lower boundary conditions required to reproduce observations of Venus following the modeling

of Krasnopolsky (2012), consisting of fixed mixing ratios at 10 bar of 30 ppm H2O, 4.5 ppm H2,

5.5 ppm NO, 28 ppm SO2, 1 ppm OCS, and 400 ppm HCl. I calculate the photochemical-kinetic

equilibrium profiles of these and other trace gases subject to these boundary conditions. These

trace gases absorb at wavelengths that are complementary to CO2 and can have a substantial effect

on climate (Bullock and Grinspoon, 2013; Lee et al., 2016).

For purposes of climate-photochemical modeling for observational discriminants, both clear-

sky and cloudy Venus-like atmospheres are separately modeled, except for planet b, which does

not condense sulfuric acid aerosols in the photochemistry model. Both clear-sky and cloudy at-
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mospheres display a similar, Venus-like profile (dashed black line in Figure 3.2), despite being

irradiated by a very different SED than the Sun. The temperature profiles are characterized by long

adiabats from the surface each to a ∼ 0.05–1.0 bar tropopause. The surface temperatures are the

hottest of the environments simulated, ranging from 259–465 K (200–398 K cloudy) for planet h

(outside the outer edge of the HZ), to 714–927 K for b, which receives approximately twice Venus’

stellar flux.

As in the O2 outgassing cases, the Venus-like atmospheric photochemistry is dominated by

the formation of sulfuric acid from the combination of water with SO3, a photolytically-derived

product of SO2. This sulfur chemistry is not driven as strongly as Venus’ due to lower MUV–

NUV flux from TRAPPIST-1, so the rates of both SO2 and SO3 photolysis are much lower than

for Venus. However, SO2 is still susceptible to photolytic destruction, which results in the trend

seen in Figure 3.2, that SO2 is more abundant further from the star. The abundance of SO3 is a

balance between its formation rate via SO2 photolysis and the rate at which it combines with water

to form H2SO4. In our simulations, water vapor decreases as a function of semi-major axis in both

clear-sky and cloudy cases due to this condensation into H2SO4 aerosols, as well as into water and

water-ice in the cooler planets (e, f, g, and h; although we do not model the water clouds that would

form as a result of this process).

The prevalence of H2SO4 vapor depends on its chemical formation, where and whether it con-

denses, and its destruction via thermal decomposition in the lower atmosphere. In these sim-

ulations, H2SO4 formed in abundances similar to Venus (up to 17 ppm vs 8.5 ppm for Venus,

Krasnopolsky 2015) for the hotter TRAPPIST-1 planets and drops in abundance with semi-major

axis due to the reduced availability of H2O at lower temperatures. The highest abundances of

H2SO4 and SO3 are seen in the stratospheres of the hotter planets (b and c), with peak vapor con-

centrations decreasing with semi-major axis and at lower altitudes. Similarly, the peak optical

depths of the clouds drop with semi-major axis due to less effective formation processes. Because

H2SO4 can persist closer to the surface in the colder atmospheres, the semi-major-axis-dependent

total optical depth peaks for planet d, due to the competing effects of formation/condensation and

thermal decomposition/rainout (see Figure 3.3). Notably, for planet b, the modeled atmosphere
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was too hot for condensation. Planet d exhibited the highest aerosol optical depth due to its low

surface gravity, which allows aerosols to be more easily lofted in the atmosphere.

Sulfuric acid aerosols in the cloudy Venus atmospheres substantially reduced the surface tem-

peratures. The net top of atmosphere stellar irradiance was reduced by ∼50–60%, resulting in

temperature ranges of 200–616 K (10 bar) and 398–779 K (92 bar), h to c. As a caveat, it is pos-

sible that sulfuric acid production in Venus’ atmosphere may vary by orders of magnitude (Gao

et al., 2014), and it is unknown how an alien M dwarf spectrum may affect the more uncertain

aspects of Venus-like atmospheric chemistry, particularly of the unknown UV absorber, which I

exclude.

3.3.1.4 Aqua Planet
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Figure 3.4: Climates, gas mixing ratios, and eddy diffusion profiles for TRAPPIST-1 e, clear-sky
and cloudy aqua planets. Included are data from Earth: the temperature and mixing ratio profiles
are from case 62 of the Intercomparison of Radiation codes in Climate Models (ICRCCM), and
the eddy diffusion rate is that retrieved by Massie and Hunten (1981). The temperatures of our
modeled atmospheres are somewhat colder than modern Earth, but still able to maintain surface
water. The mixing ratios of trace constituents differ from modern Earth, except CO2.

For TRAPPIST-1 e only, I modeled a potentially habitable, ocean-covered planet. This initial

work and that of contemporary 3D GCM studies (Wolf, 2017, 2018; Turbet et al., 2018) suggest

that the other habitable zone planets (f and g) require CO2-dominated atmospheres for stability,
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and cannot be Earth-like. This temperate, Earth-like atmosphere could exist if e had a sufficient

volatile inventory to survive the stellar pre-main-sequence, had subsequent outgassing or water

delivery, or if these planets migrated after formation (Luger et al., 2015; Meadows et al., 2018).

This environment is simulated with an atmosphere of 80% N2 and 20% O2, similar to Earth. I

assume the O2 could be either biogenic or have resulted from early ocean loss. In addition to

the fluxes assumed for the outgassing O2 cases, I specify an Earth-like geological source of CH4

(6.8 × 108 cm2 s−1; Guzmán-Marmolejo et al., 2013). Water vapor is calculated self-consistently

using our mixing-length convection and condensation routine, described in §2.1.3, assuming 100%

surface relative humidity.

I model both cloudy and clear-sky atmospheres for the aqua planet. In the cloudy case, cirrus

and altostratus clouds are included, each of cumulative optical depth τ = 5. These are based on

the VPL 3D Spectral Earth Model, which used Earth observing data with our SMART radiative

transfer model to faithfully reproduce Earth’s spectrum (Robinson et al., 2011).

I use a wavelength-dependent open ocean surface albedo for this planet. I found that typical

snow-covered ice surfaces with albedo up to 0.73 in the visible had little impact on surface temper-

ature, because the SED of TRAPPIST-1 and other late-type M dwarfs emit most of their radiation

longward of 1 µm, and both ice and water are efficient absorbers in the NIR (Shields et al., 2013).

These aqua planet cases are able to maintain temperate surfaces (279 K clear, 282 K cloudy).

The clouds have a slight greenhouse effect, as the energy lost by scattering incoming stellar light

is more than balanced by a colder emission temperature. The cloudy environment exhibits a much

cooler tropopause and weak stratosphere, but similar tropospheric profile, since the troposphere

is driven by moist convective processes in both cases. The choice of τ = 5 for stratocumulus was

reasonable, but the same optical depth for cirrus clouds was unrealistic, and likely caused the warm

troposphere, due to ice absorption bands. See 3.4 for further details.

With Earth-like outgassing, the aqua planets exhibit pre-industrial Earth-like abundances of

CO2, but different profiles of other trace gasses. The stratospheric water abundance is reduced

by a cold tropopause, more so for the cloudy case. The ozone profile is different than Earth’s,

with a broader, higher altitude (lower pressure) peak abundance, although the column density is
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only slightly lower (Table 3.5). Ozone failed to produce a significant stratosphere, because the

stellar spectrum provides very little flux at NUV–visible wavelengths absorbed by O3. For this

modeled environment, we limited CO to photochemical production, so the tropospheric levels are

significantly less than Earth’s CO, which is primarily from biologically-related sources (Seinfeld

and Pandis, 2006). Similarly, the geological fluxes result in a correspondingly lower tropospheric

methane abundance but similar abundance in the upper stratosphere.

3.3.2 Spectra and Observational Discriminants

Here I show simulated transit transmission and emission spectra for the modeled evolved worlds

to support observation planning with JWST for this planetary system or other potential late-type

M dwarf terrestrial targets. These are noiseless spectra generated using SMART, sampled at 1 cm−1

and convolved with a 1 cm−1 half-width at half-max slit function, which can be used as the model

input for instrument and observation simulators that calculate noise sources and instrument sen-

sitivity. These spectra can also be compared with known or anticipated instrument noise floors

to determine zeroth order signal detectability. Lustig-Yaeger et al. (2019a) used these spectra to

quantify the detectability of our simulated atmospheres with JWST and assess optimum observ-

ing techniques for identifying key planetary characteristics. Lustig-Yaeger et al. (2019b) used the

spectra of the Venus-like worlds to study an observational degeneracy between global aerosol deck

height and the “cosmic shoreline”, stipulating the loss of atmospheres at higher irradiation.

I have also produced direct imaging reflectance spectra. Reflectance spectra of late-type M dwarfs

may first be observed by large ground-based instruments, or later by HabEx/LUVOIR. The spec-

tra I simulated, including those not presented here, are available online using the VPL Spectral

Explorer1, or upon request.

1http://depts.washington.edu/naivpl/content/vpl-spectral-explorer

http://depts.washington.edu/naivpl/content/vpl-spectral-explorer
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3.3.2.1 Transit Transmission Spectra

In Figures 3.5 (O2-dominated), 3.6 (CO2-dominated), and 3.7 (aqua planet), I show transit trans-

mission spectra of the modeled TRAPPIST-1 planetary environments, covering nearly the entire

wavelength range of potential JWST exoplanet observations (0.5–20 µm). These spectra are pre-

sented as “relative transit depth,” i.e. the signal originating from the atmosphere as compared to

the solid planetary body. I do not account for stellar limb darkening, so “transit depth” here refers

to (Rp/R∗)2, where Rp is the radius of the solid body and R∗ the radius of the star. To assess the

signal originating from the atmosphere, we can expand the transit depth (c.f. Winn, 2010):

dF
F

=

(
Rp +Ra

R∗

)2

=

(
Rp

R∗

)2

+
2RpRa

R2∗
+

(
Ra

R∗

)2

, (3.2)

and define the relative transit depth of the atmosphere, valid for atmospheres with small scale

height:
dFa

F
≈ 2RpRa

R2∗
, (3.3)

where Ra is the vertical extent of the atmosphere. Although the radius of the solid body and altitude

of the atmosphere for exoplanets cannot be separately measured, this equation relates predicted

variations in transit depth of the modeled spectra for different-sized bodies to the physical extent

of the modeled atmospheres.

The seven planets exhibit a variety of features in transmission, the strengths of which depend

on each planet’s characteristics. TRAPPIST-1 b displays the strongest features, owing to its higher

temperature and moderately low surface gravity, both of which increase the atmospheric scale

height, and therefore its transmission signal. Planet b shows molecular signals exceeding 200 ppm,

which is well above the putative 20, 30, and 50 ppm noise floors for JWST NIRISS SOSS, NIRCam

grism, and MIRI LRS, respectively (Greene et al., 2016). Planet d exhibits molecular signals nearly

as strong as b, in large part because d has the lowest surface gravity of these planets. Due to

geometry and the effects of refraction (Misra et al., 2014; Meadows et al., 2018), the surface and

near-surface atmospheres of the 10–100 bar atmospheres cannot be probed with JWST transmission
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spectroscopy. All of the modeled atmospheres presented include CO2, and despite a broad range

of abundances, they all exhibit strong CO2 absorption at 2.0, 2.8, 4.3, and 15 µm, though the hotter

and/or higher abundance CO2 atmospheres have additional CO2 features, particularly short-ward

of 2 µm. In the following subsections, I present the spectra for each environment.

O2-Dominated Atmospheres, Desiccated Transit transmission spectra for the desiccated, high-

O2 atmospheres are presented in Figure 3.5. As in Schwieterman et al. (2016) and Meadows et al.

(2018), the characteristic spectral features of a high-O2 atmosphere are strong O3 and O2-O2 CIA

bands together. The CIA bands are strongest at 1.06, 1.27, and 6 µm. A mixture of O2, O3, and

O2-O2 are present at 0.5–1.3 µm, and a mixture of CO2, CO, O3, and O2-O2 from 1.5–8 µm. The

strongest O3 bands are the Chappuis band at ∼0.6 µm and the 9.6 µm feature, with weaker bands

at 2.5, 3.3, 3.6, 4.75, and 5.6 µm. These weaker bands are generally only available here because

of high levels of O3 combined with relatively low levels of CO2. Most of this wavelength range

could be accessible to JWST NIRISS and NIRSpec instruments. Features of CO2 O3, and O2-O2

are also present from 6–20 µm, which could be probed by the JWST MRS instrument. In addition

to the complete lack of any water features, the presence of CO features (2.35 µm and 4.6 µm) is

characteristic of this severely desiccated atmosphere (e.g. Gao et al., 2015), though these will be

very challenging to observe with JWST (Lustig-Yaeger et al., 2019a).

O2-Dominated Atmospheres, Outgassing The transmission spectra of the outgassing atmo-

spheres are shown in Figure 3.5. The detectability of outgassed trace species varies by planet,

particularly H2O and SO2. Water features at 1.4, 1.9, 2.6, 3.0–3.3, and 6.3 µm rival the strength

of CO2 bands for the hottest planets (b, c, and d), due to stratospheric water vapor in excess of

the moist greenhouse limit, indicative of planets experiencing water loss. The colder planets have

insufficient H2O to generate H2SO4, so maintain higher levels of SO2, which shows small features

of less than 60 ppm at 4.0, 7.3, 8.7, and 19 µm. Much larger SO2 fluxes and/or lower water vapor

abundances would be required to generate SO2 features above the putative noise floor of JWST

(20–50 ppm; Greene et al., 2016).
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Figure 3.5: Simulated transit transmission spectra for the O2 desiccated (upper panel) and O2
outgassing (lower panel) atmospheres. The y-axes are the relative transit depths, and show the
modeled atmospheric signal. I show only the 10 bar atmospheres, as the 100 bar atmospheres are
qualitatively similar. The desiccated atmospheres are dominated by CO2 and O2-O2. The presence
of weaker O3 bands and CO are indicative of the desiccated environment. The outgassing atmo-
spheres have additional features from H2O and SO2. The hotter atmospheres maintain substantial
stratospheric H2O and the outer planets, too cold for maintaining H2O, build up SO2, which would
otherwise condense with H2O to form sulfuric acid. Compared to Lincowski et al. (2018), here
I have updated the transmission spectra to include the 6 µm O2-O2 CIA band, which affects the
desiccated and the colder outgassing atmospheres.

Venus-Like Atmospheres Clear-sky and cloudy Venus-like transmission spectra are shown in

Figure 3.6. With a clear sky, Venus-like atmospheres exhibit deep absorption features, primarily
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Figure 3.6: Simulated transit transmission spectra for the Venus-like clear-sky (upper panel) and
cloudy (lower panel) atmospheres. The y-axes are the relative transit depths, and show the modeled
atmospheric signal. We show only 10 bar atmospheres, as the 92 bar atmospheres are quantitatively
similar. All unlabeled features are CO2, which dominate these spectra. The generally flat, higher
transit depths of the cloudy Venus-like spectra are due to the sulfuric acid aerosols. TRAPPIST-1 b
is not included, because it did not condense H2SO4. The colder cloudy atmospheres have lower
cloud decks (see Figure 3.2), revealing deeper relative transit depths.

from CO2. Water vapor is present in the clear-sky spectra between 0.9–2.0 µm and at 6.3 µm.

Sulfuric acid aerosols truncate the minimum altitude probed by the transmission measurement,

severely reducing the strength of the absorption features. These Venus-like planets may have ab-

sorption features in transmission approaching ∼ 90 ppm.

Aqua Planet Clear-sky and cloudy aqua planet transmission spectra for TRAPPIST-1 e are

shown in Figure 3.7. Due to the large angular size of TRAPPIST-1 as seen from the planet, the
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Figure 3.7: Transit transmission spectrum for clear sky and cloudy TRAPPIST-1 e aqua planets.
Most of this simulated planet’s important and abundant gases, including H2O, O2, CH4, and O3,
have features in this spectral range. These cloudy and clear spectra demonstrate that a poten-
tially habitable planetary atmosphere, some of its trace outgassed constituents, and photochemical
byproducts are accessible using transmission spectroscopy, which could be attempted with JWST .

clear-sky atmosphere can be probed nearly to the surface, while the cloud deck truncates the spec-

trum at 11 km. A number of molecular absorption bands are present, including O3 (∼0.6, 4.7,

9.6 µm), O2 (0.76, 1.27 µm), CH4 weakly (3.3 and 7.7 µm), and H2O (6.3 µm). Even with an

abundance of only∼290 ppm, CO2 is the most observable molecule in these atmospheres (1.6, 2.0,

2.7, 4.3, 15 µm). The bulk atmospheric constituent, nitrogen, exhibits a 4.1 µm CIA band, which

could provide a sensitive probe of its partial pressure (Schwieterman et al., 2015), but will not be

detectable with JWST for realistic (i.e. partly-cloudy) Earth-like atmospheres (Lustig-Yaeger et al.,

2019a).

3.3.2.2 Emission Spectra

I present thermal emission spectra as normalized flux (Figures 3.8 and 3.9). Below ∼ 5 µm, stellar

flux reflected from the surface or scattered in the atmosphere contributes significantly to the spectra.
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Figure 3.8: Normalized emission (outgoing flux) spectra for the desiccated atmospheres. The
legends provide the factors by which the spectra were reduced to normalize the flux to 15 µm for
each. The emission spectra are dominated by CO2 features in both absorption and emission, but
also include H2O, O3, and SO2.

O2-Dominated Atmospheres, Desiccated The desiccated, O2-dominated atmospheres (Figure 3.8)

are distinctive in emission spectra, due to lower temperatures, lack of water bands, and their un-

usual temperature structures. The stratospheric temperature peak causes some bands to be seen

in emission rather than absorption, depending on how cool the particular planet is. In the colder

atmospheres, the O3 band at 9.6 µm exhibits varying hot wing emission at 10.4 µm from the strato-

spheric temperature peak. In the hotter atmospheres, the other wing of the 9.6 µm O3 band also

emerges in emission at 9.0 µm. CO2 exhibits varying changes between absorption and emission
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between ∼10–18 µm. As a potential insight into isotope fractionation for 18O/16O, the fundamen-

tal asymmetric stretch v1 = 1→ 0 transition of the 16O12C18O isotopologue at 7.9 µm (Rothman

et al., 2013) appears in absorption in the hotter atmospheres or emission in the colder atmospheres.

The O2-O2 band at 6.4 µm exhibits deep absorption in the hotter atmospheres. This band would

be partially or completely masked by water vapor (c.f. the O2 outgassing spectra). Here, CO only

exists as a small perturbation at 4.6 µm.

O2-Dominated Atmospheres, Outgassing The emission spectra of the O2-dominated, outgassing

atmospheres are given in Figure 3.8. The radiative-convective processes and resultant emission

spectra are largely dominated by water vapor in the atmosphere. The warmer planets, with larger

quantities of water vapor throughout the atmospheric column, exhibit massive H2O absorption in

the 6.3 µm band. Conversely, the colder, drier planets exhibit SO2 absorption at 7.3, 8.8, and

19 µm. These outgassing atmospheres have much less ozone than the desiccated ones, due to

destruction catalyzed by the presence of water vapor, and so their O3 features are much weaker,

particularly for the warmer planets. With updated O2-O2 (subsequent to publishing Lincowski

et al. 2018), these atmospheres transition from a large H2O band to O2-O2 at 6 µm, as a result of

the colder atmospheres maintaining very little atmospheric water vapor.

Venus-like Atmospheres The Venus-like atmospheres (Figure 3.8) emit very little flux, except

through narrow windows between strong absorption bands, similar to Venus. This suppression

of emitted flux is due to the combined Venus greenhouse of primarily CO2, H2O, and SO2. The

emission windows in the hotter atmospheres are at 2.4, 3.5, and 5.5–7.0 µm. The cooler, clear-sky

planets emit some flux around 10 µm, between CO2 hot bands. Water vapor absorbs weakly in the

5.5–7.0 µm window and SO2 absorbs from 7–9 µm in the clear-sky case, but is obscured in the

cloudy case. The remaining emission is reduced by CO2 absorption. The cloudy spectra exhibit

more shallow absorption features and are more similar to blackbody spectra because the thermal

emission is primarily from the cloud deck, though the colder planets also emit above the cloud

deck from the 15 µm CO2 band.
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Figure 3.9: Outgoing flux spectra for clear sky
and cloudy, 1 bar TRAPPIST-1 e aqua planets.
These closely resemble Earth’s emission spec-
trum (c.f. Robinson et al., 2011), characterized by
the 6.3 µm water band and weak water features
throughout, and the 15 µm CO2 band. The weak
water features mostly disappear in the cloudy
case, and the overall emission spectrum is re-
duced in magnitude by half.

Aqua Planets The potentially habitable aqua planet atmospheres (Figure 3.9) have emission

spectra very similar to Earth (c.f. Robinson et al., 2011). The near-surface absorption from the

water vapor continuum is apparent in the clear-sky case, particularly between 10–13 µm, and the

cloudy case emits from its global cloud deck at a colder temperature. Both cases exhibit absorption

from H2O (6.3 µm), O3 (9.6 µm), and CO2 (15 µm).

3.4 Discussion

I have used a new, versatile, coupled climate-photo-chemical model to generate environmental

states for the TRAPPIST-1 planets for different assumed evolved atmospheres, including desic-

cated and water-rich. These atmospheric states are climatically and photochemically self-consistent

with the spectral energy distribution from the parent star, and show a diversity of characteristics as a

function of bulk composition, orbital distance, and outgassing rates. These characteristics are very

different from those expected for H2-dominated atmospheres. I have shown that the non-Earth-like

atmospheric compositions that may result from M dwarf stellar evolution strongly impact planetary

climate and surface temperature, potentially reducing habitability within the HZ. Hot temperatures

modeled beyond the outer edge require additional study to determine if the habitable zone could

be extended with additional trace gases. These different environments produce spectral features

that can be observed by upcoming observatories, including JWST, to discriminate among the en-
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vironments (Lustig-Yaeger et al., 2019a). Here we discuss important implications of this work for

M dwarf terrestrial planets in the areas of climate and photochemistry, observational discriminants,

and prospects for future observations of these environments.

3.4.1 Climate and Photochemistry in the TRAPPIST-1 Planetary System

These diverse environments produce a wide range of habitable and uninhabitable surface tempera-

tures (Figure 3.4), suggesting that the region around a star where Venus-like planets may be com-

mon evolutionary outcomes (Kane et al., 2014) may extend into and beyond the classical habitable

zone for late-type M dwarfs. Even though some of these modeled environments do not support sur-

face liquid water, if dense CO2 atmospheres do form on terrestrial planets after an early runaway

greenhouse phase, these results suggest that surface temperatures in the habitable range or hotter

may occur beyond the classical maximum greenhouse limit of the HZ outer edge (where warming

from additional CO2 is offset by higher Rayleigh scattering in a temperate H2O-CO2 greenhouse;

Kasting et al. 1993). Even TRAPPIST-1 h, beyond the HZ outer edge (Sh = 0.148S⊕), could have

a surface temperature as hot as 465 K if early atmospheric evolution resulted in a clear-sky Venus-

like atmosphere, and 398 K with the expected sulfuric acid clouds. These high temperatures may

be stable over long time periods, because known sinks for CO2—such as deposition to an ocean

and carbonate-silicate weathering (Walker et al., 1981)—will not be available, although a surface

carbonate buffer may form and keep the atmosphere at an equilibrium CO2 value that is less than

92 bars (Hashimoto et al., 1997). Table 3.4 also shows that across the diversity of atmospheres con-

sidered, the instellation at the modeled distance from the star for TRAPPIST-1 e is most likely to

maintain a habitable surface temperature. This suggests that the habitable zone concept is still use-

ful as an initial means of narrowing down the search for habitable conditions on terrestrial planets,

even when planetary atmospheres are not truly Earth-like.

For late-type M dwarf stars in particular, this work indicates that the maximum greenhouse

limit may not apply, or may apply at a distance much farther from the star than previously calcu-

lated (Kopparapu et al., 2013). We have shown that the H2O-CO2 greenhouse used in traditional

habitability calculations can be enhanced significantly by other greenhouse gases, including SO2.
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While SO2 is a greenhouse gas in desiccated atmospheres like Venus’ (e.g. Lee et al., 2016), it is

less likely to be present in the atmosphere of a habitable planet with an ocean because it is highly

soluble. If an initially-desiccated planet beyond the HZ were to recover habitability via outgassing,

and maintain a warm temperature, other gases such as CH4 (which may be relatively abundant in

planetary atmospheres around M dwarfs; Segura et al. 2005; Rugheimer et al. 2015; Meadows

et al. 2018) would be needed to support a strong greenhouse. For a habitable planet, this green-

house could also be enhanced by collision-induced absorption, such as CO2-CH4 CIA, as may

have been the case on early Mars (c.f. Batalha et al., 2015; Wordsworth et al., 2017). Greenhouse

gas abundances can also be affected by energetic particle events, which can drive chemistry that

generates trace amounts of greenhouse gases (Airapetian et al., 2016). These events are likely to

remove greenhouse gases, by the destruction of O3 in Earth-like atmospheres by repeated flaring

(Tilley et al., 2019), or by the destruction of CH4, which may form hydrocarbon hazes if oxygen

radicals are not present (Arney et al., 2017). In the absence of sufficient greenhouse gases, the cold-

est atmospheres (particularly the 10 bar cloudy Venus-like h) may be subject to collapse, but most

will be resistant, as the condensation temperature for O2 is very low and day-night temperature

contrasts are lower in thicker atmospheres (Turbet et al., 2018).

The results here indicate that the interplay between stellar irradiation, photochemistry, chemical

kinetics, and condensation shaped the simulated planetary atmospheric compositions, with water

vapor, ozone, sulfur species, and aerosols displaying the greatest variation. The decreases in H2O

(largely due to temperature) and increases in O3 abundance (due to an interplay between photolysis

rates, water abundance, and vertical transport) as a function of orbital distance are consistent with

trends found by previous studies (e.g. Grenfell et al., 2007). The water vapor profiles in the warmer

atmospheres are representative of planets in a moist greenhouse state, with substantial water vapor

well-mixed throughout the atmospheres, and with no cold traps. Consequently these atmospheres

may suffer severe water loss over Gyrs, unless the escape rate is balanced by outgassing. Unless

they begin with warm, Venus-like atmospheres, the outer planets are too cold to recover from

freezing temperatures without a brightening star or larger inventories of greenhouse gases, which

may eventually accumulate from outgassing or impactor delivery.
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Ozone and CO both exhibit characteristic patterns across the modeled atmospheres. In all of

the simulated atmospheres containing & 0.2 bar O2, at ∼200 Pa, O3 is about 10−5 mol/mol, de-

spite different levels of irradiation, H2O, and O2. Above this layer, the O3 abundance is controlled

by photolysis, while below, mixing and other temperature- and water-dependent loss mechanisms

dominate. In desiccated atmospheres, CO abundance is controlled by the slow, three-body CO2

recombination reaction (Gao et al., 2015), while in atmospheres with water vapor, the abundance

of CO is controlled by the availability of H-bearing recombination catalysts, which are more preva-

lent near the planetary surface, removing the CO at lower altitudes. Large amounts of CO in the

presence of O2/O3 is a false positive discriminant (Schwieterman et al., 2016), indicating that oxy-

gen is more likely to have been generated by photolysis of CO2 (Gao et al., 2015) rather than

photosynthesis.

Aerosols affect planetary climate by reflecting incoming stellar radiation and either absorbing,

emitting, or scattering thermal radiation. Sulfuric acid aerosols can reduce the surface temperatures

of hot, partly desiccated planets, which caused the modeled cloudy Venus-like atmospheres to

drop by up to nearly 200 K (Figure 3.4) compared to the clear-sky cases. Sulfuric acid production

also varied as a function of irradiation. The warmer planets more easily formed H2SO4 due to

higher water vapor abundances and more rapid SO2 photolysis. This production was offset at

lower altitudes by thermal decomposition. TRAPPIST-1 b did not condense sulfuric acid in our

model because atmospheric temperatures were too high. If any of the TRAPPIST-1 planets have

Venus-like atmospheres, we expect that b will not form sulfuric acid clouds, but the other planets

likely would. Although I did not model the radiative effects of aerosols for the O2 outgassing

environments, sulfuric acid condensation occurred in the photochemical model, so their climates

could also be affected by these clouds.

Water and water-ice clouds impacted the temperature structure of the aqua planet, but had little

effect on surface temperature (Figure 3.4). This was likely due to an unrealistically high choice for

optical depth in the original study (Lincowski et al., 2018). Cirrus clouds are unlikely to support

large optical depths (such as τ = 5 chosen here), because the ice absorption bands locally warm

the atmosphere and cause self-evaporation (Kitzmann et al., 2010), which is probably enhanced
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for an M dwarf host, with the red-shifted SED into the NIR ice bands. This effect is similar to the

results from detailed models with CO2 clouds, where the time-averaged optical depth was unity or

less (Forget et al., 2013). This is also consistent with GCM results for TRAPPIST-1 e, for which

ice clouds have globally-averaged optical depth much less than unity (Wolf, 2017).

The parameter space for possible planetary characteristics is large, so the assumptions regard-

ing atmospheric surface pressure, surface material, atmospheric bulk composition, geological or

biological surface fluxes, and atmospheric transport can have a large impact on the equilibrium

atmospheric state. The differences between our O2 desiccated and outgassing atmospheres demon-

strate the effects of surface fluxes on the planetary environment. These factors are important when

considering what atmospheres may be possible on a given exoplanet, and for comparing possi-

ble planetary states and among different models. Although major TRAPPIST-1 GCM studies by

Wolf (2017) and Turbet et al. (2018) agreed that TRAPPIST-1 e requires more CO2 than Earth

to be temperature, they disagreed significantly on surface temperatures and the amount of CO2

required to maintain temperate conditions in the habitable zone of TRAPPIST-1. This was likely

due to two main differences between their studies: 1) Wolf (2017) did not have CO2 CIA ini-

tially, but did update results later (Wolf, 2018) using a method designed for Earth-like abundance

of CO2 that likely underestimates collision-induced absorption (c.f. Clough et al., 2005; Halevy

et al., 2009; Wordsworth et al., 2011; Wolf and Toon, 2013; Wolf, 2017; Turbet et al., 2018); and

2) Wolf underestimated the reduction in bolometric albedo due to the late M dwarf SED (Turbet

et al., 2018). It is possible that Turbet et al. (2018) also overestimated the surface albedos of

ocean-dominated TRAPPIST-1 planets, as they calculated a mean water-ice albedo of 0.21. I used

wavelength-dependent surface albedos in climate calculations that depend on the planetary envi-

ronment (Figure 2.4). I found that both pure ocean and melting ice surfaces had very low stellar

flux-weighted average albedos (0.02 and 0.03 respectively), while a typical snow surface averaged

only 0.16 around TRAPPIST-1. Wolf (2017) found that 0.1 bar of CO2 with 1 bar N2 is required

for a surface temperature of ∼ 270 K, while modern Earth CO2 levels of ∼ 400 ppm yield 240 K.

Turbet et al. (2018) calculated 250 K under similar conditions. It is crucial to note that surface

albedo is one of the primary drivers of climate state (Godolt et al., 2016), particularly in an atmo-
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sphere transparent to its host star’s radiation.

3.4.2 Observational Discriminants of Evolved Terrestrial Atmospheres

Planetary State Molecules & Wavelengths [µm] Notes
Aqua planet,
clear-sky

CO2 (1.6, 2.0, 2.8, 3.6, 3.8, 4.3, 4.8, 9.5, 10.5, 15), H2O (0.94, 1.4, 1.9, 2.6, 3,
3.3, 6.3), HDO (3.7), O2 (0.67, 0.76, 1.27), O2-O2 (1.06, 1.27), O3 (0.6, 4.75,
9.6), CH4 (2.35, 3.3, 7.6), N2-N2 (4, 4.6)

Earth-like worlds may be discriminated
by CH4 in conjunction with oxidized
species.

Aqua planet,
cloudy

CO2 (1.6, 2.0, 2.8, 3.6, 3.8, 4.3, 4.8, 9.5, 10.5, 15), H2O (1.4, 1.9, 2.6, 3, 3.3,
6.3), HDO (3.7), O2 (0.67, 0.76, 1.27), O2-O2 (1.06, 1.27), O3 (0.6, 4.75, 9.6),
CH4 (2.35, 3.3, 7.6), N2-N2 (4, 4.6)

Tropospheric water/water-ice clouds
are problematic for observing Earth-
like planets.

O2, desiccated CO2 (1.6, 2.0, 2.8, 3.0, 3.2, 3.6, 3.8, 4.0, 4.3, 4.8, 7.3, 7.9, 15), O2 (0.67, 0.76,
1.27, 6.4), O2-O2 (1.06, 1.27), CO (2.35, 4.6), O3 (0.6, 2.5, 3.3, 3.6, 4.75, 9.0,
9.6, 13)

A lower limit of O2 abundance can be
constrained with the O2-O2 bands at
1.06 and 1.27 µm. CO and O3 levels
can indicate desiccation. Complete lack
of water vapor.

O2, outgassing CO2 (1.6, 2.0, 2.8, 3.0, 3.2, 3.6, 3.8, 4.0, 4.3, 4.8, 15), H2O (1.4, 1.9, 2.6, 3, 3.3,
6.3), HDO (3.7), O2 (0.67, 0.76, 1.27, 6.4), O2-O2 (1.06, 1.27), O3 (0.6, 3.3,
3.6, 4.75, 9.6, 13), SO2 (4.0, 7.3, 8.8, 19)

Water vapor is prominent in the hotter
atmospheres.

Venus-like,
clear-sky

CO2 (1.05, 1.3, 1.6, 2.0, 2.8, 3.0, 3.2, 3.6, 3.8, 4.0, 4.3, 4.8, 7.3, 7.9, 9.5, 10.5,
15), H2O (1.4, 1.8, 2.6, 6.3), CO (2.35, 4.6), SO2 (4.0, 7.3, 8.8, 19)

High CO2 abundance may be con-
strained by the weakest bands (e.g. 1.05
and 1.3 µm).

Venus-like,
cloudy

CO2 (1.5, 2.0, 2.8, 3.0, 3.2, 3.6, 3.8, 4.0, 4.3, 4.8, 7.3, 7.9, 9.5, 10.5, 15), H2O
(6.3), SO2 (4.0, 7.3, 8.8, 19), H2SO4 (3.1–4, 7.5–10)

Sulfuric acid cloud absorption may be
the best discriminant for outgassed con-
ditions with no surface water.

Note: Spectral features present in transmission or emission spectra are listed for the modeled environments.

Table 3.6: Observational Discriminants

Here I compare spectra derived from the complete set of simulated atmospheres for TRAPPIST-

1 b, c, and d, whose higher temperatures make them more easily observable, and e, which is a

potentially habitable candidate, to identify observational characteristics that could be used to dis-

criminate between these environments and their evolutionary histories. Spectral features that can

be used to discriminate between the modeled environments are given in Table 3.6. Figure 3.10

shows spectra for the atmospheres modeled for TRAPPIST-1 b, c, and d. The stronger carbon

dioxide bands are prominent in all of the planetary spectra, regardless of whether CO2 is a bulk

constituent or a trace gas, and these bands are therefore good indicators of the presence of a terres-

trial atmosphere, but are not as useful for discriminating among different environments. However,

if the weaker CO2 bands are also present, this does indicate a higher, more Venus-like abundance.

As seen in planet d’s transmission spectra in Figure 3.10, cloudy Venus-like atmospheres are well-

discriminated by sulfuric acid absorption longward of 3 µm (though these clouds could also form
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Figure 3.10: TRAPPIST-1 b (top panel) and d (center panel) transit transmission spectra, and
TRAPPIST-1 d thermal emission spectra (bottom panel) of the 10 bar atmospheres, for all envi-
ronments simulated. The higher mass environments exhibit similar spectral features, but different
strengths and temperatures. I include the stellar spectrum (grey) in the transmission plots to il-
lustrate the spectral regions with the most available photons for back lighting the atmosphere in
transmission. As shown in the previous figures, CO2 dominates all of these environments. Absorp-
tion by O2-O2, O3, SO2, CO, H2O, and weaker CO2 bands can distinguish these environmental
states in both transmission and emission. Note the inset for b that shows overlapping CO2 and
O2-O2 bands that could be confused at low resolution and/or low signal-to-noise. The H2O feature
of the clear sky Venus-like atmosphere in emission peaks at ∼420 W m2 µm−1. TRAPPIST-1 b is
scheduled to be observed by JWST and has the strongest features, due to lower gravity and hotter
temperatures. Planet d also has strong signal in transmission, even with high-altitude sulfuric acid
aerosols. TRAPPIST-1 b, c, and d exhibit strong features in emission due to high temperatures—d
is shown here in emission to demonstrate the large difference due to aerosols.
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in O2-dominated atmospheres with outgassing).

The massive O2 atmospheres may be discovered in transmission via the presence of O2-O2

collision-induced absorption at 1.06 and 1.27 µm (Schwieterman et al., 2016), a wavelength region

strongly back-lit by the host star, or longward at 6 µm. Note that our photochemical model suggests

that cloud formation in the outgassing atmosphere is likely, due to sulfuric acid condensation (at

∼1 ppb concentration). In the absence of a high-altitude sulfuric acid haze, the favorably compact

geometry of the TRAPPIST-1 system allows transit transmission to probe relatively deep into the

atmosphere, where O2-O2 absorption is strongest, producing transit signals as high as 70 ppm (vs

∼3 ppm for an early-type M dwarf; Schwieterman et al., 2016). However, as demonstrated in

the inset in Figure 3.10, the broad O2-O2 bands at 1.06 and 1.27 µm overlap with CO2 bands at

1.05, 1.13, 1.24, 1.29, and 1.32 µm in high CO2 atmospheres. An atmosphere with high levels of

both CO2 and O2 may be common if a planet that experienced complete ocean loss retained a large

fraction of the CO2 that was dissolved in the oceans or subsequently outgassed from the interior.

These weak CO2 features could confuse retrieval and interpretation of the O2-O2 features without

sufficient resolution, signal-to-noise, or corroboration from stronger CO2 features elsewhere in the

spectrum. Similarly, the O2-O2 band at 6 µm could be easily confused with water vapor, even with

relatively good observations, unless NIR observations are taken to independently constrain H2O

and/or O2.

These O2-dominated spectra also show strong features from O3 and SO2. A strong ozone

Chappuis band around ∼0.6 µm may indicate desiccation, as it traces ozone deep in the atmo-

sphere, where water vapor would normally destroy it (Meadows et al., 2018). As clearly shown

in Figure 3.10 in all three panels, the 9.6 µm O3 feature is strong and broad for both O2-rich

atmospheres, but not present in the Venus-like spectra primarily due to the lack of O2 in the at-

mosphere. Detection of SO2 absorption in either transmission or emission would be indicative of

an outgassing interior, and possibly an atmosphere and surface with low water abundance, either

due to early desiccation, or temperatures below freezing. The O2 outgassing case is unique among

the environments considered for the hotter planets in showing very strong water features, espe-

cially near 1.4 and 6.3 µm. This is because these planets have high levels of water vapor (up to
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0.1% mol/mol) in their stratospheres, so are in a moist greenhouse state, approaching a runaway

greenhouse. These strong H2O bands are indicative of a planet in the process of losing water va-

por, rather than indicating habitable, ocean-bearing conditions. Such a planet could potentially

condense water vapor on the night-side, supporting a biosphere there. Or, if in the habitable zone,

the condensation of water vapor could eventually form a cold trap and global ocean if water vapor

outgassing exceeded hydrogen escape.

The bottom panel of Figure 3.10 demonstrates the differences between the evolved environ-

ments in emission using TRAPPIST-1 d as an example of the hotter planets. The water band

at 6.3 µm is the primary discriminant. At high temperatures and high abundance (e.g. the O2

outgassing case), H2O absorption can dominate over absorption from other interesting molecules

between 5–9 µm, such as O2, SO2, CO2, and O2-O2. For the Venus-like clear-sky atmosphere,

the low abundance of H2O . 1 ppm fails to suppress the outgoing radiation from the hot lower

atmosphere, resulting in an emission peak at these wavelengths. The cloudy Venus case shows that

clouds can adversely affect both outgoing flux and the strength of molecular features by truncating

the atmosphere at higher, colder altitudes.

Figure 3.11 compares the spectra of the O2- and CO2-dominated atmospheres with the clear and

cloudy aqua planets for TRAPPIST-1 e. The relative transit depths are naturally offset due to the

truncating effects of clouds, which allow transmission to probe only altitudes above the cloud deck,

and the obscuring effect of atmospheric opacity for atmospheres of different total atmospheric

pressure (i.e. 1 vs 10 bar). In the thermal infrared, clouds reduce the overall outgoing flux by

emitting at colder temperatures. The features and their diagnostics are similar for the TRAPPIST-

1 e water-poor atmospheres compared to d, with CO2 features dominating the spectra, prominent

(but narrower) O3 features for the O2-rich atmospheres, and a more prominent difference in the

O3 Chappuis band strengths between the outgassing and more desiccated case. The O2 desiccated

and Venus-like atmospheres for TRAPPIST-1 e display features and corresponding observational

discriminants similar to the hotter planets. However, the O2 outgassing environment was not hot

enough to maintain high levels of stratospheric H2O, so here the O2-O2 absorption dominates over

the modestly absorbing 6.3 µm H2O feature. The overall emission spectrum of that environment is
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Figure 3.11: TRAPPIST-1 e transit transmission (top panel) and thermal emission (bottom panel)
spectra of the 10 bar atmospheres for the four simulated evolved environments, and a self-
consistent pre-industrial Earth. The higher mass environments exhibit similar spectral features,
but different strengths and temperatures. I include the stellar spectrum (grey) in the transmission
plot to illustrate the spectral regions with the most available photons for back lighting the atmo-
sphere in transmission. As shown in the previous figures, CO2 dominates all of these environments.
Absorption by O2-O2, O3, H2O, and weaker CO2 bands can distinguish these environmental states
in both transmission and emission. The H2O feature of the clear sky Venus-like atmosphere in
emission peaks at ∼60 W m2 µm−1.
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somewhat similar to the aqua planets, with additional CO2 bands due to the higher levels of CO2

we assumed and O2-O2 in place of H2O.

Water is not a good discriminant among some of these atmospheres, so discriminating the hab-

itable aqua planet from the uninhabitable environments is not straightforward. The aqua planet has

water vapor features in the near-infrared in transmission at 0.94, 1.15, 1.4, 1.9, 2.6, 3.7, and most

strongly at 6.3 µm. Unfortunately, these water features have comparable signals among the clear-

sky atmospheres (except the completely desiccated case), and among the cloudy cases, despite

vastly different levels of tropospheric H2O, due to the cold trapping of water in the aqua planet at-

mosphere. Furthermore, the 6.4 µm O2-O2 band could be confused with H2O, with a pathological

transition in the habitable zone, as discussed above for the O2 atmospheres with outgassing.

The bulk composition of these atmospheres can potentially be distinguished by weak spectral

effects of their dominant gases O2, CO2, and N2. The Earth-like aqua planet atmosphere exhibits

absorption from the collision-induced N2-N2 band at 4.1 µm, which is sensitive to the partial

pressure, and could be diagnostic of atmospheric pressure if this challenging observation could

be made (Schwieterman et al., 2015). At high abundances of CO2 (at least as as low as 0.5 bar),

the wings of the 4.3 µm CO2 band overpower the N2-N2 band. The presence of the weak NIR–

MIR CO2 bands (including the numerous bands shortward of 2 µm, the 16O12C18O isotopologue

absorption bands at 3.6, 3.8, 4.0, 7.3, and 7.9 µm, and hot bands at 9.5 and 10.5 µm) are indicative

of a warm, CO2-rich atmosphere. As in Earth’s atmosphere, O2-O2 CIA is weakly present in the

aqua planet atmospheres, but the bands are considerably stronger at higher O2 abundance, which

would suggest an abiotic, post-ocean-loss source for the oxygen was more likely.

Potentially habitable environments may be discounted by observing indicators of desiccation,

such as O3, SO2, and CO, as these gases react with water vapor and its photolytic byproducts.

Both the modeled O2-dominated and aqua planet atmospheres exhibit ozone absorption at 0.6 and

9.6 µm. However, a strong indication of desiccation is high ozone abundance, as constrained by

the presence of a long wavelength tail of the Chappuis band (out to 1 µm), the 2.5 and 3.6 µm

features, and additional weak bands at 9 and 13 µm, which arise in the O2 cases, particularly the

colder and desiccated environments. Retrievals of ozone abundances in conjunction with climate
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and photochemical modeling could help constrain the likely abundances of tropospheric water

vapor. The detection of SO2 would also suggest a desiccated atmosphere, because SO2 easily

combines with H2O to form sulfuric acid. The presence of CO, if not masked by CO2 or O3, would

indicate desiccation because H2O photolytic byproducts such as hydroxyl are efficient catalysts at

recombining CO2 from CO and free oxygen. While the absence of water vapor absorption does not

necessarily indicate the lack of tropospheric water vapor or surface water, desiccation indicators

from O3, SO2, and CO, even with weak water vapor features, would suggest a desiccated and likely

uninhabitable environment.

Signs of atmospheric escape and ocean loss may be probed by observing isotopologue bands

HDO and 18O12C16O. Measuring the D/H ratio in H2O and the 18O/16O ratio in CO2 could be used

to probe isotopic fractionation, which occurs during atmospheric escape and ocean loss because

lighter elements are preferentially lost over heavy elements (e.g. Hunten, 1982). D/H fractionation

from atmospheric loss has been measured for both Venus (D/H∼120 vs Earth; De Bergh et al.,

1991) and Mars (D/H∼4 vs Earth; Encrenaz et al., 2018). In particular, such D/H fractionation

would indicate an environment that had the majority of its ocean reservoir depleted (Hunten, 1982).

I assess the observational implications of this in the next chapter (4), which was published in

Lincowski et al. (2019). Future atmospheric escape studies should assess the potential for and

degree of oxygen fractionation that may occur from massive ocean loss in an environment with

some retained atmospheric oxygen.

3.4.3 Planetary System Effects on Terrestrial Atmospheres and Spectra

The results here and those of others demonstrate that the atmospheres and surfaces of M dwarf

terrestrials have likely been strongly shaped by several factors, including stellar evolution, atmo-

sphere and ocean loss, photochemistry, and geological (and biological) surface fluxes (Segura et al.,

2005; Grenfell et al., 2014; Rugheimer et al., 2015; Meadows et al., 2018; Meadows and Barnes,

2018). These interconnected processes will impact atmospheric composition, climate, and the re-

sultant spectra of these environments. To best interpret current and upcoming constraints and data

on terrestrial exoplanets, the most significant of these processes need to be included in models of
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the planetary environments. The stellar spectral energy distribution and activity affect atmospheric

loss and photochemistry, and bulk planetary properties (e.g. composition, size) affect outgassing

species and rates, which all affect the composition of a terrestrial planet atmosphere, as we have

demonstrated here. Atmospheric composition, including greenhouse gases and UV absorbers, in

turn affect planetary climate, including the atmospheric temperature profile and surface tempera-

ture. This in turn can modify vertical distribution of constituents (e.g. cold trapping water vapor

below a stratosphere), which affects features visible in transmission spectra. The thermal temper-

ature structure (e.g. tropospheric lapse rates, thermal inversions and greenhouse warming) also af-

fect the strength and shape of features seen in the thermal infrared. For example, in the desiccated,

O2-dominated atmospheres, the O3- and O2-O2-induced stratospheres caused thermal emission in

the stratosphere from CO2 (Figure 3.8). In particular, interior outgassing and photochemistry are

key processes for modeling terrestrial exoplanets, as both drive disequilibria in the atmosphere.

The results presented here show a strong effect from outgassing (e.g. from SO2 and H2O), which

together with their photochemical byproducts and reactions with other species, shape the tem-

perature inversions and lapse rates as well as produce radiative greenhouse (and anti-greenhouse)

effects. Although the environments modeled here do not explicitly contain biogenic fluxes, surface

fluxes from life processes also drive disequilibria and this is one of the principal means that will

be used to search for life on exoplanets (Simoncini et al., 2013; Krissansen-Totton et al., 2016;

Meadows, 2017). Photochemistry is critically important in assessing planetary composition and

in understanding the formation and destruction of key species, some of which may be outgassed

and/or biogenic. As shown here, this is especially for planets at different orbital distances, includ-

ing those orbiting M dwarfs, where the alien UV spectrum can drive chemistry that the Sun does

not induce in the Earth’s atmosphere. The species outgassed or generated from photochemistry

may be directly observed, and their vertical distribution may affect other gas absorption features

due to their effects on climate.

To illustrate the effects of modeling factors—including outgassing and photochemistry—on

predicted spectra, I directly compare a sampling of spectra for TRAPPIST-1 d and e with Morley

et al. (2017), who used radiative transfer and thermochemical equilibrium models to conduct a
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Figure 3.12: Comparison spectra of the 10 bar, TRAPPIST-1 d Venus analogs. To directly compare,
Morley et al. (2017) spectra were sampled at 1 cm−1 and convolved with a 1 cm−1 half-width
at half-max slit function. Upper left panel: clear-sky and cloudy Venus spectra simulated here
compared to the high-albedo (A = 0.7) thermochemical equilibrium Venus of Morley et al. (2017).
The radiative effects of sulfuric acid aerosols are much more complex than their effect on planetary
albedo. The planet effectively emits from the cloud deck, which is not captured in models that
assume a higher surface albedo to account for clouds. Upper right panel: my clear-sky Venus is
qualitatively similar to the lower albedo (A = 0.0− 0.3) of Morley et al. (2017). Lower panel:
Transmission spectra showing relative transit depth. Clouds substantially impairing the ability to
observe gas absorption features. The strong SO2 features in the Morley et al. spectra are likely due
to uniform vertical gas profiles and colder emission temperatures.

broad assessment of spectroscopic observables for the TRAPPIST-1 planets. For planet d, I com-

pare the radiative-convective-photochemical-equilibrium 10 bar clear-sky and cloudy Venus-like

atmospheres with the Venus-like atmospheres from Morley et al., identified by their albedos (A

= 0.0, 0.3, and 0.7), which correspond to clear-sky to global cloud coverage (Figure 3.12). The
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spectra of clear-sky Venus-like atmospheres modeled in both approaches are similar in both trans-

mission and emission, except for stronger SO2 features from the thermochemical model, which are

reduced in my model (and in the true atmosphere of Venus) by H2SO4 formation. The SO2 in the

thermochemical model suppresses outgoing flux at wavelengths between 7–10 µm when compared

to both my clear and cloudy atmospheres. Although the integrated flux of the A = 0.0 atmosphere

is very close to the clear-sky Venus, the distribution of flux is different. The photochemically-

consistent absorption features are not as deep (e.g. 7–9 µm), which is likely due to our atmospheres

having warmer stratospheres. The atmospheres I modeled also show higher emission near 6 mi-

crons as weaker water vapor absorption permits escape of radiation from the hot lower atmosphere.

This is likely due to different assumptions about the water vapor profile between the two models.

The spectra I simulated differ considerably from Morley et al. (2017) for cloudy Venus-like

cases. Photochemical models produce results tailored to the spectrum of the host star, whereas

thermochemistry is driven purely by the atmospheric temperature profile at a given orbital posi-

tion, and so is more generic. The cloudy Venus differs significantly from the clear-sky case in both

transmission and emission due to the truncation of the atmospheric column by cloud scattering and

absorption at higher, colder altitudes, which reduces the outgoing thermal flux and can raise the

tangent height when observed in transmission. Although the effects of clouds on surface tempera-

ture can be approximated by changing the Bond albedo in the thermochemical models, this process

does not take into account the radiative effect of the clouds on the temperature profile, or on trans-

mission and emission spectra. Sulfuric acid scattering and absorption in the cloudy Venus-like

transmission spectrum, and emission from the cloud deck in direct imaging or secondary eclipse,

are distinctive features of a Venus-like planet not captured in models without vertical cloud distri-

butions.

As shown in Figure 3.13, the Earth-like atmospheres also show significant differences in com-

position between the two modeling approaches, primarily because I include the effects of water

clouds, photochemically-produced gases such as O3, and outgassed species such as CH4. These

characteristic features of Earth’s spectrum are not seen in the spectra generated by Morley et al.

(2017) using a thermochemical equilibrium model. The photochemically-consistent clear-sky aqua
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Figure 3.13: Transmission spectra of the 1 bar, TRAPPIST-1 e Earth analogs: the aqua planet
modeled here with Earth geological outgassing compared to the thermochemical equilibrium Earth
of Morley et al. (2017) (sampled at 1 cm−1 and convolved with a 1 cm−1 half-width at half-max
slit function, scaled to 30%, and offset for this plot). The Morley et al. atmospheres do not have
O3, an abundant stratospheric photochemical by-product of O2, or CH4, which together are the
most distinctive observational features of Earth (Selsis et al., 2002; Schwieterman et al., 2018).

planet atmosphere also includes isotopologue bands, (e.g. absorption at 3.6µm), which appear to

be missing from the models produced by Morley et al..

3.4.4 Assessing Current and Future Observations

Several preliminary observational constraints on atmospheric composition have been obtained of

planets in the TRAPPIST-1 system, to which I can compare modeling results. Spectra taken with

the Hubble Space Telescope (de Wit et al., 2016; de Wit et al., 2018) ruled out low molecular

weight atmospheres, although these spectra were also consistent with flat spectra within the error

bars of ∼ 200− 350 ppm. For TRAPPIST-1 b, Delrez et al. (2018) observed a signal difference

of 208± 110 ppm between the 3.6 and 4.5 µm Spitzer bands, which they suggest is due to CO2

absorption. These results, and the K2 photometry from the discovery paper (Gillon et al., 2017)

, are shown with error bars in Figure 3.14, along with the band-integrated transit depths for our

modeled spectra. I adjusted the assumed solid body radius in these spectra to fit the observations

for the solid body and wavelength-dependent atmospheric absorbing radius. The simulated spectra
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Figure 3.14: Comparison of available photometric transit data from K2 and Spitzer (Gillon et al.,
2017; Delrez et al., 2018) with 10 bar model spectra for TRAPPIST-1 b. The colored points cor-
respond to the model spectra convolved with the appropriate photometric filters. A vertical offset
is applied to each model transmission spectrum so that the models optimally overlap the observa-
tions. These offsets correspond to the difference between the assumed radius for TRAPPIST-1 b
and the solid body radius assuming a model atmosphere and its associated absorbing radius above
the surface. The offsets are -293 km for the desiccated O2, -308 km for O2 with outgassing, and
-312 km for the clear sky Venus. The desiccated, O2-dominated atmospheres fits the Spitzer data
within 1σ , while the other two atmospheres fit within 2σ .

are consistent with this data within 2σ error, and the O2-dominated atmospheres fit within 1σ . The

3.6 µm filter bandpass contains absorption by the CO2 isotopologue bands at 3.6, 3.8, and 4.0 µm,

plus the wings of the main isotopologue 4.3 µm band, whereas the 4.5 µm band contains the 4.3

and 4.9 µm CO2, 4.6 µm CO, and 4.75 µm O3 bands. Rayleigh scattering and ozone absorption

may contribute to the larger transit depth measured by K2. A different distribution of UV flux than

assumed in this work could enhance ozone levels, further increasing the transit depth in the K2

band and Spitzer 4.5 µm band.

The simulated atmospheres are consistent with the observed data, but do not agree with the

atmospheric scale height and temperature derived by Delrez et al. (2018) for TRAPPIST-1 b. Del-

rez et al. assumed the 208 ppm transit signal between the observed Spitzer bands was due to

two scale heights from the CO2 signal in an Earth-like atmosphere—with mean molecular mass

28 g mol−1, CO2 (44 g mol−1) as the only absorbing gas, and excluding CH4 and H2O, which have
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transitions in the 3.6 µm band. However, their derived temperature of 1400 K and scale height of

52 km (1800 K and 100 km with water vapor included) are not consistent with the assumption of

an Earth-like atmosphere. My self-consistent modeled environments, which include a case with a

greenhouse comparable to that of Venus, have emission temperatures which vary with wavelength

(325–575 K; Figure 3.15), but overall stay close to the equilibrium temperature (∼400 K, Gillon

et al. 2017, even though they have surface temperatures spanning 406–714 K.
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Figure 3.15: Brightness temperature of emergent flux for all three 10 bar environments modeled
for TRAPPIST-1 b. The atmospheric structures are plotted on the right for comparison. Bright-
ness temperature represents emergent flux plotted in units of temperature (i.e. the emitting layer
temperature as a function of wavelength). As shown by comparing to the temperature profiles,
higher brightness temperatures are emitted from lower layers, while lower temperatures represent
emission from higher, cooler layers.

In Figure 3.16, I show that the scale heights at the effective transit altitude for the modeled

atmospheres vary considerably as a function of wavelength and are within values typical of So-

lar System terrestrials (i.e. 8–16 km for Venus and Earth; Meadows and Crisp 1996), spanning

∼11–12 scale heights (3–5 scale heights when convolved with the Spitzer bands), and are con-

sistent with the Spitzer observations. Scale height inferences from the size of potential features

are degenerate with temperature, species, abundances, aerosols, and opacities, and so are difficult

to accurately assess without properly accounting for a range of atmospheric possibilities within a

retrieval framework (e.g. Line et al., 2013).

If the existence of an exoplanetary M dwarf terrestrial atmosphere is confirmed, near-term
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Figure 3.16: Atmospheric scale heights at the effective transit height in the wavelength range
relevant for Spitzer for modeled TRAPPIST-1 b atmospheres. The calculated scale heights are
consistent with Solar System terrestrials (7–16 km). Transmission spectra sample the stratosphere,
where the atmospheres are cooler, so the scale heights are smaller. The O2-dominated atmospheres
are more transparent than the Venus-like atmospheres, so their atmosphere are probed deeper into
the hotter regions.

observations will provide constraints on the environmental effects of M dwarf stellar evolution on

orbiting planets as a function of distance from the star and position in the habitable zone. This mod-

eling work provides hypotheses for planetary states as a result of evolution and composition that

could be tested by these upcoming observations, which may constrain atmospheric temperatures

and species abundances using the discriminants presented. In a subsequent paper, these modeled

planetary states and spectra were used with instrument noise models to predict observational re-

quirements to distinguish the current composition and evolutionary histories of the TRAPPIST-1

planets (Lustig-Yaeger et al., 2019a).

3.5 Conclusions

In this chapter, I have modeled potential O2/CO2-dominated and potentially habitable environ-

ments, and computed transit transmission and emission spectra for the seven known TRAPPIST-1

planets. These evolved terrestrial exoplanet spectra are consistent with broad constraints from

recent HST and Spitzer data.
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Contemporary work suggests that the current environmental states can include the hypothe-

sized desiccated, post-ocean-runaway O2-dominated planets (c.f. Luger and Barnes, 2015; Bol-

mont et al., 2017; Lincowski et al., 2018; Wordsworth et al., 2018), with at least partial ocean loss

persisting out to TRAPPIST-1 h. The more temperate O2-dominated atmospheres have unusual

temperature structures, with low-altitude stratospheres and no tropospheres, which result in dis-

tinctive features in both transmission and emission, including strong collision-induced absorption

from O2.

Alternatively, if early volatile outgassing (e.g. H2O, SO2, CO2) occurred, as was the case for

Earth and Venus, Venus-like atmospheres are possible, and likely stable, throughout and beyond

the habitable zone, so the maximum greenhouse limit may not apply for evolved M dwarf planets.

If Venus-like, these planets could form sulfuric acid hazes, though we find that TRAPPIST-1 b

would be too hot to condense H2SO4 aerosols.

From analyzing the simulated spectra, I find that there are observational discriminants for the

environments we modeled in both transit and emission, with transit signals up to 200 ppm for

TRAPPIST-1 b. Detection of CO2 in all considered compositions may be used to probe for the

presence of a terrestrial atmosphere. The detection of water is not a good indicator of a habitable

environment, as Venus-like atmospheres exhibit similar spectral features for water, so the detection

of low stratospheric water abundance may be a necessary but not sufficient condition for a habitable

environment. The discriminants between these environments involve several trace gases. Careful

atmospheric modeling that includes photochemistry and realistic interior outgassing is required to

predict the diversity of potentially observable spectral features, to interpret future data, and to infer

the underlying physical processes producing the observed features.

Nevertheless, these discriminants may be used to assess the viability of detecting evolutionary

outcomes for the TRAPPIST-1 planets with upcoming observatories, particularly JWST, which

was assessed in subsequent work (Lustig-Yaeger et al., 2019a). While specifically applied here

to the TRAPPIST-1 system, these results may be broadly relevant for other late-type multi-planet

M dwarf systems.
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Chapter 4

OBSERVING ISOTOPOLOGUE BANDS IN TERRESTRIAL
EXOPLANET ATMOSPHERES WITH THE JAMES WEBB SPACE

TELESCOPE—IMPLICATIONS FOR IDENTIFYING PAST
ATMOSPHERIC AND OCEAN LOSS
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Portions of this chapter were originally published in collaboration with J. Lustig-Yaeger and V. S.

Meadows in The Astronomical Journal (Lincowski et al., 2019, The Astronomical Journal, c©2019

The American Astronomical Society), and are reproduced below under the Creative Commons

Attribution 3.0 license (https://creativecommons.org/licenses/by/3.0/). J. Lustig-Yaeger conducted

the JWST detectability calculations.

This chapter dives deeper into how a post-ocean-loss planet could be identified, particularly

by considering the isotopic evidence for atmospheric escape and total ocean loss found in Solar

System planetary atmospheres, which could be considered in future observations.

4.1 Introduction

Evidence of past atmospheric escape and ocean loss may help test the inner limits of the habitable

zone. The inner edge of the habitable zone (IHZ) is conservatively defined by the moist greenhouse

greenhouse limit (where stratospheric H2O exceeds 1000 ppm and so water vapor is easily lost to

space), which lies close to Earth (0.99 au around a Sun-like star). However, an optimistic “recent

Venus” limit can be defined under the assumption that Venus may have had surface water prior to

approximately one billion years ago, before the last global resurfacing event, when the Sun was

fainter (Solomon and Head, 1991; Kasting et al., 1993). Additionally, there have been a number

of modeling studies positing revised limits for the IHZ that depend on perturbations to some of

the parameter assumptions, including planetary mass (Kopparapu et al., 2014) and rotation rates

(e.g. Kopparapu et al., 2016). Because TRAPPIST-1 d is between the recent Venus limit and the

conservative inner edge as defined by Kopparapu et al. (2013), it is a valuable target for probing

the position of the inner edge of the habitable zone around M dwarf stars.

In a multi-planet system like TRAPPIST-1, evidence of past atmospheric escape from the inner

planet(s) could inform the suitability for more difficult follow-up observations of a habitable zone

target (e.g. TRAPPIST-1 e). It is much easier to characterize the inner planets, due to the pos-

sibility of obtaining more transit observations and the larger scale heights afforded by the hotter

atmospheres (Morley et al., 2017; Lincowski et al., 2018). The survival of an atmosphere inward
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of the IHZ could be an indicator for the atmospheric survival of the other planets. For example,

if TRAPPIST-1 b still has an atmosphere, then planets farther away—including those in the habit-

able zone—have a higher likelihood of also hosting an atmosphere. However, the presence of an

atmosphere on a habitable zone planet does not guarantee the planet is habitable, as even habitable

zone planets may have undergone complete ocean loss (§3; Lincowski et al., 2018).

Another piece of evidence that can indicate a planetary environment lost its surface water, so

is not likely to be habitable, is severe isotopic fractionation. Both Venus and Mars once likely

had surface oceans (e.g. De Bergh et al., 1991; Wordsworth, 2016), evidence for which includes

isotopic fractionation in the observed atmospheric deuterium to hydrogen ratios (D/H) compared

to the Vienna Standard Mean Ocean Water (VSMOW) for Earth. Compared to VSMOW, the

atmosphere of Venus is enhanced by a factor of 120–140 (De Bergh et al., 1991; Matsui et al., 2012)

and the atmosphere of Mars is enhanced by a factor of ∼4 (Owen et al., 1988; Villanueva et al.,

2015; Encrenaz et al., 2018). These enhancements likely occurred from near-complete loss of their

available water reservoirs (Hunten, 1982; Owen et al., 1988), because any primordial reservoir

would dilute fractionated gas and reduce the total observed fractionation. Note that Earth has

the lowest D/H ratio among the solar system terrestrials—VSMOW has D/H ∼8 times the solar

abundance (c.f. Hagemann et al., 1970; Asplund et al., 2009). Measurements of large isotopic

fractionations in the atmospheres of nearby exoplanets relative to their host stars would also likely

represent departures from primordial compositions (Mollière and Snellen, 2019).

Atmospheric water vapor observed in transmission is suggestive but not definitive proof of

the presence of an ocean (c.f. Earth, Venus; Meadows et al. 2018; Lincowski et al. 2018). Unlike

reflectance spectroscopy, transmission spectroscopy cannot detect surface absorption or reflectance

features—additional observations would be needed to determine the likelihood of surface liquid

water.

Atmospheric escape is the only known mechanism capable of the extreme mass-dependent

fractionation observed in the D/H in our solar system (see the summary in Mollière and Snellen,

2019, and references therein). Similarly, the fractionation of oxygen (18O/16O) during hydrody-

namic or non-thermal escape of oxygen generated from photolysis of vaporized ocean water is
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another potential signature of past ocean loss. If the abiotic oxygen generated via ocean loss is not

lost to space, but instead is dissolved into a magma ocean (Schaefer et al., 2016; Wordsworth et al.,

2018) or oxidizes the surface, then only a comparably small level of fractionation would occur.

Unlike atmospheric loss, adsorption by the surface sequesters heavier isotopes slightly more than

lighter isotopes (e.g. Sharp, 2017), and so it would impart a small fractionation signature opposing

that of escape. Measuring the hydrogen and/or oxygen isotope fractionation for planets orbiting

M dwarfs could provide additional evidence of past extreme ocean loss and atmospheric escape in

systems very different from our own.

Because O2 and its isotopologues are likely to be difficult to observe with JWST, isotopologues

of CO2 can be used as a more easily observed proxy for oxygen fractionation. Laboratory ex-

periments (e.g. Shaheen et al., 2007) and numerical modeling (Liang et al., 2007) of CO2 in the

stratosphere of Earth have demonstrated rapid isotopic equilibrium (on the order of days) between

CO2 and O2, indicating that fractionation in CO2 can be efficiently induced if it coexists with heav-

ily fractionated O2. Because this process is UV-driven, it is likely to also occur efficiently in the

atmospheres of planets orbiting M dwarfs.

Isotopic fractionation may therefore be a useful indicator for past ocean loss on terrestrial ex-

oplanets and may help to observationally test the inner edge of the habitable zone. Here I assess

how large isotopic fractionation could be observed spectroscopically in terrestrial exoplanet atmo-

spheres with JWST. I focus primarily on the two TRAPPIST-1 planets most likely to produce the

strongest transit signals, due to their large atmospheric scale heights and small semi-major axes:

TRAPPIST-1 b, which receives approximately twice the irradiation of Venus, and d, which lies

between the conservative and optimistic IHZ limits. I also assess the more observationally chal-

lenging TRAPPIST-1 e, a habitable zone candidate. The TRAPPIST-1 system is scheduled to be

observed with JWST and is likely to produce a favorable signal that could be used to characterize

evolved atmospheres (Morley et al., 2017; Lincowski et al., 2018; Lustig-Yaeger et al., 2019a). In

§4.2, I methods specific to this chapter; in §4.3 I show the results; in §4.4 I discuss the implications

of the results for observations with JWST; and in §4.5 I summarize the findings.
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4.2 Methods

I adopt the following isotope geochemistry convention (e.g. Sharp, 2017) to describe the isotopic

fractionation of hydrogen (note this does not include the multiplier of 1000 typically used in isotope

geochemistry, due to the extreme values adopted here):

δD =
(D/H)model

(D/H)VSMOW
−1, (4.1)

and similarly, δ18O is the notation for changes in 18O/16O. “VSMOW” refers to the Vienna Stan-

dard Mean Ocean Water isotopic standard (Coplen, 1995).

4.2.1 Calculating Isotopologue Abundances

I determine the modified abundances for all isotopologues available for the molecules H2O, CO2,

O3, CO, and O2 in the HITRAN2016 line lists by calculating the abundances for each isotopologue

given the specified isotopic fractionation. For oxygen, I assume standard terrestrial linear mass

fractionation, such that δ17O = 0.5δ18O (Sharp, 2017), although around M dwarfs this may depend

on the details of atmospheric escape for a given planet. I assume that enhancement of doubly

fractionated molecules (e.g. D2O) is stochastic, and therefore proportional to the production of the

isotopic fractionation for each affected atom, which is generally a good assumption, especially at

higher temperatures (Eiler, 2007).

To compute isotopologue abundances for each molecule, I numerically solve for the multipliers

(X) for the isotopologues of a given molecule to adjust its VSMOW abundances given in HITRAN.

These multipliers are not wholly independent, because I assume each substitution is proportional

to the abundance. For example, substitution of hydrogen for deuterium in H2O, H17
2 O, or H18

2 O

is equally likely per molecule, in proportion to the abundance of hydrogen in each molecule. The

multiplier is squared for doubly substituted isotopes, because it requires the probability that one
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atom is substituted and the other is also substituted. A generic notation may be written as:

XAm Bn =
(xA[A])m · (xB[B])n

[A]m · [B]n , (4.2)

where the square brackets (e.g. [A]) are the notation for abundance and the individual multipliers

are (xA) for a particular isotope A. This equation reduces to:

XAm Bn = xm
Axn

B. (4.3)

For the example of D2O (also the example in box 1 of Eiler 2007), if xD is the multiplier for the

enhancement in deuterium, the abundance multiplier of D2O is:

XD2O =
(xD[D])2 · [16O]

[D]2 · [16O]
= x2

D. (4.4)

For a molecule with different isotopic substitutions, such as HD17O, the abundance adjustment

would be:

XHD17O = xHxD(0.5x18O), (4.5)

where here I have set x17O = 0.5x18O. The multipliers x are solved for simultaneously using a

standard minimization code under the constraint that the total number of atoms of each isotope

for a given family of molecules (e.g. H2O and its isotopologues) satisfy the desired fractionation

criterion (i.e. for δD=100, that the ratio of abundances for deuterium across all isotopologues for a

given molecule is 100 times greater than compared to VSMOW).

I assume that the line intensities (and absorption coefficients) of the adjusted isotopologues

scale directly with their abundances, in accordance with the Boltzmann equation:

niso

n0
=

giso

g0
e−(Eiso−E0)/kT , (4.6)

where n is the number of molecules in a given energy state (directly proportional to the absorption
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coefficient), g represents the multiplicity of states (here, the abundance of molecules of a given

isotopologue), E is the energy of each state, k is the Boltzmann constant, and T is the temperature.

4.2.2 Model Planetary Atmospheres and Stellar Inputs

To model post-ocean-loss atmospheres that have undergone isotopic fractionation, I use nominal

10 bar atmospheres for TRAPPIST-1 b, d, and e from §3 (Lincowski et al., 2018). The choice of 10

bars is consistent with the findings of O2 sequestration by Wordsworth et al. (2018), though other

stable climate states with different compositions and higher or lower surface pressures and temper-

atures are also possible (c.f. Wolf, 2017; Turbet et al., 2018; Wunderlich et al., 2019). TRAPPIST-

1 b and d are the planets that require the fewest transits to observe molecular absorption features,

due to larger expected scale heights resulting from higher atmospheric temperatures, and a low sur-

face gravity for d (Lincowski et al., 2018; Lustig-Yaeger et al., 2019a). Planet d also sits between

the current conservative and recent Venus estimates for the inner edge of the habitable zone, and so

could help constrain the actual inner limit of the HZ for the TRAPPIST-1 system. TRAPPIST-1 e is

firmly in the conservative HZ, and is perhaps most likely to be temperate (Wolf, 2017; Turbet et al.,

2018; Lincowski et al., 2018). Though some or all of the TRAPPIST-1 planets could have much

larger water abundances because their densities are generally lower than the density of Earth, here

I assume initially terrestrial bulk compositions, as their 3σ error bars also encompass the density

of Earth (Grimm et al., 2018). For this isotopic fractionation detection study, I have assumed that

all three of these planets, including TRAPPIST-1 e, have lost their surface water, due to an early

runaway greenhouse phase and atmospheric escape during the superluminous pre-main sequence

of the host star, and so are not habitable (Lincowski et al., 2018).

For all three planets, I modeled O2-dominated atmospheres, both desiccated and outgassing,

and clear-sky Venus atmospheres. A cloudy/hazy Venus case is not included for the detectabil-

ity studies considered here, as haze opacity (due to Mie scattering at < 2.5µm and absorption by

H2SO4 at > 2.5µm, Palmer and Williams 1975; Pollack et al. 1993; Ehrenreich et al. 2012; Lin-

cowski et al. 2018) likely precludes detection of the isotopologue bands. Furthermore, due to high

temperatures, H2SO4 will not likely condense in the atmosphere of a Venus-like TRAPPIST-1 b
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Planetary State Key Gases D/H 18O/16O
O2 outgassing 95% O2, trace H2O, CO2, CO, O3 10, 100 1, 10
O2 outgassing, reduced H2O 95% O2, trace H2O, CO2, CO, O3 10, 100 1, 10
O2 desiccated 95% O2, 4.5% N2, 0.5% CO2, trace CO, O3 - 10, 100
Venus-like clear-sky 96.5% CO2, 3.5% N2, trace H2O, CO 10, 100 1, 10

Table 4.1: Climatically and photochemically self-consistent environments from §3 simulated for
spectral analysis, dominated either by O2 or CO2, assuming a range of trace species outgassing.
TRAPPIST-1 b, d, and e were simulated for all environments with the listed fractionation levels.
We model a reduced H2O case for the O2 outgassing environments, where the water vapor is scaled
down by a factor of 100 (TRAPPIST-1 b) or 10 (TRAPPIST-1 d), which reduces the water vapor to
the level observed in the stratospheres of Venus and Earth (∼ 1−3 ppm). As a result, the reduced
H2O atmospheres do not have self-consistent climates/photochemistry. There was no reduced H2O
case for TRAPPIST-1 e because the water vapor was already ∼1–5 ppm.

(§3; Lincowski et al., 2018). I model a second set of spectra for the O2-dominated atmospheres

that reduce the water abundances for b and d by a factor of 100 and 10, respectively, to simulate

lower outgassing rates (and a drier stratospheric water abundance of ∼1 ppm) than those assumed

in Lincowski et al. (2018).

The model atmospheres are detailed in §3 and listed in Table 4.1. Briefly, they contain 58–

66 levels from the surface to 0.01 Pa. The O2 desiccated atmosphere is 95% O2, 0.5% CO2,

and 4.5% N2 in photochemical–kinetic equilibrium with the primary photolytic products CO and

O3 (Figure 3.1). The O2 outgassing atmosphere is 95% O2 and 4.5–5% N2, with Earth-like vol-

canic outgassing fluxes at the surface for H2O, CO2, SO2, and other molecules not detectable in

these spectra (Figures 3.1, 3.5). Note that the O2 atmospheres with reduced water abundance are

not climatically or photochemically self-consistent. However, neither adjustment to water vapor

would likely drastically impact the atmospheric chemistry or climate. The Venus-like atmosphere

is 96.5% CO2, 3.5% N2, with trace amounts of H2O, SO2, and others fixed to values at the surface

consistent with Venusian abundances at 10 bar (Figure 3.2).
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4.2.3 Isotopic Fractionation

Because isotopologues have not been considered in M dwarf terrestrial planetary atmospheric es-

cape modeling (Lammer et al., 2007; Luger et al., 2015; Luger and Barnes, 2015; Schaefer et al.,

2016; Ribas et al., 2016; Airapetian et al., 2017; Bolmont et al., 2017; Dong et al., 2017, 2018;

Wordsworth et al., 2018; Lincowski et al., 2018; Egan et al., 2019), I use Venus observations to

constrain plausible fractionation values for spectral modeling. While the Venus literature is mostly

in agreement that hydrodynamic loss was responsible for the primordial loss of water (Hunten,

1982; Kasting and Pollack, 1983; Kasting, 1988; Chassefière, 1996; Gillmann et al., 2009; Chas-

sefière et al., 2012; Bullock and Grinspoon, 2013; Lichtenegger et al., 2016; Lammer et al., 2018)

and may have been responsible for the fractionation of D/H (see equation (17), Hunten et al.,

1987), the specific mechanism(s) that caused the current D/H fractionation is (are) uncertain (e.g.

Kasting and Pollack 1983; Kasting 1988; Grinspoon 1993; Gillmann et al. 2009; Collinson et al.

2016; Lichtenegger et al. 2016 and reviews by Chassefière et al. 2012; Bullock and Grinspoon

2013; Lammer et al. 2018). These processes generally cause some degree of fractionation and

favor escape of the lighter elements, either due to the larger escape energy required by heavier

species or due to the diffusive stratification of the homosphere and resultant higher abundances

of lighter elements near the exobase (i.e. Rayleigh fractionation, Rayleigh, 1896; Hunten, 1982;

Sharp, 2017).

Higher fractionation values compared to Venus may be possible, due to the more extreme

stellar radiation environment experienced by M dwarf planets. M dwarfs have a much longer

superluminous pre-main sequence phase (Baraffe et al., 2015), and they emit comparatively more

XUV and FUV flux than our Sun (e.g. Ribas et al., 2016), which enhances atmospheric escape

over time through stronger ionospheric heating from XUV absorption and stronger photolysis of

water vapor by FUV absorption, a key limiting factor defining the diffusion-limited escape flux

(e.g. Luger and Barnes, 2015). Terrestrial planets in and around the habitable zones of M dwarf

stars could lose hundreds of bars of oxygen to non-thermal escape processes, such as coronal-mass-

ejection- or solar-wind-driven ion pick-up (c.f. Kulikov et al., 2006; Lammer et al., 2007; Gillmann
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et al., 2009) and polar winds (c.f. Collinson et al., 2016; Airapetian et al., 2017), both of which may

be aggravated for planets without strong (i.e. Earth-like) magnetic fields. Although these studies

have not considered isotopes or isotopic fractionation, the large loss potential for oxygen and other

heavier species may plausibly result in severe isotopic fractionation.

Without detailed calculations of the possible isotopic fractionation in the atmospheres of plan-

ets around M dwarf stars, I assume a range of values for δD and δ18O, both similar to and more

severe than Venus. For the environments with water vapor, I conservatively simulate δD up to

100 times VSMOW, consistent with Venus (∼120–140). For cases where δD=100, I also simulate

δ18O up to 10 times VSMOW (note Venus exhibits no oxygen fractionation). In the most severe

case for atmosphere and ocean loss, I simulate δ18O up to 100 for the desiccated, O2-dominated

environment. For this extreme case, I assume that early complete ocean and hydrogen loss was

followed by the continuous escape of oxygen. This severe value may not be possible, but it is

useful to calculate a range of values in these spectral experiments to demonstrate the thresholds for

detection. Lower fractionation values are included as appropriate for each case.

4.3 Results

I present noiseless simulated transit transmission spectra at 1 cm−1 resolution demonstrating the

signal present due to different levels of extreme isotopic fractionation for δD up to 100 VSMOW

(similar to Venus) and δ18O up to 100 VSMOW. As in §3, these spectra are presented as “relative

transit depth”:
dFa

F
=

2RpRa

R2∗
+

(
Ra

R∗

)2

, (4.7)

where F is the stellar flux, dFa is the difference in stellar flux due to occultation by the atmo-

sphere of the transiting planet, Rp is the planet solid-body radius, Ra is the atmospheric height

from the surface of the planet, and R∗ is the radius of the star. In this work, the relative transit

signals discussed are generally relative to the transit signal calculated with the nominal VSMOW

abundances. The spectra and data are available online using the VPL Spectral Explorer1, or upon

1http://depts.washington.edu/naivpl/content/vpl-spectral-explorer

http://depts.washington.edu/naivpl/content/vpl-spectral-explorer
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δD, δ18O VSMOW 1, 2 1, 10 1, 100 10, 1 10, 2 100, 1 100, 2 100, 10
CO2 0.984 0.979 0.938 0.577 0.984 0.979 0.984 0.979 0.938

13CO2 0.011 0.011 0.011 6.48×10−3 0.011 0.011 0.011 0.011 0.011
16O12C18O 3.95×10−3 7.87×10−3 0.039 0.313 3.95×10−3 7.87×10−3 3.95×10−3 7.87×10−3 0.039
16O12C17O 7.34×10−4 2.49×10−3 0.012 0.099 7.34×10−4 2.49×10−3 7.34×10−4 2.49×10−3 0.012
16O13C18O 4.43×10−5 8.84×10−5 4.33×10−4 3.51×10−3 4.43×10−5 8.84×10−5 4.43×10−5 8.84×10−5 4.33×10−4

16O13C17O 8.25×10−6 2.79×10−5 1.37×10−4 1.11×10−3 8.25×10−6 2.79×10−5 8.25×10−6 2.79×10−5 1.37×10−4

C18O2 3.96×10−6 9.23×10−6 5.07×10−5 4.19×10−4 3.96×10−6 9.23×10−6 3.96×10−6 9.23×10−6 5.07×10−5

17O12C18O 1.47×10−6 5.83×10−6 3.20×10−5 2.65×10−4 1.47×10−6 5.83×10−6 1.47×10−6 5.83×10−6 3.20×10−5

C17O2 1.37×10−7 9.22×10−7 5.06×10−6 4.19×10−5 1.37×10−7 9.22×10−7 1.37×10−7 9.22×10−7 5.06×10−6

13C18O2 4.45×10−8 1.04×10−7 5.69×10−7 4.71×10−6 4.45×10−8 1.04×10−7 4.45×10−8 1.04×10−7 5.69×10−7

18O13C17O 1.65×10−8 6.55×10−8 3.60×10−7 2.98×10−6 1.65×10−8 6.55×10−8 1.65×10−8 6.55×10−8 3.60×10−7

13C17O2 1.54×10−9 1.04×10−8 5.69×10−8 4.70×10−7 1.54×10−9 1.04×10−8 1.54×10−9 1.04×10−8 5.69×10−8

H2O 0.997 0.995 0.992 0.967 0.964 0.944
H2

18O 2.00×10−3 1.99×10−3 3.98×10−3 1.94×10−3 3.87×10−3 0.019
H2

17O 3.72×10−4 3.71×10−4 1.26×10−3 3.61×10−4 1.22×10−3 5.99×10−3

HDO 3.11×10−4 3.10×10−3 3.09×10−3 0.031 0.031 0.030
HD18O 6.23×10−7 6.22×10−6 1.24×10−5 6.14×10−5 1.22×10−4 5.99×10−4

HD17O 1.16×10−7 1.16×10−6 3.92×10−6 1.14×10−5 3.87×10−5 1.89×10−4

D2O 2.42×10−8 3.45×10−7 3.44×10−7 3.53×10−6 3.52×10−6 3.45×10−6

Table 4.2: CALCULATED ISOTOPOLOGUE ABUNDANCES. The column headers list each pair
of hydrogen and oxygen isotope fractionation values compared to Vienna Standard Mean Ocean
Water (VSMOW, from HITRAN2016; Gordon et al., 2017). Note VSMOW D/H=1.5574× 10−4

(Meija et al., 2016). Not listed here are adjusted abundances for CO, O2, and O3, which we include
in our models. The primary potentially observable species are HDO and 18O12C16O.

request. The detectability of the isotopically-enhanced features of these spectra are assessed by

propagation through the PandExo JWST instrument noise simulator (Batalha et al., 2017).

4.3.1 Isotopologue Abundances

I solve for the isotopologue abundances of the model atmospheres adopted from §3 numerically

as described in §4.2.1. The calculated abundances for all fractionation values for the primary

detectable species, H2O and CO2, are listed in Table 4.2, which are listed in columns for each

iteration of δD and δ18O.

4.3.2 Simulated Spectra

I assessed isotopic fractions of δD up to 100 times VSMOW for two outgassing, O2-dominated

atmospheres, and a (clear-sky) Venus-like, CO2-dominated atmosphere, for TRAPPIST-1 b, d,

and e. I assessed δ18O up to 10 for these atmospheres, and up to 100 VSMOW for a completely
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Figure 4.1: SIMULATED TRAPPIST-1 B ATMOSPHERES EXHIBIT ISOTOPOLOGUE FEA-
TURES THAT MAY BE DETECTABLE WITH JWST. Simulated transmission spectra for the O2
outgassing environments for TRAPPIST-1 b, which contain ∼500 ppm or ∼5 ppm stratospheric
H2O, comparing up to δD –– 100 and δ18O –– 10. These atmospheres exhibit transmission signals
at multiple wavelengths up to 79 ppm, primarily from HDO. High HDO abundances partially ob-
scure signals from 18O12C16O (notated as 18OCO in the plots). The center panel shows the range
of the highest signal from the star, 1.0–2.5 µm, which contains weak isotopologue bands that may
contribute significantly to the detection of these species.
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desiccated O2-dominated atmosphere. The justification for these values was discussed in §4.2.3,

and these environments are listed in Table 4.1.

Noiseless simulated spectra are shown in Figures 4.1–4.2 for TRAPPIST-1 b. The spectral

region around 3–4 µm is rich for observing δD enhancements in HDO and δ18O enhancements

in 18O12C16O. TRAPPIST-1 b exhibits transit transmission signal strengths up to 79 ppm for δD

in the reduced H2O, O2-dominated atmosphere with outgassing and 94 ppm for δ18O in the des-

iccated O2-dominated atmosphere, compared to nominal spectra with VSMOW abundances. For

comparison with b, in Figure 4.3 I show simulated spectra for TRAPPIST-1 d and e for the O2-

dominated atmospheres with outgassing. The atmospheres of both planets have smaller absorption

features, due to lower water vapor abundances and temperatures, and due to the refraction of stellar

photons. TRAPPIST-1 e has very small isotopologue features here compared to VSMOW abun-

dances, but this simulated, uninhabitable environment has a temperate climate and stratospheric

water abundance similar to a potentially habitable planet, which makes it an important comparison

case.

The transit signals of isotopic fractionation in the individual atmospheres vary considerably

and depend on the abundances of water vapor and CO2 (Figure 4.1). In an O2-dominated at-

mosphere with some water vapor still present due to outgassing, Venus-like fractionation of δD

could be observable. With ∼500 ppm stratospheric H2O (Figure 4.1, upper panel), the modeled

TRAPPIST-1 b atmosphere may exhibit a transit signal up to 74 ppm in the broad 3.7 µm HDO

band. There are also weaker features due to HDO at 1.5 and 2.4 µm if HDO is sufficiently abun-

dant. If fractionation in oxygen was also present, the 18O12C16O features between 3.0 and 4.1 µm

would overlap with the 3.7 µm HDO band, though the band widths and shapes are different. The

climate-photochemistry models in §3 produced lower water abundances in the stratosphere of this

environment for TRAPPIST-1 d (10–50 ppm) and e (∼1 ppm), and the transit signal for enhanced

HDO is similarly smaller (55 and 11 ppm, respectively). These transit signals are also reduced,

due to refraction for both planets and a much smaller scale height for e. With reduced strato-

spheric water vapor (to ∼1–5 ppm each for b and d), compared to VSMOW the spectra exhibited

isotopologue transit signals of 79 and 29 ppm for b and d, respectively.
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Figure 4.2: SIMULATED TRAPPIST-1 B ATMOSPHERES EXHIBIT ISOTOPOLOGUE FEA-
TURES THAT MAY BE DETECTABLE WITH JWST. Upper panel: simulated transmission spec-
tra for a 10 bar desiccated O2-dominated atmosphere, demonstrating δ18O in CO2 up to 100.
Lower panel: simulated transmission spectra for a 10 bar Venus-like (CO2-dominated) atmosphere
comparing up to δD –– 100 and δ18O –– 10. This case does not have clouds. The desiccated O2-
dominated atmospheres exhibit up to 94 ppm transit signals at multiple wavelengths, primarily
from 18O12C16O (notated as 18OCO). The Venus-like atmosphere exhibits weak isotopologue
fractionation signals because the spectrum is dominated by strong CO2 absorption.
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Figure 4.3: TRAPPIST-1 D AND E O2-DOMINATED ATMOSPHERES WITH GEOLOGICAL
OUTGASSING MAY EXHIBIT DETECTABLE ISOTOPOLOGUE FEATURES IN TRANSIT TRANS-
MISSION SPECTRA. Simulated transmission spectra for TRAPPIST-1 d (upper panel) and e (lower
panel) compare up to δD –– 100 and δ18O –– 10. These spectra are similar to the TRAPPIST-1 b case.
Planets d and e are farther away from the star and exhibit more refraction of stellar photons in
transit, which reduces the sizes of the absorption features. For d, transit transmission signals peak
at 55 ppm for δD –– 100 and 36 ppm for δ18O –– 10, with combined features peaking at 57 ppm. For
e, transit transmission signals peak at 11 ppm for δD –– 100 and 12 ppm for δ18O –– 10.
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For a more severe case in a desiccated (water-free) O2-dominated environment (Figure 4.2,

upper panel), enhancements to δ18O in 18O12C16O are evident throughout the NIR (strongest at

1.7, 2.2, and 3–4 µm; labeled as 18OCO), exhibiting transit signals compared to VSMOW of up

to 94 ppm for b and 72 ppm for d. With a signal of 29 ppm, this was the only TRAPPIST-1 e

atmosphere to exhibit a transit signal near 30 ppm compared to VSMOW (i.e. the putative noise

floor for JWST NIRSpec, Greene et al., 2016). There are also strong 18O12C16O isotopologue

bands in these atmospheres at 6.0, 7.3, and 7.9 µm (not shown), though this spectral region is less

favorable for JWST observations (Morley et al., 2017; Lustig-Yaeger et al., 2019a), and would be

partially obscured by O2-O2 at 6.4 µm.

For all three modeled planets (b, d, and e), Venus-like atmospheres are thoroughly dominated

by CO2, with minimal differences in spectral features, due primarily to 18O12C16O (less than

30 ppm) in the transit signal compared to VSMOW (see e.g. Figure 4.2, lower panel). These

differences were at the same wavelengths exhibited by the O2 atmospheres. With CO2 absorption

saturating the NIR spectrum, HDO was not detectable in the Venus-like cases.

While HDO and 18O12C16O were the primary detectable isotopologues, many other bands were

included in our spectral models, but were generally not present in the simulated transit transmis-

sion spectra, including the O2 A band. No isotopologues containing 17O were distinctly present,

due to its lower abundance compared to 18O. Isotopologue absorption by 12C18O at 2.4 µm is dis-

tinguishable in the completely desiccated atmosphere (see Figure 4.1), but not likely individually

discernible with JWST.

4.3.3 Detectability Assessment

Lustig-Yaeger et al. (2019a) conducted a comprehensive detectability study for JWST instruments

using the suite of model spectra from Lincowski et al. (2018) and identified several useful instru-

ment modes for these atmospheres. These optimal instrument modes were used here and are listed

along the bottom of Figure 4.4, which provides a summary of the number of transits required to

attain an expected signal-to-noise ratio (〈S/N〉) of five compared to the transit spectra with nominal

VSMOW abundances for each model atmosphere. The number of transits required for a different
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TRAPPIST-1 b O2 Desiccated δ18O×10 37 44 31 72 70 50 32 18

δ18O×100 9 8 7 12 12 10 7 4

O2 Outgassing 5 ppm H2O δD×10, δ18O×1 >100 >100 >100 >100 >100 >100 >100 >100

δD×100, δ18O×1 32 >100 23 >100 >100 83 51 26

δD×100, δ18O×10 17 35 13 60 58 30 19 10

O2 Outgassing 500 ppm H2O δD×10, δ18O×1 67 >100 57 >100 >100 >100 >100 58

δD×100, δ18O×1 15 56 13 >100 >100 34 21 11

δD×100, δ18O×10 12 30 10 51 50 24 15 8

Venus-like δD×10, δ18O×1 >100 >100 >100 >100 >100 >100 >100 >100

δD×100, δ18O×1 >100 >100 >100 >100 >100 >100 >100 >100

δD×100, δ18O×10 >100 62 91 88 85 89 56 32

TRAPPIST-1 d O2 Desiccated δ18O×10 63 53 57 93 87 73 46 26

δ18O×100 14 10 11 15 14 14 9 5

O2 Outgassing 1–5 ppm H2O δD×10, δ18O×1 >100 >100 >100 >100 >100 >100 >100 >100

δD×100, δ18O×1 >100 >100 >100 >100 >100 >100 >100 >100

δD×100, δ18O×10 63 63 56 >100 >100 81 50 28

O2 Outgassing 10–50 ppm H2O δD×10, δ18O×1 >100 >100 >100 >100 >100 >100 >100 >100

δD×100, δ18O×1 27 >100 22 >100 >100 66 40 21

δD×100, δ18O×10 20 41 17 80 75 38 24 13

Venus-like δD×10, δ18O×1 >100 >100 >100 >100 >100 >100 >100 >100

δD×100, δ18O×1 >100 >100 >100 >100 >100 >100 >100 >100

δD×100, δ18O×10 >100 84 50 68 64 76 48 28
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Figure 4.4: TRANSITS TO DISTINGUISH ISOTOPOLOGUE FEATURES COMPARED TO VS-
MOW ABUNDANCES AT 〈S/N〉 = 5 WITH A SELECTION OF JWST INSTRUMENTS AND FOR
THE MODELED ATMOSPHERES. NIRSpec Prism and G395H Grism, along with NIRCam with
F322W2 filter, are best suited to detect HDO and 18O12C16O. All modeled TRAPPIST-1 e spectra,
except for the case shown, required greater than 100 transits to distinguish isotopologue features
compared to VSMOW abundances at 〈S/N〉=5. The cells are colored darker for fewer transits and
lighter for more transits required.
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Figure 4.5: ISOTOPOLOGUE BANDS MAY BE DETECTED IN A TRAPPIST-1 B CLEAR-
SKY POST-OCEAN-LOSS O2-DOMINATED ATMOSPHERE WITH JWST. Simulated transmis-
sion spectra for the O2 outgassing environment for TRAPPIST-1 b with ∼500 ppm stratospheric
H2O, comparing δD –– 100 (blue) vs. VSMOW (black). These spectra were processed through the
PandExo JWST instrument simulator (Batalha et al., 2017) and are presented with error bars at
the native resolution for NIRSpec Prism (nominal resolving power R ∼ 100), using ngroups = 6
(Batalha et al., 2018), with 11 transits co-added. The difference between these spectra is detectable
at 〈S/N〉=5. The broad HDO band at 3.7 µm provides a significant contribution to the overall
detection. The O2-O2 bands at 1.06 and 1.27 µm can also be seen here.

〈S/N〉 can be calculated as

N′ = N
(〈S/N〉′
〈S/N〉

)2

, (4.8)

where N is the number of transits (here at 〈S/N〉=5) and N′ is the number of transits to attain 〈S/N〉′.

Except for the CO2-dominated, Venus-like environments, Venus-like levels of fractionation of

D/H consistent with past ocean loss for each TRAPPIST-1 b and d atmosphere may be detectable

with JWST (see e.g. Figure 4.5). The completely desiccated, O2-dominated atmospheres mod-

eled for TRAPPIST-1 b and d have 18O12C16O bands that are also accessible to JWST. Assuming

volcanically-outgassed species in the O2-dominated atmospheres allows detection of HDO bands.

Fractionation in oxygen, in addition to hydrogen, increases the detectability of isotopologue bands,

due to complementary signal increases in both HDO and 18O12C16O bands. As in Lustig-Yaeger

et al. (2019a), we find that NIRSpec Prism SUB512 (512x512 sub-array) with a partial saturation

strategy (allowing partial saturation at the SED peak to provide higher signal at other wavelengths),
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with six groups per integration (Batalha et al., 2018), is generally the ideal instrument/mode for

these detections. The NIRSpec G395H grism is nearly as good, or in some cases better, due to

coverage of the 3–4 µm region containing broad HDO and 18O12C16O bands. Similarly, due to its

wavelength coverage, NIRCam F322W2 is also an acceptable instrument for these detections.

With lower levels of stratospheric water vapor similar to Venus and Earth in an O2-dominated

atmosphere (here, 1–5 ppm H2O), a similar number of transits are required for TRAPPIST-1 b

compared to the nominal outgassing atmospheres of Lincowski et al. (2018). This is significantly

worse for TRAPPIST-1 d, which may be in part due to its higher refraction altitude.

The Venus-like atmosphere with Venus-like isotopic fractionation is likely very difficult to

detect with JWST , even without aerosols. This is due to the small scale height and high opacity

of a CO2-dominated atmosphere, which confines the transmission to the upper stratosphere and

drastically reduces the signal from H2O and HDO. To detect a fractionation signal, such a Venus-

like planet would also have to exhibit substantial fractionation in oxygen (unlike Venus itself),

which could enhance the transit depths of the 18O12C16O bands. In a cooler atmosphere such as

that of TRAPPIST-1 d, the CO2 bands are not as broadened, and the occupancy of the lower energy

states of isotopologue bands is higher (Mollière and Snellen, 2019), so detecting 18O12C16O in a

Venus-like (albeit clear-sky) atmosphere of d would require fewer transits than b. Unfortunately,

d was also the Venus-like planet that exhibited the most vigorous production of sulfuric acid haze

(Figure 3.3).

For TRAPPIST-1 e, detecting isotopic fractionation in H2O would be difficult, requiring more

than 100 transits for all fractionation values, atmospheric environments, and instrument modes

considered here. Fractionation in CO2 oxygen isotopes in the desiccated O2-dominated atmosphere

may be possible, if such extreme fractionation is possible. The HDO and 18O12C16O features in

the model atmospheres for TRAPPIST-1 e are substantially masked by atmospheric refraction. The

cooler temperatures and higher surface gravity compared to TRAPPIST-1 b and d result in small

scale heights, which conspire to produce shallow transmission depths.
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4.4 Discussion

I have shown that an enhancement of 100 in either δD (via water vapor) or δ18O (via CO2), which

would likely be due to extreme ocean or atmospheric loss, may be detectable with JWST for the

inner planets of the TRAPPIST-1 system. Simulated spectra for the O2-dominated atmospheres

exhibit transit signals up to 79 ppm and 94 ppm for δD and δ18O, respectively, for TRAPPIST-

1 b (55 and 72 ppm, respectively, for d; 11 and 29 ppm, respectively, for e). With optimal use of

NIRSpec Prism (Batalha et al., 2018), these signals could be detected at 〈S/N〉=5 in eleven and four

transits respectively for b (25 and five for d). In the desiccated, O2-dominated case with δD = 100

and δ18O = 10, the isotopic enhancement can be distinguished from the nominal Earth VSMOW

abundances in as few as eight transits for b (13 for d). This is only a few more transits than the

two transits required with NIRSpec Prism SUB512 n = 6 to detect an atmosphere by ruling out

a featureless spectrum at 〈S/N〉 = 5 for b or d (Lustig-Yaeger et al., 2019a). It is more difficult

to observe a fractionation signature in the atmosphere of a habitable zone planet like TRAPPIST-

1 e; only extreme fractionation of oxygen is possibly detectable (in 28 transits), due to a smaller

atmospheric scale height, lower levels of stratospheric water vapor, and the refraction of stellar

rays through the atmosphere during transit (Bétrémieux and Kaltenegger, 2013, 2014; Misra et al.,

2014; Robinson, 2017).

The strongest transit signal is due to rotational-vibrational bands in the NIR, 1–5 µm, consis-

tent with JWST NIRSpec. Transit observations are dependent on the stellar photons for signal,

and this is the spectral region with the most stellar photons from M dwarf stars. These rotational-

vibrational transitions are subject to mass-dependent spectral shifts for the bands between 1–3 µm,

because such transitions are inversely proportional to the reduced mass of the molecule. Asymmet-

ric molecules such as HDO and 18O12C16O provide new degrees of freedom, by breaking molecule

symmetries compared to H2O and CO2, which produce new absorption bands between 3 and 8 µm.

The severe fractionation considered in this work would not likely be caused by any other known

fractionation mechanism, including the composition of the host star (e.g. Mollière and Snellen,

2019, and references therein). Interpreting observed isotopic abundances in the atmospheres of an
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exoplanet must be considered in relation to the host star. However, nearby stars differ in D/H by

less than a factor of ∼ 2 compared to the Sun (c.f. Linsky et al., 2006; Asplund et al., 2009). The

fractionation of isotopic abundances compared to the host star value would indicate that a planet

evolved from the primordial conditions, which could include a small effect due to formation. How-

ever, a large fractionation compared to the host star would likely indicate an evolved atmosphere,

though at this time we cannot say which mechanism may be responsible.

The ability to observe isotopic fractionation in H2O or CO2 may help to more robustly iden-

tify worlds without surface oceans. Transmission spectroscopy cannot directly probe the surface

composition of a planet, and water vapor observed in transmission is suggestive, but is not conclu-

sive, proof that an ocean is present. Current planetary hydrogen loss (though also not conclusive

evidence of a surface ocean) could be identified via UV measurements of Lyman-α (e.g. Jura,

2004). The detection of O2-O2 collision-induced absorption is indicative of a large inventory of

oxygen that is most likely produced during the loss of oceans of water (Luger and Barnes, 2015;

Schwieterman et al., 2016). A large O2 inventory does not preclude the possibility that a significant

amount of surface water remains, especially for more volatile rich worlds, which may include the

TRAPPIST-1 planets. However, the identification of isotopic fractionation in H2O and/or CO2 in

conjunction with the detection of O2-O2 would be strong evidence that the planet lost the bulk of

its available water inventory, and that it is unlikely that surface water remains. This is because an

extant inventory of surface water would dilute the isotopic fractionation signal.

Isotopic fractionation signals could therefore complement observations of O2-O2 for ocean-

loss planets, and these two sets of observations may be attainable with JWST, at least for the inner

planets of TRAPPIST-1. Lustig-Yaeger et al. (2019a) found that O2-O2 features in O2-dominated

atmospheres may be detected in as few as ten transits (for TRAPPIST-1 b) in the outgassing case

with the NIRSpec Prism SUB512 (ngroups = 6), equal to the ten transits required to distinguish

HDO bands compared to VSMOW. The NIRSpec Prism is particularly useful because the extra

wavelength coverage (0.6–5.3 µm) can provide simultaneous evidence of the O2 abundance (via

O2-O2 at 1.06 and 1.27 µm) and of isotopic fractionation of hydrogen in H2O or oxygen in CO2.

Here we have shown that for a planet like TRAPPIST-1 b, the number of transits required to identify
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these individual O2-O2 bands is sufficient to begin distinguishing isotopologues as well, without

the additional observing time necessary to identify a large (abiotic) inventory of O2.

Although the motivation for assessing atmospheric and ocean loss through measuring the D/H

ratio was inspired by remote-sensing measurements of D/H in the atmosphere of Venus, it will

not likely be possible to conduct these measurements in the atmospheres of Venus-like exoplanets

using transit observations. Sulfuric acid aerosol formation truncates the atmospheric levels that can

be probed in transmission, and the saturated CO2 bands largely blanket the NIR–MIR spectra of

CO2-dominated atmospheres. The effective greenhouses cause high temperatures, which disfavor

the occupation of isotopologue ro-vibrational energy states (Mollière and Snellen, 2019).

Isotopologue observations may help constrain the location of the inner edge of the habitable

zone by providing evidence for whether water vapor detected in the atmosphere of a planet is

consistent with ocean loss or with a primordial reservoir (i.e. surface water or outgassing). Be-

cause TRAPPIST-1 d sits between the recent Venus and moist greenhouse limits, it is a valuable

target for this observation. The observation of water vapor with no evidence of fractionation in

the atmosphere of an IHZ planet like TRAPPIST-1 d would support the optimistic recent Venus

limit, though the lack of fractionation could also be due to outgassing fluxes or a high volatile

inventory—i.e. it could be a water world in a permanent runaway greenhouse state, which would

be indicated by a large abundance of stratospheric water vapor. Conversely, isotopic evidence of

ocean loss would strongly support the moist greenhouse limit as the true inner edge. Robust ob-

servational evidence for the location of the IHZ would require a survey of multiple planets and

multiple systems with high-fidelity observations to constrain both the H2O abundances and D/H

ratios.

It may be difficult to observe isotopologues in the atmospheres of planets within the habitable

zone. I found that TRAPPIST-1 e exhibited only small signals, and even in the optimistic assess-

ment conducted, which ignored any systematic noise floor, it would generally require greater than

100 transits to identify isotopologues at 〈S/N〉=5. This is likely to apply to HZ planets in gen-

eral, due to the lower atmospheric temperatures (and resultant lower atmospheric scale height),

additional refraction due to distance from the star, and lower stratospheric water vapor.
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The fractionation I modeled may not be attainable for all small planets that may have undergone

ocean and atmospheric loss in and around the habitable zones of M dwarf stars. If a planet targeted

for observation is more volatile-rich than Earth, the volatile inventory available to the atmosphere

may never be lost, and as discussed above, would not impart a significant fractionation signature

to the atmosphere. This may be the case for one or more of the TRAPPIST-1 planets, which may

be more volatile-rich than Earth due to slightly lower nominal densities (Grimm et al., 2018) and

dynamical evidence of possible migration (Luger et al., 2017c). However, within the calculated

error, these densities are still within the range of terrestrial values in a mass-radius relationship

(Grimm et al., 2018).

An observation of oxygen fractionation in CO2 could indicate extreme atmospheric loss but

may be difficult to achieve. The fractional mass difference between 18O and 16O is small, and

Venus does not exhibit any measured fractionation in oxygen (Hoffman et al., 1980; Bezard et al.,

1987; Iwagami et al., 2015). So, significant fractionation in oxygen may require atmospheric

escape mechanisms unknown in our solar system, or operating over longer time periods or at

higher fluxes than for the solar system planets. However, if it occurred, oxygen fractionation could

be retained within CO2 if oxygen loss occurred in the presence of CO2. Without surface liquid

water, surface weathering processes (i.e. carbonate-silicate weathering, Walker et al., 1981) would

no longer draw outgassed CO2 from the atmosphere. Because the oxygen in CO2 would dilute

the isotopic signal from oxygen loss, the remaining CO2 inventory must be small compared to the

remaining oxygen to prevent significant dilution of the oxygen isotope abundances.

In addition to the potential dilution of oxygen isotopic fractionation, atmospheres with large

inventories of CO2 would make it more difficult to observe any isotopic fractionation signal con-

sidered here. Unlike the other typical terrestrial bulk atmospheric gases O2 and N2, CO2 exhibits

significant absorption throughout the NIR–MIR, which masks weaker absorption lines, including

isotopologues. Large quantities of water vapor can similarly interfere with observing other trace

gases. While Earth-like abundances of CO2 and H2O may be the most favorable for distinguish-

ing and characterizing important isotopologue bands, low CO2 abundance may not be likely for

a planet that experienced total ocean loss because the lack of liquid surface water would reduce
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surface weathering that draws outgassed CO2 from the atmosphere.

Other factors not considered in this work can affect the possibility of detecting isotopic fraction-

ation, such as surface pressure and clouds. Morley et al. (2017) showed that for atmospheres with

a surface pressure of 1 bar and lower, the number of transits required to detect features increased

with decreasing pressure. In the spectra §3, the amplitudes of transit transmission features did

not change significantly as a result of higher surface pressure at pressures higher than 10 bars, as

transmission spectra do not probe deeper than 10 bars in these cases (Lustig-Yaeger et al., 2019b).

Clouds and hazes, which may form at high altitude, can significantly truncate transit transmission

spectra, particularly hazes such as those in the atmosphere of Venus, which form at much higher

altitude than water clouds (§3). For Venus-like clouds in particular, H2SO4 has many absorption

bands longward of 2.5 µm. These absorption bands are not the same as CO2 or H2O, but together

with these gases and due to the high altitude of haze aerosols, the presence of H2SO4 aerosols can

effectively eliminate primary detectable isotopologue features in the 2.8–4.3 µm range, between

CO2 bands. While TRAPPIST-1 d and e may form aerosols, in Ch. 3 I showed that, due to high

atmospheric temperatures, the most likely condensates in these oxidized atmospheres, H2O and

H2SO4, would not condense in the atmosphere of a Venus-like TRAPPIST-1 b. While other metal

aerosols have been suggested for hotter exoplanets (such as sodium- and potassium-based con-

densates), these are not plausible for the temperature regimes considered here, as it would not be

possible to evaporate them from the planetary surface (c.f. Schaefer and Fegley, 2009). Hydrogen-

dominated atmospheres could support other types of aerosols, particularly if these planets reached

higher temperatures (e.g. He et al., 2018), but the TRAPPIST-1 planets are not likely to have H-

dominated atmospheres (de Wit et al., 2016; de Wit et al., 2018; Moran et al., 2018), with the

possible exception of TRAPPIST-1 g (Moran et al., 2018), which I do not consider here. Conse-

quently, TRAPPIST-1 b is not likely to support the majority of hypothesized aerosols, and so is

more likely to be clear sky than the other planets in the system.

Here TRAPPIST-1 b, d, and e were used as sample planets to assess the possibility of detecting

isotopologue bands in exo-terrestrial atmospheres. The results could be extended to other planets in

the system, in light of the results of Morley et al. (2017), Lincowski et al. (2018), and Lustig-Yaeger
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et al. (2019a), or to other systems. While TRAPPIST-1 c is one of the inner planets with parameters

similar to Venus, it is more difficult to observe features in the atmosphere of TRAPPIST-1 c than

b or d, due to the higher density of c and the resulting small scale height. Given the results for

TRAPPIST-1 e, it is unlikely that isotopologue bands could be observed in the atmospheres of the

outer planets, TRAPPIST-1 f, g and h, due to the increase in refraction altitude with distance from

the star. The results of this work could be used to assess the detectability of isotopologue bands

in the atmospheres of other M dwarf targets of interest, both those currently known and those yet

to be discovered by SPECULOOS (Delrez et al., 2018), TESS (Barclay et al., 2018), CHEOPS

(Broeg et al., 2013; Benz et al., 2018), and PLATO (Rauer et al., 2014).

I have shown that isotopic fractionation signals inferred from HDO or 18O12C16O may be

feasible to observe with JWST and may provide important clues to the evolutionary history of

planets around M dwarfs. Measurements with ground-based high-resolution instruments may also

be able to search for isotopic signatures for the very nearest M dwarf planets (Mollière and Snellen,

2019). The values considered here can guide observers considering different levels of fractionation.

These levels could also be used to assess the possibility of detecting isotopic fractionation if future

comprehensive modeling of atmospheric escape demonstrates at what level hydrogen or oxygen

fractionation is possible, and serve as a testable hypothesis for fractionation due to ocean loss.

After first determining that a planet has an atmosphere (Lincowski et al., 2018; Lustig-Yaeger et al.,

2019a), the next important assessment of the planetary environment may be to search for signs of

severe ocean loss. Isotopic measurements can contribute evidence for assessing the atmosphere

and ocean loss of M dwarf planets, which will soon be observed with JWST. Although severe

atmospheric escape is likely to afflict all small planets in or near M dwarf habitable zones, caveats

against such fractionation occurring also exist. Observations of one or more inner planets in a

multiple-planet system could be used to inform the suitability of more time-consuming follow-up

observations of a habitable zone sibling.
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4.5 Conclusions

This work has demonstrated that for a Venus-like isotopic fractionation of D/H, or a similar frac-

tionation in 18O/16O, isotopologue bands may be observable and distinguished from Earth-like

isotopic abundances with JWST in as few as ten transits (δD=100) or four transits (δ18O=100)

for a clear-sky atmosphere not dominated by CO2. The large fractionation values considered here

are meant to demonstrate the potential for detecting these bands and discriminating them from

Earth-like abundances. These fractionation values would require an ocean-free surface and ocean

loss at least as severe as that experienced by Venus. A detection of these bands in transit trans-

mission spectra would be evidence of a lack of a surface ocean, and the extreme atmospheric loss

and oxygen build-up that has been proposed by a number of authors. This would provide valu-

able constraints for atmospheric escape models, the location of the inner edge of the habitable

zone (whether recent Venus or moist greenhouse), and on the habitability of M dwarf planets.

Researchers currently preparing JWST observing proposals, and those who will be conducting

retrievals on future JWST observations, may want to consider different isotopic abundances in

line lists used as inputs to retrieval pipelines. Further work modeling atmospheric escape that in-

cludes elemental isotopes is also warranted, to understand to what degree isotopic fractionation is

theoretically possible in the atmospheres of planets orbiting M dwarfs. A thorough analysis of at-

mospheric escape should consider thermal and non-thermal escape, including photochemistry and

vertical transport, life-long outgassing, and the possibility of deep surface reservoirs (i.e. water

worlds).
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Chapter 5

BEYOND GLOBAL CLIMATE MODELS: INTRODUCTION OF A NEW
TWO-COLUMN MODEL AND APPLICATION TO THE TRAPPIST-1

SYSTEM
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This chapter is based on in-progress work in collaboration with V. S. Meadows, D. Crisp, E. Wolf,

and T. D. Robinson, to be submitted to The Astrophysical Journal.

This chapter is the first demonstration of the two-column mode for VPL Climate, for studying

synchronously rotating planets. Here I primarily focus on validation of this model and include

additional applications that are beyond classic Earth-like / habitable-zone planets.

5.1 Introduction

M dwarf stars offer challenges to planetary habitability that are quite different than Earth-like

planets around Solar-type stars. Their close-in habitable zones are likely to result in tidal-locking

of the planets into synchronously-rotating or asynchronously-rotating resonance states (Kasting

et al., 1993; Ribas et al., 2016). A synchronous rotation state may produce a large temperature

contrast between the day and night side, mediated by atmospheric heat transport (Joshi et al.,

1997; Joshi, 2003; Selsis et al., 2011; Wordsworth et al., 2011; Wordsworth, 2015; Leconte et al.,

2013; Yang et al., 2013, 2014; Turbet et al., 2016, 2018; Kopparapu et al., 2016, 2017; Wolf, 2017;

Wolf et al., 2019; Haqq-Misra et al., 2018; Komacek and Abbot, 2019), and this may be further

ameliorated by planetary-scale ocean heat transport, which has been demonstrated in 3D global

climate models utilizing dynamic ocean heat transport physics (Yang et al., 2013; Cullum et al.,

2014; Yang et al., 2014, 2019c; Hu and Yang, 2014; Way et al., 2017; Way et al., 2018; Del Genio

et al., 2019).

Separately, photochemical processes and their impacts on habitability and observable signa-

tures have been studied extensively with 1D models, which was discussed earlier in §3. The

critical point made by studies using photochemical models is that photochemistry and biologi-

cal/geological surfaces fluxes shape atmospheric composition, with impacts on planetary climate

and remote observables. These results are quite different for planets around M dwarf stars vs

Solar-type stars, due to the different UV and peak flux distribution.

Globally-averaged planetary climate for rapidly-rotating planets may be well-represented by

1D models, which depends on how well the planetary dynamics transport heat around the planet.

Planets like Earth or Jupiter and planets with thermally-massive, rapidly-rotating atmospheres,
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like Venus, are efficient at heat redistribution and have been studied accurately with 1D models

(Earth: Manabe and Strickler, 1964; Manabe and Wetherald, 1967; Ramanathan and Coakley,

1978; Segura et al., 2003; Robinson and Crisp, 2018; §2.3; Venus: Pollack et al., 1980; Seiff

et al., 1985; Crisp and Titov, 1997; Robinson and Crisp, 2018; Jovians: Appleby and Hogan, 1984;

Marley and McKay, 1999). Single-column models have been shown to provide globally-averaged

surface climate results similar to 3D models, even for synchronously-rotating planets (Godolt et al.,

2016; Meadows et al., 2018). Climate dynamics studies have produced various types of dynamical

regimes, circulation cells, cloud formation patterns, and other spatially-resolved effects, depending

on rotation rate (e.g. Joshi et al., 1997; Merlis and Schneider, 2010; Yang et al., 2013; Kaspi and

Showman, 2015; Haqq-Misra et al., 2018; Komacek and Abbot, 2019).

Global climate models have been used to demonstrated that 3D treatment may be required for

slow/synchronously-rotating planets with thin atmospheres or with pathological continental config-

urations that prevent efficient day-night ocean heat transport. In these cases, 1D models no longer

obtain results consistent with 3D models, due to the lack of global heat circulation required for 1D

models to remain valid (c.f. Joshi, 2003; Leconte et al., 2013; Cullum et al., 2014; Meadows et al.,

2018; Del Genio et al., 2019). However, 3D models generally employ grey, coarsely-resolved,

simplified, and/or inflexible radiative transfer parameterizations, whereas robust 1D models can

employ physically-rigorous, flexible, spectrum-resolving radiative transfer methods, which can al-

low 1D models to simulate a broader variety of planets with greater accuracy (Robinson and Crisp,

2018; Meadows et al., 2018; Lincowski et al., 2018). The shortcomings of radiative transfer in 3D

models has been recognized, and studies are underway to employ line-by-line radiative transfer in

GCMs, though this remains at the early stages (Ding and Wordsworth, 2019).

Photochemically-mediated gases can drastically affect climate by altering the abundances of

trace greenhouse gases like O3, CH4 and even H2O (Meadows et al., 2018; Lincowski et al., 2018),

but most 3D models are not coupled to photochemistry. Some recent studies have passed aver-

aged climate data from 3D models to 1D photochemistry models to produce global atmospheric

states with photochemically-mediated trace species for spectral simulations (Fauchez et al., 2019;

Pidhorodetska et al., 2020), though these fail to account for the affect that photochemistry has
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on increasing stratospheric water vapor under high methane conditions and the associated climate

feedbacks from strong NIR absorption by both species (Meadows et al., 2018; Meadows et al.,

2020). Only recently have some studies began to use integrated 3D climate-chemistry models, but

so far only for Earth-like worlds, due to the Earth heritage of these models (Chen et al., 2018,

2019).

To obtain the coarsest spatial resolution on a tidally-locked planet, globally-averaged models

can be extended to include model columns specified separately to represent the hemispherical av-

erages for the day side and night sides of a planet. Earth studies pioneered two-column models to

represent the upwelling and downwelling components of atmospheric circulation (Pierrehumbert,

1995; Nilsson and Emanuel, 1999; Raymond and Zeng, 2000). There have also been previous ef-

forts to develop two-column models for exoplanets. Haberle et al. (1996) developed a low-order,

global-average two-column model for Mars, which used a simple two-box (day-night) advection

scheme for the atmosphere but did not include surface heat transport. Yang and Abbot (2014)

developed a similar two-column model, which included surface heat transport, and compared and

validated their model against 3D results. Goldblatt (2016) extended the work of Haberle et al.

(1996) and provided the model equations, applying this work to Proxima Centauri b. Koll and

Abbot (2016) advanced the work of Yang and Abbot (2014) and studied the key atmospheric pa-

rameters responsible for the day–night circulation. In all of these cases, the models were developed

as simpler, low-order models, in most cases with only a few boxes representing the atmosphere,

and using analytic parameterizations for radiative transfer or temperature. Nonetheless, these stud-

ies have demonstrated the capability for two-column models to approximate the day–night climates

of synchronously rotating planets (Yang and Abbot, 2014; Koll and Abbot, 2016). However, these

two-column studies are largely confined to Earth-like compositions and the associated GCMs for

calibration.

For exoplanetary studies, particularly for the prediction of atmospheres other than Earth, there

is a need for a flexible model capable of simulating synchronously rotating planets around M dwarf

stars. This chapter seeks to address that need with a two-column, line-by-line, radiative-convective-

advective-equilibrium model, coupled to a photochemical model. I present validations for com-
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ponents of the two-column climate model formulation, compare results with GCM studies, and

expand the results to include a few cases coupled to the photochemistry model. I present day,

night, and globally-averaged climate states and present transit transmission, thermal emission, and

day–night phase amplitude variation spectra (Selsis et al., 2011) for detectability.

5.2 Methods

Methods are described extensively in §2. Here, I discuss parameters specific to the models used in

this chapter, particularly the eddy diffusivity parameterization.

5.2.1 Vertical Mixing

The tunable parameters are given in Table 3.2. For this chapter, I add a minimum eddy diffu-

sivity for mass of 0.5 m2 s−1 to smoothly and continuously prevent this quantity from drop-

ping below this value. This minimum value is broadly consistent with studies of the diffusivity

through the tropopause and into the stratosphere of Earth (Figure 2.3). The minimum value in §3
was 0.01 m2 s−1, consistent with some inferences of the minimum eddy diffusivity through the

tropopause (e.g. Fleming et al., 1999). However, the minimum value at a particular point in space

is not a good representative for global vertical transport, and validation for Earth is improved by

using a higher minimum eddy diffusivity.

I have simplified the eddy diffusivity for heat in stable conditions to improve model stability

and the validation for Earth. As also described in §2.3, here I set a fixed value for Kh in stable

layers to 0.5 m2 s−1.

5.3 Results

To compare the 1D and two-column results with 3D models, I present simplified planetary en-

vironments for the TRAPPIST-1 Habitable Atmospheres Intercomparison (THAI, Fauchez et al.,

2020), which excludes photochemistry. I then use the two-column model to simulate environments

with different degrees of day–night ocean heat transport for two different aqua planet cases. These
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results, consisting of temperature and gas profiles, day–night surface temperature differences, and

spectra, demonstrate a range of states between GCM-type cases without ocean heat transport and

1D cases that assume effective heat transport. I then apply this two-column model framework

to atmospheres that are very different from classical Earth-like habitable zone simulations, con-

sisting of Venus-like atmospheres (c.f. Lincowski et al., 2018), O2-dominated environments, and

a hydrogen-dominated environment for TRAPPIST-1 g, representing a type of state that has not

been precluded yet by observations (Moran et al., 2018). The modeled planetary environments are

listed in Table 5.1. The aqua planets, moist O2 environments, and H2-dominated atmosphere have

Earth geological fluxes of CH4, H2S, SO2, and OCS, except the H2-dominated atmosphere has a

higher CH4 flux, set equal to Earth (1011 molecule cm2 s−1), to simulate the higher rates that may

be possible from a more volatile-rich icy planet.

The surface temperature results with corresponding advective fluxes are given in Table 5.3.

In §5.3.4, I present transit transmission and day–night phase amplitude variation spectra as ap-

propriate. I identify potentially detectable spectral discriminants that can be used in upcoming

observations of the TRAPPIST-1 and similar planets with JWST.

5.3.1 Validation and Comparison of Methods

I first conduct a series of validation/comparison experiments against selected 3D GCM tempera-

tures from E. Wolf (private communication) generated for THAI. These are used to calibrate the

two-column model and assess differences between the 1D, two-column, and 3D models. These

comparisons are instructive to demonstrate how well a two-column needs to replicate the winds to

reproduce the hemispherical day–night climate behavior of GCMs.

5.3.1.1 GCM Data and Assumptions

The THAI cases consist of four standard, heavily simplified environments along two axes: two

N2-dominated cases with 400 ppm CO2 (cases 1) and two 1 bar CO2 cases (cases 2); each pair

of cases has one dry, benchmark (ben) environment and one moist, habitable (hab) environment. I
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Planetary state Surface Surf. Pres. Clouds Gases
THAI ben1, ea grey 30% 1 bar None N2, 400 ppm CO2
THAI ben2, ea grey 30% 1 bar None CO2
THAI hab1, ea ocean/snow 1 bar water/ice N2, 400 ppm CO2, trace H2O
THAI hab1, 10W, ea ocean/snow 1 bar water/ice N2, 400 ppm CO2, trace H2O
THAI hab1, 50W, ea ocean/snow 1 bar water/ice N2, 400 ppm CO2, trace H2O
Aqua planet, e ocean/snow 1 bar water/ice 70% N2, 20% O2, 10% CO2, trace

H2O, CH4, CO, O3, SO2
Aqua planet, 10W, e ocean/snow 1 bar water/ice 70% N2, 20% O2, 10% CO2, trace

H2O, CH4, CO, O3, SO2
Aqua planet, 50W, e ocean/snow 1 bar water/ice 70% N2, 20% O2, 10% CO2, trace

H2O, CH4, CO, O3, SO2
Modern Earth-like, e Earth average 1 bar water/ice 68% N2, 21% O2, 10% CO2, trace

H2O, CH4, CO, O3, SO2, CH3Cl
Abiotic O2, b desert 10 bar None 95% O2, 4.5% N2, 0.5% CO2, trace

CO, O3
Abiotic O2, d ocean 10 bar water/ice 95% O2, 5% N2, 28 ppm CO2, trace

H2O, CH4, CO, O3, SO2
Abiotic O2, e ocean/snow 10 bar water/ice 95% O2, 4.5% N2, 0.5% CO2, trace

H2O, CH4, CO, O3, SO2
H2-rich, e ocean 1 bar water/ice 95% H2, 5% N2, 400 ppm CO2, trace

H2O, CH4, CO, O2
H2-rich, g ocean 1 bar water/ice, hc haze 85% H2, 5% N2, 10% CO2, trace H2O,

CH4, CO, O2
Venus-like, b basalt 10 bar None 96.5% CO2, 3.5% N2, trace H2O, SO2,

OCS, H2S, NO, HCl

a Irradiation level of 900 W m−1 from Gillon et al. (2017) per THAI (Fauchez et al., 2020) for direct comparison with
3D GCM climate results.

Table 5.1: MODELED PLANETARY STATES AND THEIR ENVIRONMENTAL PARAMETERS.

generated 1D and two-column atmospheres for comparison with the ben1, ben2, and hab1 cases. To

match the standardization as closely as possible, these cases use a quiescent 2600 K, log(g) = 4.5

BT-Settl NextGen spectrum (Rajpurohit et al., 2013) to represent TRAPPIST-1, normalized to

900 W m−2, the irradiation measured for TRAPPIST-1 e from earlier transit timing variation (TTV)

results (Gillon et al., 2017). These atmospheres consist only of N2, CO2, and/or H2O, as specified.

For the dry cases, the surface is split into a grey 30% albedo surface for the Solar calculation

and blackbody (0% albedo) surface for the thermal calculation. In the moist case, the surface in

the Solar calculation is split between ocean and ice/snow by solar zenith angle to approximate a

hemisphere with a substellar (or “eyeball”) ocean.
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The GCM cloud data are used to calibrate the two-column model optical depths for the hab1

case. I used the globally-averaged GCM effective particle radii data to produce optical depth

profiles in the geometric limit, where the extinction cross-section is equation to twice the geo-

metric cross section. This is suitable for use in VPL Climate by using the equation relating ef-

fective particle radius and optical depth from Ackerman and Marley (2001), equation (16). The

wavelength-dependent optical properties for cirrus (water-ice) and stratocumulus (liquid water)

clouds described in §2.2.2 were used with these optical depth profiles, which may differ slightly

from the radii-dependent profiles used in the GCM. The globally-averaged cloud optical depths cal-

culated from the GCM data were τ = 1.75 for water clouds and τ = 0.06 for ice clouds. Although

the hemispherical averages differed from the global averages, the best agreement was attained in

comparison to the GCM by using the globally-averaged cloud optical depths, rather than specifying

different values for the day and night sides.

5.3.1.2 WTG Approximation

To accommodate parametric methods for two-column models, previous studies (Yang et al., 2014;

Koll and Abbot, 2016) make the weak temperature gradient (WTG) approximation, requiring that

the stratospheric temperatures between the day and night sides are equal. This constraint is not re-

quired in the VPL Climate two-column mode, though the model results produce near-equal strato-

spheric temperatures in all cases. However, a similar assumption, that the dynamical timescale

is short compared to the radiative timescale such that the temperature gradient across the planet

is small, is implicit in 1D models in general, and for the day and night sides of this two-column

model. The WTG approximation is important for thermal emission from each hemispherical sur-

face to predict day–night temperature differences and help with phase curve predictions. This is

because flux is proportional to T 4, so large temperature differences across a single hemisphere

may result in an average temperature that is smaller than the average effective temperature (i.e.

the temperature based on the emitted flux). The deviations in day- and night-side hemispherically-

averaged temperatures are discussed in §5.3.2.
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Figure 5.1: COMPARISON OF THAI CASE BEN 1 ATMOSPHERIC AND SURFACE TEMPER-
ATURES. Surface (top left) and 0.1 bar (bottom left) temperature maps of GCM results used for
comparison; atmospheric temperature structures for VPL Climate and GCM (right). Although the
day side from the GCM exhibits a significant surface temperature gradient, the night side surface
and planet-wide free atmosphere exhibit only weak surface temperature gradients. The coldest
surface areas are the polar areas, primarily on the night side, and on the night side of the eastern
terminator (i.e. just before dawn). In the free atmosphere (i.e. above the planetary boundary layer,
where vertical transport dominates) the day–night gradients are ameliorated and show mostly uni-
form zonal temperatures, with only a slight gradient toward the poles, similar to rapidly-rotating
planets like Earth, for which 1D models work well. Data for these maps were provided by E. Wolf
(private communication).

5.3.1.3 Vertical and Zonal Winds Validation

I validate the zonal winds algorithm in an off-line calculation using hemispherically-averaged

GCM data. To do this, I calculate area-weighted averages of the GCM temperature and diabatic

heating rate profiles for day or night longitudes, which produces day and night hemispherical pro-

files. I used these averaged GCM profiles to first calculate the day- and night-side average vertical

winds using equation (2.34), the mass divergences using equation (2.35), then conducted a ma-

trix inversion on equation (2.36) to calculate the globally-representative zonal winds. The winds

calculated by the two-column algorithm from the GCM data are roughly consistent with the GCM

profiles, and are within the range of all of the GCM profiles. In Figure 5.2, I show these key profiles
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Figure 5.2: ZONAL WINDS CALCULATION VALIDATION USING GCM HEMISPHERICALLY-
OR GLOBALLY-AVERAGED DATA FOR THAI CASE HAB1. Using the GCM temperature and
heating rate profiles (upper left and upper right plots), here I demonstrate the calculation for hor-
izontal (zonal) wind speeds used in VPL Climate. The layer stability (upper center) is derived
from the temperatures (upper right) by s = dT/dz+Γ. The vertical winds are plotted in the lower
left and the horizontal winds in the lower center plot, with the range of GCM winds given by the
shaded regions. Although the vertical wind calculation differs considerably, this method results in
coarsely similar horizontal winds. However, the calculated winds above the middle troposphere
(0.5 bar) do not have to be large to produce small day–night temperature differences, which is
shown in VPL Climate examples in later figures.

for the THAI hab1 case, along with the contributing components to the zonal wind net acceleration.

The lack of meridional transport terms prevents a better calculation here. Nonetheless, this method

produces zonal winds of appropriate order of magnitude, and in the following sections it will be

shown that this is sufficiently close to simulate GCM day–night behavior.
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5.3.2 Model Atmospheres Comparison with 3D GCM

In this section, I present climate results from VPL Climate in 1D and two-column modes and

compare them with ExoCAM GCM results as part of the TRAPPIST-1 Habitable Atmosphere

Intercomparison (THAI, Fauchez et al., 2020). Table 5.2 lists the 1D, day, night, two-column aver-

ages, GCM maximum, minimum, day, night and global average temperatures. The linear average

is the most basic, where the day and night temperatures are arithmetically averaged. Because tem-

perature is inferred from observations of flux (F ∝ T 4), a more appropriate average temperature for

comparison in this two-column climate model is to compute the surface emission flux, average the

day- and night-side fluxes, then invert the flux equation to obtain the effective surface temperature.

THAI ben1 THAI ben2 THAI hab1
VPL 1D 239 265 243
VPL two-col global average 227 256 242
VPL two-col flux average 238 263 247
3D GCM global average 221 245 245
VPL Day-side 267 291 272
VPL Night-side 185 220 211
3D GCM Day-side 257 274 267
3D GCM Night-side 184 216 222
3D GCM Maximum 306 329 294
3D GCM Minimum 167 186 206
VPL Day–Night Contrast 83 71 61
GCM Day–Night Hemisphere Contrast 73 58 45
GCM maximum–minimum 139 143 88

Table 5.2: THAI Temperature Comparison [K]

The differences between VPL model and GCM varies across the three THAI cases. For the

ben1 case, both the 1D and two-column models produce higher surface temperatures than the GCM

(239 and 238 vs 221 K). The 1D and flux-averaged two-column temperature are in good agreement,

while the linear average of the two-column model (227 K) is cooler and closer to the GCM result.

The ben2 case is more discrepant, with the GCM producing significantly cooler results than the

linear average of the two-column model, due in part to the GCM missing key CO2 absorption
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bands, resulting in a weaker greenhouse (see §5.3.2.1). The cooler GCM average temperature may

also be in part due to the large temperature contrast (particularly maximum to minimum), as coarser

temperature averages appear to bias to higher values. In the hab1 case, where clouds and water

vapor increase the potential for increased differences between the VPL model and GCM, the results

are in the best agreement of the cases, with the GCM global temperature between the linear and flux

averages (by 2–4 K), and 2 K warmer than the 1D model. It is worth noting the cloud optical depths

were matched closely to the GCM. These comparisons make it difficult to draw broad conclusions

about 1D and 3D model comparisons when under identical model conditions, which are difficult

to replicate. However, the largest differences here (in the ben2 case) are explainable (see §5.3.2.1),

and so the differences in 1D, two-column average, and 3D GCM average are relatively close, as

demonstrated in previous work (Godolt et al., 2016; Meadows et al., 2018).

The VPL Climate model in two-column mode produces day–night contrasts that are slightly

more severe than the GCM hemispherical averages, but well within the maximum–minimum con-

trast. The ben1 case indicates that, if everything else is as equal as possible, the night side thermal

emission and hence total day–night advective flux, is in agreement (the night side is 1 K different).

However, the day side average temperature is warmer (267 vs 257 K), which is likely due to the

larger temperature gradient on the day side. As discussed for the 1D model, a larger gradient within

a single column causes a bias toward higher temperature due to the T4 dependence of flux. The

ben2 and hab1 cases have a larger disagreement, however as discussed the ben2 case suffers from

issues in radiative transfer in the GCM. It is more difficult to isolate differences in the hab1 case,

which has a variable surface, clouds, and water vapor. Nonetheless, the fact that the two-column

model produces a slightly larger temperature contrast than the hemispherical averages of the GCM

is a more conservative scenario, because the two-column model can provide a conservatively large

day–night temperature contrast to compare with the globally-averaged results of the 1D model.

For all three THAI cases, VPL Climate and GCM profiles of temperature, winds, and H2O

(for hab1) are presented in Figure 5.3. The two-column model qualitatively reproduces the day–

night temperature behavior of the GCM, including divergence of the temperatures from the mid-

troposphere to the surface and globally-averaged temperature inversion at the surface. Quantita-
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Figure 5.3: Comparison of key atmospheric variables for the three THAI cases, showing VPL
Climate and GCM profiles. Temperatures between the day and night sides diverge in the tropo-
sphere, primarily due to different vertical transport parameterizations between the models. Even
though there is some deviation in horizontal wind speeds between VPL Climate and ExoCAM,
above the lower troposphere the temperature profiles are very similar, implying that there may be
some critical wind speed that maintains very small day–night temperature differences, which are
met by both models. This is consistent with the Weak Temperature Gradient approximation. Solar
heating rates, assumed here to drive horizontal transport, differ between the GCM and SMART as
a result of RT physics rather than the temperature profile, except for the hab1 aqua planet, where
very different water profiles result in different heating rates.
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tively, there are temperature differences between the VPL model and GCM. In all three comparison

cases, the VPL Climate model produces much colder temperatures in the troposphere, which is

likely due to different convective parameterizations. In the hab1 case, the lower tropospheric tem-

perature results in a much lower water vapor abundance throughout the atmosphere, which could

impact simulated spectra and inferences from retrievals on observations.

Even with different temperature profiles, there is coarse agreement between VPL Climate and

ExoCAM in horizontal winds. Although I have attempted to reproduce GCM global horizontal

winds, without a full 3D framework, this calculation is imprecise, because it is missing meridional

wind components. Nonetheless, the day–night behavior of the two-column model is qualitatively

similar to the GCM in terms of deviation from the global average as a function of altitude. Although

in all layers at equilibrium, radiative, convective, and advective heating rates much balance, it is

useful to consider the dominant mechanism. At low altitudes, where temperatures diverge, the

dominant heating mechanism is convection, which permits a large day–night temperature contrast

to be sustained. Above the middle troposphere, the dominant mechanism is radiation, which bal-

ances against advection to form a small day–night temperature gradient. Even moderate winds

produce large heating rates, which scale scale linearly with the temperature difference. Wind

speeds above the lower troposphere do not need to be large to maintain thermal equilibrium be-

tween the hemispheres, and the precise calculation of horizontal wind speeds is not important in

that region. Solar heating rates, assumed here to drive horizontal transport, differ between the

GCM and SMART as a result of RT physics rather than the temperature profile, except for the

hab1 aqua planet, where very different water profiles result in different heating rates.

5.3.2.1 Radiative Transfer

GCMs are heavily parameterized to process thousands of latitude-longitude points and dozens of

levels. To minimize the computational cost of these calculations, these models often use simpli-

fied radiative transfer models, which sometimes produce large errors in the radiative fluxes and

heating rates. GCMs typically use correlated-k coefficient or other radiative transfer approxima-

tion methods to minimize computation time and expense speed computation time and may employ
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few spectral intervals (bins) over which these calculations are conducted. The spectral binning

and gas absorption choices in these methods were historically made for Solar-type stars, with a

relatively smooth spectral energy distribution (SED) that peaks in the visible. Late-type stars, like

TRAPPIST-1, have peak emission that is shifted into the infrared and have significantly more vari-

ability across the spectrum than earlier-type stars, due to broad molecular absorption bands, which

can make coarse bin choices optimized for the Earth orbiting the Sun less optimal. For example,

Yang et al. (2016) used an early type M dwarf for a model intercomparison, and stated that coarse

binning may have resulted in inaccurate fluxes as a function of altitude and spectral interval in the

models compared. In this work, the comparison cases (as simpler atmospheres) are from a GCM

template with particularly coarse spectral bins, containing 28 bins across the entire spectrum (Wolf

and Toon, 2013; Wolf, 2017). These bins were based on the Earth-Sun regime, and pathologically

contain a wide, 1 µm bin between narrow bands for O2, which results in approximately 50% of the

TRAPPIST-1 irradiation contained in this single spectral bin, which may result in large flux and

heating rate errors as a function of altitude.

In this section, to demonstrate areas of agreement and disagreement, I compare heating rates

and wavelength-dependent thermal fluxes calculated by the GCM for the THAI hab1 and ben2

cases with those generated with SMART, which is used as a radiative transfer standard for exo-

planet spectral studies (Kopparapu et al., 2013; Yang et al., 2016). I compare a single column of

the GCM for both cases, the sub-stellar point, to make a direct comparison and obtain an accurate

1D calculation using SMART. Figures 5.4 and 5.5 show the temperature profiles for the sub-stellar

and anti-stellar points used for comparison and the resultant net radiative heating rates, along with

the dynamical core heating rates from the GCM, for the THAI hab1 and ben2 cases, respectively.

The lower panels show the emergent flux spectra in the thermal, including the SMART fluxes

binned to the GCM grid.

THAI hab1 In the basic habitable aqua planet case (Figure 5.4), the models have variation pri-

marily in the Solar. In the thermal (lower panel), SMART and ExoCAM are generally in good

agreement. In particular, there is good agreement in the gas absorption bands for H2O at 6.1 µm
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Figure 5.4: THAI HAB1 GCM HEATING RATES AND EMITTED FLUX FOR THE SUB-
STELLAR POINT COMPARED WITH SMART. Upper left panel: the GCM temperate profiles
for the sub-stellar and anti-stellar points used as inputs to SMART. Upper right panel: compares
the heating rates between the GCM and SMART for the sub-stellar profile. The GCM is different
from SMART by a factor of 2–5. Lower panel: Thermal emission spectra, with SMART spectra
presented in both 1 cm1 resolution (light brown) and binned to the GCM bins (dark brown). The
gas absorption bands match well, but the spectral windows (8–14 µm) vary considerably, likely
due to different optical properties used between these models.

and CO2 at 15 µm, with some variation in the window region between 8–14 µm, and at solar wave-

lengths, which is likely due differences in the cloud parameterization. SMART uses high-fidelity

multi-stream, multi-scattering radiative transfer, which is important for accurately modeling the

heating rates and fluxes within scattering aerosols (e.g. Kitzmann et al., 2013), but because SMART

and VPL Climate do not have explicit aerosol formation subroutines, these models use fixed in-

put data for aerosol properties (i.e. size distribution and intrinsic optical properties). The optical
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Figure 5.5: THAI BEN2 HEATING RATES AND EMITTED THERMAL FLUX FOR THE SUB-
STELLAR POINT FOR THE GCM COMPARED WITH SMART. The panels in this figure are
the same Figure 5.4, except this case is testing the radiative transfer for CO2. Here, the error
in radiative heating rates by the GCM reaches 38% at 0.1 bar and is approximately 64% of the
dynamical heating rate at that layer. This difference could affect the structure of the atmosphere or
the dynamical forcing. Lower panel: Emitted flux spectra. The GCM k coefficients do not include
CO2 between 1100–1800 cm−1 (5.5–9.1 µm). The lack of these isotopologue absorption bands
and associated CIA continuum reduces the greenhouse forcing and increases the radiative cooling
in the GCM. These bands are not material in atmospheres with low CO2 abundance, such as Earth,
but here are demonstrated to be very important at higher CO2 abundance.

inputs consist of a fixed optical depth input distribution derived from the average from the GCM,

which does self-consistently calculate aerosol distributions. The GCM data is scaled such that

the total optical depth matches the GCM for each type of aerosol (liquid water and water-ice) for

the aerosol properties associated to each cloud type available for SMART (see §2.2.2). Although

the GCM self-consistently determines the particle distribution and optical depths, these results can
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vary considerably among different models (Yang et al., 2019c). The GCM also uses a more basic

multi-scattering, two-stream radiative transfer solver (Toon et al., 1989), which may over-estimate

peak heating rates compared to a multi-stream, multi-scattering treatment (Kitzmann et al., 2013).

THAI ben2 In the 1 bar CO2 case (Figure 5.5), the higher CO2 abundance illustrates stark dif-

ferences between SMART and the GCM. The error in radiative heating rates by the GCM reaches

38% at 0.1 bar and is approximately 64% of the dynamical heating rate at that layer. This difference

could affect the thermal structure of the atmosphere. Finding differences in radiative CO2 treatment

is the purpose of this THAI case (Fauchez et al., 2020). Here, the differences in GCM and SMART

outcomes is due to both a different CO2 CIA parameterization and the method employed in pro-

ducing the k coefficients. The GCM is missing CO2 absorption bands in the 1100–1800 cm−1

range, which become important at higher abundances but were excluded from the k coefficients

(Wolf and Toon, 2013). The weaker MT CKD CO2-CO2 CIA parameterization (Halevy et al.,

2009) may play a role as well (see also §5.4.2). Differences in radiative transfer are not limited to

CO2: another key gas, water vapor, has been evaluated in previous intercomparison tests, where

it was found that the differences in radiative forcing due to different H2O absorption affected the

atmospheres by altering the height of the convective column, the stratospheric humidity, and the

altitudes of cloud formation (Yang et al., 2016, 2019c).

5.3.2.2 Ocean Heat Transport

The THAI comparison did not include ocean heat transport, which is frequently excluded from

GCM studies. However, the ocean and the atmosphere of Earth transport roughly equal amounts

of energy away from tropical latitudes (Hastenrath, 1980; Carissimo et al., 1985; Savijärvi, 1988;

Trenberth and Caron, 2001; Wunsch, 2005). Several 3D modeling studies have explicitly consid-

ered this physics and note significant changes in global temperature distribution and a reduction in

day–night temperature contrast (Yang et al., 2013; Cullum et al., 2014; Hu and Yang, 2014; Yang

et al., 2014, 2019c; Way et al., 2017; Del Genio et al., 2019).

Here I briefly probe the effect of day–night ocean heat transport in the two-column model,
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Figure 5.6: TEMPERATURE PROFILES FOR
TRAPPIST-1 E AQUA PLANET WITH A
RANGE OF SURFACE HEAT TRANSPORT
FLUXES. The black solid line is the 1D model
result, the orange lines represent the day side
results, and the blue lines represent the night
side results. Day–night surface (ocean) heat
transport is represented by different line styles:
dash-dotted lines are for none (i.e. only atmo-
spheric heat transport), the dashed lines represent
10 W m−2 ocean heat transport, and the dotted
lines represent 50 W m−2 ocean heat transport.
As expected, increasing amounts of surface heat
flux reduce the day–night temperature difference.
The 1D model is generally consistent with the
two-column temperature profiles, though a little
cooler in the troposphere.

which causes the average of the day and night profiles to converge on the 1D results as transport

increases. This effect is included as a single parameter, the day–night heat transport in terms of

energy delivered per unit surface area (W m−2). This parameter is agnostic as to what specific

mechanism is carrying heat between the day and night sides. Although “ocean heat transport”

is typically assumed to be a dynamic liquid water ocean, where ocean currents advect and carry

heat, this parameter can also represent glacier transport from the night side to day side, which

carries increased latent heat (c.f. Turbet et al., 2018; Yang et al., 2019b). Using the THAI hab1

case and the photochemically-consistent aqua planet, I ran the two-column climate model with

two different specifications for ocean heat fluxes, 10 W m−2 and 50 W m−2, which correspond

to the extent of ocean heat transport studied by Yang and Abbot (2014). In both cases, the lower

flux (10 W m−2) only mildly affected the day–night contrast (reducing the day–night temperature

by ∼5 K), while 50 W m−2 significantly affected day and night-side temperatures (reducing the

day–night temperature by ∼25 K; see Figure 5.6 and Table 5.3).
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Planetary state Surface Temperatures [K] Adv Flux
[W m−2]1D Day Night Day–

Night Average Flux Avg

THAI ben1, e 239 269 185 83 227 238 70
THAI ben2, e 265 292 220 71 256 263 138
THAI hab1, e 243 272 211 61 242 247 104
THAI hab1, e, Focn = 10 243 269 212 57 241 246 102
THAI hab1, e, Focn = 50 243 262 225 38 243 246 113
Aqua planet, e 262 278 236 42 257 260 145
Aqua planet, e, Focn = 10 262 277 239 38 258 260 146
Aqua planet, e, Focn = 50 262 271 252 20 262 262 150
Modern Earth-like, e 262 276 244 33 260 262 169
Abiotic O2 (dry), b 445 490 358 131 424 438 871
Abiotic O2 (moist), d 302 308 299 9 304 304 264
Abiotic O2 (moist), e 283 293 282 11 288 288 201
H2-rich, e — runaway —
H2-rich, g 204 205 200 5 203 203 75
Venus-like, b 704 714 633 81 673 677 1195

Table 5.3: Summary of Climate Results

5.3.3 Atmospheric Models Beyond Earth-like

Here I compare the results obtained for the 1D and two-column coupled climate-photochemical

models. Temperatures, day–night contrasts, and advective fluxes are listed in Table 5.3. Generally,

the 1D model produces higher temperatures than the average of the two-column model. The moist

10 bar O2 atmospheres are a counterexample, with 1D temperatures lower than the two-column

averages, though the 1D model atmospheres are within the range of the day and night columns. In

general, the average top-of-atmosphere thermal flux from the average of the day and night columns

in the two-column model are within 2% (0–4 W m−2) of those from the 1D model, because the

flux from both models must balance the same global average stellar input.

Advective fluxes are much higher for highly irradiated planets, despite large day–night surface

temperature contrasts. The 10 bar O2 aqua planets demonstrate that water vapor is a strong equal-

izer in day–night advection, due to the latent heat that can be carried from the day side to the night

side. The day–night contrasts from these planets were less than 10 K. This may also be due to

atmospheric opacity, as only 11–12% of the incident solar radiation (which is predominantly in the

NIR) reaches the surface, therefore the bulk of solar radiation is absorbed by the atmosphere and
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can be advected to the night side.

Figure 5.7 shows the 1D, day, and night temperature profiles for all stable modeled environ-

ments (including the THAI cases). As described for the THAI cases in the previous subsection,

all atmospheres have similar day, night, and 1D temperature profiles above the mid-troposphere

(roughly 0.5 bar). In the lower troposphere, the day and night temperatures diverge toward the

surface because convective heating via vertical transport dominates over advective heating via hor-

izontal winds, whose speeds are limited by turbulent friction with the surface. As might be ex-

pected, the 1D results generally lie between the day and night profiles, although in the THAI cases

(but not the photochemically-consistent cases) there is a slight difference in the upper troposphere

as well.
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Figure 5.7: 1D (solid lines), day (dashed lines), and night (dotted lines) temperature structures
for all nominal modeled atmospheres. The globally-averaged 1D models are generally cooler in
the troposphere. The two-column models exhibit temperature profiles that are nearly the same
on the day and night sides until the lower troposphere, where vertical transport dominates over
radiative-advective processes.

The following paragraphs detail climate-photochemical results for atmospheres beyond the

simple THAI test cases. Model atmospheres with previously published 1D results that are not

discussed here, but that I modeled and tabulated with two-column results, include the dry, evolved

O2- and CO2-dominated atmospheres adopted from Ch. 3 (Lincowski et al., 2018) for TRAPPIST-



158

1 b.

10−9 10−8 10−7 10−6 10−5 10−4 10−3 10−2 10−1 100

Mixing Ratio [mol/mol]

100

101

102

103

104

105

P
re

ss
ur

e
[P

a]

H2O

O2

CO

CH4

SO2

O3

CO2

N2

TRAPPIST-1 e Aqua planet – 10% CO2

10−9 10−8 10−7 10−6 10−5 10−4 10−3 10−2 10−1 100

Mixing Ratio [mol/mol]

100

101

102

103

104

105

H2O

O2

CO

CH4

SO2

OCS

O3

N2O

CO2

C2H6S

HCl

CH3Cl

N2

TRAPPIST-1 e Earth-like – 10% CO2

180 200 220 240 260 280 300 320
Temperature [K]

180 200 220 240 260 280 300 320
Temperature [K]

10−9 10−8 10−7 10−6 10−5 10−4 10−3 10−2 10−1 100

Mixing Ratio [mol/mol]

100

101

102

103

104

105

106

P
re

ss
ur

e
[P

a]

H2O

O2

CO

CH4

O3

CO2

N2

TRAPPIST-1 d 10 bar O2

10−9 10−8 10−7 10−6 10−5 10−4 10−3 10−2 10−1 100

Mixing Ratio [mol/mol]

100

101

102

103

104

105

106

H2O

O2

CO

CH4

O3

CO2

N2

TRAPPIST-1 e 10 bar O2

180 200 220 240 260 280 300 320
Temperature [K]

180 200 220 240 260 280 300 320
Temperature [K]

Figure 5.8: PROFILES OF TEMPERATURES AND KEY GASES FOR POTENTIALLY HABITABLE,
PHOTOCHEMICALLY-CONSISTENT SIMULATED ENVIRONMENTS. The temperature profile for
each case is a thick black line. The TRAPPIST-1 e aqua planet and Earth-like planet both have 10%
CO2. The 10 bar O2 TRAPPIST-1 e planet has 0.5%, while TRAPPIST-1 d here is modeled with
280 ppm. The three completely ocean-covered planets have only geological outgassing fluxes,
while the Earth-like case additionally has biogenic fluxes. This strongly influences the CH4 abun-
dance. The 10 bar O2 atmospheres generate sufficiently high ozone to form mild stratospheres.
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Ocean-Dominated Planets Figure 5.8 shows temperatures and photochemically-consistent gas

mixing ratio profiles for a variety of potentially habitable environments. The modern Earth-like

planet is based on Meadows et al. (2020), and has a higher CH4 abundance because it includes both

biological and geological fluxes of CH4. The photochemically-consistent aqua planet included only

geological fluxes, which the THAI planets did not include CH4.

The photochemical results presented here are largely consistent with previous studies. Methane

accumulates more readily under these stellar irradiation conditions, due to a much slower destruc-

tion timescale. Methane also increases the upper troposphere and stratosphere temperatures, due

to strong NIR absorption under the very red TRAPPIST-1 star. This allows a much higher strato-

spheric water abundance in the Earth-like planet compared to the Aqua and O2-dominated planets,

which have only geological methane fluxes.

TRAPPIST-1 d and the IHZ Included in the aqua planets is a stable, potentially-habitable en-

vironment for TRAPPIST-1 d, which at 1.05 S⊕ lies about 15% inward of the conservative inner

edge of the habitable zone (Kopparapu et al., 2013). In modeling attempts with Earth-like 1 bar at-

mospheres, I found that TRAPPIST-1 d was generally just over the runaway greenhouse threshold,

because the stellar irradiation was just slightly too high. It is possible that thicker cloud cover could

maintain a habitable environment, but I did not model this. However, the 10 bar O2 atmosphere

modeled here could result from significant water loss early during the pre-main-sequence phase,

but if the water fraction of the planet is high, as is suggested by the results of Grimm et al. (2018),

a deep water reservoir could persist. In this case, TRAPPIST-1 d could maintain a stable warm

surface ocean temperature of 307 K with Earth-like cloud cover. The deeper adiabat in this atmo-

sphere results from latent heat release (i.e. moist convection) and spans two decades in pressure

from the surface to the cold trap, which may be critical to its stability.

Evolved Environments The more evolved (post ocean/atmosphere loss), desiccated atmospheres

for TRAPPIST-1 b, dominated by CO2 or O2 (see Figure 5.7), exhibit some different characteris-

tics compared to ocean-bearing environments. They do exhibit qualitatively similar differences
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Figure 5.9: PROFILES OF TEMPERATURE
AND KEY GASES FOR THE TRAPPIST-1 G
SUPER-EARTH PLANET WITH HYDROGEN-
DOMINATED ATMOSPHERE. The temperature
profile is the thick black line. This planetary state
assumes the planet was able to accrete some H2
during formation (e.g. Luger et al., 2015). This
planet has Earth-like geological outgassing but
with higher levels of CH4 outgassing, which is
assumed to originate from a more reduced inte-
rior. CO2 is specified as 10%. Water vapor in-
creases with altitude likely due to photochemi-
cal/catalytic production from CO2 and CH4 or
H2.

in the day–night temperature contrasts, which diverge in the lower troposphere toward the sur-

face. However, the differences between hot and temperate environments are significant. Both

TRAPPIST-1 b environments transport large amounts of energy from the day to night sides, 5–12

times more energy than the temperate planets, and both still exhibit large (81–131 K) day-night

surface temperature contrasts.

5.3.3.1 H2-dominated Atmospheres

Here I modeled a hydrogen-dominated atmosphere for TRAPPIST-1 g, because a thin hydrogen

envelope has not been excluded yet by the available data for this planet (Moran et al., 2018).

The temperature profile and gas mixing ratios for this atmosphere are shown in Figure 5.9. Due

to its distance from the star and the atmospheric composition assumed here, this planet is much

colder and not habitable, in the traditional sense (i.e. it is too cold for liquid surface water). NIR

absorption from the large methane abundance produces the most extreme stratosphere of the planets

modeled here, with a 35 K increase from tropopause to stratopause. Water vapor increases with

altitude due to destruction of H2, CH4, and CO2, followed by generation of H2O by short-lived

intermediate products, just as in the stratosphere of Earth. Condensation limits the stratospheric

and mesospheric abundance of H2O, which here is restricted to 100% humidity. However, it is
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possible for water vapor to exist in a super-saturated state without condensing.

Because NH3 has a warmer condensation temperature than CH4, this type of planet may have

formed with abundant NH3. While this means this planet could potentially outgas NH3, the pho-

tochemical model used here does not have a functioning, validated NHx chemical network. Am-

monia (NH3) is expected to be rapidly oxidized to N2 via photochemistry, shock chemistry from

impactors, or in hydrothermal systems, as in the atmosphere of Titan (Atreya et al., 1978; Jones and

Lewis, 1987; McKay et al., 1988; Glein et al., 2009; Mandt et al., 2014). Therefore, unless there

was or is currently a large source, neglecting NH3 and its associated chemistry in this work is by

not including N2 as the primary constituent, and the result on the atmospheric structure is primarily

to decrease the scale height of the atmosphere, due to the molecular weight of N2 compared to H2.

5.3.4 Planetary Spectra and Detectability

To predict spectral discriminants for planning and interpreting upcoming observations of the TRAP-

PIST-1 system and potentially others with JWST, I present a selection of transit transmission

and phase amplitude variation spectra for the modeled environments. Transit spectra have been

shown to be useful for observing a wide range of terrestrial environments for TRAPPIST-1 with

JWST (Lustig-Yaeger et al., 2019a). Phase amplitude variation spectra, which characterize the

wavelength-dependent difference in emergent flux from the fully-illuminated day side vs ther-

mal emission from the night side (Selsis et al., 2011), may be useful for hotter planets, such as

TRAPPIST-1 b.

5.3.4.1 Transit Transmission Spectra

Here I present a selection of transit spectra for the newly modeled environments, primarily using

the 1D results, because the day–night contrast has little effect on this type of spectra. The Earth-like

atmospheres are discussed in detail in Meadows et al. (2020), and the dry, evolved environments

for TRAPPIST-1 b are presented in §3 (Lincowski et al., 2018).
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Figure 5.10: Transit transmission spectra (top left) and pressure-temperature profiles (top right)
for the THAI hab1 case, and transit transmission spectra for a photochemically-consistent aqua
planet (bottom). For THAI hab1, the differences between spectra for the day and night sides and
for cases with ocean heat transport between 0–50 W m−2 are so small, that they are plotted as a
range in grey, with the 1D profile plotted in black. The pressures probed by gas absorption from
continuum to peak in transit are shown as a grey shaded band on the temperature-pressure plot,
with the ranges for day- and night-side temperatures in orange and blue, respectively, and with
the 1D profile plotted as the black line. In the bottom plot, the photochemically-consistent aqua
planet shows the cloudy spectrum with the black line, and the difference between the cloudy and
clear-sky spectrum filled in with grey. Clouds are uncertain, but their effects on transit are likely to
act as a surface in retrievals of future observations.
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The Role of Photochemistry, Clouds, and Day–Night Temperatures on Planetary Spectra

While large day–night surface temperature contrasts have been demonstrated by decades of climate

studies utilizing GCMs, it has yet to be demonstrated that temperature contrasts of the surface and

lower troposphere materially affect transit transmission spectra, which will be the most effective

spectral observation method for temperate planets with JWST (Lustig-Yaeger et al., 2019a). To

assess the effects on transit spectra by day–night temperature and water vapor differences, I sim-

ulated transit spectra for the THAI hab1 and photochemically-consistent aqua planet, for the 1D

atmosphere and for the day and night profiles for the nominal, 10 W, and 50 W atmospheres, which

are shown in Figure 5.10.

Photochemical and bio/geological species are a critical component of transmission spectra (§3,

Lincowski et al. 2018), particularly because transit transmission observations probe regions of the

atmosphere in which outgassed species and their photochemical and catalytic byproducts may be

abundant. Chemical kinetics and photochemistry are somewhat influenced by temperature, but the

effect of temperature on the gross detectability of these gases is less important. In temperate at-

mospheres, potentially detectable gases include CH4 and O3, which are photochemically-mediated

biomarker gases (Krissansen-Totton et al., 2016; Meadows et al., 2018; Schwieterman et al., 2018).

Without these gases, key

Besides the inclusion of photochemically-consistent and/or outgassed species, the largest dif-

ferences in transmission spectra result from the differences in altitude where clouds form, which

are affected by vertical transport and the temperature structure. Although typical water clouds on

Earth form in the lower troposphere, where temperatures diverge between the day and night sides,

higher altitude water-ice clouds form in the upper troposphere, where the day- and night-side tem-

peratures are similar. Although these clouds tend to have low optical depths (modeled here as

τ ∼ 0.05), due to the tangent path of transmission spectra, even optically thin clouds or hazes can

make the atmosphere opaque in transmission. The baseline or continuum of a transit spectrum is

critically related to the highest altitude at which clouds form (§3, Lincowski et al. 2018).
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Figure 5.11: Transit transmission spectra for TRAPPIST-1 d O2-dominated aqua planet. This
spectrum displays the classic CO2 bands at 4.3 and 15 µm. The other strong bands are due to
ozone at 0.6, 4.7, and 9.6 µm. Ozone is strong enough here to produce weak bands as well. The
3.3 µm O3 band overlaps with CH4. Other methane bands could identify its presence with higher
abundances. O2-O2 bands indicate a high O2 atmosphere.

O2-dominated Atmospheres Transit spectra for the ocean-bearing, O2-dominated atmosphere

for TRAPPIST-1 d are shown in Figure 5.11. This environment has 10 bar of O2, 280 ppm CO2

and geological outgassing of CH4, H2S, SO2, and OCS. TRAPPIST-1 e (with 10% CO2) displays

similar features but with amplitudes smaller in general due to the larger gravity and lower temper-

atures, with some variation due to trace gas abundance differences between the two cases. Both

cases include liquid water (stratocumulus) and water-ice (cirrus) clouds, placed at the altitude of

281 K and 227 K, respectively, which are the average temperatures for the cloud tops on Earth

(Kitzmann et al., 2010). Despite the cloud decks, O2-O2 collision-induced absorption is present at

1.06, 1.27, and 6.4 µm. The NIR bands are small, but at a strength of 10–20 ppm, may collectively

be within reach of detection because they are in the highest-signal region of the TRAPPIST-1 SED,

which peaks around 1 µm. The CIA band at 6.4 µm overlaps with the 6.3 µm water band, and both
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are present in roughly equal strength.

Although the CO2 abundances for the modeled atmospheres for TRAPPIST-1 d and e O2-

dominated planets vary considerably (only 280 ppm vs 10%), in both atmospheres CO2 exhibits

two of the four strongest features (the other two bands are ozone). Both atmospheres exhibit the

classic strong bands at 4.3 and 15 µm, at 100 ppm for TRAPPIST-1 d and 50 ppm for e—but

this difference is due to atmospheric scale height, not abundance. TRAPPIST-1 e indicates its

higher CO2 abundance with stronger relative CO2 absorption features at shorter NIR wavelengths.

Whether the weak CO2 bands are detectable, and how strong they are in relation to the 4.3 µm

band, can be used to constrain the CO2 abundance (see e.g. §3; Lincowski et al. 2018).

The other strong bands in this atmosphere are due to ozone at 0.6, 4.7, and 9.6 µm. Due to

its high abundance, O3 also exhibits absorption at 2.5, 3.3, and 3.6 µm. In particular, the 3.3 µm

band may confuse retrieval of the 3.3 µm CH4 band for observations at low signal-to-noise and/or

low resolution. At higher abundance, weaker bands of CH4 become more prominent at 2.35 and

7.8 µm, as well as several bands in the NIR (see Meadows et al., 2020).

H2-dominated Atmosphere Due to the high abundance of methane that may exist in the atmo-

sphere of an Earth-like planet around an M dwarf star, an Earth-like planet may resemble a small

hydrogen-dominated planet, which due to its more reducing nature, may have a high abundance of

CH4, and may contain some CO2 as well, with the balance of these gases depending on the redox

state of the planetary interior. Both oxygen and ozone may be difficult to detect in transit spectra

of an Earth-like atmosphere (Lustig-Yaeger et al., 2019a; Meadows et al., 2020), so in fact the

strong features of CH4 present in the H2-dominated atmosphere modeled here resemble the com-

position of an Earth-like atmosphere around an M dwarf star, and depending on the atmospheric

scale height, it may be difficult to distinguish between these cases bases on detectable species.

The primary difference between this H2-dominated atmosphere and other terrestrial atmo-

spheres is the much larger scale height and depth of absorption features exhibited by this atmo-

sphere, due to its low H2-dominated molecular weight. The amplitudes of features in this atmo-

sphere approach 500 ppm for CO2, though the abundance chosen here (10% mol/mol) is very high
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Figure 5.12: Transit transmission spectrum for a putative H2-dominated TRAPPIST-1 g atmo-
sphere. The strong bands for CO2 and CH4 are among the most prominent features. Water vapor
is largely masked by CH4, except at 6.3 µm. Collision-induced absorption due to H2-H2 is present
but not likely detectable, due to its broad continuum (8–12 µm).
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compared to what may be expected for a hydrogen-dominated atmosphere. Regardless of the CO2

abundance, this reducing atmosphere would be expected to support a large abundance of CH4,

which has absorption bands throughout the NIR, from 0.7–4 µm. Hydrogen CIA is included here

and raises the continuum in the 8–12 µm range, though is not likely retrievable in MIR transit

observations in this atmosphere because the continuum in an observed atmosphere could also be

due to clouds, refraction, or the surface. Aerosols, including those found in hydrogen-dominated

but not terrestrial atmospheres, could further reduce the amplitudes of the transit features.

5.3.4.2 Day–Night Phase Variation Spectra

Here I present a selection of phase amplitude variation spectra (Selsis et al., 2011), which can be

produced directly from the VPL Climate two-column outputs of flux from the day and night sides

of the modeled planets. These spectra are the difference in the day and night side fractions of flux

emitted or reflected compared to the host star as observed from the telescope:

∆Fp

Fs
=

Fday−Fnight

Fs

(rp

a

)2
, (5.1)

where ∆Fp is Fday−Fnight, F is the day or night flux, or the stellar irradiation at the top of the

planetary atmosphere (Fs), rp is the planetary radius, and a is the semi-major axis.

Aqua Planet with Ocean Heat Transport Here I use the photochemically-consistent temperate

TRAPPIST-1 e aqua planet to demonstrate the differences that arise in phase amplitude variation

spectra due to a reduction in day–night contrast by ocean heat transport, from 0–50 W m−2. Fig-

ure 5.13 shows these variation spectra, along with points convolved with the Spitzer IRAC and

JWST MIRI filters. Because ocean heat transport reduces the day–night contrast, the variation

spectrum is reduced in amplitude. The greatest reduction is in the bands that probe deepest in the

atmosphere, which for the aqua planet occurs at 11.3 µm, with a 50% reduction, from 18 to 9 ppm.

Bands that probe higher in the atmosphere due to strong gas absorption (e.g. CO2 at 4.2 and 15 µm)

are unaffected, due to the weak day–night temperature gradient in the free atmosphere. Note that
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Figure 5.13: DAY–NIGHT FLUX AMPLITUDE VARIATION SPECTRA FOR TRAPPIST-1 E
AQUA PLANETS WITH 0–50 W M−2 OCEAN HEAT TRANSPORT. Full-resolution spectra are
plotted with convolved points convolved with the Spitzer IRAC and JWST MIRI filters. Ocean
heat transport of 50 W m−2 reduces the day–night contrast by up to 50%, most strongly in the
11.3 µm JWST band that probes closest to surface emission. Whether with or without ocean heat
transport, temperate planets are likely to be too cool on both sides of the planet to yield useful
day–night variation spectra.
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phase amplitude variations are small for temperate planets in general, due to cool temperatures

that produce insufficient flux for sensitivity with JWST. The maximum phase amplitude variation

is between the 11.3 µm and 15 µm bands, probing the near-surface environment and stratosphere.
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Figure 5.14: Venus-like and desiccated O2-dominated TRAPPIST-1 b phase amplitude variation
spectra convolved with Spitzer IRAC and JWST MIRI filters. Although these hot atmospheres
produce significant flux in the 3.6 µm Spitzer IRAC band and almost no flux in the 4.5 µm band
(due to CO2 absorption), neither band provides significant differences in phase curve amplitude,
making these bands poor choices to detect atmospheric features. The 15 µm is a good choice for
the clear-sky Venus-like atmosphere due to its 100 ppm (convolved) day–night contrast, but a poor
choice for the O2-dominated atmosphere. Due to the complete lack of water vapor and extreme
day–night surface temperature contrast, the O2 atmosphere produces the largest amplitude signal
here at 21 µm (over 200 ppm). Unlike the temperate aqua planets, the 11.3 µm filter is not a high-
amplitude spectral band. Note that thermal noise in the JWST hardware increases with increasing
wavelength.

Hot Atmospheres The two post-ocean-loss, TRAPPIST-1 b atmospheres dominated by CO2 or

O2 presented here from §3 (Lincowski et al., 2018) may represent plausible atmospheres and this

planet may be the best hope for JWST observations in the MIR in the TRAPPIST-1 system. Both

environments have uninhabitable surface temperatures (445–704 K), much higher than any allowed

for type of known habitable conditions. They produce very different phase amplitude variation

spectra (Figure 5.14). The Venus-like atmosphere produces a significant day–night contrast in
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the mesosphere, likely due to rapid cooling by CO2 on the night side, allowing the strong 15 µm

CO2 absorption band to exhibit large contrast. The completely desiccated O2-dominated planet

permits a large phase amplitude in the 21 µm JWST MIRI band, because without water vapor, the

atmosphere is transparent nearly to the surface, where the temperature contrast is largest.

5.4 Discussion

I have developed a two-column mode for a versatile climate model, coupled to a photochemical

model, which has been used to generate environmental states for a selection of the TRAPPIST-

1 planets (b, d, e, and g), which take into account the pre-main-sequence stellar evolution and

observational constraints (or lack thereof) for bulk atmospheric composition. These states span

hot (445–704 K), heavily-evolved states for TRAPPIST-1 b, to potentially habitable environments

for TRAPPIST-1 d and e, to a cold (204 K), hydrogen-dominated atmosphere for TRAPPIST-1 g.

With the exception of intercomparison cases, these atmospheres are climatically and photochem-

ically consistent with the redder TRAPPIST-1 spectrum, including UV constraints. I have shown

that a two-column model can qualitatively produce climate results consistent with GCM day–night

behavior. While 1D models may slightly overestimate surface temperatures for planets with ex-

treme day–night temperature contrasts, I find that day-night temperature contrasts do not strongly

influence transit spectra, and transmission spectroscopy is likely the optimal method for observing

temperate planets with JWST (Lustig-Yaeger et al., 2019a). However, photochemical processes

and surface outgassing fluxes strongly influence transmission spectra, so the common coupling of

photochemistry in 1D models is a crucial advantage for predicting observational discriminants in

transmission spectra. Although 3D climate models currently have self-consistent cloud formation

routines, clouds are highly variable and uncertain, and their impact to transmission spectra is to

essentially create a pseudo-surface, below which the atmosphere cannot be probed.

Here, I discuss the modeling hierarchy and associated modeling caveats for producing accurate

planetary environmental states, the potential for probing the inner edge of the habitable zone within

TRAPPIST-1, and discuss how phase amplitude variation spectra can be considered for plausible

TRAPPIST-1 b and other hot terrestrial environments.
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5.4.1 A Hierarchy of Models

A variety of models are useful in predicting and interpreting exoplanetary climate and spectral

observables. These models can include those used here, such as rigorous line-by-line 1D and

two-column models, but can also include simpler 1D, two-column, and 2D models, including

energy-balance models (EBMs). 3D GCMs are useful to demonstrate the myriad of interesting

impacts of rotation rate, topography, land-sea temperature, and albedo contrasts, along with other

small-scale processes that affect atmospheric circulation and to demonstrate the degree to which

spatial inhomogeneities may impact global planetary climate and telescopic observables, such as

phase curve amplitudes. However, 3D GCMs are not without their limitations, particularly in

their simplified treatments of radiative transfer and chemistry, which could affect the dynamical

responses. Intercomparisons of radiative transfer codes in 1D, two-column, and 3D models that

have been conducted (e.g. Yang et al., 2016, 2019b) and that are currently in progress (Fauchez

et al., 2020) are a step in the right direction to determine GCM radiative transfer limitations and

find ways for improvement.

The limitations of 1D models are due primarily to the difficulty in accurately consolidating

spatially-dependent processes into a single column. The use of a versatile, spectrum-resolving

two-column model, as I have presented here, significantly ameliorates the lack of spatial coverage

exhibited by 1D models, particularly for predicting day, night, and globally-averaged climate. Most

of the differences in the THAI cases between the two-column model and the GCM appear to be

a result of substantial differences in radiative transfer. Therefore, the results of the two-column

model for THAI cases represent an intermodel comparison more than a validation. Nonetheless,

the qualitative features of the hemispherically-averaged GCM data demonstrate the utility of this

two-column model in simulated GCM day–night behavior.

Critically, this two-column model is coupled to a 1D photochemical model to provide the global

chemical state, which can impact climate and spectral observables. While 3D GCMs already em-

ploy parameterized cloud formation models and can provide invaluable information about the spa-

tial coverage of clouds, two-column and 1D models could be further improved by robust cloud
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and aerosol formation methods, such as by incorporating the Community Aerosol and Radiation

Model for Atmospheres (CARMA, Turco et al., 1979; Toon et al., 1988; Jacobson et al., 1994;

Ackerman et al., 1995; Bardeen et al., 2008) or other simpler microphysical cloud models (Ack-

erman and Marley, 2001; Pavlov et al., 2001). Due to the difficulty in parameterizing cloud mi-

crophysics, cloud parameterizations remain a source of dispute and error among 3D models (Yang

et al., 2019b).

5.4.2 The Importance of Updated and Complete Absorption Data

Two cases encountered while conducting the VPL-GCM comparison raised serious differences as a

result of the source of absorption data, rather than the radiative transfer algorithms employed in the

models. These differences were largely due to 1) the use of outdated or incomplete line lists, and 2)

the use of a parameterized CIA opacity calibrated for Earth, rather than laboratory measurements

for CO2 CIA.

These differences in band and collision-induced absorption across the near to mid infrared

yielded significant heating rate differences between SMART and ExoCAM. While the net flux was

very similar (outgoing thermal flux must balance incoming solar flux), the distribution of emitted

flux was vastly different. Due to its Earth heritage, ExoCAM was missing CO2 line absorption

between 1100–1800 cm−1, which includes the 7–8 µm isotopologue bands. These weak bands

produce negligible absorption in the atmosphere of Earth, but can be significant sources of opacity

in the high CO2 atmospheres considered here.

The collision-induced absorption methods for CO2 differ considerably between SMART and

ExoCAM. In SMART (and VPL Climate), I use both empirical and ab initio sources as described

by Robinson and Crisp (2018) and in section 5.3.2.1, including temperature dependence when

available. Continuum absorption is explicitly separated from line absorption (as typically reported).

Line absorption calculations include self and foreign broadening, with experimentally-determined

sub-lorentzian χ-correction factors (Perrin and Hartmann, 1989; Meadows and Crisp, 1996). I in-

clude line absorption for CO2 to 1000 cm−1 from line centers. ExoCAM uses the MTCKD method

for computing CO2 CIA, which is a method designed for Earth-like CO2 abundances and contains
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all absorption beyond 25 cm−1 as part of the continuum, including extra absorption from 500–

900 cm−1 (see Clough et al., 2005, for further information). This source of continuum absorption

has not been included in the most recent HITRAN CIA release (Karman et al., 2019).

An intercomparison of CIA for CO2 was conducted by Halevy et al. (2009). In that intercom-

parison, the so-called “CBKM” method (using earlier sources but using a similar method to what

I have used here, and described in Segura et al. 2007) exhibited the strongest CIA in the Fermi

isotopologue bands at 7–8 µm. Compared to “CBKM”, I use updated absorption in these bands

with measurements from Baranov et al. (2004), which extend to lower temperatures, consistent

with temperate terrestrial atmospheres. Baranov et al. (2004) found that at lower temperatures, the

CO2–CO2 CIA was several times stronger than at higher temperatures. In Halevy et al. (2009),

these differences in absorption caused a difference of 20 W m−2 (13.5%) emitted flux in a pure,

1 bar CO2 atmosphere, though that difference narrowed considerably when significant atmospheric

water vapor was included. In this regard, the CO2-CO2 CIA treatment could be updated in band

models without requiring a line-by-line treatment. The latest HITRAN CIA compilation includes

these key Fermi bands, with temperature dependence (Karman et al., 2019). In the sensitivity tests

with SMART, CIA reduced emitted flux by 17 W m−2 (5%). Although weak in atmospheres with

only trace (Earth-like) abundances of CO2, these bands may be critical in accurately simulating

the radiative heating rates, influence on dynamical heating rates, and subsequent spectra for dense

CO2 atmospheres.

Differences in radiative heating rates calculated with the latest line lists and laboratory absorp-

tion data by accurate, spectrum-resolving models like SMART/VPL Climate compared to GCMs

using older inputs could result in significant differences in atmospheric structure. These changes

complicated efforts to determine whether this two-column model can capture the bulk day–night

characteristics of 3D models. The discrepancy in radiative heating rates in the GCM would require

a change in the temperature profiles or circulation (i.e. wind speeds) and associated dynamical

heating rates, until the radiative and dynamical heating rates are in equilibrium. More detailed

intercomparisons of current 3D models with 1D models like SMART (e.g. Yang et al., 2016) and

with 3D spectrum-resolving models under development (e.g. Ding and Wordsworth, 2019) could
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prove fruitful in quantifying the effects of such errors in radiative transfer parameterization. These

issues demonstrate the need to maintain up-to-date absorption data in climate models and to assess

whether parameterizations are being used outside the intended parameter space.

5.4.3 Detecting Hot Terrestrial Atmospheres

The existence of Venus in our Solar System suggests that hot, CO2-dominated, post-runaway at-

mospheres are possible. In §3, I presented a variety of Venus-like and O2-dominated, post-runaway

environments. TRAPPIST-1 b was the only planet for which MIR photometry could detect gases

for all modeled atmospheres, though NIR transit spectroscopy may be universally superior (Lustig-

Yaeger et al., 2019a).

However, phase curves can provide additional information that might be useful, such as to map

planetary temperature across the day to night sides. Pioneering observations of nearby hot, small

exoplanets have been conducted in the last few years with the Spitzer Space Telescope 4.5 µm

IRAC band. Demory et al. (2016) observed 55 Cancri e, a 1.9 R⊕, 8 M⊕ planet of rocky density

receiving 19 S⊕ orbiting a K-M binary. The day–night temperature contrast was large (2700±270

vs. 1380±400 K) and included a substellar offset. It was proposed that this was due to an atmo-

sphere of unknown composition, but CO2 was excluded, because the large emergent flux occurred

where CO2 has strong absorption, precluding any significant CO2 abundance. Similarly, Kreidberg

et al. (2019) observed LHS 3844 b, a 1.3 R⊕ planet orbiting a late-type M dwarf. They found a

large temperature difference for that planet as well, 1400 K vs 0–700 K. Along with a suite of

GCM simulations to assess this, Kreidberg et al. (2019) argued that the planet may not have an

atmosphere, especially one with CO2.

Further evidence that the atmospheres of 55 Cancri e and LHS 3844 b do not have CO2 is due to

the high fluxes detected on the day-sides of these planets. The modeled flux and day–night contrast

is nearly zero in the 4.5 µm Spitzer IRAC band (Figure 5.14), due to the very strong absorption

by CO2 at 4.2 µm. With any Earth-like or larger column depth of CO2, any atmosphere is will

be opaque and have very little flux in that band. Therefore, the detection of a large emission flux

in the 4.5 µm band on the day side by Kreidberg et al. (2019) suggests that CO2 is not present.
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Furthermore, the 4.5 µm band may generally contain absorption from many other interesting at-

mospheric molecules, including CO, O3, and N2O. In any terrestrial atmosphere, this band is likely

to be saturated, and thus low in flux. Therefore, the large fluxes observed by both Demory et al.

(2016) and Kreidberg et al. (2019) suggest that neither 55 Cnc e nor LHS 3844 b have terrestrial

or Venus-like atmospheres.

Observations of planets that may be terrestrial should not be made solely in bands with CO2

or other significant absorber. Ideally, several spectral ranges should be observed, where based on

possible atmospheric compositions at least one band would differ between the day and night sides.

For the two hot atmospheres modeled here for TRAPPIST-1 b, combining observations in the 11.3,

15.0, and 21.0 µm bands with JWST or subsequent MIR observatory could discriminate between

oxygen-dominated and Venus-like atmospheres.

5.4.4 The Inner Edge of the Habitable Zone

There are simplifications in the various studies used to model the inner edge of the habitable zone,

so it is still an open question as to whether TRAPPIST-1 d could be habitable. Furthermore, the

habitability of planets in general is not a binary function, it is better characterized as a probabil-

ity distribution, based on the factors affecting habitability discussed in §1.3 (Barnes et al., 2015;

Meadows and Barnes, 2018). For TRAPPIST-1 d in particular, because it lies inward of most

generic inner edge calculations, it may be less likely, but not impossible, for it to host a habitable

environment. Of the factors affecting habitability introduced in §1.3, the two that may be most

relevant for TRAPPIST-1 d are volatile retention and cloud formation.

The impact of clouds on the surface climate has been particularly problematic in assessing

the habitable zone. Most early habitable zone studies neglected clouds entirely and assumed a

completely saturated troposphere (Kasting et al., 1993; Kopparapu et al., 2013), which is likely

unrealistic (e.g. Kasting et al., 1993; Kopparapu et al., 2013; Leconte et al., 2013; Godolt et al.,

2016), and may significantly over-estimate tropospheric and surface temperatures compared to an

atmosphere that is not completely saturated (Kasting et al., 1984; Leconte et al., 2013; Godolt

et al., 2016). GCMs have been used to assess the inner edge as well, but differences in planetary
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rotation assumptions and cloud formation have caused discrepant results (Yang et al., 2013; Yang

and Abbot, 2014; Kopparapu et al., 2016; Yang et al., 2019c). For tidally-locked planets, thicker

sub-stellar clouds and the advection of heat from the sub-stellar point to the night side would

increase the likelihood for planet-wide habitability. The globally-averaged optical depth of the

cloud I used in this work represents a plausible partly-cloudy state, but no exoplanet climate model

is likely to correctly predict the exact cloud fractions, distributions, or optical depths.

Here, TRAPPIST-1 d is assumed to be an O2-dominated aqua planet, with Earth-like cloud op-

tical depths and altitudes consistent with the formation of clouds on Earth, though clouds may form

very differently. The lower gravity for TRAPPIST-1 d could support the formation of larger, heav-

ier droplets, which can produce larger optical depths, especially at thermal wavelengths. Ocean

heat transport, which is most effective on Earth at tropical latitudes (Hastenrath, 1980; Carissimo

et al., 1985; Savijärvi, 1988; Trenberth and Caron, 2001; Wunsch, 2005), may reduce sub-stellar

temperatures and help maintain sub-stellar clouds.

The potentially habitable aqua planet I have modeled for TRAPPIST-1 d, while hosting a high-

oxygen atmosphere that is not conducive to complex surface life (Davies, 1995), may still be

habitable for marine life. This may not be an Earth-like planet, but it represents a state that could

be common around M dwarf stars. For planets that formed large, exchangeable inventories of

volatiles, the millions of years of water vapor photolysis and hydrogen loss could allow accumula-

tion of atmospheric oxygen over an oxygen-saturated ocean, the same way Earth biology supports

sufficient O2 production to maintain an oxygen inventory in the atmosphere of Earth. While ocean

chemistry may stifle biogenic outgassing fluxes if such gases break down easily in water, there is

evidence that biogenic gases such as methyl chloride (CH3Cl) have sources in the ocean biosphere,

so could be an important biosignature for a water world (see also Meadows et al., 2020).

5.4.5 Hydrogen-dominated Atmospheres

Although hydrogen-dominated atmospheres are unlikely for the TRAPPIST-1 planets, due to the

extended superluminous pre-main-sequence phase of the TRAPPIST-1 primary (Luger and Barnes,

2015; Bolmont et al., 2017; Lincowski et al., 2018; Wordsworth et al., 2018), a hydrogen-dominated
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atmosphere has not been ruled out for all of the TRAPPIST-1 planets, particularly g (Moran et al.,

2018), which has also been singled out as a good target to characterize stellar variability, due to

its larger size (Wakeford et al., 2019). Therefore, for comparison I modeled an environment for

TRAPPIST-1 g with a 1 bar H2-dominated atmosphere. Although climatically and photochemi-

cally self-consistent, the bulk gases and outgassing fluxes are not necessarily consistent with the

volatile-rich, icy-terrestrial composition that this planet may have, because I specified a CO2 abun-

dance and CH4 flux. This planet is also being modeled with a fixed N2 abundance of 5% and

without NH3. Nitrogen chemistry could be a key factor in the evolution of this type of planetary

atmosphere, but is excluded here because the photochemical model does not have an appropriate,

validated chemical network for this, and an update for this network is beyond the scope of this

work. Thus I assume that whatever NH3 was or is present in this type of atmosphere is quickly

converted to N2 (Atreya et al., 1978; Jones and Lewis, 1987; McKay et al., 1988; Glein et al., 2009;

Mandt et al., 2014). Additional N2 would serve to reduce the scale height of this predominantly H2

atmosphere, while less CO2 would increase the scale height. It would be useful to have constraints

on outgassing fluxes of these gases for this type of planet from geochemical modeling.

Although I include H2-H2 collision-induced absorption (CIA), these climate calculations ex-

clude theoretical CIA due to CO2-CH4 and CO2-H2, both of which have been proposed as mech-

anisms to enhance the greenhouse effect (Wordsworth et al., 2017). However, laboratory studies

have not confirmed the presence or magnitude of these collision pairs, and the line-by-line absorp-

tion coefficients model already includes foreign broadening of H2 by these gases.

5.4.6 Spectral Observation of Terrestrial Planets Using Transit and Phase Amplitude Variation

Spectra

In the next few years, the launch of JWST will permit observations of planets of the TRAPPIST-1

system, which hosts several potentially habitable planets. This telescope has a finite life and its time

is valuable for a large domain of astronomy, from exoplanets to galaxies. It will not be possible

to observe all transits of these planets with all instruments and modes. Therefore, atmospheric

characterization of these planets requires careful selection of instrument modes and methods to
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obtain the most useful data. It has been demonstrated that transit transmission spectra will be ideal

in most cases for these planets, though the hotter inner planets may benefit from secondary eclipse

(phase-dependent) photometric observations (Lustig-Yaeger et al., 2019a).

Versatile 1D models coupled to photochemistry are ideal for simulating atmospheric states to

produce transit transmission spectra. Here, I have shown that large day–night temperature contrasts

that can be simulated with 3D GCMs or two-column models do not materially affect transmission

spectra. To affect transit spectra, differences between a terminator-averaged (or even day–night av-

eraged) profile of temperature, gas mixing ratios, and aerosols, must induce a difference in spectral

features that would affect a retrieval, at roughly the ∼10 ppm level or larger. The day–night at-

mospheres presented here, albeit with globally-averaged chemistry, reach at best a few ppm in the

water absorption features. Studies using 3D GCMs have not shown that the planetary terminator

differs enough from the global planetary state to affect to simulate or interpret transmission data

upcoming with JWST (Fauchez et al., 2019). In fact, I have shown here the opposite: that even

differences between the day and night sides are much smaller than the likely sensitivity of JWST.

Therefore, with greater flexibility, versatile 1D coupled climate-photochemical models are ideal for

predicting and interpreting upcoming transit transmission observations of terrestrial planets with

JWST.

Furthermore, the day–night temperature contrasts produced in many 3D GCM studies are un-

likely, because many of those studies neglected ocean heat transport, which can serve to reduce

the temperature gradient between the hemispheres. At its most efficient, ocean heat transport can

yield globally-averaged surface temperatures consistent with 1D model results. Conversely, 1D

models overestimate surface temperatures for planets without ocean heat transport, which could

include dry planets or some with pathological continental distributions. However, differences in

stratospheric temperatures between 1D and 3D models are likely due to gas abundances and ra-

diative transfer, rather than atmospheric dynamics, because very small wind speeds are required

above the lower troposphere to reduce temperature gradients across the planet. These differences

can be greater when including photochemistry, which can heavily modify the thermal profile of

the stratosphere. Coincidentally, these are the altitudes to which transmission spectra are most
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sensitive.

JWST can observe the day–night variations in thermal phase curves of hotter planets (Lustig-

Yaeger et al., 2019a). This approach favors observations of planets with a large day–night contrast,

which I have shown can be successfully simulated using a two-column model. Studies using GCMs

would suggest that 3D models are required for interpreting phase curves. This is true to the extent

that well-resolved (high signal-to-noise) phase curves can be used to retrieve constraints on the

atmospheric circulation (e.g. Knutson et al., 2009), such as by the degree of shift of the substel-

lar point due to advection. However, phase amplitude variation spectra can be used to identify

atmospheric gas absorption and infer day- and night-side temperatures. The two-column model

presented here is ideally suited to such assessments, given its flexibility in atmospheric composi-

tion and inclusion of global photochemistry.

5.5 Conclusions

In this chapter, I have integrated a versatile, 1D spectrum-resolving climate model, coupled with a

1D photochemical model, into a two-column model to study equilibrium climates on tidally-locked

planets around M dwarfs. These methods were first validated against an existing 3D GCM to

assess model performance. I then used these models to assess the impact of day–night temperature

contrasts on transit and day–night phase-dependent spectra that could be observed with JWST. I

have demonstrated that this two-column model qualitatively emulates GCM day–night behavior.

Though the two-column model produces a slightly larger magnitude of hemispherically-averaged

day–night contrast, this helps provide a point of comparison against 1D model results in cases

where GCM results are not available. This two-column model was then used to study a wide range

of cases for which 3D GCM results were not yet available. I found that as ocean heat transport is

increased, the two-column model averages closer to the 1D model result. Therefore, in terms of

climate, the 1D model is valid in cases where day–night heat transport is efficient, such as habitable

cases with an ocean, as assumed previously (e.g. Meadows et al., 2018; Lincowski et al., 2018).

Using the 1D and two-column models, this work has reproduced the weak day–night tempera-

ture gradient that exists in GCM results above the middle troposphere. Because there is a lack of
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temperature or condensible vapor contrast at altitudes probed by transit transmission spectra, even

extreme day–night surface temperature contrasts do not likely materially affect transmission spec-

tra. It has been repeatedly demonstrated that outgassing fluxes and photochemistry are critical to

accurately simulating a planetary climate and its remote observables. Because 1D climate models

are easily coupled with 1D photochemistry models, they are ideally suited to predict and interpret

spectra for upcoming JWST observations of the TRAPPIST-1 and potentially other M dwarf terres-

trial planets. Two-column modes can augment the habitability calculation, to determine whether

trace gases will condense on the night side, and to produce day–night variation spectra, which may

be useful for hot terrestrial planets.
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Chapter 6

DISCUSSION
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In the next decade, the launch of JWST and the completion of extremely large ground-based

telescopes will provide the unprecedented opportunity to attempt characterization of terrestrial

planets orbiting in the habitable zones of their host stars. The best targets are planets transiting

small, late-type ultra-cool M dwarf stars, due to their large planet-to-star size ratio. However, these

planets face significant challenges to habitability and an evolutionary history unlike Earth. These

challenges include high life-long UV irradiation and extreme, rapid tidal-locking, which make

modeling and characterizing these planets challenging for models designed for Earth-like planets

around Sun-like stars.

Before the first discoveries of habitable zone terrestrial planets around M dwarf stars (Anglada-

Escudé et al., 2016; Gillon et al., 2016), studies had already been underway focusing on possible

Earth-like climate and photochemical processes for these planets, using models derived for Earth

studies. Kasting et al. (1993) published habitable zone distances for a range of stars and suggested

that M dwarf planets would be within the tidal-locking distance, so would have permanent day and

night sides. Joshi et al. (1997) demonstrated that collapse of the atmosphere on the night side of

a synchronously rotating planet would be inhibited by atmospheric heat transport from the day to

the night side. Segura et al. (2005) used a photochemical model to demonstrate that biogenic gases

would accumulate to several orders of magnitude higher abundances than Earth for a planet in an

M dwarf habitable zone with Earth-like biological and geological fluxes, due to slower destruction

rates for these gases. Shields et al. (2013) noted that the ice-albedo climate feedback would be

diminished under an M dwarf star because the reflectivity of ice drops into the NIR, where ice has

strong absorption and where M dwarf irradiation peaks.

Although studies using both 1D and 3D models have continued to incrementally advance un-

derstanding of key processes related to planetary habitability and detectability for M dwarf planets,

they have focused almost exclusively on Earth-like atmospheres (i.e. those dominated by N2, CO2,

and H2O). Until now, studies using 1D models were unable to fully address the potential for ex-

treme day–night temperature contrasts and night-side atmospheric collapse. Hu and Yang (2014)

demonstrated that ocean heat transport can further reduce the day–night temperature gradient of

a synchronously-rotating planet. Though studies employing 3D models have largely ignored the
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climate effects that arise from the different atmospheric chemical processes experienced by planets

irradiated by an M dwarf host, and even frequently ignore processes for which 3D models are ideal,

such as day–night heat advection due to ocean and glacier transport.

Beyond traditional climate and photochemical models, studies from other disciplines in recent

years have assessed other processes related to planetary habitability for M dwarf planets. Luger

and Barnes (2015) demonstrated that the evolution of a primordial planetary atmosphere under the

long, superluminous pre-main-sequence phase of M dwarf stars could result in up to thousands of

bars of oxygen liberated from water vapor, followed by escape of hydrogen, which could result in a

secondary atmosphere dominated by oxygen that is abiotic in origin, complicating the detection of

oxygen as a biosignature (Meadows, 2017). The consideration of surface interactions by Schaefer

et al. (2016) and Wordsworth et al. (2018) demonstrated that oxygen accumulation would be lim-

ited, but not completely prevented. Joint laboratory and modeling studies have used constraints by

currently-available data to attempt to assess bulk atmospheric properties of the TRAPPIST-1 plan-

ets (Moran et al., 2018). Studies also find that the TRAPPIST-1 planets in particular may be more

volatile-rich than Earth (Grimm et al., 2018; Unterborn et al., 2018a,b), suggesting an increased

possibility that the TRAPPIST-1 system could host one or more water worlds, which may be high

in other volatiles as well. Therefore, despite the superluminous pre-main-sequence phase and sub-

sequent stellar activity that may continue to strip volatiles (Airapetian et al., 2017; Garcia-Sage

et al., 2017; Dong et al., 2017, 2018), continued outgassing from deep volatile reservoirs could

balance the high loss fluxes, maintaining a secondary atmosphere over geological time.

To begin to more completely address the factors affecting M dwarf planetary habitability and

ameliorate the biases in previous modeling studies, I have developed a two-column mode for a

versatile spectrum-resolving radiative-convective-equilibrium model, and coupled it into a frame-

work including an updated terrestrial photochemical model. This model suite takes into account

the synchronously-rotating nature and very different stellar environment experienced by M dwarf

planets. I used this framework to explore planetary environments that are Earth-like, and to expand

beyond current studies by simulating a wide range of plausible terrestrial planetary environments,

including extreme Venus-like planets (both hot and cold) and more hypothetical cases with very
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high or low oxidation states. These environments have included water/ice clouds, sulfuric acid

aerosols (as seen in the atmosphere of Venus), and hydrocarbon hazes derived from Titan. Building

on the use of surface fluxes by Segura et al. (2005) and later studies, I have used different biolog-

ical and/or geological surface fluxes based on the type of environment simulated. While different

“templates” have been created for the photochemical model, separate versions of the codes are

not required to simulate this variety of atmospheres, which was first demonstrated for the climate

model by Robinson and Crisp (2018). Producing a large variety of environments and assessing

their differences, both in terms of planetary climate and what may be inferred in observations, al-

lows me to consider here some broad points concerning planetary habitability and detectability for

M dwarf planets in the era of JWST.

6.1 Planetary Evolution and Comparative Planetology

Planetary habitability has historically been focused on the development of and support for life on

Earth, as the one data point for a habitable planet. However, M dwarfs comprise approximately

75% of all stars (Henry et al., 2006), so the frequency of habitable planets in the galaxy is more

likely dominated by whether planets orbiting M dwarf stars can possibly host and develop life.

This depends greatly on key factors that affect planetary habitability, including stellar evolution,

planetary migration, tidal evolution, delivery of volatiles, geological processes including weath-

ering and outgassing, clouds and overall planetary albedo, and atmospheric photochemistry and

escape processes. For planets around M dwarfs, many of these processes differ considerably from

Earth, and are currently being explored in theoretical studies. The uncertainties in these processes

in general, and for specific planetary targets in particular, leads to an unknown number of planetary

environments that could exist. Future observations of these planets are likely to be surprising, as

were the discoveries of hot Jupiters (Guillot et al., 1996). Nonetheless, it is useful to make predic-

tions for future observations that are based on what is known about planetary processes. To assess

common attributes and discriminants among different types of atmospheres, I have modeled a sam-

pling of different environments that reflect different evolutionary pathways. In future observations,

the prevalence or lack of many of these features may provide insights into the processes that shape
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their environments.

Of the processes discussed that shape planetary environments, it has been shown (Luger et al.,

2015; Luger and Barnes, 2015; Schaefer et al., 2016; Wordsworth et al., 2018) that stellar evolu-

tion, and the impact it has on planetary evolution, drives the resultant bulk planetary atmosphere,

primarily through the availability of remaining volatiles. Whether a planet retains any volatiles

depends on its original bulk composition. Gases that can be emitted from the planetary interior

determine the resultant secondary atmosphere. The state of the interior, and hence of the atmo-

sphere, may result from a wide variety of factors, including original formation composition, stellar

evolution, orbital state and evolution, internal properties such as radiogenic heating and mantle dy-

namics, tidal evolution, and the efficiency of outgassing from the interior versus the rate of escape,

among others (§1.3; Meadows and Barnes 2018). Despite even the most extreme stellar pre-main-

sequence evolution, the interior inventory of volatiles (if sufficiently large) may be outgassed over

time to produce and sustain a secondary atmosphere. The atmosphere that is maintained over geo-

logical time then depends on the balance of outgassing and escape fluxes. Even for planets outside

the habitable zone, an assessment of their bulk atmospheric inventory and associated constraints

on likely evolutionary history can inform whether M dwarf planets can sustain atmospheres via

outgassing.

As a result of original bulk inventory, escape, and outgassing (among other factors), multiple

climate states are possible, even within the classical habitable zone. In traditional climate model-

ing, planets in the habitable zone are assumed to be Earth-like in composition (N2, CO2, and H2O),

with water or ice-covered surfaces, but where the abundance of non-condensible gases is taken to

be independent parameters (Kasting et al., 1993; Kopparapu et al., 2013), and even contemporary

studies continue to make these same assumptions (Turbet et al., 2018; Wunderlich et al., 2019; Wolf

et al., 2019). In this work, I have demonstrated that a wider variety of planetary states is possible,

spanning Venus-like to oxygen-rich, ocean-covered worlds. Which environment forms depends

on the initial bulk state and evolution of the star, planetary interior, and atmosphere. In the Solar

System, evolution of our Sun leads researchers to study planetary climate in a “cold-start” regime,

but M dwarf planets inevitably begin life in a “hot-start” environment, because planetary migration



186

likely occurs well before the star settles to its main sequence luminosity (Unterborn et al., 2018a).

Therefore, the assumption that these planets begin cold (e.g. Turbet et al., 2018) may be unlikely.

Conversely, my work shows that Venus-like planets could exist throughout the habitable zone

and even beyond the outer edge, if a Venus-like atmosphere was able to form before the star

dimmed to its main sequence luminosity. I have also found that if a planet becomes Venus-like,

such an atmosphere is radiatively stable even at cold temperatures. Therefore, the region of the

star inward of the habitable zone where Venus-like planets are likely common (Kane et al., 2014)

could span a much larger range of irradiation and potentially displace the habitable zone. Thus if

the “Venus zone” is robust and common, then there may be no habitable zone for M dwarf planets,

or for planetary systems with low volatile abundance.

A volatile-rich system like TRAPPIST-1 may be an ideal candidate to assess the edges of the

habitable zone. Even though multiple studies suggest TRAPPIST-1 d is not likely in the HZ, my

attempts at modeling a habitable atmosphere suggest d lies right on the inner edge, as the net in-

cident stellar flux under reasonable assumptions is very near the runaway greenhouse limit. This

low-density, likely volatile-rich world (Grimm et al., 2018) sits within conservative (climate mod-

eling) and optimistic (early Venus) estimates of the IHZ, and so can help distinguish theories of

which processes control the true inner edge. TRAPPIST-1 d could demonstrate evidence of these

processes, through observation of an active runaway greenhouse (by large H2O abundance) or

of a post-ocean-loss atmosphere (if a dry O2 or Venus-like atmosphere is detected). The habit-

ability of TRAPPIST-1 d critically rests on its actual volatile abundance and its overall planetary

albedo, likely affected by the altitude and types of aerosols that may form. GCMs indicate sub-

stellar clouds are eliminated when the planet gets too hot (Wolf, 2017; Kopparapu et al., 2017),

but GCM cloud parameterizations differ, with results that are potentially very sensitive to both

cloud formation and to the accuracy of radiative transfer (Yang et al., 2016; Bin et al., 2018; Yang

et al., 2019c). Unfortunately, clouds may remain a difficult problem for the foreseeable future,

due to their microphysical and chaotic nature and their large radiative effect. This uncertainty is

compounded because proper radiative transfer may require sophisticated physics implementations

(Kitzmann et al., 2013), which are used in this dissertation, but which are lacking in the heavily
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parameterized, band model radiative transfer methods implemented in most exoplanet GCMs.

Whether habitable or not, inner planets of a multi-planet system can provide crucial information

about the state of a planetary system and inform whether to embark on an expensive observational

program to characterize a habitable zone planet. In just a few transits, inner planets may indicate

the presence of a high molecular weight atmosphere (Lustig-Yaeger et al., 2019a). Evidence of

an atmosphere on a planet inward of the inner edge, even if not habitable, is a good indicator that

any habitable zone planets in the system would have been able to maintain atmospheres, and hence

raise the probability that they could be habitable, and increase their viability as targets for long-

duration observing campaigns. Conversely, the lack of any atmosphere on inner planets, while it

would not preclude atmospheres for outer planets, would be evidence of an intense evolutionary

history. In a multi-planet system like TRAPPIST-1, this means that early and rapid observation and

analysis of the inner planets (b, c, and d) can provide useful evidence to proceed with a campaign

to characterize the HZ planets e, f, and g.

6.2 Identifying Habitable and Uninhabitable Atmospheres

A system like TRAPPIST-1 provides the unprecedented opportunity, besides our own Solar Sys-

tem, to study planetary properties and comparative planetology. As planets within a single system,

they most likely experienced similar evolutionary histories. Their similarities and differences will

provide insightful comparisons for decades to come. No other discovered system has the observa-

tional merits across a variety of planets spanning the habitable zone that TRAPPIST-1 has. The

TRAPPIST-1 planets have such short period orbits that their transits occur frequently, and likely

overlap frequently. Although transit overlaps could interfere with spectral characterization, oc-

cultation of one planet by another (on or off the stellar disk) can occur and provide dynamical

information that would otherwise be impossible to obtain (Luger et al., 2017a). While in archi-

tecture, TRAPPIST-1 may not be unique, and may even be quite common (Ballard and Johnson,

2016), the TRAPPIST-1 system is uniquely characterizable by near-future instruments, especially

JWST.

M dwarf planets exhibit different atmospheric chemical processes, so correct interpretation
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of spectral observations requires consideration of the stellar environment. Inferring whether a

detected gas is photochemical, geological, or biogenic requires an assessment of photochemical

processes and inferring associated surface fluxes, if any. Methane, an important greenhouse gas,

is the center of the most critical differences between M dwarf and G dwarf planetary atmospheres.

Due to photochemical and catalytic processes, methane and other key biogenic gases (e.g. N2O,

CH3Cl) have a much longer lifetime in an M dwarf planetary atmosphere and so can accumulate

to higher abundances (Segura et al., 2005; Meadows et al., 2018). Generally, M dwarf stars ex-

hibit higher high-energy UV activity than Solar-type stars, and in conjunction with lower effective

photospheric temperatures, this drastically shifts the balance of UV distribution that controls var-

ious catalytic cycles, which include atmospheric detergents ozone and HOx (Segura et al., 2005;

Meadows et al., 2020). The interpretation of fluxes and the calculation of photochemistry and cat-

alytic cycles is compounded by uncertainty and variation in UV fluxes across different M dwarf

stars (Schneider and Shkolnik, 2018). Determination of whether these key gases are biogenic or

geological in origin depends greatly on stellar and planetary environmental context, requiring good

characterization of the host star.

Planetary climate is critically affected by chemistry in M dwarf atmospheres differently than

for Earth. The cooler M dwarf SED shifts the peak stellar energy received at a planet into NIR

absorption bands of strong atmospheric greenhouse gases, including H2O, CO2, and CH4. This

affects atmospheric climate structure and radiative forcing, particularly the temperature of the cold

trap, depending on greenhouse gas content, which alters the chemistry of the stratosphere and the

retention of water vapor. Methane, which accumulates to higher abundances, contains many NIR

bands that fill in spectral windows between water bands, significantly warming the stratosphere

from direct absorption of stellar NIR photons. Mischaracterizing the methane abundance, regard-

less of its source, changes stratospheric water abundance by several orders of magnitude and affects

a variety of atmospheric chemical cycles.

For the imminent launch of JWST, I have focused primarily on transit transmission spectra, and

have demonstrated common atmospheric features indicative of the presence of an atmosphere—

primarily, CO2. Carbon dioxide is likely common among terrestrial atmospheres, as carbon and
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oxygen are both among the most abundant elements in the galaxy and CO2 itself is relatively

high molecular weight and very stable. In transmission spectra, this gas is generally insensitive to

abundance, though the small and weak bands in the high-sensitivity region for JWST (i.e. short

NIR bands) may be used to characterize abundance. Other important bands can indicate broad

atmospheric type, such as the observation of O2-O2 bands, which indicate an atmosphere with

a large abundance of O2. Large CH4 bands likely indicate significant outgassing (Segura et al.,

2005; Meadows et al., 2020). Although many fascinating effects may be teased out in climate

and photochemical studies with high-precision spectra, the linking of large spectral effects (the

observable) with planetary state is a critical component in characterizing an exoplanet. Small time-

scale or small amplitude effects will not be discernible in the noise, even under the most optimistic

predictions for JWST performance for the best targets like the TRAPPIST-1 planets (Lustig-Yaeger

et al., 2019a). However, some constraints may be possible on terrestrial exoplanets with JWST

(Morley et al., 2017; Krissansen-Totton et al., 2018; Lustig-Yaeger et al., 2019a; Fauchez et al.,

2019).

Ostensibly, surface water is the primary discriminant between habitable and inhabitable worlds,

but in transit spectroscopy, the detection of water vapor is not a conclusive indicator of surface

water. The presence or absence of a large surface water reservoir can be inferred or constrained

by other gases present in the atmosphere that are accessible by observational methods available

with JWST. Some gases, like SO2, react quickly with water, and so the detection of such a gas

would suggest the lack of an ocean. Because transit observations primarily probe the stratosphere,

the detection of significant atmospheric water in transit transmission observations is more likely

evidence of no cold trap and potentially a planet experiencing a runaway greenhouse, and is not

conclusive evidence of surface water. A positive aspect of detection of any water vapor is that it

indicates the presence of volatiles. Conversely, the lack of detection of water vapor does not mean

a planet does not have an ocean; both Earth and Venus have similarly dry stratospheres (∼ 1 ppm).

It may be easier to determine that a planet is not likely to be habitable than to confirm that

a planet is habitable. In addition to large amounts of stratospheric water vapor or anti-water in-

dicators like SO2, enhanced isotopic fractionation in favor of heavier isotopes could be observed,
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which would indicate the loss of a reservoir containing that element. In particular, a large D/H ratio

in H2O would indicate a loss of H2O, while a large 18O/16O ratio would indicate a loss of oxygen,

which is proposed to occur under extreme conditions (Lammer et al., 2007; Airapetian et al., 2017;

Garcia-Sage et al., 2017; Dong et al., 2017, 2018). These bands could be detected most easily at

1–4 µm in atmospheres with lower CO2 abundance (i.e., not in Venus-like atmospheres). In cases

of extreme loss and fractionation, it would be quicker to detect these bands than spectral evidence

of a habitable environment (c.f. Morley et al., 2017; Krissansen-Totton et al., 2018; Lustig-Yaeger

et al., 2019a; Lincowski et al., 2019; Meadows et al., 2020).

6.3 The Modeling Hierarchy and the Utility of 1D Models in the Exoplanet Era

A variety of models are in use to understand exoplanet climate, chemistry, and predict or charac-

terize spectra for current and next generation telescope observations. The maximum utility will

be achieved if research groups work together to incorporate the results of complementary mod-

els. One single model cannot incorporate all possible effects because models are fundamentally

simplifications of reality and are inherently limited in their complexity, as a trade-off between com-

putation time and accuracy of simulation. Limitations in 1D models most obviously include spatial

treatment of clouds, although incorporation of sophisticated aerosol models used in solar system

studies (e.g. CARMA) could be greatly beneficial. More spatially complicated models must make

greater sacrifices across their range of physics. A modeling hierarchy including 1D and 3D models

is important, and results from one should inform the other, either through new experiments, inter-

comparisons, or to indicate critical needs for improvement. A two-column model, as I developed,

synthesizes advantages of both model types.

Because observations of temperate, terrestrial exoplanets in the next decade are will have low

signal-to-noise and be largely global in scope, only minimal spatial resolution (if any) is required

to predict and interpret observations. Spatially-resolved models can indicate how dynamics affects

the distribution of habitability on a planet. This is particularly important for M dwarf planets due

to tidal locking and synchronous rotation. The highest utility for 3D models to inform 1D models

is through the climate effects of rotation rates, calibration of global cloud cover, and for a two-
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column framework, to provide an anchor for advection parameterization. Single column models,

along with 2D energy balance models, enable a wider parameter space, such as expanding climate-

photochemistry studies to a wider regime of atmospheres, as I have done here. In particular, more

accurate physics models like SMART/VPL Climate can indicate where GCMs and other simple

models stray from their validity. As with any models, it is important to understand the range of

validity for key parameters such as temperature, pressure, and abundance. Many discrepancies

between models is due to inputs and assumptions. It has been repeatedly demonstrated that com-

plete lab data for important gases, such as H2O, CO2, and CH4 is required for accurate climate

calculations (Halevy et al., 2009; Yang et al., 2016, 2019b; Ch. 5). Line lists, such as HITRAN and

ExoMol, continue to be updated, and modeling studies should note when critical improvements

have been made, and modelers need to routinely update this data in models. Even band models

benefit from updated data for underlying absorptivity and k coefficient calculations.

Photochemistry and ocean heat transport are critical to correctly model an atmospheric state,

assess planetary climate, and infer or predict spectral observables. Due to complexity and com-

putation time, even many recent comprehensive climate studies using 3D GCMs include neither

of these processes (e.g. Turbet et al., 2016; Boutle et al., 2017; Wolf, 2017; Wolf et al., 2019;

Komacek et al., 2020), or use coupling methods for “Earth-like” atmospheres that are not con-

sistent with Earth surface fluxes (Fauchez et al., 2019; Pidhorodetska et al., 2020). It has been

demonstrated here and elsewhere that photochemistry critically affects atmospheric climate and

observables (Segura et al., 2005; Grenfell et al., 2014; Rugheimer et al., 2015; Arney et al., 2017;

Meadows et al., 2018; Wunderlich et al., 2019). Studies have shown that real, dynamic ocean heat

transport plays a critical role in transporting heat from the permanent day to permanent night side

atmosphere on a synchronously-rotating planet (Cullum et al., 2014; Hu and Yang, 2014; Yang

et al., 2013, 2014, 2019c; Way et al., 2017; Way et al., 2018; Del Genio et al., 2019), though

some continental configurations may pathologically interfere, such as that of modern Earth (Del

Genio et al., 2019) or a sub-stellar continent (Lewis et al., 2018). The lack of dynamic ocean (or

glacier) heat transport may have lead to overly pessimistic conclusions about the habitability of

M dwarf planets, especially when assessing whether the atmosphere may collapse on the night
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side. Day–night surface advective flux is a parameter that is easily included in energy-balance and

two-column models (Yang and Abbot, 2014; Koll and Abbot, 2016), including the one I developed,

which can help determine the range of plausible day–night temperature differences.

In this dissertation, I have shown that a modern 1D model is capable of simulating a wide va-

riety of planets, including those that are synchronously rotating, beyond the capabilities of other

models, particularly GCMs, whose complexity in other ways prohibits the flexibility possible here.

Particularly, the routine coupling with photochemistry of 1D models and the properties of transit

spectroscopy make 1D models ideally suited for predicting and interpreting JWST observations.

Furthermore, a two-column approach with a versatile 1D model allows matching major climate

features of 3D models for synchronously rotating planets, in terms of hemispherical (day–night)

averages, where considerations such as observing day–night temperature differences via phase

curves or secondary eclipse spectra are promising for hotter planets. This approach allows a col-

umn model to assess atmospheric collapse on the night side. My results and those of GCMs indi-

cate that, once into the radiative-photochemical region of the atmosphere, planetary atmospheres

are relatively spatially homogeneous, which is the region of the atmosphere probed by transit ob-

servations, which is the optimal method considered for upcoming JWST observations of temperate

planets (Lustig-Yaeger et al., 2019a).

The two-column model I have developed demonstrates that global-average temperatures by

good 1D models are likely rather accurate across a range of atmospheric types. GCMs are not

required to predict or interpret transmission spectra, which probe the more globally-homogeneous

regions of the atmosphere. GCMs in use for terrestrial exoplanet studies usually neglect key

processes—ocean heat transport and photochemistry—that are vital for M dwarf planet climate

and detectability studies. For temperate terrestrial exoplanets, GCMs may be more relevant in a

few decades when the ability to discern spatial phenomenon in such planetary observations may be

possible (i.e. to LUVOIR or beyond, Lustig-Yaeger et al. 2018).
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6.4 Future Work

Observations with JWST may raise more questions than provide answers. Some questions have

the potential to be addressed in the near future with JWST. Can a high-mass O2 atmosphere exist?

More so, can such an atmosphere remain stable over a volatile-rich, ocean-bearing world? At

high irradiation, can a volatile-rich planet sustain a moist or runaway greenhouse indefinitely? If

cooler than the runaway greenhouse threshold, could such a planet look more like Titan, with a

hydrocarbon haze? If a planet was unable to retain its water, would it more likely accumulate O2,

or would it resemble Venus?

The versatile modeling framework developed in this dissertation can be used for a broad variety

of theoretical investigations of terrestrial exoplanets to predict and interpret upcoming observations

to answer current questions and those that arise with new data. The versatility here includes dif-

ferent stellar types (including with some updates, binary stars), a wide range of atmospheric redox

states and outgassing rates, and the possibility of assessing eddy diffusion assumptions, photo-

chemistry networks, convection parameters, and advection parameters.

Of particular interest is probing atmospheric compositions unlike those found in our Solar

System. Because planets in multi-planet systems like TRAPPIST-1 have likely migrated, they

could be more volatile-rich, having formed further away in the protoplanetary disk. That is, planets

in the habitable zones of other stars could have formed more similar to icy bodies like Titan, and

so their outgassing in the habitable zone when temperate could be more sustained and reducing.

Improved interior modeling that provides outgassing fluxes for a variety of gas species can provide

critical inputs to atmosphere models. These models need to include both traditional thermodynamic

and bulk structure modeling, but also include key chemical networks, such as H, C, O, N, and S,

which are needed for atmospheric studies.

Time-dependent phenomena could be important for some types of planets, especially those

around flaring M dwarfs. Day-night differences in photochemistry even in synchronously-rotating

planets are relatively small (Chen et al., 2018), allowing external coupling of climate and photo-

chemistry for most applications. Internally coupling of photochemistry to VPL Climate would be
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a substantial project. However, photochemistry of flaring stars is likely a major problem (Segura

et al., 2010; Tilley et al., 2019) that requires time-dependent treatment.

In addition to time-dependent spectra, terrestrial exoplanet climate-photochemical modeling

could benefit greatly from the inclusion of ion chemistry. Although the generation of protons

by stellar flares is relatively unconstrained, such events affect planetary atmospheres much more

than the electromagnetic energy flux received from massive flares (Segura et al., 2010; Tilley et al.,

2019). Proton chemistry could be added to the photochemistry capabilities of this model, but would

require a substantial upgrade to do so. The chemical reactions could then be used from other es-

tablished ion chemistry codes, such as those used in atmospheric escape studies (e.g. Airapetian

et al., 2016, 2017). Alternatively, because the coupling of chemistry to climate is externally im-

plemented, VPL Climate could be easily coupled in a similar way to any other photochemical

model.

Although the photochemical model I used includes basic aerosol formation for H2SO4 and

hydrocarbon hazes, the climate model would benefit greatly from self-consistent microphysical

aerosol treatment. This could include a similar crude treatment as in the photochemical model

(Pavlov et al., 2001), or something a bit more complex and generalized (Ackerman and Marley,

2001), or even a full microphysical model such as the Community Aerosol Model (CARMA, Turco

et al., 1979; Toon et al., 1988; Jacobson et al., 1994; Ackerman et al., 1995; Bardeen et al., 2008).

However, implementation of accurate, time-dependent radiative transfer for such aerosols could

be challenging. A two-column convective cell could improve calculation of aerosols and provide

explicit partially-cloudy conditions.

While the vertical transport treatment is superior to convective adjustment, there are more ad-

vanced schemes available and are currently under development in VPL Climate. Particularly, a

higher order closure scheme could improve the boundary layer physics (Mellor and Yamada, 1974;

Mellor and Yamada, 1982; Savijarvi, 1999). Moist convection could be improved by implementa-

tion of approaches used in 3D GCMs, such as using non-local criteria, including the countergradi-

ent flux (Deardorff, 1967; Holtslag and Moeng, 1991; Zhou et al., 2018) and the plume ensemble

approach for deep convection (Zhang and McFarlane, 1995).
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In the near future, the results of this dissertation can be used to inform JWST observing propos-

als. High-resolution spectra, and other direct-imaging spectra relevant to ground-based observato-

ries, will also be important in the next few years as the extremely large ground-based telescopes

begin operation. The atmospheric states produced in this dissertation can be used to produce a va-

riety of spectra, as the radiative transfer code SMART is in principle capable of producing accurate

spectra at arbitrary spectra resolution.
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Chapter 7

CONCLUSIONS
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Within this decade, JWST will observe small planets in and around the habitable zone of

TRAPPIST-1, and possibly other nearby M dwarf stars. These planets are likely very different

from Earth, due to the extreme stellar environment and the impact it can have on planetary at-

mospheres. In this dissertation, I have updated and coupled climate and photochemical models

designed to improve the modeling and understanding of plausible atmospheres for these plan-

ets. These models have been applied to a wide range of atmospheres, spanning from Venus-like,

to Earth-like, to hypothetical alien atmospheres, which were self-consistently modeled with the

likely stellar environment that influences the regions of the atmospheres potentially observable

with JWST. In this upcoming era of terrestrial planet characterization, where we will likely be sur-

prised, this dissertation has provided some foundational science to help predict and interpret these

upcoming observations.
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Kiraga, M., Kürster, M., López-González, M. J., Marvin, C. J., Morales, N., Morin, J., Nelson,

R. P., Ortiz, J. L., Ofir, A., Paardekooper, S.-J., Reiners, A., Rodrı́guez, E., Rodrguez-López, C.,
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set, E., Halbwachs, J. L., Hambly, N. C., Harrison, D. L., Hauser, M., Hestroffer, D., Hodgkin,

S. T., Huckle, H. E., Hutton, A., Jasniewicz, G., Jordan, S., Kontizas, M., Korn, A. J., Lan-

zafame, A. C., Manteiga, M., Moitinho, A., Muinonen, K., Osinde, J., Pancino, E., Pauwels, T.,

Petit, J. M., Recio-Blanco, A., Robin, A. C., Sarro, L. M., Siopis, C., Smith, M., Smith, K. W.,

Sozzetti, A., Thuillot, W., van Reeven, W., Viala, Y., Abbas, U., Abreu Aramburu, A., Accart,

S., Aguado, J. J., Allan, P. M., Allasia, W., Altavilla, G., Álvarez, M. A., Alves, J., Anderson,
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Maté, B., Lugez, C., Fraser, G. T., and Lafferty, W. J. (1999). Absolute intensities for the o2 1.27

µm continuum absorption. Journal of Geophysical Research: Atmospheres, 104(D23):30585–

30590.

Matsui, H., Iwagami, N., Hosouchi, M., Ohtsuki, S., and Hashimoto, G. L. (2012). Latitudinal

distribution of HDO abundance above Venus’ clouds by ground- based 2.3 µm spectroscopy.

Icarus, 217:610–614.

Matsumi, Y., Comes, F. J., Hancock, G., Hofzumahaus, A., Hynes, A. J., Kawasaki, M., and

Ravishankara, A. R. (2002). Quantum yields for production of O(1D) in the ultraviolet photolysis

of ozone: Recommendation based on evaluation of laboratory data. Journal of Geophysical

Research (Atmospheres), 107:4024.

Mayor, M., Pepe, F., Queloz, D., Bouchy, F., Rupprecht, G., Lo Curto, G., Avila, G., Benz, W.,

Bertaux, J.-L., Bonfils, X., Dall, T., Dekker, H., Delabre, B., Eckert, W., Fleury, M., Gilliotte,

A., Gojak, D., Guzman, J. C., Kohler, D., Lizon, J.-L., Longinotti, A., Lovis, C., Megevand,

D., Pasquini, L., Reyes, J., Sivan, J.-P., Sosnowska, D., Soto, R., Udry, S., van Kesteren, A.,



237

Weber, L., and Weilenmann, U. (2003). Setting New Standards with HARPS. The Messenger,

114:20–24.

McElroy, M. B., Prather, M. J., and Rodriguez, J. M. (1982). Escape of Hydrogen from Venus.

Science, 215(4540):1614–1615.

McKay, C. P., Scattergood, T. W., Pollack, J. B., Borucki, W. J., and van Ghyseghem, H. T.

(1988). High-temperature shock formation of N2 and organics on primordial Titan. Nature,

332(6164):520–522.

Meadows, V. S. (2017). Reflections on O2 as a Biosignature in Exoplanetary Atmospheres. Astro-

biology, 17:1022–1052.

Meadows, V. S., Arney, G. N., Schwieterman, E. W., Lustig-Yaeger, J., Lincowski, A. P., Robinson,

T., Domagal-Goldman, S. D., Deitrick, R., Barnes, R. K., Fleming, D. P., Luger, R., Driscoll,

P. E., Quinn, T. R., and Crisp, D. (2018). The Habitability of Proxima Centauri b: Environmental

States and Observational Discriminants. Astrobiology, 18(2):133–189.

Meadows, V. S. and Barnes, R. K. (2018). Factors affecting exoplanet habitability. In Deeg, H. J.

and Belmonte, J. A., editors, Handbook of Exoplanets. Springer Science & Business Media.

Meadows, V. S. and Crisp, D. (1996). Ground-based near-infrared observations of the Venus night-

side: The thermal structure and water abundance near the surface. J. Geophys. Res., 101:4595–

4622.

Meadows, V. S., Lincowski, A. P., and Lustig-Yaeger, J. (2020). The Feasibility of Detecting

Biosignatures in the TRAPPIST-1 Planetary System with JWST.

Meadows, V. S., Reinhard, C. T., Arney, G. N., Parenteau, M. N., Schwieterman, E. W., Domagal-

Goldman, S. D., Lincowski, A. P., Stapelfeldt, K. R., Rauer, H., DasSarma, S., Hegde, S.,

Narita, N., Deitrick, R., Lustig-Yaeger, J., Lyons, T. W., Siegler, N., and Grenfell, J. L. (2018).

Exoplanet Biosignatures: Understanding Oxygen as a Biosignature in the Context of Its Envi-

ronment. Astrobiology, 18:630–662.



238

Meija, J., Coplen, T. B., Berglund, M., Brand, W. A., De Bièvre, P., Gröning, M., Holden, N. E.,
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