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1. Extended Materials and Methods Description

1.1. Collision-induced absorption calculations

As a first step, any collision-induced absorption calculation requires rigor-

ous description of the electronic density perturbation caused by intermolec-

ular interactions. In our approach we use a state-of-the-art approach to de-

rive potential energy and induced dipole surfaces based on ab initio quan-

tum chemical calculations [Cherepanov et al., 2016]. Specifically, we used the

coupled-cluster method with single and double excitations and a perturbative

treatment of triple excitations [CCSD(T) approach]. We calculated the 5D poten-

tial energy surface (PES) of the CH4-CO2 complex at the CCSD(T)-F12a [Knizia et al.,

2009] level of theory with the aug-cc-pVTZ basis set using the MOLPRO 2010 package.

The Basis Set Superposition Error (BSSE) [Boys and Bernardi , 1970] was corrected for all

complex geometries. A body-fixed coordinate system was chosen with CH4 fixed and CO2

rotating around it. The calculations were performed assuming the rigid monomers were in
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their ground state geometries. For 31 values of intermolecular separation (R = [4.5−30]a0,

where a0 is one Bohr ≈ 0.53Å) the energies of about 2000 random angular orientations

were obtained. The surface was then represented in analytical form using spherical har-

monics. A least-square fitting procedure was employed to find the expansion coefficients.

Coefficients that did not give significant contributions were eliminated. The root mean

square error in the region of the well depth was ∼ 1− 2 cm−1. For larger R, it was much

smaller. The binding energy of the complex was found to be 338 cm−1 at equilibrium

separation R = 6.38a0.

The IDS was obtained using the long-range approximation. All the terms through

order R−7 were taken into account including the dispersion contribution. The monomer

electric properties were calculated at the CCSD(T) level of theory within the finite-field

method [Cohen and Roothaan, 1965] using the aug-cc-pV5Z basis set. For the CO2-H2

IDS, multipolar moments and polarizabilities in individual monomers were calculated at

the CCSD(T)/aug-cc-pV5Z level and the C6 coefficients at the CCSD(T)/aug-cc-pVQZ

levels of theory.

As stated in the main text, the zeroth spectral moment for the system was calculated

as

Γ̃ =
32π4

3hc

∫ ∞
0

∫
Ω

µ(R,Ω)2e−V (R,Ω)/kBTR2dRdΩ, (1)

where h is Planck’s constant, c is the speed of light, R is the separation of the molecular

centers of mass, Ω is solid angle, V is the PES, µ is the IDS, kB is Boltzmann’s constant

and T is temperature [Frommhold , 2006].
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The same zeroth spectral moment can be expressed in terms of the binary absorption

coefficient α(ν)

Γ0 =

∫ ∞
0

α(ν)

ν tanh(hcν/2kBT )
dν, (2)

where ν is wavenumber. The absorption coefficient α(ν) normalized to the product of

partial densities in a mixture characterizes the spectral profiles for rototranslational band

in either CO2-H2 or CH4-CO2 pairs irrespective of the gas density. It is conventionally

expressed in units of amagat−2 cm−1. To simulate these profiles we assumed that the

main part of absorption within a rototranslational band in a weakly interacting pair

originates from the rotation of the individual monomers only. This assumption permits

us to calculate the CIA for a heteromolecular pair i-j from the known spectral profiles

calculated for pure gases i and j

αij(ν) = C1αii(ν) + C2αjj(ν). (3)

The coefficients C1 and C2 were found by a) requiring equality of the zeroth spectral

moments, Γ̃ = Γ0, and b) adjusting their relative values to reproduce CIA spectra for

which experimental data already exists (N2-H2 and N2-CH4; Borysow and Frommhold

[1986]; Borysow and Tang [1993]; Richard et al. [2012]). While this semi-empirical method

cannot be expected to capture all details of the CIA behaviour, our ability to correctly

calculate the zeroth order spectral moment for the known systems N2-H2 and N2-CH4

lends confidence to our approach (Figs. 1-2). As can be seen, the calculated moments in

Fig. 1 are virtually independent of temperature within our 200-300 K range of interest,

justifying our assumption that C1 and C2 in (3) are constants. Figure 2 shows that the

agreement between absorption data for our simulated CIA profiles and those calculated
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from HITRAN data is reasonable in the 250-500 cm−1 spectral window region. It can

also be seen that the spectra for CO2−H2 and CO2−CH4 differ significantly from those of

N2−H2 and N2−CH4 at all wavenumbers. Due to the complexity of interactions involving

CH4, our results for CO2-CH4 may be subject to somewhat greater error than those for

CO2-H2. We are currently developing a more sophisticated approach to the calculation of

general mixed pairs that we plan to describe in detail in a subsequent paper.

1.2. Line-by-line 1D climate calculations

In the longwave, our line-by-line climate model calculates upwelling and downwelling

azimuthally averaged spectral irradiances as

Ilw,+(τ, µ̃) = Bν(Ts)e
−τ/µ̃ + µ̃−1

∫ τ

0

Bν(τ
′, µ̃)e(τ ′−τ)/µ̃dτ ′, (4)

Ilw,−(τ, µ̃) = +µ̃−1

∫ τ∞

τ

Bν(τ
′, µ̃)e(τ ′−τ)/µ̃dτ ′, (5)

where Ts is surface temperature, τ is the vertical path optical depth at a given wavenumber

ν and pressure p, τ ′ is an integration variable, and Bν is the Planck spectral irradiance.

Optical depth is defined as

τ =
κ(ps − p)

g
(6)

where ps is surface pressure, g is surface gravity and κ, which depends on wavenumber,

temperature and pressure, is the mass absorption coefficient (m2/kg). Equations (4-5)

are discretized and solved on an evenly spaced grid in log-pressure coordinates. The layer

optical depth weighting approach of Clough et al. [1992] is used to ensure accurate model

behaviour in high absorption regions of the spectrum. A further integration is performed
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over µ̃ to convert irradiance to spectral flux

F+ = 2π

∫ 1

0

Iµ̃dµ̃ ≈ 2π
∑
i

I(τi)µ̃iwi (7)

where Gaussian weights wi are used for the quadrature on the right hand side. We use a

4-point Gaussian sum; tests with higher numbers of terms indicated no significant increase

in accuracy of outgoing longwave radiation (OLR) or atmospheric heating rates.

Longwave spectral calculations were performed from 1 cm−1 to 2500 cm−1. We used

8000 points in wavenumber; sensitivity tests indicated that further increases in spectral

resolution had a negligible effect on the integrated OLR and atmospheric temperature

structure. Line absorption coefficients for CO2, H2O and CH4 were calculated from the

2012 HITRAN line lists [Rothman et al., 2013], with the Voigt function used to describe

lineshapes and standard temperature scaling used for the line strengths. Data for each

individual species were then weighted by the species molar concentration and summed

to obtain the total mass absorption coefficient κ. The calculation was performed over

100 layers up to a minimum atmospheric pressure of 1 Pa. CO2, H2 and CH4 were

assumed to be well-mixed, while the H2O abundance at each layer was calculated using

expressions derived from Murphy and Koop [2005] for the saturation vapor pressure curve

and a constant tropospheric relative humidity of 0.8. Absorption data for N2−H2 and

N2−CH4 CIA was taken from the latest HITRAN database, which uses theoretical data

originally calculated for study of the atmosphere of Titan [Richard et al., 2012; Borysow

and Frommhold , 1986; Borysow and Tang , 1993]. Absorption data for CO2−CO2 CIA

were derived from a combination of experimental and theoretical sources, as in previous

work [Gruszka and Borysow , 1997; Baranov et al., 2004; Wordsworth et al., 2010].
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In the shortwave, we integrated from 1 cm−1 to 50000 cm−1 and used the same number of

points as in the longwave. We assumed clear-sky conditions. The only source of scattering

in clear-sky atmospheres is Rayleigh scattering, which is important in high wavenumber

(short wavelength) spectral regions. As molecular absorption was only important in the

near-IR in the atmospheres we were studying, we treated Rayleigh scattering as a con-

servative process. To calculate albedo as a function of wavelength in the visible and UV

regions, we use the analytic conservative scattering formula for planetary albedo described

in Pierrehumbert [2011]. We calculated the Rayleigh scattering vertical path optical depth

for a CO2-dominated atmosphere as in Hansen and Travis [1974]

τ∞ = 1.4098× 10−6λ−4(1 + 0.013λ−2)
ps
g
. (8)

where ps is surface pressure and g is surface gravity. We set the solar zenith angle cosine to

2/3 following the recommendation of Cronin [2014] and used the Eddington approximation

in the albedo calculation.

After applying the effects of Rayleigh scattering on albedo, we carried out a shortwave

calculation similar to that done for the longwave, except that the internal source terms

due to Planck radiation in the equations were set to zero and the downwelling irradiance

at the top of the atmosphere was set equal to the solar spectrum. For this, we used

tabulated data at 3.8 Ga from Claire et al. [2012], scaled to Mars’ orbit. These data were

normalized to yield an integrated value of 441.1 W/m2, or 75% of the present-day value.

For the upwelling irradiance, Lambertian reflection from the surface was assumed and the

result was integrated over µ̃ as for the longwave.
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Near-infrared absorption of solar radiation due to CO2, CH4 and H2O was included in all

calculations. Absorption coefficients for all gases were calculated using the HITRAN 2012

database. For CH4, we also included absorption data in the 1 µm region from Béguier

et al. [2015]. For the Lorentzian linewidth temperature scaling exponent, a uniform value

n = 0.7 was used by comparing with the value in adjacent bands in HITRAN 2012.

Atmospheric heating rates were calculated from the net flux gradient with respect to

pressure. Atmospheric temperature was iterated to equilibrium, with a fixed increment

starting at 10 K and decreasing to 0.1 K at the end of each iteration. Surface temperature

Ts was updated via the formula Ts,n+1 = Ts,n + ∆F∆t/X, with ∆F = ASR − OLR

the calculated difference between absorbed shortwave and outgoing longwave radiation in

W/m2 and ∆t/X a time interval divided by a constant representing surface heat capacity.

A value of ∆t/X = 0.06 was used to ensure smooth convergence in the number of timesteps

used (400 here). In regions where the profile was unstable to moist convection,

it was relaxed to a moist adiabatic profile following the approach described in

Wordsworth and Pierrehumbert [2013].

We validated the line-by-line code by first ensuring that when a gray radiative equilib-

rium temperature profile and absorption coefficients were used, the atmospheric heating

rates in the code were zero to machine precision. Next, the code was validated vs. ana-

lytic semigray results. After that, the code was validated vs. previous line-by-line runaway

greenhouse calculations for Earth [Goldblatt et al., 2013; Schaefer et al., 2016], where we

found agreement in the OLR to within 1 W/m2 when multiple streams were used. Fi-

nally, we compared with our previous correlated-k calculations of radiative transfer on
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early Mars [Wordsworth et al., 2010]. Using the same ‘GBB’ CO2 CIA scheme as in

Wordsworth et al. [2010], we found an OLR of 92 W/m2 for a 2 bar in a pure CO2 atmo-

sphere with isothermal 167 K stratosphere, vs. 88 W/m2 in Wordsworth et al. [2010]. The

difference can be explained by our multiple-stream IR radiative scheme, which increases

OLR by a few W/m2 over a two-stream approach with fixed radiation propagation angle.

Despite this minor OLR increase, in iterative mode our line-by-line code predicts slightly

cooler stratospheric temperatures than the correlated-k code, which led to surface tem-

perature predictions that were extremely similar to those in Wordsworth et al. [2010] and

Wordsworth et al. [2013] (see Figure 2 in the main text).

2. Auxiliary Figures
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Figure 1. Zeroth order spectral moments calculated by us using (1) for the indicated

spectral pairs. The dots show the moments calculated using (2) from the spectral profiles

reported in the HITRAN CIA database [Richard et al., 2012].
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Figure 2. (top) Comparison between our simulated CO2−H2 and N2−H2 rototrans-

lational band profiles at 300 K (red and black solid lines) and the N2−H2 spectrum at

309 K (dashed black line) calculated using (2) from the HITRAN CIA database [Richard

et al., 2012]. (bottom) Same except for CO2−CH4 and N2−CH4.
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Figure 3. Steady-state atmospheric temperature profile for early Mars produced by the

line-by-line radiative convective model. Here, the total atmospheric pressure is 1.25 bar

and the atmosphere is composed of CO2, CH4 and H2O. Methane near-IR absorption

causes a strong temperature inversion in the 103 − 104 Pa region.
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Figure 4. Cumulative integral of solar XUV spectrum from 0 nm to the point at which

CH4 photolytic absorption becomes negligible (present-day and synthetic spectrum for

3.8 Ga). The dotted line indicates the Lyman-α transition. As can be seen, most of the

photons driving methane destruction are Lyman-α.
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