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Radiative transfer in CO2-rich atmospheres: 1. Collisional line
mixing implies a colder early Mars
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Abstract Fast and accurate radiative transfer methods are essential for modeling CO2-rich atmospheres,
relevant to the climate of early Earth and Mars, present-day Venus, and some exoplanets. Although such
models already exist, their accuracy may be improved as better theoretical and experimental constraints
become available. Here we develop a unidimensional radiative transfer code for CO2-rich atmospheres,
using the correlated k approach and with a focus on modeling early Mars. Our model differs from existing
models in that it includes the effects of CO2 collisional line mixing in the calculation of the line-by-line
absorption coefficients. Inclusion of these effects results in model atmospheres that are more transparent
to infrared radiation and, therefore, in colder surface temperatures at radiative-convective equilibrium,
compared with results of previous studies. Inclusion of water vapor in the model atmosphere results in
negligible warming due to the low atmospheric temperatures under a weaker early Sun, which translate into
climatically unimportant concentrations of water vapor. Overall, the results imply that sustained warmth
on early Mars would not have been possible with an atmosphere containing only CO2 and water vapor,
suggesting that other components of the early Martian climate system are missing from current models or
that warm conditions were not long lived.

1. Introduction
Accurate modeling of radiative transfer in CO2-rich atmospheres is required for understanding the climates
of early Earth and Mars, present-day Venus, and a growing number of newly discovered exoplanets. Such
modeling is computationally challenging and demands correct implementation of molecular absorption,
scattering, and radiative transfer processes. Furthermore, in many cases, parameters such as the concentra-
tions of gaseous and particulate atmospheric components are poorly constrained, especially in the study of
paleoatmospheres, thereby requiring an exploration of a wide range of parameter values. Therefore, mod-
els that yield robust estimates of the equilibrium temperature profile in a computationally efficient manner
are vital.

There are three main challenges in developing fast and accurate radiative transfer models. The most widely
recognized is the necessity to transform accurate but costly calculations of absorption due to molecular rota-
tion and vibration, termed line-by-line (LBL) calculations, into rapid calculations of the absorption at minimal
loss of accuracy. Due to the large number of often closely spaced molecular transitions (absorption lines) and
the contribution of each of the transitions to the absorption as many as several tens to even hundreds of cm−1

away from the line center (far-wing absorption), LBL calculations require repeated absorption calculations on
spectral grids with a resolution of∼0.001 cm−1. Consequently, even the most rapid LBL codes generate a single
absorption spectrum within several minutes. As the absorption depends on both pressure and temperature,
such spectra must be calculated for every modeled atmospheric level. Moreover, iterative calculation of the
radiative transfer as many as several thousand times is required to reach an equilibrium pressure-temperature
(p-T) atmospheric profile, resulting in impractically large computational expense.

This first challenge has been overcome in several ways, the most recent and accurate of which is the k distribu-
tion scheme, applied to homogenous atmospheres [Goody et al., 1989; Goody and Yung, 1989; Lacis and Oinas,
1991; Fu and Liou, 1992], which we describe below (section 2.1). Briefly, the absorption, which rapidly varies
with wave number, is precalculated using a LBL model and divided into spectral bands. In each of the bands
a cumulative distribution of the absorption is calculated, leading to loss of spectral information but yielding a
smooth function of absorption, which can be represented accurately with a limited number of parameters and
computed rapidly. For inhomogenous atmospheres, the k distribution method is extended to the correlated
k approach [Mlawer et al., 1997].
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Two challenges related to the calculation of the absorption remain. The shapes of CO2 lines deviate substan-
tially from the commonly used Voigt line shape, especially far from line centers and near Q branches. The
deviation, which arises from interference and transfer of intensity between closely spaced absorption lines,
is a large source of error in radiative transfer calculations [Spänkuch, 1989; Lévy et al., 1992]. These effects are
termed “collisional line mixing” or “line coupling” and have been successfully modeled, yielding good agree-
ment between measured and calculated CO2 spectra [Niro et al., 2004, 2005a, 2005b, 2005c]. However, most
of the LBL spectra used to generate k distributions for the purpose of rapid radiative transfer for planetary
atmospheres do not include line mixing. Consequently, and especially at high abundances of CO2, the error
in such radiative transfer calculations may be appreciable.

Finally, in addition to absorption due to molecular transitions, several gases display “continuum” absorption,
so named due to its relatively slow and continuous variation with wave number. Continuum absorption arises
from a variety of physical processes, some of which are incompletely understood. These include, but may not
be limited to, far-wing absorption that is not well quantified by either Lorentzian decay of the absorption away
from line centers or by line mixing [Clough et al., 1989; Tipping and Ma, 1995] and collision-induced absorp-
tion (CIA), which is due to induced dipole moments or transient dimers with absorption features that differ
from those of the constituent molecules [Frommhold, 1993]. The continuum absorption of CO2, the main gas
of concern here, is imperfectly characterized, as discussed below. Especially at high abundances of CO2, such
as those that exist in the present-day atmosphere of Venus and may have existed in the early atmospheres of
Earth and Mars, line absorption becomes saturated, and continuum absorption controls the opacity of spec-
tral regions in which few molecular transitions exist (“window regions”). Under such conditions, the current
uncertainty in CO2 continuum absorption may translate into uncertainty of tens of W m−2 in radiative forcing
[Halevy et al., 2009]. This uncertainty can be addressed by experimental determination of the pressure and
temperature dependence of continuum absorption by CO2 at abundances relevant to planetary atmospheres.

Though existing theory and experiments are not entirely sufficient for the purpose of modeling CO2-rich
atmospheres, they provide guidelines toward the development of a “best practice.” In this study, we develop
a tool for rapid radiative transfer modeling in CO2-rich atmospheres, according to such a best practice. The
model differs from previous correlated k models in two important ways. First, we employ LBL theory that
includes the effects of CO2 collisional line mixing [Niro et al., 2004]. Second, we rely on the best current under-
standing of continuum absorption by CO2 and H2O, specifically extracting and implementing the pressure and
temperature dependence of the CO2 CIA at wave numbers ≤250 cm−1 and dimer absorption between 1,200
and 1,600 cm−1 from the best currently available data [Gruszka and Borysow, 1997, 1998; Baranov et al., 2004],
which are also adopted in other radiative transfer studies at Mars [e.g., Wordsworth et al., 2010a; Mischna et al.,
2012; Ramirez et al., 2014]. In view of their methodical exploration of parameter choices, we adopt the tech-
nical recommendations of Wordsworth et al. [2010a] and Mischna et al. [2012] as a guideline to develop the
present correlated k framework (band limits and cumulative probability integration points and weights). We
adopt the formulation and solution of the equations of diffuse radiative transfer from the LBL model of Halevy
et al. [2009]. Our present model neglects the effects of dust and water clouds, though its implementation is
designed to easily allow future incorporation of other gases and atmospheric aerosols, and its computational
efficiency allows rapid exploration of the various parameters of interest in studies of planetary climate (e.g.,
surface pressure, relative humidity, aerosol and greenhouse gas concentrations). We validate the model by
comparing p-T profiles, surface temperatures, and radiation fluxes to models commonly used for simulating
planetary atmospheres, with a focus on the problem of Mars’ early climate. We find that our model compares
well with existing models when using identical k distributions but that it results in atmospheres that are more
transparent to infrared radiation with the k distributions developed here. Finally, we explore the effects of CO2

condensation and the inclusion of H2O vapor in the model atmosphere and compare these effects to those
observed in previous studies.

2. Methods
2.1. Correlated k Method and Generation of k Distributions
Radiative transfer models depend strongly on input parameters like absorption and scattering coefficients
of the gases included in the atmospheric model. There are two commonly used methods for modeling the
absorption in a radiative transfer model: (1) line-by-line (LBL) calculations of the absorption coefficients or
(2) wide-band models, the most accurate of which use the correlated k approach. LBL models calculate
the contribution to the absorption of all of the molecular transitions (absorption lines) within a prescribed
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Table 1. Waveband Limits Used in the Radiative Transfer Calculations [From Wordsworth et al., 2010a]

Band # 𝜈 (cm−1) Band # 𝜈 (cm−1) Band # 𝜈 (cm−1)
1 10–100 22 1,350–1,450 43 6,990–7,650

2 100–160 23 1,450–1,550 44 7,650–8,315

3 160–220 24 1,550–1,650 45 8,315–8,850

4 220–280 25 1,650–1,750 46 8,850–9,350

5 280–330 26 1,750–1,850 47 9,350–9,650

6 330–380 27 1,850–1,950 48 9,650–10,400

7 380–440 28 1,950–2,150 49 10,400–11,220

8 440–495 29 2,150–2,250 50 11,220–11,870

9 495–545 30 2,250–2,450 51 11,870–12,750

10 545–617 31 2,450–2,650 52 12,750–13,300

11 617–667 32 2,650–2,850 53 13,300–14,470

12 667–720 33 2,850–3,087 54 14,470–15,000

13 720–800 34 3,087–3,425 55 15,000–15,385

14 800–875 35 3,425–3,760 56 15,385–16,667

15 875–940 36 3,760–4,030 57 16,667–18,182

16 940–1,000 37 4,030–4,540 58 18,182–20,000

17 1,000–1,065 38 4,540–4,950 59 20,000–22,222

18 1,065–1,108 39 4,950–5,370 60 22,222–25,000

19 1,108–1,200 40 5,370–5,925 61 25,000–28,571

20 1,200–1,275 41 5,925–6,390 62 28,571–33,333

21 1,275–1,350 42 6,390–6,990 63 33,333–41,666

cutoff distance from each of the points on a closely spaced spectral grid. Consequently, despite being highly
accurate, LBL models are computationally demanding. Radiative transfer models require multiple iterations of
the absorption calculations to model steady state atmospheres (as temperature and/or composition changes
during the evolution toward equilibrium). Hence, even a fast LBL calculation becomes impractical for such
iterative methods and thus for radiative equilibrium calculations.

Correlated k methods retain much of the accuracy of LBL calculations but are considerably faster, leading to
their wide use in the study of planetary atmospheres. The success of the correlated k method lies in utilizing
individual absorption intensities calculated with an accurate LBL model and sorting them into a smooth func-
tion that allows rapid numerical approximation for use in the radiative transfer calculations. We note that the
uncertainties in the absorption from the LBL model are, as a consequence, passed to the correlated k model.
The absorption spectrum of interest is divided into wave number bands, chosen to cover the absorption bands
of the gaseous constituents and such that thermal emission (the Planck function) does not change strongly
within each band. Given the molecular transitions of CO2, to model a CO2-rich atmosphere we require the
spectral range between 10 cm−1 in the microwave to 41,666 cm−1 in the ultraviolet. We adopt the band lim-
its proposed by Wordsworth et al. [2010a] and divided the spectrum into 63 bands (Table 1). For each band
the absorption intensity is calculated by a LBL model of choice (section 2.2) and then transformed into a k
distribution function. This is done by sorting the LBL wave number-dependent absorption coefficients (𝜅𝜈 )
by intensity and calculating the fraction of intensities smaller than a given value between the minimal and
maximal values calculated within the band. In place of the absorption spectrum, which rapidly varies with
wave number, this yields a cumulative probability function for the absorption coefficient (𝜅g), which increases
monotonically and smoothly in logarithmic space.

In general, the transmissivity T for a particular waveband is calculated in a LBL model as

T = ∫
𝜈2

𝜈1

e−𝜅𝜈ud𝜈, (1)

such that 𝜈1 and 𝜈2 are the lower and upper limits of the waveband,𝜅𝜈 is the absorption coefficient (in m2 kg−1)
as a function of wave number, and u is the mass of the absorbing gas. With the mapping of the absorption
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Figure 1. (left) Unsorted and (right) sorted CO2 absorption coefficients in the 15μm band, for a pressure of 100 Pa and a
temperature of 275 K. Figure 1 (left) shows only a small portion of the spectral range considered in the entire band for
visualization purposes. The black circles in Figure 1 (right) show the locations of the Gaussian points used in the
calculations as explained in the text.

coefficient 𝜅𝜈 to 𝜅g, we may calculate the transmissivity for a given band as

T = ∫
1

0
e−𝜅gudg. (2)

An example of the rapid variation of 𝜅𝜈 over a 10 cm−1 spectral band compared to the smooth variation of
𝜅g for that same band is shown in Figure 1. Using a standard Gaussian quadrature method to integrate the
smoothly varying cumulative distribution,𝜅g, requires substantially fewer operations (by orders of magnitude)
than the integration of 𝜅𝜈 over the spectral interval considered. We refer the reader to the papers by Goody
et al. [1989], Goody and Yung [1989], Lacis and Oinas [1991], Fu and Liou [1992], and Mlawer et al. [1997] for
details on the correlated k method.

We may now calculate the transmittance for a spectral band as the discrete sum:

T =
N∑

i=1

aie
−𝜅i u, (3)

where i represents each of a total of N Gaussian points, ai is the corresponding quadrature weight, and 𝜅i is
the absorption intensity for the Gaussian quadrature point taken from the sorted correlated k distribution. We
adopt the quadrature points and weights suggested by Mischna et al. [2012], who found that 32 quadrature
points produce more accurate results than 16 quadrature points commonly used in other models, with accept-
able additional computational cost. Furthermore, the quadrature points are spaced in cumulative probability
such that there is higher resolution toward the upper end of the cumulative probability g, as 𝜅g increases
rapidly in this region (Figure 1). Again, following Mischna et al. [2012], we adopt 16 Gaussian points in the
range [0–0.95] and 16 points in the range [0.95–1]. Table 2 shows the bin number, cumulative probability,
and weight of the quadrature points used in our model for calculation of the band-integrated absorption.

2.2. Generation of Absorption Coefficients
We generated absorption spectra at a resolution of 0.001 cm−1 for CO2 and H2O vapor over the range of
pressure p ∈ [100, 101,… , 107] Pa, temperature T ∈ [100, 125,… , 350] K, and H2O mass mixing ratio
qH2O ∈ [0, 10−1, 10−2,… , 10−6] relevant to a variety of planetary atmospheres. The absorption spectra at
each combination of p, T, and qH2O included both line and continuum absorption of CO2 and H2O vapor (when
qH2O > 0).

2.2.1. CO2 Absorption Coefficients
To calculate the absorption by CO2 lines, including the effects of collisional line mixing, we use the database
and software package developed by Niro et al. [2005c] and more recently updated by Lamouroux et al. [2010].
The software package uses the 2008 version of the HITRAN spectral database, which includes parameters
required for computation of the contribution of the seven most abundant isotopologues of CO2, as well as
those required for inclusion of the effects of line mixing. Variation in the C and O isotopic composition of
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Table 2. Gaussian Quadrature Points and Weights Used in the Radiative Transfer Model Developed Here [From Mischna
et al., 2012, Table 2]

Bin Number Cumulative Probability Weight

1 0.0050346 0.012897

2 0.0263269 0.029570

3 0.0638252 0.045200

4 0.1161829 0.059199

5 0.1815088 0.071058

6 0.2574420 0.080349

7 0.3412383 0.086737

8 0.4298691 0.089989

9 0.5201309 0.089989

10 0.6087617 0.086737

11 0.6925580 0.080349

12 0.7684912 0.071058

13 0.8338171 0.059199

14 0.8861748 0.045200

15 0.9236731 0.029570

16 0.9449654 0.012897

17 0.9502650 0.0006788

18 0.9513856 0.0015563

19 0.9533592 0.0023789

20 0.9561149 0.0031157

21 0.9595531 0.0037399

22 0.9635496 0.0042289

23 0.9679599 0.0045651

24 0.9726247 0.0047363

25 0.9773753 0.0047363

26 0.9820401 0.0045651

27 0.9864504 0.0042289

28 0.9904469 0.0037399

29 0.9938851 0.0031157

30 0.9966408 0.0023789

31 0.9986144 0.0015563

32 0.9997350 0.0006788

planetary atmospheres within a range of ±50 parts per thousand around the isotopic composition of Earth’s
atmosphere influences the radiative transfer negligibly [Halevy et al., 2009], and we did not include it in the
generation of the LBL CO2 absorption spectra. We refer the reader to Niro et al. [2005c] and Lamouroux et al.
[2010] for details on the computation of the LBL spectra, the specifics of this code, and comparisons with lab-
oratory observations. To our knowledge, the effects of line mixing are not included in other radiative transfer
codes used for modeling planetary atmospheres [Forget et al., 1999; Wordsworth et al., 2010b; Mischna et al.,
2012; Forget et al., 2013; Wordsworth et al., 2013; Ramirez et al., 2014], despite their importance for atmospheric
retrievals on Earth and their potential importance with increasing CO2 abundance.

We account for continuum absorption by CO2, both due to far-wing line absorption and to collision-induced
absorption. In particular, collision-induced absorption contributes significantly to the absorption intensity at
wave numbers< 250 cm−1, due to induced dipole moments, and between 1,200 and 1,600 cm−1, due to dimer
absorption. For the continuum absorption at 𝜈 < 250 cm−1 we adopt values from theoretical and experi-
mental studies of Gruszka and Borysow [1997, 1998]. For the dimer absorption between 1,200 and 1,600 cm−1

we adopt values from Baranov et al. [2004]. We calculate continuum absorption at the p-T combinations of
interest using code developed by Wordsworth et al. [2010a] for this purpose. These same continua have been
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suggested for implementation by other authors [Wordsworth et al., 2010a; Mischna et al., 2012; Ramirez et al.,
2014]. We note that at high pressures there are still large uncertainties in continuum absorption, which should
be resolved experimentally.

The total absorption coefficient of CO2 at a given wave number is then

𝜅𝜈CO2
= qCO2

(
𝜅𝜈CO2 ,line

+ 𝜅𝜈CO2 ,cont

)
, (4)

where qCO2
is the mass mixing ratio of CO2 gas in the atmosphere, 𝜅𝜈CO2 ,line

is the line absorption coefficient
for a given wave number, and 𝜅𝜈CO2 ,cont

is the continuum absorption coefficient. The spectrum of total absorp-
tion coefficient (line and continuum) is divided into wavebands, as described above, and used to calculate k
coefficients.
2.2.2. Absorption Coefficients for a CO2-H2O Atmosphere
Similarly to the treatment of CO2, we calculate line and continuum absorption for H2O vapor in order to cal-
culate k coefficients relevant to an atmosphere containing both CO2 and H2O. We adopt the calculation of the
LBL absorption spectrum of H2O from Halevy et al. [2009] and refer the reader to this work for details of the cal-
culation. We use the van Vleck-Weisskopf [van Vleck and Weisskopf , 1945; van Vleck and Huber, 1977] line shape
in the microwave region relevant to the absorption for H2O vapor, with a line cutoff of 25 cm−1. Any contribu-
tion to the absorption farther from the line center than this cutoff is included in the continuum absorption. For
the spectrum generation in our code, we compute the self- and foreign-broadened water vapor continuum
as formulated by Clough et al. [1989, 2005]. We note that the foreign continuum (𝜅(𝜈)H2O,foreign) is computed
for water vapor in air instead of in a CO2 atmosphere, adding uncertainty in the calculated spectra. However,
because the water vapor concentrations considered for modeling early Mars climate are extremely low, this
uncertainty does not affect the overall results.

Given the CO2 and H2O absorption coefficients and mixing ratios, the total absorption coefficient as a function
of wave number, 𝜅𝜈,tot, is

𝜅𝜈,tot = qCO2

[
𝜅𝜈CO2 ,line

+ 𝜅𝜈CO2 ,cont

]
+ qH2O

[
𝜅𝜈H2O,line

+ 𝜅𝜈H2O,cont,self
+ 𝜅𝜈H2O,cont,foreign

]
,

(5)

where, qCO2
and qH2O are the CO2 and water vapor mixing ratios, respectively, and qCO2

+ qH2O = 1. We cal-
culate and tabulate 𝜅𝜈,tot for a range of water vapor mixing ratios qH2O ∈ [10−1, 10−2,… , 10−6] and consider
the absorption by water vapor mixing ratios lower than 10−6 to be negligible. The outcome of these precal-
culations is a five-dimensional look-up table, for 8 pressures, 11 temperatures, 6 water vapor mixing ratios,
63 wave number bands, and 32 Gaussian points. In principle, other gases could be added to the atmosphere,
and the overall absorption intensity would be calculated by adding the absorption of each component i as
qi𝜅i . This requires calculation of the absorption coefficients on the same wave number grid for all of the gases
considered in the model atmosphere and tabulation for different values of qi.

2.3. Radiative Transfer Equations
We divide the atmosphere into n atmospheric levels, with the value of n depending on the total optical thick-
ness of the atmosphere (larger for thicker atmospheres). For each atmospheric level we calculate the optical
depth using the appropriate cross sections for absorption, 𝜅, and for scattering, 𝜎R. We calculate the scattering
cross section of atmospheric gases using Rayleigh scattering theory, following Vardavas and Carver [1984]:

𝜎R = 4.577 × 10−21 𝛿

𝜆4

[
A
(

1 + B∕𝜆2
)]2

. (6)

Here 𝜎R is in units of cm2 molecule−1 and 𝜆 is in microns. 𝛿 = (6 + 3Δ)∕(6 − 7Δ), where ΔCO2
= 0.0805 or

ΔH2O = 0.02 is the depolarization factor for CO2 or water vapor, respectively. A and B are constants compiled in
Allen [1976] (ACO2

= 43.9 ×10−5, BCO2
= 6.4 ×10−3, and AH2O = 13.58 ×10−5, BH2O = 7.52 ×10−3). We translate

the scattering cross section to m2 kg−1 and calculate the total scattering cross section at any atmospheric
level as the sum of the individual cross sections weighted by the mass mixing ratio of the atmospheric gases
of interest: 𝜎R =

∑
i 𝜎R,iqi .
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The optical depth 𝜏 is calculated starting with a value of zero at the surface increasing to 𝜏∞ at the top of
the atmosphere (TOA) and is dependent on the molecular absorption (𝜅) and scattering (𝜎R) coefficients
calculated above. It is defined as

d𝜏
dp

= −1
g

(∑
i

qi𝜅i +
∑

i

qi𝜎Ri

)
, (7)

where g is the gravity of the planet in question (for Mars g = 3.72 m s−2), qi is the mixing ratio of the gas
species i, and the sum is over all gas species present in the modeled atmosphere.

We use the general form of the two-stream equations for diffuse radiative transfer as formulated in Halevy
et al. [2009] and Pierrehumbert [2010]:

d
d𝜏∗

I+ = −𝛾1I+ + 𝛾2I− + 𝛾B𝜋B (T (𝜈)) + 𝛾+L⊙ exp
[
−
(
𝜏∗∞ − 𝜏∗

)
∕ cos 𝜁

]
, (8)

d
d𝜏∗

I− = 𝛾1I− + 𝛾2I+ − 𝛾B𝜋B (T (𝜈)) − 𝛾−L⊙ exp
[
−
(
𝜏∗∞ − 𝜏∗

)
∕ cos 𝜁

]
. (9)

𝜏∗ is the optical depth for each pressure level calculated as specified above. I+ and I− are the upwelling and
downwelling fluxes of diffuse radiation calculated at each pressure level. The third term in the equation rep-
resents thermal radiation by the atmosphere, where B(T(𝜈)) is the Planck function at the pressure-dependent
temperature T . L⊙ is the TOA incoming solar flux. The last term in the equation represents the attenuation of
the direct solar beam as it penetrates into the atmosphere with a solar zenith angle 𝜁 . For all the calculations
in the paper we set 𝜁 = 60∘ as appropriate for calculations of the global average radiation budget. Since we
are interested in modeling the early Martian atmosphere, we set L⊙ to 75% of its present value to account for
the faint young Sun [Gough, 1981]. The 𝛾i terms are frequency dependent and describe the attenuation due
to absorption or scattering by the atmosphere. In general, 𝛾1 is proportional to the rate at which the flux is
lost from upward or downward radiation. 𝛾2 is the rate of conversion between upward and downward radia-
tion due to scattering. 𝛾B is a proportionality term representing the attenuation of thermal radiation. 𝛾+,− are
proportionality terms for diffuse radiation caused by scattering of the direct solar beam. These two-stream
coefficients may be calculated as follows:

𝛾1 = 𝛾 ⋅ (1 − ĝ𝜔0) + 𝛾 ′ ⋅ (1 − 𝜔0), (10)

𝛾2 = 𝛾 ⋅ (1 − ĝ𝜔0) − 𝛾 ′ ⋅ (1 − 𝜔0), (11)

𝛾B = 2𝛾 ′ ⋅ (1 − 𝜔0), (12)

𝛾± = 1
2
𝜔0 ∓ 𝛾𝜔0ĝ cos 𝜁. (13)

Here ĝ is the scattering asymmetry factor and 𝜔0 is the single scattering albedo. For the gases of interest in
this study the scattering is symmetric (ĝ = 0). 𝛾 and 𝛾 ′ are numerical factors that depend on the angular
distribution of radiation. We adopt the commonly used hemispherically isotropic approximation (𝛾 = 𝛾 ′ = 1)
for the longwave radiation (all wavebands that include wave numbers less than or equal to 2,800 cm−1). For
the shortwave radiation (all wavebands with wave numbers greater than 2,200 cm−1) we apply the quadrature
approximation (𝛾 = 𝛾 ′ =

√
3∕2). With both approximations, equations (10)–(13) simplify to

𝛾1 = 𝛾 ⋅ (2 − 𝜔0) (14)

𝛾2 = 𝛾𝜔0 (15)

𝛾B = 2𝛾 ⋅ (1 − 𝜔0) (16)

𝛾± = 1
2
𝜔0. (17)
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The two-stream model is a set of linear, coupled ordinary differential equations, which requires two boundary
conditions to be solved. The first boundary condition specifies that there should not be any downwelling dif-
fuse flux at the TOA (i.e., I−(𝜏∞) = 0). The second boundary condition requires the upwelling flux at the surface
boundary to include the thermal radiation emitted from the surface and the backward scattered (reflected)
downwelling radiation from both the diffuse beam (I−) and the remaining direct solar beam:

I+(𝜏 = 0) = As ⋅
(

I− (𝜏 = 0) + L⊙ exp
[
−𝜏∞∕ cos 𝜁

])
+ 𝜋B

(
Ts

)
. (18)

As is the planetary surface albedo as a function of wave number (As = 0.215 in our model for wave numbers
greater than 3,450 cm−1 and 0 otherwise), and Ts is the surface temperature.

We rewrite equations (8) and (9) in matrix form for each atmospheric level following the notation in
Pierrehumbert [2010] (Note that I is not the identity matrix):

d
d𝜏∗

I = 𝚪(𝜏∗) ⋅ I + F(𝜏∗), (19)

I =
[

I+
I−

]
,𝚪 =

[
−𝛾1 𝛾2

−𝛾2 𝛾1

]
, F =

[
𝛾B

−𝛾B

]
𝜋B(T(𝜏∗)) +

[
𝛾+
−𝛾−

]
L⊙ exp[−(𝜏∗∞ − 𝜏∗) cos 𝜁 ]. (20)

The derivative of the flux vector I is then transformed with a second-order finite difference approximation,
resulting in a system of 2n linear equations. The system may be solved separately for each of the model wave-
bands by a numerical library of choice and the upwelling and downwelling fluxes summed over the entire
spectral range of interest (all of the wavebands included in the model) to yield the total (band-integrated)
upwelling and downwelling fluxes.

The band-integrated upwelling and downwelling fluxes are used to calculate the divergence of the net flux
and from it the heating rate at every atmospheric level

H𝜈 =
dT
dt

=
g
cp

d
dp

(I+ − I−), (21)

where g is the gravity of the modeled planet and cp is the specific heat capacity of the atmosphere for constant
pressure. Using the heating rate calculated as described above, we evolve the atmosphere iteratively toward a
thermal steady state: the temperature in each atmospheric level is changed by dT = H×dt at every time step,
and the profile is corrected to an adiabatic lapse rate wherever the lapse rate due to the radiative evolution
becomes superadiabatic.

We implement CO2 condensation in the model only as a correction to the p-T profile, without including
the effects of CO2 ice particles on the atmospheric opacity. Release of latent heat by condensation of CO2,
which is the main atmospheric constituent, is expected to balance radiative cooling anywhere in the atmo-
sphere where radiative cooling drives the temperature below the CO2 condensation temperature. Therefore,
we impose the CO2 condensation temperature at the local pressure as a lower limit on temperature (T(p) ≥
TCO2

(p)).

We continue evolving the atmosphere by radiative heating or cooling, with the adiabatic and CO2 condensa-
tion corrections described above, until the total outgoing longwave radiation is within 0.1% of the incoming
solar radiation (0.5% for the 2 bar atmosphere, which took longest to evolve to radiative-convective equi-
librium). Depending on the atmospheric mass and the initial temperature profile, between 6,000 and 10,000
iterations (with time increments of approximately 1day) are required to achieve radiative-convective equilib-
rium. We note that although this method yields an atmospheric p-T profile in a radiative-convective steady
state, the time evolution of the model atmosphere as it approaches this steady state is not realistic.

3. Results

The calculations performed in this study included validation of our new correlated k radiative transfer model
(i.e., code only), an exploration of the effects of CO2 collisional line mixing on the radiative transfer and on
the atmospheric p-T profile at radiative-convective equilibrium (i.e., new versus existing k coefficients), and an
exploration of the effects of CO2 condensation and the inclusion of water vapor in the new model (i.e., with
the new k coefficients and code). In all of these calculations, we focused on conditions relevant to Mars’ early
climate—a solar luminosity 75% its present value and surface pressures of CO2 between 0.1 and 2.0 bar. The
results are presented below and discussed in section 4.
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3.1. Model Validation
We validated the new correlated k two-stream code (i.e., excluding the new k coefficients) by comparing its
results to those of the model developed at the Laboratoire de Météorologie Dynamique (LMD) to study the
Martian atmosphere [e.g., Forget et al., 1999; Wordsworth et al., 2010a]. We used the k coefficients developed
in the study of Wordsworth et al. [2010a] (henceforth the LMD k coefficients) in our two-stream code and com-
pared the results to those obtained by running the full LMD code with the same k coefficients. This allowed
validation of our radiative transfer solver, heating rate calculations, and thermal evolution of the atmosphere
toward radiative-convective equilibrium. We initialized the atmospheric profile with an isotherm at 200 K
(the final result is insensitive to the choice of initial profile) and allowed the atmospheric profile to evolve to
radiative-convective equilibrium. For this comparison we intentionally did not include CO2 condensation in
the model to minimize possible effects that would contribute to differences between the models. We included
an adiabatic correction, as described above, which was also implemented in the LMD model. Comparisons
were performed at values of the surface pressure, ps ∈ [0.1, 0.3, 0.5, 1.0, 2.0] bar, for which we compared the
surface temperature (Ts), outgoing longwave radiation (OLR), and planetary albedo (Ap = I+,TOA∕L⊙), all at
radiative-convective equilibrium.

We find that our code run with the LMD k coefficients replicates the full LMD calculations of Ts and OLR at
radiative-convective equilibrium within 1% and 3%, respectively (Figures 2a and 2c). Ap from the LMD model
(code and k coefficients) increases from 0.23 at a ps of 1 × 104 Pa to 0.39 at a ps of 2 × 105 Pa (Figure 2b).
Using the LMD k coefficients in our code yields an increase in Ap from 0.24 to 0.41 over the same range of
ps —within 5% of the LMD results. We discuss the reasons for this difference in Ap in section 4.1 but consider
the similarity in the results satisfactory and carry out subsequent calculations only with the radiative transfer
code developed in this study, although using different absorption parameters (e.g., with or without CO2 line
mixing, water vapor).

3.2. CO2 Line Mixing
To examine the effects of CO2 collisional line mixing on the radiative transfer, we used our code to compare (i)
Ts, OLR, and Ap, (ii) the atmospheric p-T profiles, and (iii) the atmospheric upwelling and downwelling flux pro-
files, all at radiative-convective equilibrium and using either the LMD k coefficients or those developed in this
study, which account for CO2 line mixing (section 2.2). In addition, to isolate the effects on the longwave fluxes
of differences in CO2 absorption parameters from those of the equilibrium temperature profile, we calculated
(iv) only the radiative transfer (i.e., without evolving the atmosphere toward a radiative-convective equilib-
rium) in atmospheres with fixed p-T profiles, and compared the fluxes obtained with our code and using the
two sets of k coefficients. As the same code was used, but with differing k coefficients, differences in the results
due to the numerics and the calculation of the scattering cross sections are eliminated, and evaluation of the
differences arising from the different parameterization of molecular absorption is possible. Condensation of
CO2 was still not included in these calculations. In addition to the comparisons between our k coefficients and
those from the LMD model, we compared (v) the fluxes calculated with our model (k coefficients and code)
to those obtained in the studies of Mischna et al. [2012] and Ramirez et al. [2014], again for fixed atmospheric
p-T profiles, which highlight differences in atmospheric opacity.

At radiative-convective equilibrium, the values of Ts and OLR calculated with our k coefficients, which include
the effects of CO2 line mixing, were both lower than those calculated with the LMD k coefficients by up to 4%
and 8%, respectively (Figures 2a and 2c). Ap calculated in our model increases from 0.24 at a surface pressure
of 1 × 104 Pa to 0.41 at a surface pressure of 2 × 105 Pa, approximately similar to the increase in Ap calculated in
our code using the LMD k coefficients for the same range of ps. Additionally, the radiative-convective equi-
librium atmospheric p-T profiles calculated with the different sets of k coefficients differ (Figure 3), mainly in
that the profiles calculated with our k coefficients consistently display a warmer region between ∼20,000 and
∼200 Pa.

Comparison of the upwelling and downwelling flux profiles at radiative-convective equilibrium showed that
the use of the k coefficients developed in this study leads to slightly stronger attenuation of the direct solar
beam, which is approximately 1 W m−2 weaker at the surface than with the LMD k coefficients (Figure 4).
Upwelling and downwelling shortwave fluxes differ by a few tenths of a W m−2 at most. Top-of-atmosphere
(TOA) upwelling longwave fluxes are smaller with our k coefficients by ∼1 W m−2, whereas downwelling
longwave fluxes at the surface are between ∼20 and ∼50 W m−2 smaller than with the LMD k coefficients.

As some of the differences in longwave fluxes at radiative-convective equilibrium result from the lower surface
temperature reached with our k coefficients, and to allow comparison of just the radiative effects of including
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Figure 2. Model validation. (a) Outgoing longwave radiation (OLR), (b) planetary albedo (Ap), and (c) surface
temperature (Ts) at radiative-convective equilibrium for different surface pressures computed with LMD k coefficients
and code (cross, solid), our radiative transfer code using LMD k coefficients (asterisk, dashed), and our k coefficients and
code (circle, dash-dotted).

CO2 collisional line mixing, we compared also the upwelling and downwelling fluxes for an additional, fixed

atmospheric profile with temperature decreasing from 210 K at the surface at a dry adiabatic lapse rate to an

isothermal stratosphere at 160 K (Figure 5). As in the case of radiative-convective equilibrium, the solar beam

is more strongly attenuated in our model by ∼1 W m−1. Importantly, with our k coefficients, TOA upwelling
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Figure 3. Equilibrium p-T profiles for different surface pressures, as labeled, obtained with LMD k coefficients with our
radiative transfer code (dashed) and with our k coefficients and code (solid).

longwave fluxes are approximately 5–6 W m−2 larger with the nonequilibrium p-T profile, whereas surface
downwelling longwave fluxes are approximately 8–9 W m−2 smaller (Figure 5). Examination of the cumulative
OLR shows that most of the difference between the two sets of k coefficients grows at wave numbers between
300 and 600 cm−1 (Figure 6).

To understand the spectral pattern of increase in the difference between the cumulative OLR obtained with
and without the effects of CO2 line mixing, we compared the LBL spectrum calculated with the model of Niro
et al. [2005c] and Lamouroux et al. [2010] (section 2.2.1), which includes these effects, with a spectrum that did
not include these effects. The results highlight several features. First, in the main CO2 bands, the agreement
between spectra calculated with and without the effects of line mixing is relatively good (Figure 7). Closer
inspection shows that without the effects of line mixing, absorption is overestimated, sometimes threefold or
more, in the troughs between the centers of closely spaced lines. Additionally, at the line centers, without line
mixing the absorption may be very slightly underestimated to overestimated, depending on the contribution
from nearby strong lines, but this underestimation/overestimation is only by a few percent. Importantly, in
the low-frequency far wing of the 15 μm CO2 band, absorption coefficients calculated without the effects of
line mixing are overestimated at wave numbers greater than ∼390 cm−1 and underestimated at smaller wave
numbers. We discuss these differences and their correspondence to the observed difference in cumulative
OLR between our k coefficients and those from the LMD model in section 4.2.

We compared the upwelling longwave flux profile calculated in our model (code and k coefficients) with
those calculated in two additional studies [Mischna et al., 2012; Ramirez et al., 2014], both with fixed atmo-
spheric p-T profiles rather than at radiative-convective equilibrium and with a dry or a moist atmosphere.
The atmospheric p-T profile in the comparison with Ramirez et al. [2014] was fixed, with a surface pressure
of 2 bar and temperature decreasing at a moist adiabatic lapse rate from a surface temperature of 250 K up
to the intersection of the CO2 condensation temperature curve and then along this curve to an isothermal
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Figure 4. (left column) Fluxes at radiative-convective equilibrium calculated with our radiative transfer code, using our k
coefficients (solid), or LMD k coefficients (dashed), and (right column) the difference between the fluxes calculated this
way. I+Sw (blue) and I−Sw (red) are the upwelling and downwelling shortwave fluxes, respectively. I−Sol (green) is the
direct attenuated solar flux. I+Lw (orange) and I−Lw (brown) are the upwelling and downwelling longwave fluxes.
See text for details.

stratosphere at 167 K. In this comparison the atmosphere was dry (i.e., 100% CO2). The comparison with
Mischna et al. [2012] was also performed with a fixed atmospheric p-T profile, with a surface pressure of
500 mbar and temperature decreasing at a moist adiabatic lapse rate from a surface temperature of either
275 or 290 K, to an isothermal stratosphere at 160 K. In this comparison the mixing ratio of water vapor
decreases monotonically from 10−3 at the surface to 10−7 at a pressure of 1 × 104 Pa and remains at the
latter value for lower pressures (higher altitudes). The OLR calculated with our model is higher than that cal-
culated with both of the models in the comparison (Figure 8). With a surface pressure of 2 bar and a surface
temperature of 250 K, the OLR calculated with our model is higher than that calculated with the model of
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Figure 5. (left column) Fluxes for a fixed atmospheric p-T profile calculated with our radiative transfer code, using our k
coefficients (solid), or LMD k coefficients (dashed), and (right column) the difference between fluxes calculated in this
way. Line colors and labels are similar to those in Figure 4. See text for details.

Ramirez et al. [2014] for a dry atmosphere by ∼5 W m−2. With a surface temperature of 275 K the OLR is
almost the same as that calculated with the model of Mischna et al. [2012] with a difference smaller than
1 W m−2. However, for a higher surface temperature of 290 K the OLR calculated by our model is much larger
(∼20 W m−2). We discuss these differences in section 4.2.

3.3. CO2 Condensation
We implement CO2 condensation as a correction to the p-T profile, as described in section 2.3, but do not
include the effects of scattering or absorption by CO2 clouds. The comparison between the atmospheric
profiles with and without CO2 condensation is shown in Figure 9 for different values of the surface pressure.
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Figure 6. (top) Cumulative outgoing longwave radiation (OLR) calculated in our code with the LMD k coefficients (blue)
and those developed in this study (green). (bottom) Difference between OLR calculated with our k coefficients and
those from the LMD model. A difference of ∼12 W m−1 builds up between 300 and 600 cm−1 and then diminishes to
∼10 W m−1 at higher wave numbers. Both the increase and slight decrease in the OLR difference are due to differences
in CO2 absorption calculated with and without the effects of collisional line mixing.

Inclusion of CO2 condensation in the model leads to lower surface temperatures, compared to the case
without condensation (Figure 10). An increase in surface pressure up to 5 × 104 Pa results in increasing equi-
librium surface temperatures (from∼206 to∼210 K), whereas an increase to 1×105 Pa results in no additional
warming, and further increases in surface pressure result in a decrease in surface temperatures (to ∼205 K at
a surface pressure of 2 × 105 Pa).

Figure 7. Line-by-line absorption spectra calculated with (green) and without (blue) the effects of CO2 collisional line mixing, and collision-induced
(“continuum”) absorption (red). (top) The spectra between 0 and 2,500 cm−1; this demonstrates that away from the main CO2 bands, absorption calculated
with the effects of line mixing is generally stronger, with the exception of regions in the immediate far wings of the strong CO2 bands (e.g., 400–500 and
2,400–2,500 cm−1), in which absorption calculated with the effects of line mixing is weaker. (bottom left) The most important such spectral region for emission
of infrared radiation at surface temperatures relevant to early Mars (400–550 cm−1). (bottom right) Even in regions of relatively strong absorption by the lines
(e.g., 530–570 cm−1), inclusion of line mixing effects results in weaker absorption in the troughs between adjacent absorption lines. Continuum absorption is
not strong enough in these regions of the infrared spectrum to decrease the difference in line absorption between calculations with and without line mixing.
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Figure 8. Upwelling longwave radiation for fixed atmospheric p-T profiles, calculated with our model (k coefficients and
code) and compared with the results of Mischna et al. [2012] and Ramirez et al. [2014], which were extracted graphically
from Figures 10 and S5 in the two studies, respectively. Our model atmosphere is more transparent to infrared radiation
due to the effects of collisional line mixing, resulting in higher OLR than that calculated by Mischna et al. [2012]
and Ramirez et al. [2014].

Figure 9. Atmospheric p-T profiles in radiative-convective equilibrium for different surface pressures with (solid) and
without (dashed) CO2 condensation. Condensation of CO2 limits infrared cooling in the middle and upper atmosphere,
resulting in higher temperatures in these regions and lower surface temperatures at radiative-convective equilibrium.
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Figure 10. Surface temperature for different surface pressures with (asterisk, solid) and without (cross, dashed) CO2
condensation.

3.4. Water Vapor
We tested the effects of water vapor on the equilibrium p-T profile by comparing the results obtained with
a dry atmosphere to those obtained with two different cases of atmospheric water vapor content. In Case 1,
the relative humidity (RH) at the surface is 0.8, decreases monotonically to 0.3 at the tropopause, and remains
at this value throughout the stratosphere. In Case 2, RH was held at a constant 0.8 throughout the entire
atmosphere. The OLR and OSR (outgoing shortwave radiation) calculated in Cases 1 and 2 differ negligibly
from those calculated in a dry atmosphere (Figure 11). Accordingly, the resulting equilibrium atmospheric p-T
profiles calculated with a dry atmosphere are almost indistinguishable from those calculated in Cases 1 and 2
(Figure 12), and surface temperatures in the atmosphere with the greatest abundance of water vapor (Case 2,
RH = 0.8 throughout the atmosphere) are higher by only ∼1–2 K (Figure 13).

4. Discussion
4.1. Model Validation
The LMD radiative transfer column model and our radiative transfer code run with the k coefficients taken
from the LMD code yielded surface temperatures (Ts) and outgoing longwave radiation (OLR) within 1% and
3% from each other, respectively (Figures 2a and 2c). These differences arise partly from small differences in
the numerical solution methods and partly from differences in the calculation of scattering cross sections.
We note that although calculation of the scattering cross sections relies on the same theoretical framework
in both our model and the LMD model (Rayleigh theory, as described and parameterized in Allen [1963] and

Figure 11. Outgoing (left) longwave and (right) shortwave radiation for different surface pressures, in a pure CO2
atmosphere (red) and in a CO2-H2O atmosphere with different water vapor profiles, as explained in the text
(Case 1, black; Case 2, green).
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Figure 12. Atmospheric p-T profiles in radiative-convective equilibrium for different surface pressures, in a pure CO2
atmosphere (red), and in a CO2-H2O atmosphere with different water vapor profiles, as explained in the text (Case 1,
black; Case 2, green). Small differences near the top of the modeled atmospheres arise from numeric instability near the
model boundary and not from actual differences in the fluxes.

Hansen and Travis [1974] and used in the LMD model, and in Allen [1976] and Vardavas and Carver [1984] and
used in our model), implementation of this calculation differed between the models and may lead to small
differences in scattering cross sections. Slightly larger scattering cross sections in our model lead to a planetary
albedo larger by up to ∼5% (Figure 2b) and consequently to lower equilibrium temperatures and OLR. As
scattering depends on the number concentration of scatterers, the difference in Ts, Ap, and OLR between our
model and the LMD model grows with surface pressure.

4.2. CO2 Line Mixing
As mentioned above, the differences in Ts, OLR, and Ap between the results of the full LMD model (code and
k coefficients) and our radiative transfer code run with the LMD k coefficients arise from differences in the
calculation of the scattering cross sections and in the numerical methods. Indeed, the planetary albedo higher
by up to almost 5% obtained with our code relative to the LMD model, irrespective of the k coefficients used
(Figure 2b), indicates that this difference arises not from the use of the new k coefficients but from the above
mentioned differences in numerics and scattering calculations. However, the Ts and OLR calculated with our
code using the k coefficients developed in this study are lower still than those calculated with our code using
the LMD k coefficients (Figure 2), and these differences cannot be explained by differences in numerics or
scattering. Instead, they are related predominantly to differences in the absorption coefficients, which in this
study include the effect of collisional line mixing and lead to an atmosphere more transparent to infrared
radiation.

The atmospheric flux profiles at radiative-convective equilibrium reflect the differences described above
(Figure 4). The solar beam is attenuated a little more strongly by the slightly stronger scattering in our model.
In combination with the lesser infrared opacity of the atmosphere, this leads to lower Ts (Figures 2 and 3),
which in turn results in lower OLR with our k coefficients than with the LMD k coefficients. The total outgoing
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Figure 13. Surface temperature for different surface pressures in a pure
CO2 atmosphere (red) and in a CO2-H2O atmosphere with different water
vapor profiles, as explained in the text (Case 1, black; Case 2, green). The
calculations include CO2 condensation.

radiation (shortwave and longwave)
is identical between the cases and
equal to the incoming solar radia-
tion at the top of the atmosphere
(not shown)—a requirement of
radiative-convective equilibrium.

Though the comparisons at radiative-
convective equilibrium provide in-
sight, they partly mask the difference
in atmospheric opacity between the
absorption parameterizations, be-
cause the lower Ts leads to lower OLR
when line mixing is accounted for,
despite the lesser infrared opacity in
this case. To highlight the differences
in infrared opacity, we next discuss
several comparisons of the results of
our model (code and k coefficients)
with the results of the LMD k coeffi-
cients used in our radiative transfer
code and with the results of the

models (code and k coefficients) of Mischna et al. [2012] and Ramirez et al. [2014]. These comparisons were
performed for fixed atmospheric p-T profiles, as described in section 3.2. In the comparison with the LMD k
coefficients, greater attenuation of the solar beam is seen in our model (Figure 5), as in the comparison at
radiative-convective equilibrium (Figure 4). However, the fixed atmospheric p-T profile makes it possible to
observe that TOA upwelling longwave fluxes are 5–6 W m−2 greater with our model, whereas downwelling
longwave fluxes at the surface are 8–9 W m−2 smaller (Figure 5). Both observations indicate that accounting
for the effects of collisional line mixing results in an atmosphere more transparent to infrared radiation, as we
suggest above.

Comparison of the cumulative OLR calculated with our k coefficients and with those of the LMD model
shows that most of the difference in OLR between the models accumulates at wave numbers between 300
and 600 cm−1 (Figure 6). Examination of LBL spectra calculated with and without the effects of line mixing
(Figure 7) clearly explains why differences in cumulative OLR develop over this range of frequencies. In this
spectral region, CO2 absorption coefficients calculated without the effect of line mixing are larger than those

Figure 14. Cumulative total outgoing radiation calculated in our
code with the LMD k coefficients (blue) and those developed in this
study (green). The total difference in OLR accumulates almost
entirely in the infrared (𝜈 ≤ 2, 500 cm−1).

calculated with line mixing by up to a fac-
tor of ∼3. We note that there are parts
of the spectrum in which absorption coef-
ficients calculated without line mixing are
much smaller than those calculated with line
mixing (e.g., 50–390 cm−1, ∼1,200 cm−1, and
∼1,400–1,800 cm−1), and indeed the differ-
ence between the cumulative OLR with and
without line mixing diminishes from a max-
imum value of ∼12 W m−2 to a final value
of ∼10 W m−2 at wave numbers between
800 and 1,700 cm−1 (Figure 6). However,
the differences between 300 and 600 cm−1

dominate for two reasons. First, planetary
emission of infrared radiation is substantial
over this wave number range, whereas it
is much smaller in the spectral regions in
which absorption with the effects of line mix-
ing is stronger. Second, absorption between
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1,200 and 1,600 cm−1 is dominated by dimer (continuum) absorption [Baranov et al., 2004] (red line in Figure 7),
which is implemented identically in the two sets of k coefficients in the cumulative OLR comparison.

As mentioned above, higher OSR and Ap in our model also contributes to the lower surface temperatures and
lower OLR in comparison to the results of the full LMD model and may also contribute in the comparison to the
LMD k coefficients used in our code (Figure 2). However, comparison of the band-accumulated total outgo-
ing radiation calculated with the LMD k coefficients and the k coefficients developed in this study (Figure 14)
shows that essentially all of the difference in total outgoing radiation is due to differences in infrared absorp-
tion by CO2. Additional differences that develop at shorter wavelengths (due to slightly different calculation
of the scattering cross sections) are negligible.

The comparison of upwelling longwave flux profiles between our model and those of Mischna et al. [2012] and
Ramirez et al. [2014] (Figure 8) further demonstrates the transparency of our model atmosphere relative to
previous studies. As the atmospheric p-T profiles were fixed in this comparison, the differences in OLR do not
reflect differences in the atmospheric p-T profiles at radiative-convective equilibrium but only differences in
the opacity of the atmosphere. The differences in atmospheric opacity result in OLR differences that increase
with increasing Ts (e.g., ∼1 and ∼20 W m−2 in the comparison with Mischna et al. [2012] at 275 and 290 K,
respectively), due to the greater infrared emission from the surface and atmosphere.

4.3. CO2 Condensation
Similar to previous studies in which CO2 condensation was implemented as a simple modification of the atmo-
spheric p-T profile [Kasting, 1991], with no attempt to account for the model-dependent net climatic effect of
CO2 ice clouds [Forget and Pierrehumbert, 1997; Mischna et al., 2000; Colaprete and Toon, 2003], we find equi-
librium surface temperatures that are lower when CO2 condensation is included than when it is not (Figures 9
and 10). In the absence of CO2 ice clouds, condensation of CO2 decreases the surface temperature by limiting
radiative cooling at middle to high altitude. In the regions of the atmosphere cold enough for condensation
of CO2, radiative cooling, which would normally lead to surface warming, is limited by the condensation of
CO2, which releases latent heat. The prevention of this radiative cooling in the upper troposphere and in the
stratosphere results in lower temperatures at and near the surface. This effect becomes more pronounced with
increasing surface pressure, as the part of the atmosphere in which radiative cooling is prevented expands.

Outgoing shortwave fluxes remain unchanged by inclusion of CO2 condensation as implemented here
(i.e., Ap does not change either), as we do not consider the effects of CO2 ice clouds. Upwelling fluxes of infrared
radiation from the atmosphere increase, as parts of the atmosphere in which CO2 condensation occurs are at
the temperature of CO2 condensation instead of the (lower) temperature of radiative equilibrium. However,
the total outgoing longwave fluxes change negligibly, as expected in radiative-convective equilibrium, if the
shortwave fluxes do not change. In the radiative balance achieved with CO2 condensation, the increase in
upwelling infrared radiation associated with the increase in atmospheric temperature (which cannot decrease
to values lower than the CO2 condensation temperature) is balanced by the decrease in upwelling infrared
radiation resulting from the decrease in surface temperature.

4.4. Water Vapor
Inclusion of water vapor negligibly affects the radiation fluxes, the planetary albedo, and the resulting surface
temperature at radiative-convective equilibrium (Figures 11–13). Saturation with water vapor places an upper
limit on the atmospheric concentrations of water vapor, and this upper limit is low at the low atmospheric
temperatures maintained with a weak solar influx and effective infrared cooling by the CO2-rich atmosphere.
The low atmospheric concentrations of water vapor lead to an insignificant contribution of water vapor to
the radiative budget and the equilibrium surface temperature. This result is similar to previous findings, in
which the inclusion of water vapor in a CO2 atmosphere resulted in minor changes in surface temperature
[Wordsworth et al., 2013].

5. Summary and Conclusions

We have developed a correlated k radiative transfer model for studies of CO2-rich atmospheres. The model
currently includes CO2 and H2O vapor only but may be modified to include any other gaseous or partic-
ulate atmospheric constituents. In this study we focused on early Mars’ climate, yet the model developed
here may be used for studies of other CO2-rich atmospheres, such as present-day Venus, early Earth, and
some extrasolar planets. The choice of wave number bands is based on the work of Wordsworth et al. [2010a].
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The relatively large number of wavebands (63) adds computational expense but minimizes inaccuracies due
to convolution of properties that scale differently with frequency over large wave number intervals (e.g., solar
irradiation and Rayleigh scattering), as would be the case with fewer wavebands. The choice of Gaussian
points and weights for the generation of k coefficients is based on the work of Mischna et al. [2012], who thor-
oughly tested their choices of these model parameters and provided detailed comparisons between their
results and those of commonly used models. The main difference between recent existing models and the
model developed in this study is that we include collisional line mixing in the calculation of the line-by-line
CO2 absorption spectra used to generate the k coefficients.

When using identical molecular absorption parameters (k coefficients) to those used in models commonly
used for the study of planetary atmospheres, our radiative transfer code produces results within acceptable
limits of these models. However, the inclusion of collisional line mixing in the generation of our k coeffi-
cients leads to lower atmospheric infrared opacity and to equilibrium surface temperatures between 2 and
20 K lower than those in the LMD model for values of the surface pressure between 1 × 104 and 2 × 105 Pa,
respectively. Thus, inclusion of collisional line mixing is necessary for accurate simulation of radiative transfer
in CO2-rich atmospheres. Specifically, for early Mars, climate models have failed in generating sustained aver-
age surface temperatures high enough to explain the presence of apparently abundant liquid water prior to
∼3.7 billion years [Wordsworth et al., 2013; Forget et al., 2013]. The temperatures that would be calculated in
these and other climate models with the inclusion of CO2 line mixing are even lower, making it even more dif-
ficult to envision warm climate sustained on early Mars for geologic periods of time. Our findings suggest that
components of the early Martian climate system other than gaseous CO2 and H2O are missing from current
models [e.g., Halevy et al., 2007; Halevy and Head III, 2014; Ramirez et al., 2014], in agreement with recent gen-
eral circulation model studies, which also included condensed CO2 and H2O [Wordsworth et al., 2013; Forget
et al., 2013] but were still unable to sustain long-lived warmth.
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