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Abstract

A set of line-by-line and correlated k-distribution radiation models are developed aiming for applications in
simulations and examinations of Venus and Mars-like planetary atmospheres. Our line-by-line model is validated
by comparing the results with observations and those of previous studies under conditions of Venus, and present
and possible early Mars. The radiation fields calculated by our line-by-line model agree well with observed pro-
files and are within the acceptable range from those presented in previous studies. The results obtained by our
line-by-line model are then processed to generate a series of parameters for our correlated k-distribution model.
It is confirmed that the radiation fields calculated with those sets of parameters by our correlated k-distribution
model sufficiently agree with those by our line-by-line model for the atmospheres with a wide range of surface
pressure. By the use of our correlated k-distribution model implemented with those sets of parameters, we evalu-
ate the radiation field for Venus and calculate radiative-convective equilibrium profiles for Venus and Mars. The
obtained vertical thermal structures for Venus are qualitatively consistent with observations, and the behaviors of
surface pressure and surface temperature for Mars are similar to those reported by previous studies. Those results
demonstrate that our models including the procedure for generating tables of radiation parameters are applicable
to examine climates of CO, dominant atmospheres in our solar and exoplanetary systems.
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1. Introduction

Atmospheres and climate systems of planets in
the solar system and plausible exoplanets have been
studied using various kinds of numerical models. In
recent years, while three dimensional simulations by
using general circulation models (GCMs) have been
vigorously performed, one dimensional radiative-
convective equilibrium models are still useful to un-
derstand the atmospheric structures and are important
to develop and improve GCMs of unknown atmo-
spheres. The core issue in these studies is radiative
transfer calculation. Here in this study, we develop
a set of line-by-line and correlated k-distribution
radiation models. Sets of radiation parameters for
the correlated k-distribution radiation model which
can be used in various atmospheric models from one
dimensional radiative-convective models to GCMs
are composed by the aids of line-by-line calculations.
Our aim is to prepare a sequence of procedure and a
unified set of tools to generate a series of radiation
parameters, and to verify them in the same manner for
the atmospheres of Venus and Mars to demonstrate
their applicability for considering CO, dominant at-
mospheres including exoplanets.

One of the difficulties in calculating radiative trans-
fer of planetary atmospheres is the uncertainty in radi-
ative properties of possible atmospheric components.
An important issue we consider here is to synthesize
radiation parameters for thick atmospheres like those
of Venus or possible early Mars. One of the most
important unknown radiative properties especially for
thick atmospheres is absorption coefficient of contin-
uum. Fortunately, experimental studies have provided
useful data on optical properties of gases in the
conditions of planetary atmospheres. For examples,
Gruszka and Borysow (1997) and Baranov et al. (2004)
provided absorption coefficients of collision induced
absorption (CIA) of CO,. Those data opened the ways
to perform more reliable calculations of radiative
transfer in thick CO, atmospheres. We also utilize
those data here for synthesizing radiation parameters
for calculating varieties of thick CO, atmospheres.

Another difficulty in calculating radiative transfer
is that huge computer resources tend to be required.
This is a traditional problem common to the atmo-
sphere of all planets including that of Earth. It is not
realistic to perform so called line-by-line integration
of radiative transfer in GCMs. One of the ways to
avoid this difficulty especially in simulation models is
to use the correlated k-distribution method, which effi-
ciently reduces the degree of freedom in wavenumber
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space of radiative transfer and achieves economical
usage of computational resources. Moreover, the
method can provide more accurate radiative flux than
classical band models and has been widely used in
massive computations such as operational weather
forecasts and climate studies with GCMs for Earth’s
atmosphere. Here, we also adopt the correlated -
distribution method to obtain radiation parameters of
the radiative transfer models for simulations of plane-
tary atmospheres.

Recently, several open source codes are developed
to calculate high resolution spectra of radiation prop-
erties of arbitrary planetary atmospheres within the
permitted choice of atmospheric composition. The
kspectrum (Eymet et al. 2016) and the EXOCROSS
(Yurchenko et al. 2018) generate high resolution
spectra and thermodynamic properties from given
physical tables of atmospheric constituents. Products
from those codes have been used for high resolu-
tion calculations of radiative transfer of planetary
atmospheres (e.g., Ito et al. 2020) and for generation
of radiation parameters for low resolution radiative
transfer models in GCMs for planetary atmospheres
(e.g., Turbet et al. 2018). Irwin et al. (2008) developed
NEMESIS (Non-linear optimal Estimator for Multi-
variatE Spectral analySIS), a high resolution radiative
transfer and retrieval code. NEMESIS was originally
developed for analysis of spacecraft observations in
general, and was used to interpret the Cassini data,
and then it has been used to analyze energy budget
of various planetary atmospheres (Read et al. 2016).
As for the economical radiative transfer models for
numerical simulations, various radiation models were
developed to be implemented in GCMs for planetary
atmospheres (e.g., Hourdin 1992; Eymet et al. 2009;
Mischna et al. 2012). However, these models have
been developed for respective particular planetary
atmospheres. The radiative transfer models and radi-
ation parameters implemented there can be applied to
respective limited targets.

In this study, we do not use those existing open
source codes to synthesize high resolution spectra or
to calculate radiative transfer. We coherently develop
two types of radiative transfer models, a line-by-line
model and a correlated k-distribution model, which
can be used for calculating radiative transfer of a
variety of planetary atmospheres and improving the
models themselves. The line-by-line model generates
high resolution radiation properties in wavenumber
space from given data of radiation properties of select-
ed atmospheric constituents, and integrate radiative
transfer to produce atmospheric radiation spectra. The
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correlated k-distribution model generates radiation
parameters by the use of correlated A-distribution
method with k-distributions synthesized by the line-
by-line model, and integrate radiative transfer eco-
nomically to calculate atmospheric radiation rapidly.
The formulations of the models are standard, but they
are designed in a similar coding manner to facilitate
their interoperable usage. Our aim is to prepare a set
of tools which enable us to calculate consistently the
radiation parameters for the economical radiative
transfer model for the atmosphere from the detailed
radiation properties of given atmospheric constituents.
The line-by-line model is also used to verify the per-
formance of the correlated k-distribution model with
the generated set of radiation parameters. The param-
eters for the correlated k-distribution model are thus
iteratively determined. With the combination of these
two radiation models, both an accurate estimate of
radiation spectra and a rapid and qualified calculation
of radiation field can be ensured. The consistent devel-
opment of the sequence of procedures is essential for
parameter studies of an atmosphere by changing its
constituent. By the combination of these two radiation
models we can cover a wide range of planetary atmo-
spheres, such as Venus, present Mars, and possible
early Mars.

In Section 2, the line-by-line model developed in
this study are described. The development of our cor-
related k-distribution model is described in Section 3.
In Sections 4 and 5, the models are applied to Venus
and Mars, respectively. The line-by-line model cal-
culations are performed and the results are compared
with observations and those of the models developed
by other groups. Then, the correlated -distribution
models are developed for each planetary atmosphere,
and evaluate the radiation field for Venus and calculate
radiative-convective equilibrium profiles for Venus
and Mars to demonstrate that the developed model
can be well applied to those planetary atmospheres.
The obtained vertical thermal structures for Venus
are qualitatively consistent with observations, and the
behaviors of surface pressure and surface temperature
for Mars are similar to those reported by previous
studies. Conclusion is presented in Section 6.

2. Description of the line-by-line model
In this section, a line-by-line model developed in

this study is described.

2.1 Radiative transfer equation
Radiative fluxes are calculated by the use of the
radiative transfer equation with the generalized two-
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stream approximation (Meador and Weaver 1980).
The approximated equation is solved with the method
of Toon et al. (1989). Radiative flux is evaluated as the
sum of two fields. Radiation field produced by incident
solar radiation is calculated by 6—Eddington approx-
imation. Radiation field produced by emission from
the surface and atmosphere, i.e., planetary radiation, is
calculated with the hemispheric mean approximation
and the source function technique described by Toon
et al. (1989) is used. In this study, a word “planetary
radiation” stands for radiation calculated with surface
and atmospheric emissions, but with no incident solar
radiation. A word “solar radiation” stands for radiation
with incident solar radiation, but with no surface nor
atmospheric emissions.

2.2 Optical properties

Optical properties required to solve the radiative
transfer equation are optical depth, single scattering
albedo, and asymmetry factor. Here, the calculation
of optical depth is described briefly. The details of the
optical properties are presented in the supplementary
materials.

The optical depth is expressed as sum of those of
gas and particles, and the gas’ component is sum of
four terms expressed with the absorption coefficient
of absorption line, the absorption coefficient of con-
tinuum, the “absorption cross section”, which is a
cross section for absorption which is not described by
a line absorption nor a continuum absorption, and the
Rayleigh scattering coefficient. The absorption coeffi-
cient of absorption line at a wavenumber is calculated
as the product of a line intensity, a line shape function,
and a line cutoff function, as shown in (S7) in supple-
mentary materials. The functional forms of the line
cutoff function are described in Appendix A, and the
cutoff widths used in the calculations are described in
Sections 4.1 and 5.1 for Venus and Mars, respectively.

2.3 Optical data sources

In calculation of absorption coefficients, gas ab-
sorption line parameters are obtained from HITRAN
(high-resolution transmission molecular absorption
database), such as HITRAN2012 (Rothman et al.
2013). As for calculation in high temperature condi-
tion, absorption line parameters are given by HITEMP
2010 (Rothman et al. 2010).

Continuum absorption is evaluated by a combina-
tion of following models. Absorption coefficient of
water vapor continuum is obtained by the MT CKD
model (Mlawer et al. 2012). The version 3.0 of the
MT_CKD model is used in this study. For thick CO,
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Table 1. Rayleigh scattering coefficient relative to that of
air. The values are based on Rayleigh scattering cross-
sections relative to H, presented by Pierrechumbert (2010).

HO N, 0, CH,

Rayleigh scattering
coefficient relative
to that of air

0.7578 1.0355 0.8690 2.2832

atmospheres, such as the atmospheres of Venus and
possible early Mars, CIA is considered (see Sections
4.1 and 5.1). “Absorption cross section” is obtained by
several sources. Details are described in Section 4.1.

Rayleigh scattering coefficients for air and CO, are
obtained from Hansen and Travis (1974). Rayleigh
scattering coefficients for H,O, N,, O,, and CH, are
calculated by the use of the coefficient for air with
multiplying factors for individual species (Pierrehum-
bert 2010) (Table 1). Rayleigh scattering coefficients
of other species including radiatively inert component
are assumed to be the same as that of air.

The extinction efficiency factor, single scattering
albedo, and asymmetry factor of particles are obtained
from previous studies. Details are described in Sec-
tions 4.1 and 5.1 for each planetary atmosphere.

3. Description of the correlated k-distribution
model

In this section, correlated k-distribution model
developed in this study is described. The radiative
transfer equation used in the correlated A-distribution
model is the same as that in the line-by-line model
(Section 2.1), and the methods to solve the equation
are also the same as those used in the line-by-line
model.

3.1 Overview of the model

In a correlated k-distribution method, first, overall
spectrum region is divided into bands. The wavenum-
ber boundaries of the bands are determined based on
the spectra of target atmosphere. It is also considered
that the band width is narrow enough that the Planck
function and the incident solar irradiance do not
change greatly within the band. Then, the absorption
coefficient as a function of wavenumber is sorted in
ascending order in each band with an assumption of
correlation between absorption coefficients at different
altitude levels. By sorting absorption coefficient,
number of integration points required for wavenumber
integration can be decreased greatly compared to the
line-by-line method without significant loss of accu-
racy. Then, the wavenumber space for each band is
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transformed into cumulative probability space from 0
to 1. In our correlated A-distribution model, we divid-
ed the cumulative probability space into two regions
to express the sharpness of the distribution as is sim-
ilar to the model developed by Mischna et al. (2012).
In this study; however, one of the two regions ranges
from 0 to 0.98 and the other ranges from 0.98 to 1.
The boundary between two regions (0.98) is different
from that used by Mischna et al. (2012), which is 0.95.
We found that the correlated k-distribution model
with the boundary at 0.98 produces radiation fields
closer to those by the line-by-line model than does
the correlated k-distribution model with the boundary
at 0.95. In the numerical integration over cumulative
probability space, the Gaussian quadrature is applied
in each region. In addition, we consider correlations
of gas absorption coefficient with the Planck function
and the solar flux by sorting the Planck function and
the solar flux by the order of the gas absorption coeffi-
cient (Mlawer et al. 1997).

In our correlated k-distribution model, absorption
coefficients of gases at jth integration point in ith
band, %, ;, is a function of pressure, temperature, and
composition. The absorption coefficients for arbitrary
values of pressure, temperature, and composition
are obtained by interpolating the values that have
been precalculated and tabulated for sets of values of
pressure, temperature, and composition. Here, linear
interpolations in temperature, logarithm of pressure,
and logarithm of volume mixing ratio are adopted. In
treating atmospheric composition, we have two kinds
of gas species. One is “key species”, whose line over-
lap is explicitly considered. Absorption coefficients
of those are summed in wavenumber space and total
absorption coefficient is sorted in each band as de-
scribed above. The other is “non-key species”, whose
line overlap is considered by using the absorption
coefficients averaged over each cumulative probability
region represented by each integration point. The ab-
sorption coefficient of non-key species is sorted by the
order of the key species’ absorption coefficient, and
is averaged. The precalculated values for key species
are stored in the table which has axes of pressure,
temperature, and volume mixing ratios of up to three
key species. For example, absorption coefficient at
Jjth integration point in ith band, &, ;(p;, T, 71 4> 72, 0,
73 ,,), s stored at discrete pressure p,, temperature 7,,,
and volume mixing ratio r, ,, 1, ,., 73 ,, grids, where
I, m, n,, n,, and n, are indexes for each variables. On
the other hand, the precalculated values for non-key
species are stored in the table, but only the axes of
pressure and temperature are utilized.
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Rayleigh scattering coefficients and optical proper-
ties of particle species are also calculated in advance,
and stored in the table. Those values are obtained by
averaging the line-by-line values in each band. The
method for average is described in Appendix B.

3.2 Generating k-distribution tables

We generate tables for correlated A-distribution
models by processing the optical properties calculated
by our line-by-line model (Section 2) as described
above. As a result of the process, the developed cor-
related k-distribution model has two kinds of errors.

In a correlated k-distribution model, a spectrum
of radiative flux is divided into a finite number of
bands whose wavenumber interval is transformed into
cumulative probability space from 0 to 1, and for each
band, cumulative probability space is further divided
into a finite number of integration points, at which
the radiative transfer equation is integrated by using
the sorted value of absorption coefficient. Absorption
coefficients for arbitrary values of pressure, tempera-
ture, and composition are calculated by interpolating
precalculated values at selected grids of the set of
pressure, temperature, and volume mixing ratios of
composition in the table. Reduction of the number of
bands and the number of integration points in each
band contributes to saving computer resources, but be-
comes a source of errors. Reduction of the number of
grids for precalculated values in the table contributes
to lightening preprocessing efforts, but also becomes a
source of errors. In generating tables, these two kinds
of errors are also evaluated sequentially, as follows.

First, a line-by-line calculation is performed by
the use of a reference atmospheric profile; spectral
profiles of gas absorption coefficients and a spectrum
of particle optical property are synthesized, and the
spectrum of a solar insolation is prepared. Then, by
the use of the spectra, a number of k-distributions with
a variety of numbers of bands and integration points
are generated, and radiative fluxes, flux convergences,
and temperature tendencies are calculated by using
them. Based on the differences, i.e., root mean square
errors (RMSEs), between results of the k-distribution
calculations and the line-by-line calculation for the
reference atmospheric profile, the numbers of bands
and integration points which are reasonably sufficient
for the k-distribution table to reproduce the line-by-
line result are determined. After this procedure, the
number of integration points in each band is decreased
by checking differences to find a set of decreased
number of integration points which does not result in
significant loss of accuracy in the calculated radiation
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field. It should be noticed that the A-distribution
calculations here and obtained tables are “exact” in
the sense that they are calculated directly for a given
reference atmospheric profile.

Second, a number of line-by-line calculations are
performed at grids of the set of pressure, temperature,
and volume mixing ratios encompassing the reference
atmospheric profile with a variety of pressure, tem-
perature, and volume mixing ratio intervals, and k-
distribution tables are generated with the fixed num-
bers of bands and integration points determined above.
Then, the appropriate intervals for pressure, tempera-
ture, and volume mixing ratios grids of the table are
determined based on differences, i.e., RMSEs, be-
tween results of the k-distribution calculations and the
line-by-line calculation for the reference atmospheric
profile. In this study, the intervals for pressure and
temperature are judged to be appropriate if the RMSEs
are smaller than 1.5 times those of the A-distribution
calculation without interpolation compared to the line-
by-line calculation.

In this study, the target accuracy of the correlated
k-distribution model is determined by the uncertainty
of the other radiation models which have been used in
the studies of planetary climate. The values of target
accuracy are described in Sections 4.2 and 5.2 for
Venus and Mars, respectively. Note that the accu-
racy set in this study is, however, temporal target.
Determining the accuracy itself is one of the issues
in studies not only of the present climates of Venus
or Mars, but also of planetary climates in general,
and will be determined iteratively by performing the
calculations and by improving the models during the
course of researches. Therefore, the important issue in
this study is to construct a practically useful procedure
to generate a table for those researches.

4. Application to Venus

In this section, application of our radiation models
to Venus is described. First, line-by-line calculations
are performed. Then, the correlated k-distribution
model is constructed for Venus. Finally, radiation field
is evaluated, and radiative-convective equilibrium
calculations are performed to demonstrate behavior of
the developed model.

4.1 Line-by-line model calculation

We perform the line-by-line calculation for Venus,
and compare the results with available observation to
validate the model.

Line absorption parameters used in calculations for
Venus atmosphere are obtained from HITRAN2012
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Table 2. Coefficients of CO, for absorption induced by
collision with CO,.

-1
wavenumber (cm ) references

1- 250 Gruszka and Borysow (1997)"
1100-2000 Baranov et al. (2004)
2650-3130 Stefani et al. (2013)
4000-5000 Marcq et al. (2006)
5000-6050 Bezard et al. (1990)
8363-9434 Bezard et al. (2011)

* The coefficient is obtained from Richard et al. (2012).

(Rothman et al. 2013) and HITEMP2010 (Rothman
et al. 2010). The line parameters of HITEMP2010 are
used for H,0, CO,, and CO, but lines with intensity
less than 107 cm ™' (molecule cm *) ' are excluded to
save computational time. The exclusion of such weak
lines has little influence on the results in this study
(not shown). The isotope ratios of Earth’s atmosphere
are assumed in this study. Cutoff widths of absorption
line calculation are assumed to be 250 cm ™' for CO,,
25 cm ' for H,0, and 100 cm ' for other species (Lee
et al. 2016). The results presented in this study are not
sensitive to the cutoff width. If the cutoff width for the
CO, is changed, for example, to 500 cm ', the chang-
es in radiative fluxes are less than 0.2 W m . Air-
broadened half width of H,O is multiplied by a factor
of 1.7 to consider effects of collisions with CO,
(Fedorova et al. 2008). The MT CKD model (Mlawer
et al. 2012) is used to evaluate continuum absorption
by H,0. In addition, CIAs of CO,, and SO, absorption
described as “absorption cross section” are included
(Tables 2, 3). Rayleigh scattering is considered as
described in Section 2.3.

In the calculation, the vertical atmospheric profiles
for temperature, composition, cloud, and “UV absorb-
er” are specified based on observations. The specified
composition includes H,0O, CO,, SO,, CO, HF, OCS,
and N,. The assumed cloud is composed of four kinds
of particles, i.e., modes 1, 2, 2°, and 3, which have
different particle sizes. In addition, the UV absorber
is assumed to distribute around cloud top. Almost the
half of the absorption of solar radiation is caused by
the UV absorber, but its composition is not yet deter-
mined (Crisp 1986).

The vertical temperature profile is specified based
on the low latitude profile of the VIRA [Venus Interna-
tional Reference Atmosphere; Seiff et al. (1985)] (Fig.
la). Two vertical profiles of atmospheric composition
are prepared to check sensitivity. In the profile named
A, volume mixing ratios of H,O, CO,, and SO, are ad-
opted from Crisp (1986), and those of CO, HF, OCS,

Vol. 101, No. 1

Table 3. “Absorption cross sections” of SO,.

references

Hermans et al. (2009)
Freeman et al. (1984)

wavenumber (cm ")

23995-43985
43985-51000

Table 4. Parameters of planetary atmospheres used in cal-
culations.

Plancts gravitational specific heat at constant
acceleration (ms ) pressure (JK ' kg™)
Mars 3.72 746.7
Venus 8.9 837.6

and N,, are adopted from Pollack et al. (1993) (Fig.
2a). In the profile named B, volume mixing ratios of
all gases are adopted from Pollack et al. (1993) (Fig.
2b). This means that the differences between two
profiles are volume mixing ratios of H,O, CO,, and
SO,, and the CO, volume mixing ratio in profile A,
0.960, is slightly different from that in profile B, 0.965.
Hereafter, the calculations with the profile A and with
the profile B are referred to as Case V, and Case Vy,
respectively. Mass mixing ratios of cloud and UV
absorber are adopted from Crisp (1986) (Fig. 1b)
Optical properties of those cloud are obtained from
Crisp (1986, 1989). In this study, radiation fields with
one cloud model described above is focused, although
the other cloud models such as those by Zasova et al.
(2007) and Haus et al. (2013) have been proposed.
The sensitivity of the radiation fields on the cloud
model, as was shown by Lebonnois et al. (2015), is an
interesting future work.

The incident solar radiation flux at the top of the
atmosphere is assumed to be 2635 W m . Solar
flux spectrum of Gueymard (2004) is used for the
calculation. Surface albedo is set to 0.05 in wave-
number larger than 7700 cm ™', and is zero in smaller
wavenumber range. This albedo spectrum is a sim-
plification of observed one shown in Golovin et al.
(1983). Gravitational acceleration and specific heat at
constant pressure are listed in Table 4. Line-by-line
calculations with wavenumber resolution of 0.1 cm '
are performed with 80 atmospheric layers (81 levels)
up to 2.66 Pa pressure level based on the VIRA.
Wavenumber resolution of 0.1 cm™' is not enough to
resolve all absorption lines fully. But, it is enough in
comparing the results with available observations, and
in constructing the correlated k-distribution model for
Venus.

From Fig. 3 to Fig. 7, results of Venus calculations
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(Pa) (a) (Pa) (b)
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Fig. 1. Vertical profiles used in Venus calculation: (a) temperature and (b) mass mixing ratios of cloud and UV ab-

sorber.
P (@) *a (B)
100 T T T T T T T T 100 T T T T T T T T
100 F E 100 F E
102F E 102F E
S E E 3 E =

o 10 o 10

3 3

n [7]

[} [}

[ [

010t 1 o go¢f E
105F E 105F E
108F E 108 ‘ E
1 7 1 1 1 I/ 1 1 1 1 1 ‘ 1 1 1

o 1 1
10— 10-% 10-7 10-¢ 10-5 10-* 10-3 10-2 10-!' 10°
Volume mixing ratio m

107 1 1
10— 10-% 10-7 10-® 10-5 10-* 10-3 10-2 10~ 10°
Volume mixing ratio m

Fig. 2. Vertical profiles used in Venus calculation: gas volume mixing ratios for (a) Case V, and (b) Case V.

are presented. The radiation fields calculated by our
model show features similar to those revealed by
observations as follows. Figure 3 shows longwave net
flux profiles calculated by our model and the fluxes
observed by the Pioneer Venus probes (Revercomb

et al. 1985). Calculated fluxes for Cases V, and V,
are both within the range of the observed values.
Range of the observed net flux is considered to be
caused by latitudinal variation of water vapor amount
(Revercomb et al. 1985). It is qualitatively consistent
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Fig. 3.

80 100 120 140 160
W m-2)

Longwave net flux profile obtained by the line-by-line calculation for Venus. Red and green lines show

fluxes obtained from Cases V, and Vy, respectively. Hatched regions show net flux observed by the Pioneer Venus

probes (Revercomb et al. 1985).

(Pa)
10‘ T T T

pressure

observation: upward flux
observation: d flux
Case Va: upward flux

Case Va: downward flux
Case Vg: upward flux

Case Vg: downward flux

1 1
0 50 100 150 200

radiative flux

1 1 1 1
250 300 350 400 450 500

W m-2)

Fig. 4. Upward and downward shortwave (0.4—1.0 um) radiative flux profiles at the solar zenith angle of 65.6° ob-
tained by the line-by-line calculation for Venus. Red and green lines show profiles obtained from Cases V, and Vy,
respectively. Black lines show fluxes observed by the Pioneer Venus probe (Tomasko et al. 1980a). Thin and thick

lines show upward and downward fluxes, respectively.

with our results, in which radiative flux would vary
if atmospheric water vapor abundance varies as large
as several hundreds ppmv. Figure 4 shows shortwave
(0.4—1.0 um) flux profiles at a solar zenith angle of
65.6° calculated by our model and the fluxes observed
by the Pioneer Venus probe (Tomasko et al. 1980a).
The fluxes for Cases V, and Vy are well agreed with
observations over almost all altitude though the fluxes
for Case Vy, are slightly larger than those for Case V,.
Figure 5 shows net shortwave flux at the surface as a
function of solar zenith angle calculated by our model

and the fluxes observed by several missions (Marov
et al. 1973; Moroz et al. 1985). Although the observed
values are scattered largely, general trend of the solar
zenith angle dependence is reproduced by our model.
Figure 6 shows planetary albedo spectra calculated by
our model and observed albedos (Moroz et al. 1985).
Gross feature of observed wavelength dependence
of albedo is represented by our model in visible and
near infrared region in Case V,, though the calculated
albedo in near infrared region is slightly lower than
observed value. Albedo in Case Vj is almost the same
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Fig. 5. Solar zenith angle dependence of net shortwave radiative flux at the surface obtained by the line-by-line cal-
culation for Venus. Red and green lines show fluxes obtained from Cases V, and Vy, respectively. Plus (+) markers
show fluxes observed by several missions (Marov et al. 1973; Moroz et al. 1985). It is noted that the downward is
positive.
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Fig. 6. Wavelength dependence of planetary albedo obtained by the line-by-line calculation for Venus. Red and
green lines show albedos obtained from Cases V, and V, respectively. Running averaged values with 500 cm™
interval are plotted. Plus (+) markers show observed albedo (Moroz et al. 1985).

as that in Case V,, except for wavelength shorter than ~ flux spectra at the top of the atmosphere in nightside.
0.35 pm. In this shorter wavelength region, albedo in ~ Thermal emission windows in the near infrared wave-
Case Vy, is larger than that in Case V, and observation.  lengths observed by ground-based and spacecraft
This is attributed to the low SO, concentration. Figure ~ observations (e.g., Allen and Crawford 1984; Titov
7 shows the calculated near infrared upward radiative et al. 2007) are well reproduced.
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Fig. 7. Nightside near infrared upward radiative flux at the top of the atmosphere obtained by the line-by-line calcu-
lation for Venus. Red and green lines show fluxes obtained from Cases V, and Vy, respectively. Running averaged

values with 10 cm ™' interval are plotted.

4.2 k-distribution table

We generate a k-distribution table for Venus by
using the line-by-line model described in Section 4.1.
The composition profile of Venus atmosphere here is
fixed to be that of Case V, (Fig. 2a) described in Sec-
tion 4.1. This means that the key species of the table
is a virtual gas whose optical properties are the same
as those of Venus atmosphere with assumed composi-
tion. The distribution of cloud used in the line-by-line
calculations described in Section 4.1 (Fig. 1b) is used
to evaluate the errors of a correlated A-distribution
model. In this study, the developed correlated &-
distribution model is evaluated based on the RMSEs
of radiative fields compared to those of the line-by-
line model over all altitude ranges, and the value of
target accuracy for Venus is set to ~2 x 10* W m”
for flux convergence of planetary radiation. The target
is based on an uncertainty of the radiation model
developed by Eymet et al. (2009). It is one of the
pioneering models in a successful application to GCM
simulations of Venus atmosphere (e.g., Lebonnois
et al. 2010). In the following, the k-distribution table
generated for Venus is described. The details of the
generation process can be found in supplementary
materials.

The generated k-distribution table has 26 bands and
variable number of integration points for each band as
is shown in Table 5. The k-distributions are generated
at grids of 91 pressure values from 10" Pa to 10° Pa
with interval of A(log,, p) = 0.1 and zero Pa, and 17
temperature values from 100 K to 900 K with interval
of AT =50 K.

[ NS NS T S )
wn A W

Table 5. k-distribution table setting for Venus correlated
k-distribution model. IP stands for integration point.
band wavenumber number of IPs  number of IPs

number  range (cm ') in 0—0.98 in 0.98—1
1 10— 255 6 1
2 255— 500 6 1
3 500— 600 6 1
4 600— 700 6 1
5 700— 840 6 1
6 840— 980 4 1
7 980— 1185 4 1
8 1185— 1390 4 1
9 1390— 1595 4 1
10 1595— 1800 4 1
11 1800— 2025 4 1
12 2025— 2250 4 1
13 2250- 2750 6 1
14 2750— 3250 6 1
15 3250- 4200 6 4
16 4200—- 5150 6 4
17 5150— 6425 6 4
18 6425— 7700 6 4
19 7700-10275 6 4
20 6 4
21 4 1

4 1
4 1
4 1
4 1
1 1

[\
[e)}

10275-12850
12850-17750
17750-22650
22650-25825
25825-29000
29000-39500
39500-50000
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Fig. 8. Upward and downward radiative fluxes (a, e, and b, f), flux convergences (c, g), and temperature tendencies (d,

h) obtained by the line-by-line calculation (black) and the k-distribution calculation (red) for Venus atmosphere.
Panels a—d for planetary radiation and panels e—h for solar radiation.

Figure 8 shows comparison of global mean radiative
fluxes, flux convergences, and temperature tendencies
between the line-by-line calculation and the k-distri-
bution calculation with the generated table. In order to
evaluate the global mean of solar radiation flux, radia-
tive fluxes are calculated at two solar zenith angles of
37.9° and 77.8°, and are averaged, and halved consid-
ering the non-contribution of nightside. It is noted that
those solar zenith angles correspond to points required
for the Gaussian quadrature for dayside. Incident solar
radiation flux, its spectrum, and surface albedo are the
same as those described in Section 4.1. The results of
the k-distribution calculation are very close to those
of the line-by-line calculation. The RMSEs evaluated
over all altitude ranges are shown in Table 6. The
RMSE of the flux convergence in planetary radiation
is smaller than the value of target accuracy set in this
study.

4.3 Radiation field for the VIRA
Radiative fluxes at the top of the atmosphere and

Table 6. RMSEs of upward (Up) and downward (Dn)
fluxes, flux convergences (FIxCnv), and temperature
tendencies (Tend) for planetary radiation (PR) and solar
radiation (SR) in the Venus calculation. Units of fluxes,
flux convergences, and temperature tendencies are W m ™,
Wm”, Ks ', respectively.

RMSE
UpPR 1.36x 107"
DnPR 2.16 x 10"
FIxCnvPR 8.95x10°
TendPR 2.23x10°
UpSR 484 %10
DnSR 4.11x10"
FIxCnvSR 7.60 x 107
TendSR 142 %107

the surface, the vertical and the meridional distri-
butions of radiative heating rate for the VIRA are
evaluated by the use of our correlated k-distribution
model. Temperature is horizontally uniform below
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Table 7. Global mean radiative fluxes for the VIRA. Up
and Dn stand for upward and downward, respectively,
PR and SR stand for planetary radiation and solar radi-
ation, respectively. TOA and Sfc stand for the top of the
atmosphere and the surface, respectively. Unit is W m >,

UpPR DnPR UpSR DnSR
TOA 154.3 — 500.5 656.9
Sfc 16575.8 16567.9 0.8 16.5

8 x 10° Pa level (about 32 km altitude). Around 10*
Pa level (about 64 km altitude), a minimum which is
known as “cold collar” is found in middle latitude.
Temperature increases with increasing latitude above
about 10° Pa level (about 76 km altitude). In the
calculations, meridional distribution of temperature
is obtained from the VIRA and the temperature is
assumed to be zonally uniform. The distributions of
gas and cloud are assumed to be horizontally uniform
with the vertical profiles described in Section 4.1. The
vertical distribution of gas is that of Case V, (Fig. 2a).
In order to evaluate the diurnal mean of solar radiation
flux, radiative fluxes are calculated at two hour angles
of 19.0° and 71.0°, and are averaged, and halved con-
sidering the non-contribution of nightside.

Table 7 shows global mean radiative fluxes at the
top of the atmosphere and the surface for the VIRA
obtained by the k-distribution calculation. Although
we used the distributions of composition and cloud,
and the optical properties described in Section 4.1
without any tuning, the calculated global mean values
are close to observed values. The calculated outgoing
planetary radiation is 154.3 W m °, which agrees with
observation (157.0 + 6.9 W m ) (Schofield and Taylor

W m?) (q) flux @ TOA

Vol. 101, No. 1

1982). The calculated solar radiation absorbed by the
surface is 16.5 W m °, which agrees well with obser-
vation (~ 17 W m™) (Tomasko et al. 1980a). The cal-
culated planetary albedo (= UpSR/DnSR at TOA) is
0.76, which is not far from the observed value (~ 0.80
+ 0.02) (Tomasko et al. 1980b), and agrees well with
an estimation based on a radiative-convective equilib-
rium calculation (0.76) (Read et al. 2016).

Figure 9 shows meridional distributions of diurnal
mean net radiative fluxes at the top of the atmosphere
and the surface for the VIRA. Planetary radiation flux
at the top of the atmosphere is almost uniform with
a slight decrease and a slight increase in middle and
high latitudes, respectively, while solar radiation flux
decreases monotonically from the equator to the pole.
These distributions are consistent with observations
(e.g., Taylor et al. 1983; Schubert 1983), though the
composition and the cloud are assumed to be horizon-
tally uniform in this calculation. Our result shows that
the solar radiation flux absorbed by the surface is 22
W m” at the equator.

Figures 10—13 show temperature tendencies and
flux convergences for the VIRA calculated by the
models developed in this study. In the followings,
it is demonstrated that the model developed in this
study behaves well by describing that the features of
the tendency distributions obtained by our model are
overall in agreement with those presented by previous
studies (e.g., Lebonnois et al. 2015; Haus et al. 2015).
Figure 10 shows vertical profiles of global mean
temperature tendency and flux convergence for the
VIRA. Just above the surface, there is a shallow layer
of 1-2 km thickness, 1-2 model layers, with intense
planetary radiation cooling (Fig. 10b). Above the layer
up to about 10° Pa level, the atmosphere is heated by
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Meridional distributions of diurnal mean radiative fluxes at the top of the atmosphere (a) and the surface (b)

for the VIRA. Red and blue lines show net planetary radiation flux and net solar radiation flux, respectively. Posi-
tive is upward for planetary radiation and is downward for solar radiation.
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Fig. 10. Global mean temperature tendencies (a) and flux convergences (b) for the VIRA. Red and blue lines show
values of planetary radiation and solar radiation heating, respectively.

solar radiation absorption with intensity of about 2 X
10° W m . The layer is cooled by planetary radiation
in average, though the cooling rate profile shows
fluctuation due to very small temperature fluctuation
of the VIRA. Around 10’ Pa level, at cloud base, there
is a thin layer with intense planetary radiation heating
which is caused by the absorption of radiation emitted
by the lower layers (Lebonnois et al. 2015). Above the
layer, the atmosphere is heated by solar radiation with
a bump around 10" Pa level due to the presence of UV
absorber (Lebonnois et al. 2015; Haus et al. 2015).
Figure 11 shows meridional distributions of tem-
perature tendency for the VIRA. Above about 10° Pa
level (about 50 km altitude), there appears a region of
planetary radiation cooling of the amount of 10—18
K day ' in high latitudes. This strong planetary radi-
ation cooling occurs because of temperature in high
latitude higher than that in low latitude above the
poleward region of “cold collar”. Total temperature
tendency is positive in low latitude around 10* Pa
level and above about 10’ Pa level. These features are
similar to those presented by Haus et al. (2015).
Figures 12 and 13 show radiative temperature
tendency spectra as a function of altitude for planetary
radiation and solar radiation, respectively. These are
evaluated by the use of our line-by-line model for low
latitude temperature profile of the VIRA at the con-
dition of zero solar zenith angle. In Fig. 12, cooling

appears in the wide range of altitudes in the thermal
infrared wavelengths; the most intense one appears
above about 10’ Pa level caused by CO, 15 pm band.
At the bottom of the cloud layer around 10° Pa level,
heating occurs in near infrared wavelengths. This is a
spectral appearance of global mean planetary radiation
heating caused by absorption of radiation emitted
from the hot lower atmosphere (Fig. 10). Figure 13
indicates that solar radiation heating in cloud layer
mainly occurs due to absorption of solar visible radi-
ation around 10* Pa level, where UV absorber layer
is located (Fig. 1b). This heating causes the bump
found in Figs. 10 and 11. Solar near infrared radiation
contributes heating in a wide range of altitude in
and above the cloud layer. These features are also
consistent with those presented by previous studies
(Lebonnois et al. 2015; Haus et al. 2015).

4.4  Radiative-convective equilibrium

A simple one dimensional radiative-convective
model with the correlated A-distribution model
described above as the radiative transfer model is
integrated to obtain the equilibrium structures of the
atmosphere under the conditions of Venus. The dry
convective adjustment is applied when the lapse rate
is greater than the dry adiabatic lapse rate. In this
study, a constant dry adiabatic lapse rate is used in the
adjustment. In addition, a weak vertical filter of simple
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Meridional distributions of diurnal mean temperature tendency for the VIRA: (a) planetary radiation, (b)

solar radiation, and (c) total. Contour interval is 2 K day ', and thick contour indicates zero.

second-order diffusion form with a coefficient of 10>
is included in the model to avoid vertical two-grid in-
terval noise. The two-grid interval noise occurs in the
case with the vertical layer arrangement which does
not fit the boundary of the surface convection layer. It
was checked that the thermal structure obtained with
the filter is compared well with that obtained with ver-
tical layer arrangement adjusted to fit the convection
layer and without the filter. The surface temperature
is assumed to be the same as that of atmosphere just
above the surface due to the convection. Incident solar
radiation flux, its spectrum, and surface albedo are
the same as those described in Section 4.1. In order
to emulate the global mean structure, the global mean
solar radiation fluxes are evaluated with the method
same as that described in Section 4.2. The values of
gravitational acceleration and specific heat at constant
pressure are listed in Table 4. The initial condition is
adopted from the low latitude profile of the VIRA. In
the time integration, the vertical profiles of composi-
tion and cloud are fixed to those described in Section

4.1. Calculations are performed for both of gas com-
position profiles shown in Fig. 2. Two calculations are
referred to as Case V, and Case Vj as in Section 4.1.
In the Case Vy, a k-distribution table generated in the
same manner as that for Case V, is used. The model
has 80 atmospheric layers (81 levels), which are the
same as those of radiative calculations in Section 4.1.

After the model is integrated for 1-2 x 10° Earth
days, the model atmospheres are regarded to reach
their equilibrium states. Table 8 shows global mean
radiative fluxes at the top of the atmosphere and the
surface in the equilibrium states. Except for the plane-
tary radiation fluxes at the surface, radiative fluxes in
radiative-convective equilibrium are within the range
of 10 W m* or less from those for the VIRA (Table 7).
The values of outgoing planetary radiation and solar
radiation absorbed by the surface are close to observed
ones, especially for Case V, (see Section 4.3).

Figure 14 shows the temperature, the temperature
difference from the VIRA, and the static stability in
the equilibrium states. Temperature tendencies and
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Table 8. Same as Table 7, but for the radiative-convective equilibrium profiles of Venus.

Case V,, Case Vg
UpPR DnPR UpSR DnSR UpPR DnPR UpSR DnSR
TOA 157.2 — 501.7 658.8 150.9 — 508.0 658.7
Sfc 16098.7 16088.4 0.8 16.7 16816.3 16805.8 0.9 17.6

flux convergences in the equilibrium states are shown  with the VIRA should be made carefully, especially
in Fig. 15. It should be noticed that the static stability ~ for the lower atmosphere because the adiabatic lapse
profiles shown in Fig. 14c are estimated by the use of  rate is assumed to be constant in the radiative-con-
the adiabatic lapse rate of the VIRA, not the constant  vective model. We can still recognize several features
adiabatic lapse rate used in the model. Comparison  in the radiative-convective equilibrium profiles, such
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as a convection layer in middle atmosphere and a
highly stable layer below it, which resemble those
of the VIRA and radiative-convective equilibrium
calculations performed by previous studies (Lee and
Richardson 2011; Lebonnois et al. 2015; Mendonga
et al. 2015). The equilibrated surface temperature is
730 K, and is not far from the observed values, but
it would be affected by the assumption of the model,
such as constant specific heat. The sensitivity of the
surface temperature on the thermodynamics properties
is a target of our next study. A layer whose stability
is diagnosed as negative is found around 10° Pa level
(about 55 km altitude) (Fig. 14c). This layer is neutral
with respect to the adiabatic lapse rate estimated with
the constant specific heat and the ideal gas law. This
is generated by convective adjustment caused by near
infrared heating at the bottom of cloud layer (Fig. 12).
The existence of the convective layer is well-known
and is robustly seen both in all observations (e.g.,
Seiff et al. 1980; Ando et al. 2020) and in previous
model calculations (e.g., Lee and Richardson 2011;
Lebonnois et al. 2015).

In addition to the layer with negative stability
around 10’ Pa level, two layers with negative stability
are found in Fig. 14c. One of those is found just
above the surface. This layer is neutral with respect
to the adiabatic lapse rate estimated with the constant
specific heat and the ideal gas law, and is generated
by convective adjustment caused by imbalance of
surface radiative energy budget. The layer is shallow
and its thickness is one model layer (1 km). This layer
reminds us of the convective surface layer found in
a GCM simulation by Lebonnois et al. (2018). The
other layer is found around 10° Pa level (about 29 km
altitude), only in Case Vj. Actually, this layer is stable
with respect to the adiabatic lapse rate estimated with
the constant specific heat and the ideal gas law, and
the layer is in radiative equilibrium with the solar
radiation heating of 3—4 x 10™* W m (Fig. 15b).

It can be observed in Figs. 14 and 15 that the over-
all structures for Case Vy is similar to those for Case
V.. However, in the lower atmosphere, the stability
for Case Vy is less than that of Case V,. The major
difference in lower atmospheric composition between
two cases is the amount of H,O. The thickness of
the convective layer around 10° Pa is also different
between two cases. The convection layer in Case V,
is thicker than that in Case V. The major differences
in composition around this altitude are the amounts
of H,0 and SO,. Our result indicates that the thermal
structure of the lower and middle atmosphere of
Venus are sensitive to the amounts of H,O and SO.,.
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The assumptions of constant specific heat on constant
pressure and equation of state for ideal gas may also
affect the calculated thermal structure. The depen-
dence of thermal structure on compositional varieties
and thermodynamic properties will be investigated in
near future.

5. Application to Mars

In this section, application of our radiation models
to Mars is described.

5.1 Line-by-line model calculation

Line-by-line calculations for Mars atmosphere are
performed in three conditions which cover a surface
pressure range from 6 hPa (present Mars) to 2 bar
(possible early Mars), and the results are compared
with those of other models to validate the model. Line
absorption parameters used in calculations for the
Mars atmosphere are obtained from HITRAN2012
(Rothman et al. 2013). The isotope ratios of Earth’s
atmosphere are assumed in this study. Cutoff widths of
absorption line calculation are assumed to be 500 cm '
and 25 cm' for CO, and other species, respectively.
The cutoff width for CO, follows that of Wordsworth
et al. (2010). Air-broadened half width of H,O is multi-
plied by a factor of 1.7 to consider effects of collisions
with CO, (Fedorova et al. 2008). The MT _CKD model
(Mlawer et al. 2012) is used to evaluate continuum
absorption by H,O. In addition, CIAs of CO, is includ-
ed (Table 2). Rayleigh scattering is considered as de-
scribed in Section 2.3. Gravitational acceleration and
specific heat at constant pressure are listed in Table 4.

a. 6 hPa atmosphere

We use the present Mars conditions described by
Mischna et al. (2012). They are clear-sky 6 hPa dry
and moist atmospheres with surface temperature of
250 K (Fig. 16). Atmosphere is composed of 95.3 %
CO,, given amount of H,0, and radiatively inert N,.
The incident solar radiation flux is assumed to be
588.8 W m” to have the same incident flux as Mischna
et al. (2012). Solar flux spectrum of Gueymard
(2004) is used for the calculation. Solar zenith angle is
60°. Surface albedo is set to 0.2 in wavenumber larger
than 2222 ¢cm ' and is zero in smaller wavenumber
range following Mischna et al. (2012). Line-by-line
calculations with wavenumber resolution of 0.01
cm ' are performed with 101 atmospheric layers (102
levels) up to 4.2 x 10°° Pa pressure level. As is in the
Venus case, wavenumber resolution of 0.01 cm™' is
enough in this study, although all absorption lines
cannot be resolved fully. The atmospheric layers are
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Fig. 16. Vertical profiles of temperature and H,0O volume mixing ratio used in calculations for Mars atmosphere.
Red, green, and blue lines show profiles for 6 hPa, 500 hPa, and 2 bar atmospheres, respectively.

adopted following Mischna et al. (2012) except for
one additional layer at the top of the atmosphere in
order to calculate fluxes in the upper layer more accu-
rately.

Figure 17 shows radiative fluxes and temperature
tendencies for 6 hPa Mars moist atmosphere cal-
culated by our model. The results of other models
shown by Mischna et al. (2012) are also plotted for
comparison, by the use of the data provided by them.
The radiation models used in comparison are two cor-
related k-distribution models of Mischna et al. (2012)
(KDM) and the NASA Ames research center (Haberle
et al. 2019) (Ames), a model of Kasting group (Kasting
1991; Pavlov et al. 2000; Haqqg-Misra et al. 2008)
(Kasting), and the LBLRTM (Clough et al. 2005)
only for longwave. As for correlated k-distribution
models of KDM and Ames, k-distribution tables were
exchanged and sensitivity was checked. In addition,
another radiative transfer equation solver, TWOSTR
(Kylling et al. 1995), was also used to check sensitivi-
ty of the results. Here, following Mischna et al. (2012),
longwave and shortwave stand for 10-2222 ¢cm ™' and
2222-41666 cm ', respectively. The radiative fluxes
and temperature tendencies calculated by our model
are within the range of results of various models. Our
results are close to those of two correlated k-distri-
bution models, i.e., KDM and Ames, for longwave

radiation, and are between the results of the correlated
k-distribution models and the Kasting model for short-
wave radiation. Absorption of shortwave radiation in
our model is slightly larger than those of the correlated
k-distribution models, but the differences are less than
1 %. It may be noticed that the longwave tempera-
ture tendency of the LBLRTM is not shown above
2 Pa pressure level. This is because the longwave
temperature tendency is inconsistent with the flux
convergence in the altitude region with some reason.
The radiation fields for 6 hPa Mars dry atmosphere
are similar to those for 6 hPa Mars moist atmosphere,
except for the region just above the ground due to the
different optical thickness. The results calculated by
our model compare with those by other models, in the
similar way as moist atmosphere case, and are shown
in supplementary materials.

b. 500 hPa atmosphere

We use the early Mars conditions described by
Mischna et al. (2012). They are clear-sky 500 hPa dry
and moist atmospheres with surface temperature of
250 K (Fig. 16). Atmospheric composition is the same
as those of 6 hPa atmosphere cases in view of volume
mixing ratio profile as a function of normalized pres-
sure. The incident solar radiation flux is assumed to
be 441.6 W m °, which is 75 % of the present value
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Fig. 17. Upward and downward radiative fluxes and temperature tendencies calculated for the 6 hPa Mars moist

atmosphere. Panels a—c show fluxes and temperature tendencies of longwave, and d—f show those of shortwave.
Panels a and d show upward fluxes, b and e show downward fluxes, and ¢ and f show temperature tendencies. The
Ames/Ames, Ames/KDM, KDM/Ames, KDM/KDM, TWOSTR/Ames, TWOSTR/KDM stand for combination
of different radiative transfer equation solver and different k-distribution table. First and second symbols stand for
radiative transfer equation solver and k-distribution table, respectively. The unit “K/sol” stands for the temperature

change during a Martian solar day.

to consider the faint young Sun and results in the
same incident flux as Mischna et al. (2012). Solar
flux spectrum, solar zenith angle, and surface albedo
are the same as those used in the 6 hPa atmosphere
case (Section 5.1a). Line-by-line calculations with
wavenumber resolution of 0.01 cm ' are performed
with 100 atmospheric layers (101 levels) up to 8.5 x
10" Pa pressure level based on the profile shown by
Mischna et al. (2012).

Figure 18 shows radiative fluxes and temperature
tendencies for 500 hPa Mars moist atmosphere calcu-
lated by our model and other models. The results of
the other models for the 500 hPa atmosphere spread
more than those for 6 hPa atmosphere. Radiative

fluxes calculated by our model is close to those of the
Kasting model and are less than those of the correlat-
ed k-distribution models. As Haqq-Misra et al. (2008)
discussed in the intercomparison of radiation models
in an early Earth-like condition, the differences in
radiation field can arise from a number of factors,
such as a different numerical technique and a different
treatment of H,O continuum, and so on. These factors
would contribute to the differences between various
models shown in Fig. 18. For example, in the Kasting
model, the radiative transfer equation is solved by the
use of the same method as our model (Pavlov et al.
2000). This would partially explain that our results are
close to those by the Kasting model. The results for
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Fig. 18. Same as Fig. 17, but for the 500 hPa Mars moist atmosphere.

500 hPa Mars dry atmosphere is shown in supplemen-
tary materials.

c. 2 bar atmosphere

We use the early Mars condition described by
Wordsworth et al. (2010). It is clear-sky 2 bar dry
atmosphere composed of pure CO, with surface
temperature of 250 K. The temperature profile is com-
posed of three layers, a dry adiabatic layer, a CO, sat-
urated layer, and an isothermal stratosphere of 167 K
up to 2 Pa pressure level (Fig. 16). The condensation
temperature of CO, is calculated with the equations
used by Kasting (1991). The incident solar radiation
flux is the same as that in the 500 hPa atmosphere
case. Solar flux spectrum, solar zenith angle, and
surface albedo are the same as those used in the 6 hPa
and the 500 hPa atmosphere cases (Sections 5.1a and
5.1b) except that the surface albedo changes at 2600
cm ', which is one of band boundaries to be set in a
correlated k-distribution model described below. Line-

by-line calculation with wavenumber resolution of
0.01 cm ' is performed with 46 atmospheric layers (47
levels) up to 2 Pa pressure level with layer thickness
of 0.2 scale height.

Planetary radiation fluxes calculated by our model,
Wordsworth et al. (2010), and Ramirez et al. (2014)
are shown in Table 9. The radiative fluxes by our
model differ from those by Wordsworth et al. (2010)
and Ramirez et al. (2014) by 1-8 W m . It should
be noticed that Wordsworth et al. (2010) calculated
the radiative flux for the pure CO, atmosphere, while
Ramirez et al. (2014) calculated that for an atmosphere
with 95 % CO, and 5 % N,. However, this composi-
tional difference does not have an important impact
on the results. In fact, we confirmed by calculating the
radiative flux for the atmosphere with 95 % CO, that
the 5 % difference in CO, volume mixing ratio results
in radiative flux difference less than 1 W m >. We also
confirm the effect of source function technique (Toon
et al. 1989) by calculating the flux without using the
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Table 9. Planetary radiation fluxes in the 2 bar pure CO,
Mars atmosphere calculations. DnPR@SFC and UpPR@
TOA stand for downward flux at the surface and upward
flux at the top of the atmosphere, respectively. Unit is
Wm?

DnPR@SFC  UpPR@TOA

This study 177.6 93.7
This study but no SFT 182.0 90.5
Wordsworth et al. (2010) - 88.2
Ramirez et al. (2014) 185.1 88.2
SMART* 178.4 88.4

* The values are shown in Ramirez et al. (2014).

method [no SFT (source function technique) in Table
9]. The fluxes calculated without source function
technique are closer to those by previous studies. The
difference between the fluxes calculated with and
without the source function technique is caused by
the discretization of the radiative transfer calculation,
since the source function technique was developed to
increase the accuracy for a non-scattering atmosphere
by integrating a part of the radiative transfer equation
analytically. The method by Toon et al. (1989) is
widely used in simulations of Martian atmosphere. It
should be noticed that a choice of radiative transfer
equation solver may cause uncertainty of ~5 W m .

5.2 k-distribution table

We generate a k-distribution table for Mars by
using the line-by-line model described in Section 5.1.
In order to treat variable amount of CO, and water
vapor, accurately, those molecules are treated as key
species. Gas absorption line parameters and Rayleigh
scattering coefficients used to develop a correlated
k-distribution model for Mars are the same as those
described in Section 5.1. As is the case for Venus,
the correlated k-distribution model developed in this
study is evaluated based on the RMSEs of radiative
fields compared to those of the line-by-line model
over all altitude ranges for the 500 hPa moist atmo-
sphere described in Section 5.1b. The values of target
accuracy for Mars are set to the altitude-averaged
half widths between minima and maxima of radiative
fluxes and temperature tendencies of other models
shown in Section 5.1b. The half widths are 5.8 W m 2,
1.9Wm?, 1.3 x10° K s for upward and downward
fluxes, and temperature tendency for planetary radi-
ation, respectively, and 1.3 Wm™>, 7.4 x 10" W m >,
42 x 10° K s, for those for solar radiation. In the
followings, the k-distribution table generated for Mars
in this study is described. The details of the generation
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Table 10. k-distribution table setting for Mars correlated
k-distribution model. IP stands for integration point.

band wavenumber number of IPs  number of IPs
number  range (cm ') in 0—0.98 in 0.98—1
1 10— 150 8 8
2 150—- 350 8 8
3 350— 500 8 8
4 500— 630 8 8
5 630— 700 8 8
6 700— 820 8 8
7 820— 1180 8 8
8 1180— 1660 8 8
9 1660— 2080 8 8
10 2080— 2600 8 8
11 2600— 3250 8 8
12 3250— 4000 8 8
13 4000— 5150 8 8
14 5150— 7700 8 8
15 7700-12850 8 8
16 12850—-16000 1 1
17 16000-22650 1 1
18 22650-29000 1 1
19 29000-38000 1 1
20 38000—50000 1 1

process can be found in supplementary materials.

The generated k-distribution table has 20 bands and
variable number of integration points for each band as
is shown in Table 10. The -distributions are generated
at grids of 39 pressure values from 10 * Pa to 10* Pa
with interval of A(log,, p) = 1, from 10* Pa to 10’ Pa
with interval of A(log,, p) = 0.1 and zero Pa, and 16
temperature values from 100 K to 400 K with interval
of AT = 20 K, 13 H,O volume mixing ratio values
from 107 to 10" with interval of A(log,, o) = 0.5
and zero, and 3 CO, volume mixing ratio values of 0.9,
0.95, and 1.0.

Figures 19 shows comparison of global mean
radiative fluxes, flux convergences, and temperature
tendencies for the 500 hPa moist atmosphere between
the line-by-line calculation and k-distribution calcu-
lations with the generated table. Global mean of solar
radiation flux is calculated in the same manner as in
Section 4.2. Incident solar radiation flux, its spectrum,
and surface albedo are the same as those described
in Section 5.1b. The results of the k-distribution
calculation are very close to those of the line-by-line
calculation. The RMSEs in this case are smaller than
the values of target accuracy set in this study (Table
11).

Finally, by the use of the generated table, it is
checked that the radiative fluxes and temperature
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Fig. 19. Upward and downward radiative fluxes (a, ¢ and b, f), flux convergences (c, g), and temperature tendencies
(d, h) obtained by the line-by-line calculation (black) and the k-distribution calculation (red) for the 500 hPa Mars
moist atmosphere. Panels a—d for planetary radiation and panels e—h for solar radiation.

Table 11. Same as Table 6, but for k-distribution calcula-
tion for 500 hPa Mars moist atmosphere.
RMSE

UpPR 1.12
DnPR 9.40 x 10
FIxCnvPR 6.13x10°
TendPR 1.10x 107
UpSR 3.14x 10"
DnSR 1.87x 107"
FIxCnvSR 2.15x107°
TendSR 3.98x10°

tendencies by the k-distribution calculations are
within the range of those by other models in the con-
ditions of Sections 5.1a and 5.1b. The results of those
comparisons are shown in supplementary materials.
These results indicate that the developed correlated
k-distribution model for Mars reproduces the results
of the line-by-line model for atmospheres with a wide

surface pressure range.

5.3 Radiative-convective equilibrium

As is the case for the Venus, the equilibrium struc-
tures of the atmosphere are obtained by the use of a
simple one dimensional radiative-convective model
with the correlated k-distribution model described
above. Atmosphere is assumed to be dry in the altitude
region where the atmospheric temperature is higher
than the condensation temperature of CO,. The dry
convective adjustment is applied when the lapse rate
is greater than the dry adiabatic lapse rate. When the
atmospheric temperature decreases below the conden-
sation temperature of CO,, condensation is assumed
to occur to keep the temperature to be condensation
temperature. It is assumed that the condensate parti-
cles fall instantaneously to the underlying unsaturated
layer and sublimes there. CO, cloud is not considered.
The incident solar radiation flux is assumed to be
75 % of present value, i.e. 443.5 W m °. In order to
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emulate the global mean structure, the method same
as that described in Section 4.2 is used. Solar flux
spectrum and surface albedo are the same as those
described in Section 5.1c. Gravitational acceleration
and specific heat at constant pressure are listed in
Table 4. The atmospheric surface pressures given in
the calculations range from 10 Pa to 6 x 10° Pa. This
range covers the surface pressure of the present Mars
atmosphere to that of atmospheric collapse. Initial
atmospheric profile for integration is composed of two
or three layers depending on the surface pressure: a
dry adiabatic lower layer from the surface with surface
temperature of 250 K, a CO, saturated middle layer
if any, and an isothermal stratosphere of 167 K. The
number of layers (levels) used for calculation depends
on the surface pressure: 42 layers (43 levels) for cases
with surface pressures of 1, 2, 3, 6 x 10” Pa, 48 layers
(49 levels) for cases with surface pressures of 1, 2, 3,
6 x 10° Pa, 56 layers (57 levels) for cases with surface
pressures of 1, 2, 3, 6 x 10* Pa, and 63 layers (64
levels) for cases with surface pressures of 1, 2, 3, 6 %
10° Pa. For all cases, the layer thickness is set to 0.2
scale height.

Figure 20 shows the temperature profiles when
the model atmospheres are regarded to reach their
equilibrium states. CO, condensation temperature and
a line of 273.15 K are also shown for comparison.
Atmospheric temperature decreases with increasing
altitude up to about 10 Pa level, but it increases with
increasing altitude above the level. This temperature
increase in middle atmosphere is caused by absorption
of solar near infrared radiation. In cases with surface

pressure larger than 2 x 10* Pa, CO, condenses in the
atmosphere as shown by previous studies (e.g., Kast-
ing 1991). Figure 21 shows dependence of surface
temperature on surface pressure. This result compares
well with those by previous studies (e.g., Wordsworth
et al. 2010; Ramirez et al. 2014). Surface temperature
increases with increasing surface pressure up to 2 X
10° Pa, but it decreases above that due to Rayleigh
scattering (e.g., Kasting 1991). The effect of Rayleigh
scattering can be seen in temperature profiles shown
in Fig. 20. Temperature whose black body radiation
is equal to the outgoing planetary radiation for each
profile is also plotted as cross markers in the figure.
The black body temperature decreases with increasing
surface pressure. As a result, the surface temperature
remains far below 273.15 K for all cases in the range
of given surface pressure, as argued by the previous
studies.

6. Conclusions

In this paper, a set of a line-by-line and a correlated
k-distribution radiation models which are applicable
to various planetary atmospheres have been presented.
With the combination of these two radiation models,
both an accurate estimate of radiation spectra and a
rapid and qualified calculation of radiation field can
be ensured. Sequences of procedures to generate radi-
ation parameters for the models, to calculate radiation
fields by the models, and to verify those results have
been demonstrated.

The developed line-by-line model has been validat-
ed by comparing results with available observations



62 Journal of the Meteorological Society of Japan

Vol. 101, No. 1

280

270

260 -

250

240 -

230

surface temperature (K)

220 -

210

200 -

100 1000

10000 100000

surface pressure (Pa)

Fig. 21.
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culations for Mars. Long and short dashed lines show the CO, condensation temperature and a line of 273.15 K,

respectively.

and results of other models under conditions of Venus,
and present and possible early Mars. The radiation
fields calculated by our model agree well with the
observed values and are within the scattered ranges
of those of other preceding models. This means that
the model is applicable, by synthesizing the spectral
properties in the same manner as presented here, to a
wide range of conditions on various planets.

Then, the common procedure for -correlated
k-distribution models for Venus and Mars have been
developed based on optical properties calculated by
the line-by-line model. The A-distribution tables have
been generated with the evaluation of errors which are
generated when the numbers of bands and integration
points in each band are decreased and when the inter-
polations of k-distribution tables are used. We have
proposed, for our Venus and Mars settings, the num-
bers of bands and integration points, and grid intervals
of tables which produce the radiation fields with no
significant errors and actually within the uncertainty
of the previous models. The proposed numbers of
bands and integration points for Venus are 26 and 171,
respectively, and are not significantly different from
those by a previous study, e.g., 28 bands and total
224 points, respectively (Ikeda 2010). Those for Mars
are 20 and 250, respectively, and are not significantly
different from those by the previous study, e.g., 14
bands and total 448 points, respectively (Mischna
et al. 2012). We confirmed that these numbers of
bands and integration points determined by applying
our procedure are uniformly applicable for calculating
the radiation fields of various planetary atmospheres
in the vast parameter space ranging from the present

Mars to Venus. The number of bands can be reduced
according to the simplicity of the atmospheric com-
ponents. This is the reason that the number of bands
can be smaller for Mars than for Venus. Depending on
the problems to be concerned, there may be a room
for further optimization for these values. However, we
can at least guarantee that the errors increase signifi-
cantly if the numbers of bands and integration points
are halved or grid intervals of tables are doubled from
those presented in our work.

By the use of the developed correlated A-distribu-
tion models for Venus and Mars, the radiation field of
Venus has been evaluated, and the one-dimensional
radiative-convective equilibrium profiles for Venus
and Mars have been calculated. The evaluated radia-
tion field of Venus compares well with observations
and those presented by previous studies, although
evaluation here assumes horizontally uniform distribu-
tions of the composition and the cloud. The radiative-
convective equilibrium calculation for Venus shows
a thermal structure with a neutral layer correspond-
ing to the cloud layer which is observed in Venus
atmosphere. It has also been shown that stability in
the Venus lower atmosphere is stable and the value is
sensitive to the amount of water vapor. The radiative-
convective equilibrium calculation for Mars has shown
that surface pressure dependence of surface tem-
perature agrees well with those reported by previous
studies. These are the applications that demonstrate
the validity and usefulness of our correlated -
distribution models developed in this study. Espe-
cially, the systematic generation of k-distribution
tables and interpolation method work fairly well. The
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procedure presented here is vital in parameter study of
planetary atmospheres.

This paper has provided detailed descriptions on our
line-by-line model and our correlated k-distribution
model. Radiation fields in various planetary atmo-
spheres can be investigated by the use of these models.
One of the examples of application is implementation
of the correlated 4-distribution models into GCMs. We
are now carrying out researches in this direction. If
the computational cost for radiation calculation has to
be decreased further in the course of implementation
into GCMs, the numbers of bands and integration
points are decreased at the expense of accuracy with
reference to the numbers determined in this study as
standards. The models developed in this study will
be important basic tools to perform researches on
climates of planets in our solar system and plausible
exoplanets.

Data Availability Statement

The data generated and analyzed in this study are
available at the JMSJ’s J-STAGE Data site, https://
doi.org/10.34474/data.jmsj.21118705, except for those
already published elsewhere. Software developed
and used in this study and its newest versions will be
available from the web page of GFD Dennou Club,
https://www.gfd-dennou.org/.

Supplements

Supplement S1 describes details of optical proper-
ties in the line-by-line model. Supplement S2 presents
details of generation procedure of the k-distribution
table for Venus. Supplement S3 shows results of the
line-by-line calculations for Mars. Supplement S4
presents details of generation procedure of the k-
distribution table for Mars.
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Appendix A: Line cutoff function

Line cutoff function depends on species. As for CO,
lines, sub-Lorentzian factor of Perrin and Hartmann
(1989) is used. As for other species’ lines, the follow-
ing function is used:

x(v’vc,m,i’Avm)

2

B v I R
0 (v-v

v _vc,m i

|>Av,)

c,m,i

where v is wavenumber, v, is wavenumber at the
center of ith line of mth molecular species and Av,,
is cutoff wavenumber of mth molecular species. This
function is selected because the use of this factor
results in better agreement in absorption coefficients

with calculations by LBLRTM (Clough et al. 2005).

Appendix B: Band average of optical properties
of particles

Rayleigh scattering coefficients and optical prop-
erties of particle species at ith band are obtained by
averaging the line-by-line values over wavenumber in
each band, as follows:

_ S F Ok (v)dv
kp,, = W (B1)
~ [ FWMO.(v)dv

i = W (B2)
_ fAv,F(V)Qe(V)wo(V)dV
T [ FO0.0)dv ®
_ LW FOO.)m,(v)g(v)dv

= (B4)

8T FOM0.Wm,wdv

where Av,, F, ky,, O,, @, g are wavenumber width
of ith band, sum of the Planck function and the solar
flux, Rayleigh scattering coefficient, extinction effi-
ciency factor, single scattering albedo, and asymmetry
factor, respectively. In developing correlated A-distri-
bution models for Venus and Mars in this study, the
Planck function at 250 K and an incident solar flux at
the distance of semi-major axis from the Sun are used
in calculating band average values. It may be worth
notifying that the radiative fields calculated by the
correlated A-distribution models for Venus and Mars
are not sensitive to the assumed temperature of 250
K, and the conclusion on the comparisons does not
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change even if the temperature is changed.
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