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Abstract

The formation of the stable layer below about 2 × 106 Pa pressure level (about 20 km altitude) of the atmo-
sphere of Venus detected by in situ observations is investigated by the use of a radiative-convective equilibrium 
model. We demonstrate that, assuming mixing ratio profiles of absorbers to be at the upper limits of the observed 
ranges for H2O and SO2 and the lower limit for CO, a stable layer forms as a radiative-convective equilibrium 
state, but its stability is lower than the observed one. Also, increasing the continuum absorption coefficient of CO2 
and/or H2O, which are not well constrained observationally or experimentally, results in the formation of a stable 
layer whose stability is comparable to the observed one. These results suggest a practical method to form the stable  
layer in the dynamical models of the Venus atmosphere. Further, these results indicate that the important targets of 
future observations and laboratory measurements are to obtain more precise profiles of the mixing ratios of H2O,  
CO, and SO2 in the Venus atmosphere, and to determine the continuum absorption coefficients of those.
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1.  Introduction

The structure of the lower atmosphere of Venus, 
below the cloud layer around 50 km to 70 km, has 
not been understood well due to the existence of the 
globally-covering thick cloud layer. In situ observa-
tions of the Venera probes, the Pioneer Venus probes, 
and the VEGA-2 lander indicated that the atmosphere 
below the cloud layer was generally statically stable 
except for several altitude regions. One of the peculiar 
features of the lower atmosphere of Venus is the exis-
tence of a stable layer below about 20 km altitude (~ 2 
× 106 Pa pressure level).

The observed stability of the lower atmosphere of 
Venus varies with altitude. The atmospheric layer is 
stable just below the cloud base down to about 30 km 
altitude (~ 1 × 106 Pa), close to neutral around 20 – 30 
km altitude (~ 2 × 106 – 1 × 106 Pa), stable from about 
20 km to at least about 12 km altitude (~ 4 × 106 Pa) 
where the Pioneer Venus probe sounding ended (Seiff 
1983) or to about 6.5 km altitude (~ 6 × 106 Pa) based 
on the VEGA-2 lander observation (Seiff and the 
VEGA Balloon Science Team 1987), and suggested 
to be unstable further below down to the surface. The 
layer close to statically neutral around 20 – 30 km 
altitude (~ 2 × 106 – 1 × 106 Pa) was observed to have 
variability in its depth by the Pioneer Venus probes 
and the VEGA-2 lander (Seiff 1983; Seiff and the 
VEGA Balloon Science Team 1987), but the neutral 
layer was detected by all observations.

The neutral layer would be produced by “convec-
tion” which includes the small scale one, such as that 
shown by numerical simulations (e.g., Baker et al.  
2000a, b), and the large scale circulation. The ex-
istence of the unstable layer close to the surface is 
curious, since it should be neutralized by “convection.” 
Compositional separation is suggested as a mecha-
nism to stabilize the thermal instability of the layer 
(Lebonnois and Schubert 2017).

As for the stable layer below about 20 km altitude  
(~ 2 × 106 Pa), it is not a regional or temporal one 
which is produced dynamically, but is a global and 
persistent one. It has been observed by the Venera 
10 – 12 probes, four Pioneer Venus probes, and the 
VEGA-2 lander, over wide range of local time from 
0:07 to 13:45 and latitude from 31.2°S to 59.3°N.

The stable layer in the lower atmosphere of Venus 
should have a large influence on the vertical trans-
port of minor constituents and angular momentum, 
since convection is suppressed in the stable layer. 
The stable layer may play an important role even in 
the generation of superrotation by suppressing the 

vertical mixing, since a small vertical eddy viscosity 
is required to generate fast superrotation in General 
Circulation Model (GCM) experiments (Sugimoto 
et al. 2019).

A number of numerical studies have been performed 
to investigate the structure of the lower atmosphere 
of Venus by the use of one-dimensional radiative- 
convective equilibrium models (Pollack and Young 
1975; Matsuda and Matsuno 1978; Takagi et al. 2010; 
Ikeda 2011; Lee and Richardson 2011; Lebonnois et al.  
2015; Mendonça et al. 2015; Takahashi et al. 2024) 
and GCMs (e.g., Lebonnois et al. 2018). However, 
most of these studies treated the Venus atmosphere as 
an ideal gas, and the stability could not be calculated 
accurately in those studies. Among them, Takahashi 
et al. (2024) treated the Venus atmosphere as a mix-
ture of real gases by the use of the thermodynamic 
properties derived from the EOS-CG mixture model 
(EOS-CG: Equation of State for Combustion Gases 
and Combustion Gas- like Mixtures) (Gernert and 
Span 2016), which describes the reduced Helmholtz 
energy of real gas mixture. However, the stable layer 
below about 20 km altitude (~ 2 × 106 Pa) was not 
represented in the radiative-convective equilibrium 
presented by Takahashi et al. (2024).

In this study, the formation of the stable layer below 
about 2 × 106 Pa pressure level (~ 20 km altitude) in 
the atmosphere of Venus is investigated by the use of 
a one-dimensional radiative-convective equilibrium 
model with the thermodynamic property of the real 
gas. We do not step into the possibility of composi-
tional separation suggested by Lebonnois and Schubert  
(2017), but try to examine the thermal structure of the 
atmosphere under the assumption of constant mean 
molecular weight. We focus on the vertical thermal 
structure in the global mean sense in this study, though 
recent studies by the use of GCMs have shown the 
presence of a large scale activity in the Venus lower 
atmosphere (e.g., Lebonnois et al. 2016; Sugimoto 
et al. 2019). The use of the one-dimensional model 
is appropriate since the lower atmosphere of Venus 
is horizontally nearly uniform, e.g., the difference in 
temperature observed by four Pioneer Venus probes 
is a few kelvins in the lower atmosphere (Seiff et al. 
1980), and that indicated by Galileo NIMS is no more 
than ±2 K (Hashimoto et al. 2008).

In the followings, the radiative-convective equilib-
rium model for Venus atmosphere used in this study is 
described in Section 2. The experimental setup for the 
control experiment, which reproduces the radiative- 
convective equilibrium by Takahashi et al. (2024), is 
also described, there. In Section 3, the equilibrium 
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structure of the control experiment is described along 
with the characteristics of its radiative temperature 
tendency spectra. The sensitivity experiments are per-
formed to investigate whether the stable layer forms 
or not in the cases with the different cloud settings, the 
different radiatively active gas distributions, and the 
increased intensities of continuum absorption of gases 
in Section 4. Implications of the results are discussed 
in Section 5. Finally, conclusions of this study are 
presented in Section 6.

2.  Model and experimental setup

We use the radiative-convective equilibrium model 
developed by Takahashi et al. (2024) with k-distribu-
tion tables newly generated in this study. Radiative- 
convective equilibrium is obtained by integrating time 
evolution equations for energies of atmosphere and 
a uniform slab at the surface. In atmospheric energy 
calculation, thermodynamic variables are evaluated 
for a mixture of real gases composed of 96.5 % CO2 
and 3.5 % N2 (von Zahn et al. 1983) by the use of the 
EOS-CG mixture model (Gernert and Span 2016). The 
dry convective adjustment is applied when the lapse 
rate is greater than the dry adiabatic lapse rate. In ad-
dition, surface temperature is assumed to be the same 
as atmospheric temperature just above the surface.

The radiative fluxes are calculated by the use of the 
correlated k-distribution radiation model of Takahashi 
et al. (2023). In this study, the k-distribution tables 
used in this radiation model were newly generated 
from the results of our line-by-line model (Takahashi 
et al. 2023) to perform parameter experiments with a 
variety of profiles of radiatively active gases and par-
ticles, and with different intensities of continuum ab-
sorption of gases. The details of the line-by-line model 
and optical parameters, such as a molecular absorption 
database, a line shape function, continuum absorption 
coefficients, and the solar insolation spectrum, used 
to generate the k-distribution table are described by 
Takahashi et al. (2023), and the specification of the 
newly generated table can be found in Appendix A.

In the correlated k-distribution radiation model, the 
radiative transfer equation with the generalized two-
stream approximation (Meador and Weaver 1980) 
is solved with the method of Toon et al. (1989). In 
calculating radiative fluxes, absorption and Rayleigh 
scattering by gases, and absorption and scattering by 
particles are taken into account. Radiatively active 
gas components considered in radiation calculations 
are H2O, CO2, CO, SO2, HF, OCS, and N2. As for the 
particles, radiatively active cloud particles referred 
to as modes 1, 2, 2’, and 3, which have different radii 

(Esposito et al. 1983; Ragent et al. 1985), are consid-
ered. In addition, “unknown ultraviolet (UV) absorb-
er,” which contributes almost the half of absorption of 
solar radiation (Crisp 1986), is also included.

We take into account continuum absorptions of 
the CO2 – CO2 collision induced absorption, hereafter 
referred to as CO2 continuum absorption, and the 
H2O continuum absorption. The coefficient for CO2 
continuum absorption is obtained from several sources 
(Takahashi et al. 2023). For temperatures outside of 
the temperature range of the data, the values at the 
closest temperature in the data are used. The coeffi-
cient for H2O continuum absorption is obtained from 
the version 3.0 of the MT_CKD model, which is the 
empirical model of the continuum absorption for the 
Earth’s atmosphere [the description on version 2.5 of 
the MT_CKD model is given by Mlawer et al. (2012)].

The atmospheric energy equation is discretized 
and radiative-convective equilibrium calculations 
are performed with 80 atmospheric layers (81 levels) 
based on the VIRA (Venus International Reference At-
mosphere) model (Seiff et al. 1985). Initial condition 
is the low latitude temperature profile of the VIRA 
model. In time integration, profiles of atmospheric 
compositions, the clouds, and the UV absorber are 
fixed. The incident solar radiation flux at the top of the 
atmosphere is assumed to be 2635 W m−2. The surface 
albedo is set to 0.05 in wavenumber larger than 7700 
cm−1, and is zero in smaller wavenumber range. In 
order to evaluate the global mean of solar radiation, 
radiative fluxes are calculated at two solar zenith 
angles of 37.9° and 77.8°, are averaged, and halved 
considering no solar flux at night (Takahashi et al. 
2023).

The control experiment is performed with profiles 
of the radiatively active gases based on Pollack et al. 
(1993) (Fig. 1a), and the clouds and the UV absorber 
based on Crisp (1986) (Fig. 1b) in radiation calcula-
tion.

3. � Radiative-convective equilibrium of the control 
experiment

The radiative-convective equilibrium profile of 
the control experiment is shown in Fig. 2. There is a 
stable layer around 6 × 105 – 2 × 105 Pa pressure levels 
similarly to the VIRA model. Below the layer down 
to the surface, the atmosphere is statically neutral 
unlike the VIRA model in which there is the stable 
layer below about 2 × 106 Pa pressure level. These 
characteristics are the same as those observed in the 
radiative-convective equilibrium profile under the 
same condition shown by Takahashi et al. (2024).
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Fig. 1.  Vertical profiles of volume mixing ratios of gases and mass mixing ratios of clouds and UV absorber used in 
the control experiment: profiles of (a) gases and (b) clouds and UV absorber.

Fig. 2.  Radiative-convective equilibrium profiles of (a) temperature, (b) temperature difference from the low latitude 
profile of the VIRA model, and (c) static stability for the control experiment (red). The black lines are those of the 
low latitude profiles of the VIRA model.



Y. O. TAKAHASHI et al.October 2024 473

In order to diagnose the radiative effects of the 
clouds, the UV absorber, and each gas component on 
the stability in the lower atmosphere, we calculated the  
radiative temperature tendency spectra and its sensi-
tivity to opacity changes for the radiative-convective 
equilibrium profile of the control experiment by the 
use of our line-by-line model (Takahashi et al. 2023). 
The radiative temperature tendency spectrum is ex-
pressed as follows: 

Q p

g
C p T p

F p
p

rad ptcl gas

p

net ptcl gas

( , ; , )

( , ( ))
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where p, T, λ , g, Cp , Fnet are pressure, temperature, 
wavelength, the gravitational acceleration, the specific 
heat at constant pressure, and the net radiative flux, 
respectively. Note that τ ptcl and τ gas are the optical 
depths of the clouds and the UV absorber, and the 
optical depth of gases, respectively. These optical 
depths are actually given as functions of pressure and 
wavelength, but are expressed symbolically here.

The radiative temperature tendency spectrum in the 
lower atmosphere is shown in Fig. 3, and that up to 
the top of the model is shown in Fig. B1 in Appendix 
B for reference. Radiative temperature tendency in 
wavelengths shorter than 1 µm is positive over the 
whole altitudes, and that in wavelengths from 1 μm to 
2 µm is negative just above the surface, and is positive 
above there. The negative tendency region extends 
to about 3 × 106, 7 × 105 and 2 × 105 Pa pressure 
levels around 2.4, 3 – 4 and 5 – 7 µm, respectively. 

The temperature as high as about 700 K in the lower 
atmosphere of Venus, the surface temperature same as 
atmospheric temperature just above the surface, and 
the vertical profile of optical depth cause the effective 
radiative cooling near the surface in several near infra-
red wavelengths.

Figure 4 shows the changes in the radiative tem-
perature tendency spectra when the optical depths of 
the clouds and the UV absorber are increased by 1 %, 
namely, 
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and when the optical depth of gas absorption is in-
creased by 1 %, namely,

Fig. 3.  Radiative temperature tendency spectrum 
(Eq. 1) for the radiative-convective equilibrium 
of the control experiment below 1 × 105 Pa pres-
sure level. Plotted are the running averaged val-
ues with the interval of 15 cm−1.

Fig. 4.  Changes in radiative temperature tendency 
spectra from that of the control experiment: (a) 
the change when the optical depths due to the 
clouds and the UV absorber are increased by 1 % 
(Eq. 2) and (b) that when the optical depth of gas 
absorption are increased by 1 % (Eq. 3). Plotted 
are the running averaged values with the interval 
of 15 cm−1.
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Figure 4a shows that the vertical gradient of the 
change in the radiative temperature tendency due to 
the increase in optical depths of the clouds and the UV 
absorber is negative around 0.3 – 3 µm. The vertical 
gradient is caused by the fact that the solar heating is 
larger at high levels than that at low levels. For wave-
lengths longer than 3 µm, the radiative temperature 
tendency in the cloud layer above about 2 × 105 Pa 
pressure level is increased at several wavelengths, 
but that is small below there. These imply that the 
increase in the optical depths of the clouds and the UV 
absorber tends to destabilize the atmosphere below 
about 2 × 105 Pa pressure level. On the contrary, the 
increase in the optical depths of the clouds and the UV 
absorber decreases the downward solar radiation flux 
integrated over wavelength at the surface (not shown 
in the figure). This tends to stabilize the atmosphere 
just above the surface.

Figure 4b shows that the effect of the increase in the 
optical depth of gas absorption on the static stability 
of the atmosphere depends on wavelength and pres-
sure. The increase in the optical depth of gas which 
absorbs the radiation around 1 µm tends to stabilize 
the atmospheric layer between the surface and the 
cloud base, since the vertical gradient of the change 
in the radiative temperature tendency is positive. The 
increase in the optical depth of gas which absorbs the 
radiation around 3 – 4 µm and 5 – 7 µm will stabilize 
the atmospheric layer below the 2 × 106 Pa pressure 
level, since the vertical gradient of the change in the 
radiative temperature tendency is positive. Also, the 
increase in the optical depth of gas which absorbs the 
radiation around 1.6 – 2.4 µm tends to destabilize the 
lower atmosphere due to the increased heating close 
to the surface and the increased cooling above about 5 
× 106 Pa pressure level. These imply that the increase 
in the mixing ratios of H2O and SO2 increases the 
stability, while the increase in the optical depth of CO 
decreases the stability, since absorption by SO2, H2O, 
and CO are dominant around 4 and 7, 5 – 7, and 2.4 
µm, respectively (Fig. 5).

4.  Sensitivity of the formation of the stable layer

We examined the sensitivity of the formation of 
the stable layer below about 2 × 106 Pa pressure level 
(~ 20 km altitude) to the mixing ratios of the clouds 
and the UV absorber, the mixing ratios of radiatively 
active gases, and the intensities of continuum absorp-

tion of gases. As shown in the previous section, the 
optical depths of the clouds and the UV absorber, and 
the optical depth of gas are able to affect the stability 
of the lower atmosphere of Venus.

Also, we evaluated whether an increase in the 
intensity of continuum absorption in 3 – 7 µm con-
tributed to the formation of the stable layer. For the 
climate studies of the Earth, the intensity of continu-
um absorption has usually been given by an empirical 
model, such as the MT_CKD model (Mlawer et al. 
2012). However, the intensity of the continuum ab-
sorption is very uncertain under the condition of the 
Venus lower atmosphere, which is very different from 
that of the Earth’s atmosphere. Thus, the intensity of 
continuum absorption is sometimes used as a tunable 
parameter to obtain the radiative fields consistent with 
observations (e.g., Eymet et al. 2009). In this study, 
we varied the absorption coefficient in the range of 
3 – 7 µm, though the formation of the stable layer 
is probably affected by the opacity of the spectral 
range of 1 – 7 µm (Section 3). We did not modify the 
absorption coefficient in the range of 1 – 2 µm, since it 
is constrained by the ground-based and the spacecraft 
observations of the thermal emission from the Venus 
deep atmosphere (e.g., Allen and Crawford 1984; 
Titov et al. 2007).

It may be worth mentioning that there is the pres-
ence of hazes below the clouds down to about 30 km 
altitude (e.g., Esposito et al. 1983). However, it is 
unlikely that the haze has a significant effect on the 
thermal structure since its number density is small.

Fig. 5.  Spectra of optical depth at 5 × 106 Pa pres-
sure level for the low latitude temperature profile 
of the VIRA model. The black, red, green and 
blue lines show optical depths of the total extinc-
tion, H2O, CO, and SO2 absorption, respectively.
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4.1  Sensitivity to cloud settings
Figure 6 shows the radiative-convective equilibrium 

profiles calculated with the mixing ratios decreased 
to 80 % and increased to 120 % for both of the clouds 
and the UV absorber from the control experiment. It is 
shown that the atmosphere is statically neutral below 
about 8 × 105 Pa pressure level in both cases, though 
the thickness of the neutral layer is smaller in the 
latter case reflecting smaller downward solar radiation 
flux at the surface. It is worth mentioning that the 
stable layer does not form even in the cases with the 
further decreased and the further increased mixing 
ratios for both of the clouds and the UV absorber from 
the control experiment (figure is not shown).

In Fig. 6, the radiative-convective equilibrium 
profiles calculated with the cloud model of Haus et 
al. (2015) are also shown to examine the dependence 
of stable layer formation on the formulation of cloud 
model. The stable layer does not form in this case, 
either. The cloud model of Haus et al. (2015) is based 
on the remote sensing observations by the Venus 
Express (see Appendix C for the details of the adopted 
cloud model), and is somewhat different from the 
cloud model of our control experiment adopted from 

Crisp (1986, 1989) based on the in situ and remote 
sensing observations by the Pioneer Venus probes and 
orbiter. Our results suggest that, under the atmospheric 
gas radiation properties of the control experiment, the 
stable layer does not form independent of the details 
of the cloud model.

4.2  Sensitivity to gas distribution
The upper and the lower limit of H2O, CO, and 

SO2 mixing ratios inferred from various observations 
(Bertaux et al. 1996; Bézard et al. 1990, 1993; Connes 
et al. 1968; de Bergh et al. 1995; Gel’man et al. 1979; 
Hoffman et al. 1980a, b; Marcq et al. 2008; Marov 
et al. 1989; Moroz et al. 1979; Oyama et al. 1980; 
Pollack et al. 1993; Taylor et al. 1997; Tsang et al. 
2009; von Zahn et al. 1983; Winick and Stewart 1980; 
Young 1972) compiled by Johnson and de Oliveira 
(2019) (Fig. 7) are used to examine the sensitivity 
of the formation of the stable layer. The stable layer 
below about 2 × 106 Pa pressure level forms only in 
the case with the upper limit profiles of H2O and SO2 
and the lower limit profile of CO (Fig. 8). This is con-
sistent with the results shown in Section 3. However, 
the stability of the stable layer is lower than that of the 

Fig. 6.  Radiative-convective equilibrium profiles of (a) temperature difference from the low latitude profile of the 
VIRA model, and (b) static stability. The green and blue lines show the profiles calculated with the mixing ratios 
decreased to 80 % and increased to 120 % for both of the clouds and the UV absorber from the control experiment, 
respectively. The magenta lines show those calculated with the cloud model by Haus et al. (2015). The red and 
black lines are those of the control experiment and the low latitude profile of the VIRA model, respectively.
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VIRA model.
When the H2O mixing ratio in the lower atmosphere 

is increased to 70 ppmv (Fig. 7a), the stability of the 
stable layer become comparable to that of the VIRA 
model (Fig. 8). However, the volume mixing ratio in 
this case is about double of the observed mean (30 
ppmv) and is out of range of observed values. If one 
trusts the observed H2O mixing ratio, then the stable 
layer cannot be formed by the radiative forcing of 
H2O.

4.3  Sensitivity to intensity of continuum absorption
Figure 9 shows the radiative-convective equilibrium 

profiles calculated with the coefficients of CO2 and  
H2O continuum absorption increased by factors of 
10, 30, and 50. In these calculations, the continuum 
absorption coefficient in the range of 3 – 10 µm (1000 –  
3500 cm−1) was increased by multiplying constant 
factors independent of the temperature and pressure. 
The range of factors from 10 to 50 is chosen since the 
dependence of the stability around 8 × 106 – 3 × 106 Pa 
pressure levels on the factor can be observed clearly. 
In addition, the range encompasses the factor of 30 
which will be determined for the coefficient of CO2 
continuum absorption by a least squares method to fit 
the equilibrium temperature to the temperature of the 
VIRA model in Section 5.

When the coefficient for CO2 or H2O continuum 
absorption is increased by a factor of more than 30, 
the stable layer forms around 8 × 106 – 3 × 106 Pa 
pressure levels. The larger the absorption coefficient 
is, the more stable the layer is. On the one hand, when 
the absorption coefficient is increased, the surface 
temperature is higher than observed one, e.g., 735 K 
observed by Venera 12 (Avduevskiy et al. 1983), due 
to the increased optical depth.

5.  Discussion

It has been shown that the stable layer forms below 
about 2 × 106 Pa pressure level when the coefficient 
for CO2 continuum absorption or H2O continuum 
absorption is increased. However, in both cases, the 
surface temperature is higher than observed one. 
The surface temperature should decrease when the 
mixing ratios of the clouds and the UV absorber were 
increased (Fig. 6).

Actually, we found some pairs of the continuum 
absorption coefficient and the mixing ratios of the 
clouds and the UV absorber which led to the equilib-
rium temperature profile in which surface temperature 
as well as the stability of the stable layer close to 
those of the VIRA model by the use of a least squares 

Fig. 7.  Volume mixing ratios of (a) H2O, (b) CO, 
and (c) SO2 used for the sensitivity experiment 
to the distribution of radiatively active gas. The 
red lines show the profiles for the control ex-
periment. The green and blue lines show those 
adopted in the experiment as the upper and the 
lower limits of the observational variability and 
ambiguity, respectively. Also shown in panel (a) 
is the H2O profile with the maximum volume 
mixing ratio of 70 ppmv in the lower atmosphere 
(magenta). In each panel, the observations com-
piled by Johnson and de Oliveira (2019), exclud-
ing potentially uncertain data, are plotted for the 
sake of comparison; marks, leftward arrows, and 
downward arrows indicate means, upper limits 
and uppermost heights of observational mixing 
ratios obtained by each instrument, respectively. 
Note that the tails of arrows represent the values 
of mixing ratio and height. The horizontal gray 
bars and gray tones indicate ranges of the report-
ed observational errors.
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Fig. 8.  Same as Fig. 6, but for the sensitivity experiment to the distribution of radiatively active gas. The cyan lines 
show the profiles calculated with the upper limit profiles of H2O and SO2 and the lower limit profile of CO shown 
in Fig. 7. The magenta lines show those calculated with the upper limit profile of SO2, the lower limit profile of 
CO, and the profile of H2O with the maximum mixing ratio of 70 ppmv in the lower atmosphere.

Fig. 9.  Same as Fig. 6, but for the sensitivity experiments to the intensities of the CO2 and H2O continuum absorp-
tion coefficients in 3 – 10 µm. The green solid, dashed, and dotted lines show profiles calculated with the CO2 
absorption coefficient increased by factors of 10, 30, and 50, respectively. Those blue lines are the same as green 
lines, but for the increased H2O absorption coefficient.
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method. Figure 10 shows the radiative-convective 
equilibrium profiles calculated with the CO2 contin-
uum absorption coefficient increased by a factor of 
30, and the H2O continuum absorption coefficient in-
creased by a factor of 153 both along with the mixing 
ratios increased to 130 % for both of the clouds and 
the UV absorber from the control experiment. In the 
case with the increased CO2 continuum absorption 
coefficient, the mean static stability between 4 × 106 
Pa and 7 × 106 Pa pressure levels is 0.50 K km−1, and 
the surface temperature is 735 K. In the case with 
the increased H2O continuum absorption coefficient, 
those are 0.51 K km−1 and 733 K, respectively. Those 
values are compared well with 0.50 K km−1 and 735 
K, respectively, of the low latitude temperature profile 
of the VIRA model. Since a latitudinal variation of 
about 30 % in cloud optical depth has been deduced 
(Haus et al. 2013, 2014), the single scattering albedo 
dependent on the composition and the size distribution 
of particles has not been revealed fully, and the cloud 
optical depth appropriate for the global mean equilib-
rium calculation is not clear, a multiplication factor on 
mixing ratios of the clouds and the UV absorber was 
used as another tunable parameter, here. The tempera-
ture profile of the VIRA model might be explained by 

stronger continuum absorption and the variation in the 
optical depths of the clouds and the UV absorber.

When the coefficients for CO2 and H2O continuum 
absorption are increased by factors of 30 and 153, 
respectively, CO2 or H2O continuum absorption are 
the dominant opacity source in the spectral range of 
3 – 9 µm, and the optical depth at 5 × 106 Pa pressure 
level reaches 104 – 105 (Fig. 11). The method used to 
increase the coefficients for continuum absorption 
in this study may be too simple. However, this study 
suggests that the determination of the coefficient of 
continuum absorption in the condition of the Venus 
lower atmosphere is one of keys to understand the 
thermal structure there.

6.  Conclusions

The formation of the stable layer below about 
2 × 106 Pa pressure level (~ 20 km altitude) in the 
atmosphere of Venus has been investigated by the 
use of the radiative-convective equilibrium model. 
Calculated radiative temperature tendency spectra 
indicate that the optical depths of the clouds and the 
UV absorber at wavelengths of 0.3 – 3 µm and that of 
gas at wavelengths of 1 – 7 µm play an important role 
in the formation of the stable layer.

Fig. 10.  Same as Fig. 6, but for the cases calculated with tuned coefficients of CO2 or H2O continuum absorption 
in 3 – 10 µm and with the mixing ratios increased to 130 % for both of the clouds and the UV absorber from the  
control experiment. The green and blue lines show profiles calculated with CO2 and H2O continuum absorption 
coefficients increased by factors of 30 and 153, respectively.
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Sensitivity experiments have demonstrated that the 
change in the mixing ratios of the clouds and the UV 
absorber will not lead to the formation of the stable 
layer. It has also been indicated that increase in H2O 
and SO2 mixing ratios and the decrease in CO mixing 
ratio form the stable layer. However, within the ob-
served range of H2O, SO2, and CO mixing ratios, the 
stability of the formed stable layer is lower than that 
of the VIRA model. On the other hand, it has been 
shown that the stable layer forms in the case with 
the increased coefficient for CO2 or H2O continuum 
absorption in 3 – 10 µm. Although the increase in the 
optical depth of CO2 or H2O continuum absorption 
raises the surface temperature, the increase in surface 
temperature can be compensated by an increase in 
the mixing ratios of the clouds and the UV absorber. 
When the CO2 continuum absorption coefficient is 
increased by a factor of 30 or the H2O continuum 
absorption coefficient is increased by a factor of 153, 
and the mixing ratios of the clouds and the UV ab-
sorber are increased by 30 %, the temperature profile 
of the radiative-convective equilibrium is close to that 
of the VIRA model.

Further observations of radiatively active gas in 
the Venus lower atmosphere and further experimental 
studies on optical parameters in the condition of the 

Venus lower atmosphere are desired to confirm the 
formation mechanism of the stable layer and to verify 
the idea on increase in coefficients of continuum 
absorption performed in this study. On the other hand,  
this study suggests a practical method to form the 
stable layer in dynamical models, such as GCMs, 
of the Venus atmosphere. The studies by the use of 
the GCMs, which consider spatial variation, are also 
required to understand both the formation of the stable  
layer in the lower atmosphere and the observed sur-
face temperature. Further, it would, in turn, provide 
understanding on the transport and the mixing of the 
minor constituents and the angular momentum and, 
as a result, the formation of the superrotation of the 
Venus atmosphere.
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Appendix A: Update of the k-distribution table 
for Venus

A new k-distribution table is generated to take into 
account variable H2O, CO, and SO2. The structure of 
the new k-distribution table is the same as those gen-
erated for Venus atmosphere by Takahashi et al. (2023), 
but we added axes of volume mixing ratios of the 
variable species. In addition, the number of bands and 
the number of integration points in a band are changed 
in order to improve the accuracy of the radiative fields 
in a cloud free condition which was out of scope of 

Fig. 11.  Spectra of optical depth at 5 × 106 Pa pres-
sure level for the low latitude temperature profile 
of the VIRA model. Solid black, green and blue 
lines show optical depths of the total extinction, 
the CO2 continuum absorption, and the H2O con-
tinuum absorption, respectively. Dashed green 
and blue lines show spectra of the CO2 and the 
H2O continuum absorption with its coefficients 
increased by factors of 30 and 153 in 3 – 10 µm, 
respectively.

https://doi.org/10.34474/data.jmsj.25814638
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Takahashi et al. (2023). Further, the temperature axis 
of the table is changed to decrease the amount of com-
putation to generate k-distribution tables.

The number of bands, the number of integration 
points, and the intervals of values in volume mixing 
ratio axes of the k-distribution table are selected to 
meet accuracy criterion for the calculated radiative 
fields. The accuracy criterion is set to 2 × 10−4 W m−3 
for flux convergence following Takahashi et al. (2023). 
In this study, the criterion is set for solar radiation 
as well as planetary radiation, though it was set only 
for planetary radiation by Takahashi et al. (2023). 
This ensures that radiative fields are calculated with 
required accuracy in both planetary radiation and solar 
radiation. To achieve the accuracy criterion, we in-
creased the number of bands to 27. The wavenumber 
boundaries and number of integration points for the 
resultant table are shown in Table A1.

The ranges of the volume mixing ratio axes in the 
table are determined to cover the volume mixing ratios 
set in this study (Fig. 7). The resultant k-distribution 
table has axes of volume mixing ratios as follows: the 
volume mixing ratio of H2O, rH2O , ranges from 10−7 to 
10−2 with a grid interval of Δ log10 rH2O = 0.5, that of 
CO, rCO , ranges from 10−6 to 10−4 with Δ log10 rCO = 1,  
and that of SO2, rSO2 , ranges from 10−9 to 10−3 with 
Δ log10 rSO2

 = 0.5. Volume mixing ratios of species 
other than H2O, CO, and SO2 are assumed to be fixed 
based on the profile B of Takahashi et al. (2023), 
which are based on Pollack et al. (1993).

The temperature axis in the new k-distribution table 
has the pressure-dependent temperature of TVIRA ( pi ) 
- 50, TVIRA ( pi ), TVIRA ( pi ) + 50 K, where pi is the i th 
pressure value, and TVIRA ( pi ) is the temperature at pi 
of the low latitude temperature profile of the VIRA 
model. This axis is based on that implemented by 
Ikeda (2011). By adopting this temperature axis, the 
amount of computation to generate the k-distribution 
table becomes 3/17 of that for the table presented by 
Takahashi et al. (2023).

Root mean square errors (RMSEs) of k-distribution 
calculations in upward (Up) and downward (Dn) 
fluxes, flux convergences (FlxCnv), and temperature 
tendencies (Tend) for planetary radiation (PR) and 
solar radiation (SR) were evaluated by comparing 
with those by the line-by-line calculations for the low 
latitude temperature profile of the VIRA model and 
the radiative-convective equilibrium of the control 
experiment (Table A2). It is found that the accuracy 
criterion is met for both profiles in both cloudy and 
cloud free conditions.

Appendix B: Radiative temperature tendency 
spectrum

The radiative temperature tendency spectrum, Eq. 
(1), for the radiative-convective equilibrium of the 
control experiment from the surface up to the top of 
the model is shown in Fig. B1.

Appendix C: The cloud model by Haus et al. (2015)

The number density profiles, N (z), for the clouds 
and the UV absorber in the cloud model by Haus et al. 
(2015) are as follows, 
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Table A1.  The setting for the k-distribution table generated 
in this study. IP stands for integration point.

band 
number

wavenumber 
range
(cm−1)

number of IPs 
in 0 – 0.98

number of IPs 
in 0.98 – 1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

10 –   255
255 –   500
500 –   600
600 –   700
700 –   840
840 –   980
980 –   1185

1185 –   1390
1390 –   1595
1595 –   1800
1800 –   2025
2025 –   2250
2250 –   2750
2750 –   3250
3250 –   4200
4200 –   5150
5150 –   6425
6425 –   7700
7700 – 10275

10275 – 12850
12850 – 17750
17750 – 22650
22650 – 25825
25825 – 29000
29000 – 32000
32000 – 39500
39500 – 50000

6
6
6
6
6
4
6
4
4
4
4
4
6
6
6
6
6
6
6
6
4
4
4
4
4
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
4
4
4
4
4
4
1
1
1
1
1
1
1
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where z, zb , zc , Hup , Hlo , and N0 are altitude, the lower 
base of peak altitude, the layer thickness of constant 
peak particle number density, the upper scale height, 
the lower scale height, and the peak number density, 
respectively. The parameters used for the experiment 
in Section 4.1 is shown in Table C1.

Refractive index data for a H2SO4 solution of 75 % 
by weight described by Haus et al. (2015) are used to 
calculate extinction efficiency factor, single scattering 
albedo, and asymmetry factor of the cloud particles.
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