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Abstract39

The formation of the stable layer below about 2×106 Pa pressure level40

(about 20 km altitude) of the atmosphere of Venus detected by in situ41

observations is investigated by the use of a radiative-convective equilibrium42

model. We demonstrate that, assuming mixing ratio profiles of absorbers43

to be at the upper limits of the observed ranges for H2O and SO2 and the44

lower limit for CO, a stable layer forms as a radiative-convective equilibrium45

state, but its stability is lower than the observed one. Also, increasing the46

continuum absorption coefficient of CO2 and/or H2O, which are not well47

constrained observationally or experimentally, results in the formation of a48

stable layer whose stability is comparable to the observed one. These results49

suggest a practical method to form the stable layer in the dynamical models50

of the Venus atmosphere. Further, these results indicate that the important51

targets of future observations and laboratory measurements are to obtain52

more precise profiles of the mixing ratios of H2O, CO, and SO2 in the53

Venus atmosphere, and to determine the continuum absorption coefficients54

of those.55
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convective equilibrium; continuum absorption57

1. Introduction58

The structure of the lower atmosphere of Venus, below the cloud layer59

around 50 to 70 km, has not been understood well due to the existence of60

the globally-covering thick cloud layer. In situ observations of the Venera61

probes, the Pioneer Venus probes, and the VEGA-2 lander indicated that62

the atmosphere below the cloud layer was generally statically stable except63

for several altitude regions. One of the peculiar features of the lower atmo-64

sphere of Venus is the existence of a stable layer below about 20 km altitude65

(∼2×106 Pa pressure level).66

The observed stability of the lower atmosphere of Venus varies with67

altitude. The atmospheric layer is stable just below the cloud base down68

to about 30 km altitude (∼1×106 Pa), close to neutral around 20–30 km69

altitude (∼2×106–1×106 Pa), stable from about 20 km to at least about 1270

km altitude (∼4×106 Pa) where the Pioneer Venus probe sounding ended71

(Seiff 1983) or to about 6.5 km altitude (∼6×106 Pa) based on the VEGA-272

lander observation (Seiff and the VEGA Balloon Science Team 1987), and73

suggested to be unstable further below down to the surface. The layer close74

to statically neutral around 20–30 km altitude (∼2×106–1×106 Pa) was75
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observed to have variability in its depth by the Pioneer Venus probes and76

the VEGA-2 lander (Seiff 1983; Seiff and the VEGA Balloon Science Team77

1987), but the neutral layer was detected by all observations.78

The neutral layer would be produced by “convection” which includes the79

small scale one, such as that shown by numerical simulations (e.g., Baker80

et al. 2000a; Baker et al. 2000b), and the large scale circulation. The81

existence of the unstable layer close to the surface is curious, since it should82

be neutralized by “convection”. Compositional separation is suggested as a83

mechanism to stabilize the thermal instability of the layer (Lebonnois and84

Schubert 2017).85

As for the stable layer below about 20 km altitude (∼2×106 Pa), it is not86

a regional or temporal one which is produced dynamically, but is a global87

and persistent one. It has been observed by the Venera 10–12 probes, four88

Pioneer Venus probes, and the VEGA-2 lander, over wide range of local89

time from 0:07 to 13:45 and latitude from 31.2◦S to 59.3◦N.90

The stable layer in the lower atmosphere of Venus should have a large91

influence on the vertical transport of minor constituents and angular mo-92

mentum, since convection is suppressed in the stable layer. The stable layer93

may play an important role even in the generation of superrotation by sup-94

pressing the vertical mixing, since a small vertical eddy viscosity is required95

to generate fast superrotation in General Circulation Model (GCM) exper-96
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iments (Sugimoto et al. 2019).97

A number of numerical studies have been performed to investigate the98

structure of the lower atmosphere of Venus by the use of one-dimensional99

radiative-convective equilibrium models (Pollack and Young 1975; Matsuda100

and Matsuno 1978; Takagi et al. 2010; Ikeda 2011; Lee and Richardson101

2011; Lebonnois et al. 2015; Mendonça et al. 2015; Takahashi et al. 2024)102

and GCMs (e.g., Lebonnois et al. 2018). However, most of these studies103

treated the Venus atmosphere as an ideal gas, and the stability could not104

be calculated accurately in those studies. Among them, Takahashi et al.105

(2024) treated the Venus atmosphere as a mixture of real gases by the106

use of the thermodynamic properties derived from the EOS-CG mixture107

model (EOS-CG: Equation of State for Combustion Gases and Combustion108

Gas- like Mixtures) (Gernert and Span 2016), which describes the reduced109

Helmholtz energy of real gas mixture. However, the stable layer below about110

20 km altitude (∼2×106 Pa) was not represented in the radiative-convective111

equilibrium presented by Takahashi et al. (2024).112

In this study, the formation of the stable layer below about 2×106 Pa113

pressure level (∼20 km altitude) in the atmosphere of Venus is investigated114

by the use of a one-dimensional radiative-convective equilibrium model with115

the thermodynamic property of the real gas. We do not step into the pos-116

sibility of compositional separation suggested by Lebonnois and Schubert117
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(2017), but try to examine the thermal structure of the atmosphere under118

the assumption of constant mean molecular weight. We focus on the verti-119

cal thermal structure in the global mean sense in this study, though recent120

studies by the use of GCMs have shown the presence of a large scale activity121

in the Venus lower atmosphere (e.g., Lebonnois et al. 2016; Sugimoto et al.122

2019). The use of the one-dimensional model is appropriate since the lower123

atmosphere of Venus is horizontally nearly uniform, e.g., the difference in124

temperature observed by four Pioneer Venus probes is a few kelvins in the125

lower atmosphere (Seiff et al. 1980), and that indicated by Galileo NIMS is126

no more than ±2 K (Hashimoto et al. 2008).127

In the followings, the radiative-convective equilibrium model for Venus128

atmosphere used in this study is described in Section 2. The experimental129

setup for the control experiment, which reproduces the radiative-convective130

equilibrium by Takahashi et al. (2024), is also described, there. In Section131

3, the equilibrium structure of the control experiment is described along132

with the characteristics of its radiative temperature tendency spectra. The133

sensitivity experiments are performed to investigate whether the stable layer134

forms or not in the cases with the different cloud settings, the different ra-135

diatively active gas distributions, and the increased intensities of continuum136

absorption of gases in Section 4. Implications of the results are discussed in137

Section 5. Finally, conclusions of this study are presented in Section 6.138
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2. Model and experimental setup139

We use the radiative-convective equilibrium model developed by Taka-140

hashi et al. (2024) with k-distribution tables newly generated in this study.141

Radiative-convective equilibrium is obtained by integrating time evolution142

equations for energies of atmosphere and a uniform slab at the surface. In143

atmospheric energy calculation, thermodynamic variables are evaluated for144

a mixture of real gases composed of 96.5 % CO2 and 3.5 % N2 (von Zahn145

et al. 1983) by the use of the EOS-CG mixture model (Gernert and Span146

2016). The dry convective adjustment is applied when the lapse rate is147

greater than the dry adiabatic lapse rate. In addition, surface tempera-148

ture is assumed to be the same as atmospheric temperature just above the149

surface.150

The radiative fluxes are calculated by the use of the correlated k-distribution151

radiation model of Takahashi et al. (2023). In this study, the k-distribution152

tables used in this radiation model were newly generated from the results153

of our line-by-line model (Takahashi et al. 2023) to perform parameter ex-154

periments with a variety of profiles of radiatively active gases and particles,155

and with different intensities of continuum absorption of gases. The details156

of the line-by-line model and optical parameters, such as a molecular ab-157

sorption database, a line shape function, continuum absorption coefficients,158

and the solar insolation spectrum, used to generate the k-distribution table159
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are described by Takahashi et al. (2023), and the specification of the newly160

generated table can be found in Appendix A.161

In the correlated k-distribution radiation model, the radiative trans-162

fer equation with the generalized two-stream approximation (Meador and163

Weaver 1980) is solved with the method of Toon et al. (1989). In calcu-164

lating radiative fluxes, absorption and Rayleigh scattering by gases, and165

absorption and scattering by particles are taken into account. Radiatively166

active gas components considered in radiation calculations are H2O, CO2,167

CO, SO2, HF, OCS, and N2. As for the particles, radiatively active cloud168

particles referred to as modes 1, 2, 2’, and 3, which have different radii169

(Esposito et al. 1983; Ragent et al. 1985), are considered. In addition,170

“unknown UV absorber”, which contributes almost the half of absorption171

of solar radiation (Crisp 1986), is also included.172

We take into account continuum absorptions of the CO2–CO2 collision173

induced absorption, hereafter referred to as CO2 continuum absorption,174

and the H2O continuum absorption. The coefficient for CO2 continuum175

absorption is obtained from several sources (Takahashi et al. 2023). For176

temperatures outside of the temperature range of the data, the values at the177

closest temperature in the data are used. The coefficient for H2O continuum178

absorption is obtained from the version 3.0 of the MT CKD model, which is179

the empirical model of the continuum absorption for the Earth’s atmosphere180
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(the description on version 2.5 of the MT CKD model is given by Mlawer181

et al. (2012)).182

The atmospheric energy equation is discretized and radiative-convective183

equilibrium calculations are performed with 80 atmospheric layers (81 lev-184

els) based on the VIRA (Venus International Reference Atmosphere) model185

(Seiff et al. 1985). Initial condition is the low latitude temperature profile of186

the VIRA model. In time integration, profiles of atmospheric compositions,187

the clouds, and the UV absorber are fixed. The incident solar radiation flux188

at the top of the atmosphere is assumed to be 2635 W m−2. The surface189

albedo is set to 0.05 in wavenumber larger than 7700 cm−1, and is zero in190

smaller wavenumber range. In order to evaluate the global mean of solar191

radiation, radiative fluxes are calculated at two solar zenith angles of 37.9◦192

and 77.8◦, and are averaged, and halved considering no solar flux at night193

(Takahashi et al. 2023).194

The control experiment is performed with profiles of the radiatively ac-195

tive gases based on Pollack et al. (1993) (Fig. 1a), and the clouds and the196

UV absorber based on Crisp (1986) (Fig. 1b) in radiation calculation.197 Fig. 1
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3. Radiative-convective equilibrium of the control ex-198

periment199

Fig. 2

Fig. 3

Fig. 4

Fig. 5

The radiative-convective equilibrium profile of the control experiment is200

shown in Fig. 2. There is a stable layer around 6×105–2×105 Pa pressure201

levels similarly to the VIRA model. Below the layer down to the surface, the202

atmosphere is statically neutral unlike the VIRA model in which there is the203

stable layer below about 2×106 Pa pressure level. These characteristics are204

the same as those observed in the radiative-convective equilibrium profile205

under the same condition shown by Takahashi et al. (2024).206

In order to diagnose the radiative effects of the clouds, the UV absorber,207

and each gas component on the stability in the lower atmosphere, we cal-208

culated the radiative temperature tendency spectra and its sensitivity to209

opacity changes for the radiative-convective equilibrium profile of the con-210

trol experiment by the use of our line-by-line model (Takahashi et al. 2023).211

The radiative temperature tendency spectrum is expressed as follows:212

Qrad(p, λ; τptcl, τgas) =
g

Cp(p, T (p))

∂Fnet(p, λ; τptcl, τgas)

∂p
, (1)

where p, T , λ, g, Cp, Fnet are pressure, temperature, wavelength, the grav-213

itational acceleration, the specific heat at constant pressure, and the net214

radiative flux, respectively. Note that τptcl and τgas are the optical depths215

of the clouds and the UV absorber, and the optical depth of gases, respec-216
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tively. These optical depths are actually given as functions of pressure and217

wavelength, but are expressed symbolically here.218

The radiative temperature tendency spectrum in the lower atmosphere219

is shown in Fig. 3, and that up to the top of the model is shown in Fig. 12 in220

Appendix B for reference. Radiative temperature tendency in wavelengths221

shorter than 1 µm is positive over the whole altitudes, and that in wave-222

lengths from 1 to 2 µm is negative just above the surface, and is positive223

above there. The negative tendency region extends to about 3×106, 7×105224

and 2×105 Pa pressure levels around 2.4, 3–4 and 5–7 µm, respectively.225

The temperature as high as about 700 K in the lower atmosphere of Venus,226

the surface temperature same as atmospheric temperature just above the227

surface, and the vertical profile of optical depth cause the effective radiative228

cooling near the surface in several near infrared wavelengths.229

Figure 4 shows the changes in the radiative temperature tendency spec-230

tra when the optical depths of the clouds and the UV absorber are increased231

by 1 %, namely,232

∆Qrad,ptcl(p, λ) = Qrad(p, λ; τptcl × 1.01, τgas)−Qrad(p, λ; τptcl, τgas),(2)

and when the optical depth of gas absorption is increased by 1 %, namely,233

∆Qrad,gas(p, λ) = Qrad(p, λ; τptcl, τgas × 1.01)−Qrad(p, λ; τptcl, τgas).(3)

Figure 4a shows that the vertical gradient of the change in the radiative234
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temperature tendency due to the increase in optical depths of the clouds235

and the UV absorber is negative around 0.3–3 µm. The vertical gradient236

is caused by the fact that the solar heating is larger at high levels than237

that at low levels. For wavelengths longer than 3 µm, the radiative temper-238

ature tendency in the cloud layer above about 2×105 Pa pressure level is239

increased at several wavelengths, but that is small below there. These imply240

that the increase in the optical depths of the clouds and the UV absorber241

tends to destabilize the atmosphere below about 2×105 Pa pressure level.242

On the contrary, the increase in the optical depths of the clouds and the243

UV absorber decreases the downward solar radiation flux integrated over244

wavelength at the surface (not shown in the figure). This tends to stabilize245

the atmosphere just above the surface.246

Figure 4b shows that the effect of the increase in the optical depth of gas247

absorption on the static stability of the atmosphere depends on wavelength248

and pressure. The increase in the optical depth of gas which absorbs the249

radiation around 1 µm tends to stabilize the atmospheric layer between the250

surface and the cloud base, since the vertical gradient of the change in the251

radiative temperature tendency is positive. The increase in the optical depth252

of gas which absorbs the radiation around 3–4 and 5–7 µm will stabilize253

the atmospheric layer below the 2×106 Pa pressure level, since the vertical254

gradient of the change in the radiative temperature tendency is positive.255
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Also, the increase in the optical depth of gas which absorbs the radiation256

around 1.6–2.4 µm tends to destabilize the lower atmosphere due to the257

increased heating close to the surface and the increased cooling above about258

5×106 Pa pressure level. These imply that the increase in the mixing ratios259

of H2O and SO2 increases the stability, while the increase in the optical260

depth of CO decreases the stability, since absorption by SO2, H2O, and CO261

are dominant around 4 and 7, 5–7, and 2.4 µm, respectively (Fig. 5).262

4. Sensitivity of the formation of the stable layer263

We examined the sensitivity of the formation of the stable layer below264

about 2×106 Pa pressure level (∼20 km altitude) to the mixing ratios of265

the clouds and the UV absorber, the mixing ratios of radiatively active266

gases, and the intensities of continuum absorption of gases. As shown in267

the previous section, the optical depths of the clouds and the UV absorber,268

and the optical depth of gas are able to affect the stability of the lower269

atmosphere of Venus.270

Also, we evaluated whether an increase in the intensity of continuum271

absorption in 3–7 µm contributed to the formation of the stable layer. For272

the climate studies of the Earth, the intensity of continuum absorption has273

usually been given by an empirical model, such as the MT CKD model274

(Mlawer et al. 2012). However, the intensity of the continuum absorption275

13



is very uncertain under the condition of the Venus lower atmosphere which276

is very different from that of the Earth’s atmosphere. Thus, the intensity of277

continuum absorption is sometimes used as a tunable parameter to obtain278

the radiative fields consistent with observations (e.g., Eymet et al. 2009).279

In this study, we varied the absorption coefficient in the range of 3–7 µm,280

though the formation of the stable layer is probably affected by the opacity281

of the spectral range of 1–7 µm (Section 3). We did not modify the ab-282

sorption coefficient in the range of 1–2 µm, since it is constrained by the283

ground-based and the spacecraft observations of the thermal emission from284

the Venus deep atmosphere (e.g., Allen and Crawford 1984; Titov et al.285

2007).286

It may be worth mentioning that there is the presence of hazes below the287

clouds down to about 30 km altitude (e.g., Esposito et al. 1983). However,288

it is unlikely that the haze has a significant effect on the thermal structure289

since its number density is small.290

4.1 Sensitivity to cloud settings291

Fig. 6

Figure 6 shows the radiative-convective equilibrium profiles calculated292

with the mixing ratios decreased to 80 % and increased to 120 % for both293

of the clouds and the UV absorber from the control experiment. It is shown294

that the atmosphere is statically neutral below about 8×105 Pa pressure295
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level in both cases, though the thickness of the neutral layer is smaller296

in the latter case reflecting smaller downward solar radiation flux at the297

surface. It is worth mentioning that the stable layer does not form even in298

the cases with the further decreased and the further increased mixing ratios299

for both of the clouds and the UV absorber from the control experiment300

(figure is not shown).301

In Fig. 6, the radiative-convective equilibrium profiles calculated with302

the cloud model of Haus et al. (2015) are also shown to examine the de-303

pendence of stable layer formation on the formulation of cloud model. The304

stable layer does not form in this case, neither. The cloud model of Haus et305

al. (2015) is based on the remote sensing observations by the Venus Express306

(see Appendix C for the details of the adopted cloud model), and is some-307

what different from the cloud model of our control experiment adopted from308

Crisp (1986, 1989) based on the in situ and remote sensing observations by309

the Pioneer Venus probes and orbiter. Our results suggest that, under the310

atmospheric gas radiation properties of the control experiment, the stable311

layer does not form independent of the details of the cloud model.312

4.2 Sensitivity to gas distribution313

Fig. 7

Fig. 8The upper and the lower limit of H2O, CO, and SO2 mixing ratios314

inferred from various observations (Bertaux et al. 1996; Bézard et al.315
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1990; Bézard et al. 1993; Connes et al. 1968; de Bergh et al. 1995; Gel’man316

et al. 1979; Hoffman et al. 1980b; Hoffman et al. 1980a; Hoffman et al.317

1980a; Marcq et al. 2008; Marov et al. 1989; Moroz et al. 1979; Oyama318

et al. 1980; Pollack et al. 1993; Taylor et al. 1997; Tsang et al. 2009; von319

Zahn et al. 1983; Winick and Stewart 1980; Young 1972) compiled by John-320

son and de Oliveira (2019) (Fig. 7) are used to examine the sensitivity of321

the formation of the stable layer. The stable layer below about 2×106 Pa322

pressure level forms only in the case with the upper limit profiles of H2O323

and SO2 and the lower limit profile of CO (Fig. 8). This is consistent with324

the results shown in Section 3. However, the stability of the stable layer is325

lower than that of the VIRA model.326

When the H2O mixing ratio in the lower atmosphere is increased to 70327

ppmv (Fig. 7a), the stability of the stable layer become comparable to that328

of the VIRA model (Fig. 8). However, the volume mixing ratio in this329

case is about double of the observed mean (30 ppmv) and is out of range330

of observed values. If one trusts the observed H2O mixing ratio, then the331

stable layer cannot be formed by the radiative forcing of H2O.332

4.3 Sensitivity to intensity of continuum absorption333

Fig. 9

Figure 9 shows the radiative-convective equilibrium profiles calculated334

with the coefficients of CO2 and H2O continuum absorption increased by335
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factors of 10, 30, and 50. In these calculations, the continuum absorption336

coefficient in the range of 3–10 µm (1000–3500 cm−1) was increased by337

multiplying constant factors independent of the temperature and pressure.338

The range of factors from 10 to 50 is chosen since the dependence of the339

stability around 8×106–3×106 Pa pressure levels on the factor can be ob-340

served clearly. In addition, the range encompasses the factor of 30 which341

will be determined for the coefficient of CO2 continuum absorption by a342

least squares method to fit the equilibrium temperature to the temperature343

of the VIRA model in Section 5.344

When the coefficient for CO2 or H2O continuum absorption is increased345

by a factor of more than 30, the stable layer forms around 8×106–3×106346

Pa pressure levels. The larger the absorption coefficient is, the more stable347

the layer is. On the one hand, when the absorption coefficient is increased,348

the surface temperature is higher than observed one, e.g., 735 K observed349

by Venera 12 (Avduevskiy et al. 1983), due to the increased optical depth.350

5. Discussion351

It has been shown that the stable layer forms below about 2×106 Pa352

pressure level when the coefficient for CO2 continuum absorption or H2O353

continuum absorption is increased. However, in both cases, the surface354

temperature is higher than observed one. The surface temperature should355
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decrease when the mixing ratios of the clouds and the UV absorber were356

increased (Fig. 6).357 Fig. 10

Actually, we found some pairs of the continuum absorption coefficient358

and the mixing ratios of the clouds and the UV absorber which led to the359

equilibrium temperature profile in which surface temperature as well as the360

stability of the stable layer close to those of the VIRA model by the use of a361

least squares method. Figure 10 shows the radiative-convective equilibrium362

profiles calculated with the CO2 continuum absorption coefficient increased363

by a factor of 30, and the H2O continuum absorption coefficient increased364

by a factor of 153 both along with the mixing ratios increased to 130 %365

for both of the clouds and the UV absorber from the control experiment.366

In the case with the increased CO2 continuum absorption coefficient, the367

mean static stability between 4×106 Pa and 7×106 Pa pressure levels is368

0.50 K km−1, and the surface temperature is 735 K. In the case with the369

increased H2O continuum absorption coefficient, those are 0.51 K km−1 and370

733 K, respectively. Those values are compared well with 0.50 K km−1 and371

735 K, respectively, of the low latitude temperature profile of the VIRA372

model. Since a latitudinal variation of about 30 % in cloud optical depth373

has been deduced (Haus et al. 2013; Haus et al. 2014), the single scattering374

albedo dependent on the composition and the size distribution of particles375

has not been revealed fully, and the cloud optical depth appropriate for376
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the global mean equilibrium calculation is not clear, a multiplication factor377

on mixing ratios of the clouds and the UV absorber was used as another378

tunable parameter, here. The temperature profile of the VIRA model might379

be explained by stronger continuum absorption and the variation in the380

optical depths of the clouds and the UV absorber.381 Fig. 11

When the coefficients for CO2 and H2O continuum absorption are in-382

creased by factors of 30 and 153, respectively, CO2 or H2O continuum ab-383

sorption are the dominant opacity source in the spectral range of 3–9 µm,384

and the optical depth at 5×106 Pa pressure level reaches 104–105 (Fig. 11).385

The method used to increase the coefficients for continuum absorption in386

this study may be too simple. However, this study suggests that the deter-387

mination of the coefficient of continuum absorption in the condition of the388

Venus lower atmosphere is one of keys to understand the thermal structure389

there.390

6. Conclusions391

The formation of the stable layer below about 2×106 Pa pressure level392

(∼20 km altitude) in the atmosphere of Venus has been investigated by393

the use of the radiative-convective equilibrium model. Calculated radiative394

temperature tendency spectra indicate that the optical depths of the clouds395

and the UV absorber at wavelengths of 0.3–3 µm and that of gas at wave-396
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lengths of 1–7 µm play an important role in the formation of the stable397

layer.398

Sensitivity experiments have demonstrated that the change in the mixing399

ratios of the clouds and the UV absorber will not lead to the formation400

of the stable layer. It has also been indicated that increase in H2O and401

SO2 mixing ratios and the decrease in CO mixing ratio form the stable402

layer. However, within the observed range of H2O, SO2, and CO mixing403

ratios, the stability of the formed stable layer is lower than that of the404

VIRA model. On the other hand, it has been shown that the stable layer405

forms in the case with the increased coefficient for CO2 or H2O continuum406

absorption in 3–10 µm. Although the increase in the optical depth of CO2407

or H2O continuum absorption raises the surface temperature, the increase in408

surface temperature can be compensated by an increase in the mixing ratios409

of the clouds and the UV absorber. When the CO2 continuum absorption410

coefficient is increased by a factor of 30 or the H2O continuum absorption411

coefficient is increased by a factor of 153, and the mixing ratios of the clouds412

and the UV absorber are increased by 30 %, the temperature profile of the413

radiative-convective equilibrium is close to that of the VIRA model.414

Further observations of radiatively active gas in the Venus lower atmo-415

sphere and further experimental studies on optical parameters in the con-416

dition of the Venus lower atmosphere are desired to confirm the formation417
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mechanism of the stable layer and to verify the idea on increase in coeffi-418

cients of continuum absorption performed in this study. On the other hand,419

this study suggests a practical method to form the stable layer in dynamical420

models, such as GCMs, of the Venus atmosphere. The studies by the use421

of the GCMs, which consider spatial variation, are also required to under-422

stand both the formation of the stable layer in the lower atmosphere and423

the observed surface temperature. Further, it would, in turn, provide un-424

derstanding on the transport and the mixing of the minor constituents and425

the angular momentum and, as a result, the formation of the superrotation426

of the Venus atmosphere.427

Data availability428

The data generated and analyzed in this study will be available at429
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Appendix A. Update of the k-distribution table for445

Venus446

A new k-distribution table is generated to take into account variable447

H2O, CO, and SO2. The structure of the new k-distribution table is the same448

as those generated for Venus atmosphere by Takahashi et al. (2023), but449

we added axes of volume mixing ratios of the variable species. In addition,450

the number of bands and the number of integration points in a band are451

changed in order to improve the accuracy of the radiative fields in a cloud452

free condition which was out of scope of Takahashi et al. (2023). Further,453
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the temperature axis of the table is changed to decrease the amount of454

computation to generate k-distribution tables.455

The number of bands, the number of integration points, and the intervals456

of values in volume mixing ratio axes of the k-distribution table are selected457

to meet accuracy criterion for the calculated radiative fields. The accuracy458

criterion is set to 2×10−4 W m−3 for flux convergence following Takahashi459

et al. (2023). In this study, the criterion is set for solar radiation as well460

as planetary radiation, though it was set only for planetary radiation by461

Takahashi et al. (2023). This ensures that radiative fields are calculated462

with required accuracy in both planetary radiation and solar radiation. To463

achieve the accuracy criterion, we increased the number of bands to 27. The464

wavenumber boundaries and number of integration points for the resultant465

table are shown in Table 1.466

The ranges of the volume mixing ratio axes in the table are determined467

to cover the volume mixing ratios set in this study (Fig. 7). The resultant468

k-distribution table has axes of volume mixing ratios as follows: the volume469

mixing ratio of H2O, rH2O, ranges from 10−7 to 10−2 with a grid interval470

of ∆ log10 rH2O = 0.5, that of CO, rCO, ranges from 10−6 to 10−4 with471

∆ log10 rCO = 1, and that of SO2, rSO2 , ranges from 10−9 to 10−3 with472

∆ log10 rSO2 = 0.5. Volume mixing ratios of species other than H2O, CO,473

and SO2 are assumed to be fixed based on the profile B of Takahashi et al.474
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(2023), which are based on Pollack et al. (1993).475

The temperature axis in the new k-distribution table has the pressure-476

dependent temperature of TVIRA(pi)-50, TVIRA(pi), TVIRA(pi)+50 K, where477

pi is the ith pressure value, and TVIRA(pi) is the temperature at pi of the478

low latitude temperature profile of the VIRA model. This axis is based on479

that implemented by Ikeda (2011). By adopting this temperature axis, the480

amount of computation to generate the k-distribution table becomes 3/17481

of that for the table presented by Takahashi et al. (2023).482 Table 1

Table 2Root mean square errors (RMSEs) of k-distribution calculations in up-483

ward (Up) and downward (Dn) fluxes, flux convergences (FlxCnv), and484

temperature tendencies (Tend) for planetary radiation (PR) and solar ra-485

diation (SR) were evaluated by comparing with those by the line-by-line486

calculations for the low latitude temperature profile of the VIRA model487

and the radiative-convective equilibrium of the control experiment (Table488

2). It is found that the accuracy criterion is met for both profiles in both489

cloudy and cloud free conditions.490
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Appendix B. Radiative temperature tendency spec-491

trum492

Fig. 12

The radiative temperature tendency spectrum, Equation (1), for the493

radiative-convective equilibrium of the control experiment from the surface494

up to the top of the model is shown in Fig. 12.495

Appendix C. The cloud model by Haus et al. (2015)496

The number density profiles, N(z), for the clouds and the UV absorber497

in the cloud model by Haus et al. (2015) are as follows,498

N(z) =



N0 exp

{
−z − (zb + zc)

Hup

}
(z > zb + zc),

N0 (zb + zc ≥ z ≥ zb),

N0 exp
{
−zb + z

Hlo

}
(z < zb),

(4)

where z, zb, zc, Hup, Hlo, andN0 are altitude, the lower base of peak altitude,499

the layer thickness of constant peak particle number density, the upper scale500

height, the lower scale height, and the peak number density, respectively.501

The parameters used for the experiment in Section 4.1 is shown in Table 3.502

Refractive index data for a H2SO4 solution of 75 % by weight described503

by Haus et al. (2015) are used to calculate extinction efficiency factor, single504

scattering albedo, and asymmetry factor of the cloud particles.505 Table 3
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Fig. 1. Vertical profiles of volume mixing ratios of gases and mass mix-
ing ratios of clouds and UV absorber used in the control experiment:
profiles of (a) gases and (b) clouds and UV absorber.
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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.
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Fig. 3. Radiative temperature tendency spectrum (Equation (1)) for the
radiative-convective equilibrium of the control experiment below 1×105

Pa pressure level. Plotted are the running averaged values with the
interval of 15 cm−1.
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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 % (Equation (2))
and (b) that when the optical depth of gas absorption are increased by
1 % (Equation (3)). Plotted are the running averaged values with the
interval of 15 cm−1.
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Fig. 5. Spectra of optical depth at 5×106 Pa pressure level for the low
latitude temperature profile of the VIRA model. The black, red, green
and blue lines show optical depths of the total extinction, H2O, CO,
and SO2 absorption, respectively.
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Fig. 6. Radiative-convective equilibrium profiles of (a) temperature differ-
ence 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, re-
spectively. 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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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 experiment. The green
and blue lines show those adopted in the experiment as the upper and
the lower limits of the observational variability and ambiguity, respec-
tively. 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 compiled by Johnson and de Oliveira
(2019), excluding 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 ra-
tios 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 reported 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.
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Fig. 9. Same as Fig. 6, but for the sensitivity experiments to the intensities
of the CO2 and H2O continuum absorption 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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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 cal-
culated with CO2 and H2O continuum absorption coefficients increased
by factors of 30 and 153, respectively.
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Fig. 11. Spectra of optical depth at 5×106 Pa pressure level for the low lat-
itude temperature profile of the VIRA model. Solid black, green and
blue lines show optical depths of the total extinction, the CO2 con-
tinuum absorption, and the H2O continuum absorption, respectively.
Dashed green and blue lines show spectra of the CO2 and the H2O con-
tinuum absorption with its coefficients increased by factors of 30 and
153 in 3–10 µm, respectively.
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Fig. 12. Same as Fig. 3, but up to the top of the model. It should be
noted that the color bar is different from that in Fig. 3.
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Table 1. 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 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 6 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 10275–12850 6 4
21 12850–17750 4 1
22 17750–22650 4 1
23 22650–25825 4 1
24 25825–29000 4 1
25 29000–32000 4 1
26 32000–39500 1 1
27 39500–50000 1 1
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Table 2. RMSEs of radiation fluxes (W m−2), their convergences (W m−3),
and temperature tendencies (K s−1) calculated from the differences be-
tween the corresponding data obtained by the correlated k-distribution
and the line-by-line models at each pressure level for the low latitude
temperature profile of the VIRA model and the radiative-convective
equilibrium of the control experiment. Up, Dn, PR, SR, FlxCnv, and
Tend denote upward flux, downward flux, planetary radiation, solar
radiation, flux convergence, and temperature tendency, respectively.

VIRA radiative-convective
equilibrium

cloudy cloud free cloudy cloud free
UpPR 2.72×10−1 8.05×10−1 2.20×10−1 8.05×10−1

DnPR 2.48×10−1 4.74×10−1 2.12×10−1 4.37×10−1

FlxCnvPR 6.29×10−5 1.55×10−4 5.60×10−5 1.67×10−4

TendPR 1.63×10−5 1.63×10−5 1.91×10−5 1.87×10−5

UpSR 2.22×10−1 9.19×10−1 2.33×10−1 9.15×10−1

DnSR 3.50×10−1 1.98×100 3.29×10−1 1.97×100

FlxCnvSR 5.33×10−5 1.06×10−4 5.23×10−5 1.09×10−4

TendSR 1.68×10−5 1.68×10−5 1.69×10−5 1.69×10−5
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Table 3. Values of the parameters used in the number density formulation
given by Equation (4) for the clouds and the UV absorber.

zb (km) zc (km) Hup (km) Hlo (km) N0 (cm−3)
mode 1 49.0 16.0 3.5 1.0 96.75
mode 2 62.0 1.0 1.0 3.0 50.00
mode 2’ 49.0 11.0 1.0 0.1 100.00
mode 3 49.0 8.0 1.0 0.5 28.00
UV absorber 58.0 12.0 1.0 1.0 10.00
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