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The deep atmosphere of Venus and the possible
role of density-driven separation of CO2 and N2

Sebastien Lebonnois1* and Gerald Schubert2

With temperatures around 700K and pressures of around 75 bar, the deepest 12 km of the atmosphere of Venus are so hot
and dense that the atmosphere behaves like a supercritical fluid. The Soviet VeGa-2 probe descended through the atmosphere
in 1985 and obtained the only reliable temperature profile for the deep Venusian atmosphere thus far. In this temperature
profile, the atmosphere appears to be highly unstable at altitudes below 7 km, contrary to expectations. We argue that the
VeGa-2 temperature profile could be explained by a change in the atmospheric gas composition, and thus molecular mass,
with depth. We propose that the deep atmosphere consists of a non-homogeneous layer in which the abundance of N2—the
second most abundant constituent of the Venusian atmosphere after CO2—gradually decreases to near-zero at the surface. It
is di�cult to explain a decline in N2 towards the surface with known nitrogen sources and sinks for Venus. Instead we suggest,
partly based on experiments on supercritical fluids, that density-driven separation of N2 from CO2 can occur under the high
pressures of Venus’s deep atmosphere, possibly by molecular di�usion, or by natural density-driven convection. If so, the
amount of nitrogen in the atmosphere of Venus is 15% lower than commonly assumed. We suggest that similar density-driven
separation could occur in other massive planetary atmospheres.

Venus has amassive and scorching atmosphere.With a surface
pressure of 92 bar its atmosphere is 92 times as massive as
Earth’s atmosphere. At the surface of Venus, the temperature

is 464 ◦C, hot enough to melt lead. Atmospheric density at the
surface is about 65 kgm−3 or 6.5% the density of liquid water1.
Atmospheric composition is 96.5% CO2 and 3.5% N2 (by volume)2.
Minor gases include SO2, Ar, H2O and CO (refs 3,4). SO2 at the level
of only 150 ppm is particularly important because of the blanket of
sulfuric acid clouds that completely shroud the planet from view5.
The clouds effectively reflect the solar radiation incident on Venus
resulting in a bond albedo of 0.77,more than double that of the Earth
at 0.31. As a consequence, more sunlight is absorbed at the surface
of Earth than at Venus’s surface even though Venus is 72% nearer
to the Sun. The temperature distribution in Venus’s atmosphere is
determined in large part by its absorption of sunlight1. Temperature
and pressure are so large at Venus’s surface that the atmosphere is a
supercritical fluid.

In addition to the basic properties above we have detailed
knowledge of the atmospheric structure (altitude profiles of
temperature and pressure and locations of the clouds) from decades
of observation by orbiting spacecraft (Soviet Venera 15 and 16
(refs 6–8), US Pioneer VenusOrbiter9,10 andMagellan11, ESAVenus-
Express12–14 and the ongoing Japanese Akatsuki), entry probes and
landers15–18, balloons17 and Earth-based telescopes3,19–21 (Fig. 1).
These observations have shown that Venus, like Earth, has a
troposphere extending from the surface to the upper cloud region
at about 60 to 65 km altitude, wherein temperature decreases with
height1,22. The sulfuric acid clouds extend downward to about 48 km
altitude5. Above the clouds are regions of the atmosphere analogous
to Earth’s mesosphere and thermosphere but our focus here is
the atmosphere below the clouds. At cloud heights, atmospheric
temperature and pressure are similar to those at the Earth’s surface.

There is no stratosphere onVenus similar to Earth’s stratosphere that
is heated by ozone absorption of solar ultraviolet radiation.

The altitude profile of temperature allows identification of stable
layers and layers of convective activity. There is a convective
region in the clouds between about 50 and 55 km altitude14,23, as
experienced by the Soviet VeGa-1 and VeGa-2 balloons that cruised
in this layer17. Below this region extending downward to about
32 km altitude the atmosphere is stable. Below this stable layer the
atmosphere is well mixed down to an altitude of about 18 km. At
even greater depth, the atmosphere is stable again until an altitude
of about 7 km. The nature of the lowest 7 km of the atmosphere, a
layer that contains 37% of themass of the atmosphere, is at the heart
of our discussion.

While the exploration of Venus’s atmosphere has been extensive,
as discussed above, the deep atmosphere remains a largely
unobserved region. It is challenging to obtain data remotely below
the thick cloud layer covering the planet. Many probes have been
sent to the surface of Venus: the Soviet Venera mission series15, the
US Pioneer Venus probes16 and the Soviet VeGa probes17,18. These
probes measured temperature (T ) and pressure (p) during descent,
andmademeasurements of atmospheric composition, showing that
the two major constituents were carbon dioxide (CO2, 96.5%) and
nitrogen (N2, 3.5%)2,24,25. Unfortunately, almost no temperature data
were obtained from the deepest layers of Venus’s atmosphere, since
most Venera probe temperature profiles had large uncertainties
and all of the Pioneer Venus probe temperature experiments
stopped functioning at 12 km above the surface22. The Pioneer
Venus temperature profiles below 12 km were reconstructed from
pressure measurements, extrapolation of T (p) and iterative altitude
computation16, and only these reconstructions (prone to significant
uncertainties) and the Venera 10 profile26 were used to build
the Venus International Reference Atmosphere (VIRA) model22.
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Figure 1 | Vertical structure of the atmosphere of Venus. Vertical
profiles—as a function of altitude and pressure—of the temperature,
density and static stability (that is, the di�erence between the vertical
gradient of temperature and the adiabatic lapse rate), from the VIRA
model22. Cloud layers are also indicated.

The only available and reliable temperature profile reaching to
the surface was acquired by the VeGa-2 probe17,18,27 (Fig. 2).
Measurements were done with two different platinum wires (one
bare, one protected in a thin ceramic shield), with a measured
accuracy of ±0.5 K from 200 to 800K. The time constants of the
two detectors were 0.1 s and 3 s. The delay of the second detector
induced systematic shift between the two measurements, with
differences no larger than 2K down to the surface17. The measured
temperature profile fits remarkably well with the Pioneer Venus
and VIRA profiles above roughly 15 km altitude27. This illustrates
the small temporal and spatial variability of the temperature in the
deep atmosphere of Venus, with differences between the different
observed profiles smaller than 5K (and not depending on altitude).

Below 7 km, a region where no precise measurements of N2
abundance was published2, the VeGa-2 temperature profile showed
a highly unstable vertical temperature gradient that has remained
unexplained since VeGa-2 landed on Venus on 15 June 198527,28.
The difference in temperature between the adiabatic profile (neutral
stability) and the observed profile is up to roughly 9K around
7 km. This interface region between the surface and the atmosphere,
called the planetary boundary layer (PBL), controls how the angular
momentum and energy are exchanged between the two reservoirs.
Characterization of the mixing processes occurring in the PBL is
crucial to understanding the angular momentum budgets of the
atmosphere and solid planet. This is particularly true in the case of
Venus, which is characterized by a peculiar atmospheric circulation,
the superrotation: the whole atmosphere is rotating much faster
than the surface below, with maximum zonal winds reaching
more than 100m s−1 at the altitude of the cloud top (70 km)29.
This large zonal rotation of the massive Venus atmosphere makes
its atmospheric angular momentum a relatively large fraction
(1.6×10−3) of the angular momentum of the solid body. For
Earth, this fraction is 2.7×10−8. Exchanges of angular momentum
between the two reservoirs would lead to changes in the length of
day of Venus and zonal wind speeds in the atmosphere.

A possible interpretation of this peculiar temperature structure
involves unexpected properties of the CO2/N2 mixture in high-
pressure, high-temperature conditions, which are not well known.
This is illustrated by a recent experiment that shows a vertical
separation between these two compounds within the fluid phase,
a behaviour difficult to explain30. Despite a lack of theoretical and
experimental constraints, this density-driven separation may be
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Figure 2 | The VeGa-2 spacecraft. Model of the spacecraft (located in the
Steven F. Udvar-Házy Center, Dulles International Airport, Chantilly,
Virginia, USA). The lander is hidden in the spherical shell on top of
the spacecraft.

the key to understanding the structure of the deepest layers of
Venus’s atmosphere.

Stability in the deep atmosphere of Venus
The temperature profile close to the surface is a very good indicator
of the properties of the PBL. In addition to the static stability,
the potential temperature is an efficient variable to analyse the
stratification of the atmosphere (Box 1). The vertical profiles of
the potential temperature derived from the VeGa-2 and Pioneer
Venus probes are displayed in Fig. 3. Layers with constant potential
temperature are layers where the temperature follows the adiabatic
lapse rate, indicative of convection or large-scale vertical mixing.
Below roughly 7 km, the vertical gradient of the VeGa-2 poten-
tial temperature is approximately constant and strongly negative
(−1.5 K km−1), corresponding to a highly unstable situation. Such
a profile of potential temperature is never observed on Earth. On
Mars, radiative surface heating sometimes drives a very unstable
surface layer, yielding highly active convection up to 9 km above the
surface. In these conditions, the potential temperature may display
negative gradients over the surface, up to 1 or 2 km altitude31. For
Venus, this situation is unlikely, as direct heating of the surface is
only a small fraction of that of Mars’ surface32.

However, the VeGa-2 probe potential temperature profile can be
understood if the stability of this layer is altered by a vertical gradient
in the mean molecular mass (µ), that is, in the atmospheric gas
composition (as detailed in the Methods): the assumption that this
layer is close to convective instability yields a vertical profile ofmean
molecular mass that is almost linear with the logarithm of pressure,
from 43.44 gmol−1 above 7 km to 44.0 gmol−1 at the surface.

A density-driven gas separation hypothesis
Although a systematic error in the temperature measurements
cannot be excluded, the fact that this error would have maintained
a stable vertical temperature gradient from 7 km altitude to the
surface for both VeGa-2 temperature sensors is unlikely. If this
temperature profile is accurate, then it may be neutrally stable
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Box 1 | Atmospheric stability.

The stability of an atmospheric region is assessed by moving
adiabatically an air parcel along the vertical. For an ideal gas,
its temperature follows the adiabatic lapse rate (dT/dz)adiab =
Γ = −(g/cp), where g is the gravity and cp is the specific
heat capacity at constant pressure. In a well-mixed atmosphere
(constant molecular mass µ), if the parcel rises to a colder
environment (or sinks to a warmer environment), it will continue
to rise (or sink), becoming buoyant and triggering convective
activity. This corresponds to a vertical temperature gradient lower
than the adiabatic lapse rate. The stability can then be assessed
with the static stability, S= (dT/dz)−Γ : when S is positive, the
atmosphere is stable, but when S is negative, convective activity
will mix energy and modify the temperature profile until S=0.
The potential temperature θ is defined as the temperature that

an air parcel would get after undergoing an adiabatic displacement

from its position (T , p) to a reference pressure pref. The static
stability S is equivalent to the vertical gradient of the potential
temperature, (1/θ)(dθ/dz).
When the mean molecular mass is not constant with

altitude, to define the buoyancy of a given parcel, the relevant
variable is the potential density, ρθ , defined as the density
a parcel with the density ρ(µ, T , p) would have when
displaced adiabatically (and with constant composition) to the
reference pressure, pref, ρθ (µ, θ , pref). In the case of the deep
atmosphere of Venus, the stability criterion can be reduced
to the usual criterion, but applied to the modified potential
temperature θ ′ = θ(µref/µ), with µref=43.44 gmol−1 being
a reference value corresponding to CO2 mixed with 3.5% of
N2: (1/θ ′)(dθ ′/dz)≥0.
Additional details may be found in the Methods.

with the previously mentioned variation in the mean molecular
mass, µ. The value obtained in this case for µ at the surface is
remarkably close to that of pure CO2, so that an intriguing, but
very simple explanation for the vertical profile of µ is a regular
decrease in N2 mole fraction, from 3.5% above 7 km to almost
zero at the surface. Such a composition variation would have a
significant impact on the total amount of nitrogen contained in the
atmosphere, which would decrease to only 85% of the total amount
for a well-mixed atmosphere. This could have potential implications
for studies that investigate the respective nitrogen inventories of
Earth and Venus33. The increase of the mean molecular mass
towards the surface might also be consistent with an increase in
the abundance of an atmospheric compound heavier than CO2,
although this would be an even more puzzling coincidence. For an
increase up to the 0.1% level at the surface, the molar mass of the
component would need to be of the order of 560 gmol−1. A lower
molar mass would mean a higher abundance. Solutions could be
found, but it seems quite unlikely that the change of composition
would mimic the decrease of N2 abundance as the surface
is approached.

Based on this hypothetical interpretation of the VeGa-2 probe
temperature profile, the gradient in N2 abundance obtained in
Venus’s deep atmosphere is around 5 ppmm−1. In planetary
atmospheres, such vertical gradients of composition are usually
associated with sources or sinks of the varying compound, such
as chemistry, condensation or surface processes. However, the
hypothesis that this nitrogen gradientmight be the result of a surface
sink faces serious difficulties. It would require a constant downward
flux of nitrogen, which would need to be sustained over geologic
times unless a recycling process or an equivalent source could drive
nitrogen back into the atmosphere.

Another possibility is explored here: this gradient may result
from an equilibrium state due to separation of nitrogen from
carbon dioxide in the dense conditions of Venus’s deep atmosphere.
Such a separation of N2 and CO2 in high-pressure conditions is
illustrated by recent experiments30,34. Although the conditions of
these experiments are clearly different from conditions in the deep
atmosphere of Venus, it demonstrates the impact of high densities
on the CO2/N2 binary mixture. In the first of these experiments30,
a mixture of 50% N2/50% CO2 (mole fractions) was put in an
18-cm-high vessel at room temperature for pressures above 100 bar.
At p=100 bar and T=23 ◦C, the CO2/N2 mixture is supercritical,
not far above the critical point of the fluid mixture (TC=−9.3 ◦C,
pC = 98 bar), and CO2 departs slightly from being ideal. Using
the equations of state for pure CO2 and N2 (refs 34,35), CO2
partial pressure is 44 bar, CO2 density is 101 kgm−3 and total
density in the vessel is around 165 kgm−3, to be compared with

the densities in the deep Venusian atmosphere: 40 to 70 kgm−3 for
pressures higher than 50 bar. In these experimental conditions, N2
and CO2 were observed to separate significantly along the vertical
dimension, N2 reaching over 70% mole fraction at the top of the
vessel, while CO2 reached almost 90% at the bottom30. Over the
18 cm of the experimental vessel, this separation is extreme, with
an average gradient of 3 to 4% cm−1. In Venus’s deep atmosphere,
the 5 ppmm−1 gradient in N2 abundance appears much smaller
in comparison.

The molecular diffusion in this binary gas mixture includes
three terms: one due to the compositional gradient, one due to the
temperature gradient, and one due to the pressure gradient36. The
amplitude of this pressure term is controlled by the barodiffusion
coefficient, kp. Molecular diffusion in an ideal gas mixture increases
as the pressure decreases towards higher altitudes, the expression of
kp is known for an ideal binary gas mixture, and turbulent diffusion
in usual atmospheric conditions is strong enough to homogenize
atmospheric composition up to the homopause. At this level, molec-
ular diffusion dominates and the barodiffusion induces mass sepa-
ration of the different compounds. Could high-pressure conditions
and departure from the ideal gas law induce strongly nonlinear
behaviour of the barodiffusion coefficient? For such a gradient to be
maintained in the near-surface layer of Venus’s atmosphere against
large-scale and turbulent mixing, the barodiffusion coefficient kp
would need to be several orders of magnitude larger than for an
ideal gas in the same conditions, which may seem highly unlikely.
It is also the case for the previously detailed experiment30. Unfor-
tunately, no measured or theoretical values are yet available for kp,
neither for the experimental set-up30 nor for Venus’s deep atmo-
spheric conditions. In the experiments30,34, natural density-driven
convection is mentioned as a possible driver, inducing transport of
nitrogen-rich lighter parcels upward while CO2-rich heavier parcels
would move downward. Additional experimental and theoretical
studies are clearly needed to investigate this possibility and to solve
this puzzle.

Dynamics of the deep atmosphere of Venus
To better understand the dynamical state of the different atmo-
spheric layers, as well as the behaviour of the PBL near the sur-
face of Venus, the atmospheric circulation was explored using the
Laboratoire de Météorologie Dynamique (LMD) Venus general
circulation model (GCM)37. The variation of the mean molecular
mass with pressure in the deep atmosphere was implemented in
the computation of the potential temperature within the GCM,
although this modification only slightly affects the dynamical state
of the deepest layers. Fitting the observed temperature structure
in detail with a radiative transfer model is challenging, because
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Figure 3 | Vertical profile of potential temperature θ computed from
temperatures measured by VeGa-2. Potential temperature is computed
using equation (10) in the Methods. VeGa-2 profile shows the convective
layer present in the middle and lower clouds (48–56 km altitude), observed
in all in situ and radio-occultation data sets14,22, as well as a
deep-atmosphere mixed layer (17–32 km altitude), consistent with the
VIRA model22 and the Pioneer Venus Sounder, Day and Night probes16. The
highly unstable 7-km-thick surface layer is also highlighted (µ is the mean
molecular mass of the atmosphere).

of the sensitivity of the temperature profile to many parameters
that are not well known38. However, with a fine-tuning of these
parameters (detailed in theMethods), the GCM is able to reproduce
the vertical structure of the potential temperature. Therefore, the
mean meridional circulation and the turbulent activity diagnosed
by the GCM (Fig. 4) can be used to evaluate the dynamical condi-
tions within the atmosphere, including the deepest layer discussed
here, despite the large difficulty to get observational constraints for
this region.

The deepest layer (below 8 km) is close to neutral stability. In
the simulation, it is slightly turbulent only near its top, and near
the surface with a diurnal convective layer that reaches 1 to 2 km
above the surface around noon local time. This result of the GCM
radiative transfer is obtained both when taking into account the
composition variation and when composition is uniform. Themean
meridional circulation participates in the mixing of the energy
through a surface Hadley-type cell roughly 7-km thick. This is
similar to the 2-km-thick seasonal PBL observed on Titan by the
Huygens probe, associated with the mixing by the deepest mean
meridional circulation cells39. The hypothetical separation ofN2 and
CO2 that would explain the VeGa-2 potential temperature profile
in the deepest layer needs to occur on timescales shorter than
the dynamical overturning of this surface cell (τdyn= L/v, where
L∼104 km is the horizontal size of the cell and v∼0.05m s−1 is the
mean meridional wind near the surface, yielding τdyn∼ 2× 108 s,
or 20Vd) to maintain this vertical gradient in the atmospheric
composition, while the layer is close to convective instability. The
simulation confirms the very small spatial and temporal variations
of the temperature profile, with a diurnal cycle active only near
the surface.

Dense gas separation at Venus and beyond
The unexplained behaviour of the CO2/N2 mixture in the
temperature and pressure conditions of the deep atmosphere of
Venus needs to be confirmed. First, it illustrates how important it is
to go back to Venus to make additional in situmeasurements down
to the surface. Second, further studies are needed, both theoretical
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Figure 4 | Meridional distributions of the turbulent mixing coe�cient and
averaged stream function. The diurnal and zonal average of the turbulent
mixing coe�cient Kz diagnosed in the GCM is shown with colours (unit is
m2 s−1), showing convective regions, while the mean meridional circulation
is illustrated by the averaged stream function with the white contours (unit
is 109 kg s−1). The amplitude of Kz reaches more than 10 m2 s−1 in the
cloud turbulent layer (48–57 km).

and experimental. The compositional gradient deduced from our
interpretation of the VeGa-2 profile (5 ppmm−1) could bemeasured
in a large experimental tank where Venus’s atmospheric conditions
can be reproduced. Such a result could trigger interest for theoretical
and experimental studies dedicated to other binary mixtures, which
could be relevant for the high-pressure atmospheres of giant planets
of our own Solar System, or for extra-solar planets.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Stability and potential temperature. The stability of an air parcel undergoing an
adiabatic displacement in situations where µ and/or cp may depend on altitude,
pressure or temperature is detailed in the following study. The notations used are as
follows: R is the universal gas constant (R=8.3144621 Jmol−1 K−1); µ is the mean
molecular mass; p is the pressure; ρ is the density; v=1/ρ is the specific volume; T
is the temperature; cp and cv are the specific heat capacities at constant pressure and
constant volume; λ= cp/cv and κ=R/(µcp).

Initial equations. The basic equations for this study are: the specific heat relations

dU= cvdT (1)

R
µ
= cp− cv (2)

which yields:

κ=1−
1
λ

the first law of thermodynamics for adiabatic displacement:

dU=−pdv (3)

the equation of state for an ideal gas:

ρ=
µp
RT

(4)

Note that in the case of the deep atmosphere of Venus, the ideal gas law is
only an approximation, but with an error on density less than 0.8%
(Supplementary Table 1)16,35.

The hydrostatic balance:

dp=−ρgdz (5)

When µ is constant in the atmosphere. In the cases where µ is constant in the
atmosphere, equation (4) can be written as:

pv=
R
µ
T

Differentiating this equation yields:

pdv+vdp=
R
µ
dT (6)

From equations (1) and (3), we get:

pdv=−cvdT

Together with equation (2), (6) becomes:

vdp= cpdT

Using equation (4) again, this yields:

R
µ

dp
p
= cp

dT
T

(7)

The potential temperature, θ , is defined as the temperature that an air parcel
would get after undergoing an adiabatic displacement to a reference pressure pref.
Its expression is obtained by integrating this adiabatic displacement from (T ,p) to
(θ ,pref). When cp is constant, equation (7) yields the usual expression:

θ=T

(
pref
p

)κ

(8)

When cp depends on the temperature, the integration is not direct. Using
the expression:

cp= cp0
( T

T0

)ν

(9)

(with cp0=1,000 J kg−1 K−1, T0=460K and ν=0.35 for Venus’ atmosphere)35,40,41,
it can be demonstrated40 that the new expression for θ is:

θ
ν
=T ν
+νT ν

0 ln

(
pref
p

)κ0

(10)

with κ0=R/(µcp0).

Using equations (4), (5) and (7) yields:

−
gdz
T
= cp

dT
T

which gives the adiabatic lapse rate (valid even for variable cp):( dT
dz

)
adiab
=Γ =−

g
cp

(11)

When µ depends on altitude, pressure or temperature. The stability criterion is
established as follows42,43. Consider a parcel that is displaced adiabatically on an
elemental distance dz ; q∗ refers to the variable q in the parcel.

Equation (4) can be written as:

p∗µ∗=ρ∗RT∗

Taking the logarithm then differentiating along the vertical axis (µ∗ is constant
because the composition of the parcel does not change) yields:

1
p∗

dp∗
dz
=

1
ρ∗

dρ∗
dz
+

1
T∗

dT∗
dz

Using equation (7) applied to the parcel and p=p∗ yields:

1
ρ∗

dρ∗
dz
=

1
p
dp
dz
(1−κ∗) (12)

with κ∗=R/(µ∗cp).
For the background gas, equation (4) can be written as:

ρ=
µp
RT

Taking the logarithm then differentiating along the vertical axis yields:

1
ρ

dρ
dz
=

1
µ

dµ
dz
+

1
p
dp
dz
−

1
T

dT
dz

(13)

The stability criterion is:
1
ρ∗

dρ∗
dz

>
1
ρ

dρ
dz

(14)

Equations (12) and (13) yield:

1
µ

dµ
dz
−

1
T

dT
dz
+
κ∗

p
dp
dz
<0 (15)

Applying this stability criterion, the adiabatic lapse rate is obtained when
neutral for stability:

1
µ

dµ
dz
−

1
T

dT
dz
+
κ∗

p
dp
dz
=0 (16)

Using equations (4) and (5) and the fact that κ/κ∗ tends to 1 for an elemental
displacement, this can be written as:( dT

dz

)
adiab
=Γ =

T
µ

dµ
dz
−

g
cp

(17)

which is valid even for variable cp.
To define the buoyancy of a given parcel, the relevant variable is the potential

density ρθ , defined as the density a parcel with the density ρ(µ,T ,p) would have
when displaced adiabatically (and with constant composition) to the reference
pressure pref, ρθ (µ,θ ,pref). Using the ideal gas law (equation (4)), the potential
density is:

ρθ=
µpref
Rθ
=
µrefpref
Rθ ′

(18)

with the modified potential temperature θ ′ defined by:

θ
′
=θ(µref/µ) (19)

Due to the variation of µ with altitude and the dependence of θ on µ, it is not
correct to reduce the stability criterion (equation (16)) to the usual criterion, that is,
the direct comparison of the potential density between two atmospheric levels44.

1
ρθ

dρθ
dz
=

1
µ

dµ
dz
−

( 1
θ

∂θ

∂z

)
µ

−

( 1
θ

∂θ

∂µ

)
z

dµ
dz

(20)

For an elemental displacement, the definition of θ yields:( 1
θ

∂θ

∂z

)
µ

=
1
T

dT
dz
−
κ∗

p
dp
dz

(21)
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which can be inserted in equation (20) to give:

1
ρθ

dρθ
dz
=

1
µ

dµ
dz
−

1
T

dT
dz
+
κ∗

p
dp
dz
−

( 1
θ

∂θ

∂µ

)
z

dµ
dz

(22)

Equation (22) shows that dρθ/dz=0 (or dθ ′/dz=0) is not equivalent to the
stability criterion (equation (16)), unless the last term of the right side is negligible
against the first.

However, in the case of the deep atmosphere of Venus, the vertical profile of
θ(µ) is very close (difference less than 0.15K everywhere) to the profile of θ(µref),
with µref=43.44 gmol−1 a reference value corresponding to CO2 mixed with 3.5%
of N2. This yields (µ/θ)(∂θ/∂µ)∼ (43.44/735)× (0.15/0.56)∼0.016, much
smaller than 1. It is therefore a good approximation to consider that the definition
of the potential temperature θ is not dependent on the initial mean molecular mass
of the air parcel, that is, ∂θ/∂µ=0 at any given level. In this case, the stability
criterion is equivalent to the usual criterion applied to the modified potential
temperature θ ′:

1
θ ′

dθ ′

dz
=0 (23)

Radiative transfer details. In the GCM used for our study, the temperature
structure is modelled using a full radiative transfer model. In the infrared range,
net exchange rate formalism is used38,45 based on up-to-date gas opacities including
collision-induced absorption from CO2 dimers46, and the most recent cloud model
deduced from Venus-Express data sets47. In the solar range, vertical profiles of the
solar fluxes computed using this new cloud model are used, depending on latitude
and solar zenith angle48. As discussed in recent work38 extinction coefficients below
the clouds in windows located between 3 and 7 µm play a key role in shaping the
deep-atmosphere temperature profile. The solar heating profile below the clouds is
also crucial, although it is poorly constrained by available data.

Globally averaged one-dimensional simulations were performed to assess the
sensitivity to crucial hypotheses in the radiative transfer calculation. Different solar
heating rate models were used48–50 (Supplementary Fig. 1a). The composition of the
lower haze particles, located between the cloud base (48 km) and 30 km and
observed by the probe nephelometers51, is not established, so their optical
properties are not well constrained. The absorption of the solar flux in this region is
therefore subject to uncertainty. An increased solar absorption (by a factor 3) in
this region in the H15 profile48 (Supplementary Fig. 1) provides the best fit to the
VIRA and VeGa-2 temperature profiles. In the infrared, some additional extinction
is needed below the clouds in the 3 to 7 µm wavelength range to fit the temperature
profile in the stable region below the clouds38. The lower haze, which is not taken
into account in the reference net exchange rate computations, can contribute to this
small additional continuum. The impact of several hypotheses on this additional

opacity is illustrated in Supplementary Fig. 1b. The best fit to the VIRA and VeGa-2
temperature profiles is obtained with an additional extinction of
1.3×10−6 cm−1 amagat−2 in the lower haze region (30–48 km), and of
4×10−7 cm−1 amagat−2 in the region between 30 and 16 km, where a transition
from instability to stability against convection is observed in the VeGa-2 profile,
but also in the Pioneer Venus Sounder, Day and Night probes at similar altitudes
(15 to 20 km)16.

Code availability. The LMD Venus GCM used in this study is developed in the
corresponding author’s team. It is available upon request.

Data availability. The VeGa-2 temperature profile was kindly provided by
L. Zasova. It is available from the corresponding author upon request.
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