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Abstract Venus’ convective cloud layers and associated gravity waves strongly impact the local and
global budget of heat, momentum, and chemical species. Here we use for the first time three-dimensional
turbulence-resolving dynamical integrations of Venus’ atmosphere from the surface to 100-km altitude,
coupled with fully interactive radiative transfer computations. We show that this enables to correctly
reproduce the vertical position (46- to 55-km altitude) and thickness (9 km) of the main convective cloud
layer measured by Venus Express and Akatsuki radio occultations, as well as the intensity of convective
plumes (3 m/s) measured by VEGA balloons. Both the radiative forcing in the visible and the large-scale
dynamical impact play a role in the variability of the cloud convective activity with local time and latitude.
Our model reproduces the diurnal cycle in cloud convection observed by Akatsuki at the low latitudes and
the lack thereof observed by Venus Express at the equator. The observed enhancement of cloud convection
at high latitudes is simulated by our model, although underestimated compared to observations. We show
that the influence of the vertical shear of horizontal superrotating winds must be accounted for in our model
to allow for gravity waves of the observed intensity (>1 K) and horizontal wavelength (up to 20 km) to be
generated through the obstacle effect mechanism. The vertical extent of our model also allows us to predict
for the first time a 7-km-thick convective layer at the cloud top (70-km altitude) caused by the solar
absorption of the unknown ultraviolet absorber.

Plain Language Summary The Venus convective cloud layers and associated gravity waves
impact on the local and global budget of heat, momentum, and chemical species remains unclear. Here we
use for the first time three-dimensional turbulence-resolving dynamical integrations of Venus’ atmosphere
from the surface to 100-km altitude, coupled with fully interactive radiative transfer computations. We
show that this enables to correctly reproduce the vertical position (46- to 55-km altitude) and thickness
(9 km) of the main convective cloud layer. Our model reproduces the diurnal cycle in cloud convection
observed by Akatsuki at the low latitudes and the lack thereof observed by Venus Express at the equator.
The observed enhancement of cloud convection at high latitudes is simulated by our model, although
underestimated compared to observations. We show that the influence of the vertical shear of horizontal
superrotating winds must be accounted for in our model to allow for gravity waves of the observed intensity
and horizontal wavelength to be generated through the obstacle effect mechanism.

1. Introduction

The strong dynamical activity inside the Venusian cloud layer has been investigated for a long time. The con-
vective activity was measured for the first time by the Pioneer Venus radio occultation experiment (Seiff et al.,
1980) from 50 to 55 km above the surface and was then confirmed by other spacecraft like the Magellan probe
(Hinson & Jenkins, 1995). The variability of the vertical extension of the convective layer has been studied in
detail with the VeRa radio occultation device on board Venus Express (Tellmann et al., 2009, 2012). A strong
latitudinal variability of the vertical extent of the convective layer was observed (Tellmann et al., 2009), with
the thickness of the convective layer reaching 10 km in polar regions, almost twice thicker than in the equa-
torial regions. No variability of the thickness of the convective layer with local time was measured in this data
set, though the radio occultations measured with the ongoing spacecraft Akatsuki measured a convective
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layer that appears to be thicker in the morning (Imamura et al., 2017). The amplitude of the vertical convective
plumes, as well as the width of the convective cells, was measured in situ by the VEGA balloons flying in the
Venusian convective layer: vertical winds range between −3.5 and 2 m/s (Linkin et al., 1986) and convective
cells extend horizontally from several hundred meters to tens of kilometers (Kerzhanovich et al., 1986).

Gravity waves emitted by this convective layer have been observed. Radio science profiling within and above
the cloud layer evidenced small-scale waves with vertical wavelengths of about 7 km (Counselman et al.,
1980; Seiff et al., 1980). The Venus Express instruments also measured the wavelengths of the waves emitted
above the cloud layer, which range between about 2 and 3.5 km along the vertical (Tellmann et al., 2012)
and from 2 km to hundreds of kilometers in the horizontal (Peralta et al., 2014; Piccialli et al., 2014). From
the Venus Monitoring Camera (VMC) images at high latitude, the waves seem to propagate toward the pole
(Piccialli et al., 2014).

In addition to the convection layer inside the cloud, features observed at cloud top by the Mariner 10 mis-
sion (Belton et al., 1976) and the Pioneer Venus spacecraft (Rossow et al., 1980) near subsolar point were
morphologically close to convective cells with sizes between 200 and 1,000 km. The VMC observed the same
cellular features at the top of the cloud, approximatively 70 km above the surface, at low latitude close to
the subsolar point that might be attributed to convective motions (Markiewicz et al., 2007; Titov et al., 2012).
Convective cells from around 20 to a few hundreds of kilometers have been determined from these obser-
vations. With the 9 years orbiting around Venus, the Venus Express mission yields a remarkable data set of
cloud top morphologies. Different regimes have been determined, from mottled dark clouds at low latitude
to streaky clouds around 50∘ and bright and almost featureless clouds at high latitude. Interestingly, while the
low-latitude cloud top images are reminiscent of convective activity, the Venus Express and Akatsuki radio
occultation measurements at those altitudes in tropical regions do not show any clear neutral-stability layers
(Ando et al., 2015; Imamura et al., 2017; Tellmann et al., 2009).

Aside from the observational efforts to characterize the cloud dynamics, the convective motions in the cloud
layer and the resulting emission of gravity waves have been subject to modeling studies with two-dimensional
models (Baker et al., 1998, 2000a, 2000b; Imamura et al., 2014; McGouldrick & Toon, 2008) and idealized
three-dimensional experiments (Yamamoto, 2014). Recently, Lefèvre et al., (2017, hereafter L17) improved
on those studies by proposing, for the first time, three-dimensional turbulence-resolving simulations with
prescribed heating rates for shortwave, longwave, and large-scale dynamical forcings of the convective
cloud layer. This enabled to evidence the horizontal organization of convective plumes as polygonal con-
vective cells and the propagation of gravity waves both above and below the convective cloud layer. L17
also concluded that the thermal influence of the large-scale circulation (adiabatic warming/cooling associ-
ated with large-scale subsiding/ascending motions) is as important as the radiative forcing of the convective
cloud layer. Yet, despite those improvements over existing modeling studies, the thickness of the convec-
tive layer, the intensity of the convective plumes, and the amplitudes of the emitted gravity waves remained
underestimated in the simulations of L17 compared to the available observations.

The goal of this paper is to further improve on the work by L17 by carrying out three-dimensional
turbulence-resolving simulations with a more complete and realistic approach. The simulations in L17

1. did not include the wind shear present in the Venusian cloud layer where the large-scale superrotating
winds increase with altitude, while the pioneering two-dimensional simulations by Baker et al. (2000b) indi-
cated that the wind shear had an impact on the development of the convection in the cloud layer and the
associated gravity waves;

2. used prescribed radiative heating rates (hereafter referred to as the off-line mode), interpolated from Global
Climate Modeling (GCM) calculations to the finer vertical grid used for convection-resolving simulations;

3. only focused on the convective activity in the main cloud layer, with not enough vertical extent to investigate
a possible convective activity at the top of the main cloud layer.

Here we propose unprecedented turbulence-resolving simulations coupled with fully interactive calcula-
tions of the radiative heating rates (hereafter referred to as the online mode) using the latest version of the
radiative transfer scheme developed for the Institut Pierre-Simon Laplace (IPSL) Venus GCM (Garate-Lopez &
Lebonnois, 2018; Lebonnois et al., 2016). Furthermore, our simulations are carried out with and without the
inclusion of the vertical wind shear caused by Venus’ superrotating winds simulated in the IPSL Venus GCM.
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With this upgraded model, we revisit the study of L17 about the convective activity between 50 and 60 km
and the induced gravity waves in the Venus cloud layer, and latitudinal and temporal variability thereof. We
complement this by presenting the first modeling assessment of the potential convective motions at the top
of the cloud at an altitude of about 70 km.

Our paper is organized as follows. The model is described in section 2. In section 3, the results on convective
motions and gravity waves from a reference simulation for the main convective region are presented, as well
as the variability of this dynamical activity with latitude and local time. The impact of wind shear on turbulent
convection in the main cloud layer is discussed in section 4. The convective activity at the top cloud layer is
then investigated in section 5. Our conclusions are summarized in section 6.

2. The Model
2.1. Dynamical Core
Similarly to the modeling work of L17, this study is conducted using the fully compressible nonhydrostatic
dynamical core of the Weather Research and Forecast (WRF) terrestrial model (Moeng et al., 2007; Skamarock &
Klemp, 2008). We use WRF in large eddy simulations (LESs) mode: The grid spacing of the WRF model is refined
to a couple hundreds of meters so that the largest turbulent eddies (i.e., convective plumes), responsible for
most of the energy transport by buoyant convection, are resolved (Lilly, 1962; Sullivan & Patton, 2011). Past
modeling studies (Baker et al., 2000a; Imamura et al., 2014; Lefèvre et al., 2017) showed that this LES modeling
strategy allows to resolve the convective plumes in the unstable Venusian cloud layer and the associated emis-
sion of gravity waves. Turbulent mixing by unresolved small-scale eddies is parameterized by a subgrid-scale
prognostic turbulent kinetic energy closure by Deardorff (1972), following the strategy adopted for terrestrial
(Moeng et al., 2007) and Martian (Spiga et al., 2010) LES using WRF. Our Venus LES approach is not suitable to
resolve small-scale turbulence in stable layers of the Venus atmosphere, although it is appropriate to study
the propagation of gravity waves in those layers.

2.2. Online Coupling With Complete Physical Packages for Venus
The off-line model used in L17 mainly consisted of WRF dynamical integrations forced by prescribed,
fixed-in-time, radiative and (large-scale) dynamical heating rates extracted from simulations with the IPSL
Venus GCM (Lebonnois et al., 2010, 2016). For the present study, we developed a complete online model by
fully interfacing the WRF dynamical core with the whole set of Venus Laboratoire de Météorologie Dynamique
(LMD) physical packages used in the LMD Venus GCM. Our Venus LESs are now designed equivalently to what
was done for Mars by Spiga et al. (2010), promoting our Venus LES from category 2 LES to category 3 LES
(according to the terminology described in section 2.4 of Spiga et al., 2016).

The calculations of the radiative heating rates (solar and infrared [IR]) are made online from fluxes tables using
the pressure and temperature of the domain. These calculations are performed with a time step ratio of 1,300
between the dynamical and physical time steps, given the long radiative timescales in the Venus atmosphere
compared to the short time steps (about 1 s, see next section) used for dynamical integrations.

The radiative transfer used for our turbulence-resolving simulations is similar to the one described in
Garate-Lopez and Lebonnois (2018). The IR transfer is based on Eymet et al. (2009) net exchange rate (NER)
formalism: The exchanges of energy between the layers are computed prior to the dynamical simulations, by
separating temperature-independent coefficients from the temperature-dependent Planck functions of the
different layers. These temperature-independent coefficients are then used in the online model to compute
the IR cooling rates of each layer. The solar heating rates are based on computations by Haus et al. (2015): We
use look-up tables of vertical profiles of the solar heating rate as a function of solar zenith angle, which are
then interpolated on the fine-resolution vertical grid of our Venus LES model.

The cloud model is based on Haus et al. (2014, 2015) and uses recent retrievals from Venus Express observa-
tions. This cloud model takes into account the latitudinal variation of the cloud structure, especially the cloud
top variation (Haus et al., 2014). The latitudinal variation of the cloud is accounted for by setting five distinct
latitude intervals: 0∘ to 50∘, 50∘ to 60∘, 60∘ to 70∘, 70∘ to 80∘, and 80∘ to 90∘. Different NER coefficients matri-
ces are computed for these five latitudinal bands over the 300 vertical levels of the model, ranging from the
surface to roughly 100-km altitude.

As evidenced in L17, the heating/cooling caused by the general circulation (adiabatic cooling/heating by
ascending/subsiding large-scale motions) has a significant impact on the dynamics of the convective layer.
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Figure 1. (top row) Vertical profile of the large-scale dynamical heating rate (10−4 K/s) between 45 and 57 km and from 57 to 75 km. (bottom row) Vertical wind
of the Laboratoire de Météorologie Dynamique Venus Global Climate Modeling (Pa s−1) at night (left column) and noon (right column) between 42 and 63 km.
Positive value of vertical means downward wind, and positive value means upward wind. The black lines represent the convective activity vertical extension.

Therefore, in addition to the solar and IR radiative heating rates now computed online by our Venus LES,
we add as in L17 a prescribed term accounting for the adiabatic cooling/warming due to the large-scale
dynamics of the atmosphere. This heating rate is extracted from the IPSL Venus GCM reference simulation in
Garate-Lopez and Lebonnois (2018) at the local time targeted for the Venus LES modeling. After extracting the
same local time for all longitudes, a zonal mean is performed at the targeted latitude to remove wave-induced
longitudinal perturbations. The six cases of the large-scale dynamical are shown in Figure 1 with associated
large-scale vertical wind .

The dynamical equations implemented in WRF make use of potential temperature (field and perturbations)
instead of temperature, while the physical packages from the IPSL Venus GCM make use of temperature. The
WRF dynamical core is built with a constant heat capacity, which is set to 900 J⋅kg−1⋅K−1 for this study, while
the physical package uses a varying heat capacity. The conversion from potential temperature to temperature,
and vice versa, is computed as in Lebonnois et al. (2010) using a heat capacity Cp varying with temperature.
The initial profile of potential temperature used in the Venus LES is also computed with a varying heat capacity,
to be consistent with the GCM integrations from which it is extracted.

2.3. Simulation Settings
The implementation of the LMD Venus physics, and the use of the NER formalism for IR radiative transfer,
requires the full vertical domain of the IPSL Venus GCM to operate, that is, from the ground to ∼100 km. The
calculations are therefore carried out on this extended vertical range. The dynamical analysis in this study
focuses on the Venusian cloud layer and the gravity waves emitted above this convective layer; thus, all the
figures presented here only display a vertical extent from 40 to 75 km. The study of the convective motions in
the planetary boundary layer is left for future work, as it would require different horizontal and vertical grids
than the one presently adopted for the study of the cloud convection (Yamamoto, 2011).

LEFÈVRE ET AL. 2776
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Figure 2. The forcing in the Venus cloud region: solar, infrared (IR),
large-scale dynamical and the total heating rates (K/s) in the equatorial
condition at noon.

For the sake of illustration, Figure 2 shows the three heating rates: the
two solar and IR radiative rates computed by the online model and the
large-scale dynamical heating rate prescribed from GCM precomputed
simulations and the total heating rate, at the equator at noon between
40 and 76 km. The solar heating rate is strictly positive with a maximum
around 66 km due to the unknown ultraviolet (UV) absorber (Haus et al.,
2015). The IR heating rate is mainly negative except around 46 km, the
base of the cloud, where it becomes strongly positive. The dynamical heat-
ing rate is strictly negative due to the ascending branch of the Hadley cell
(Figure 1).

The chosen horizontal resolution for our convective cloud modeling is
400 m with a grid mesh comprising 151 points: The extent of the horizon-
tal domain is 60 × 60 km. The vertical domain is composed of 300 points
approximately equally distributed, except for a refined area where the con-
vective activity takes place. The resolution inside the convective layer is in
average of 150 m against 300 m for the remainder of the vertical column.
This vertical grid is different than the one adopted in the IPSL Venus GCM;
thus, the NER matrices were recomputed to suit the needs of our Venus
LES modeling.

The choice of spatial (horizontal and vertical) resolution requires a dynamical integration time step of 1.5 s,
as a trade-off between numerical stability and computational efficiency, and small enough to provide high
temporal resolution over the lifetime of a convective cell. The horizontal boundary conditions are periodical.
At the top of the domain, a Rayleigh sponge layer of 8-km height and a damping coefficient of 0.06 s−1 is set
to avoid spurious reflection of upward propagating gravity waves on the (artificial) model top around 100-km
altitude.

The initial fields (temperature, pressure, and winds) for the LES integrations are extracted at a given lati-
tude/local time from the IPSL Venus GCM simulation (Garate-Lopez & Lebonnois, 2018) that uses the exact
same solar and IR radiative transfer as the LES integrations. In this study we performed simulations using dis-
tinct initial fields and settings in the physics, corresponding to several local times and latitudes. Simulations
are performed using three different latitudes, at the equator, 55∘N and 75∘N. We choose two local times, mid-
night and noon, that are fixed during the entire corresponding Venus LES run. We remind the reader with
the important point raised in L17 that our simulations are run long enough so that the combination of radiative
and (large-scale) dynamical heating rates act to destabilize the initial atmospheric profile and to cause convective
instability, hence the mixed profile obtained in the cloud layer stems from the plumes resolved by LES integrations.
We found that running about 10 Earth days is necessary before the convective motions in our Venus LES reach
a steady state at fixed local time.

Figure 3. The Venus cloud mixing layer: (left) domain-averaged potential temperature (K) and (right) static stability (K/km) between 42 and 65 km in the
equatorial condition at noon.
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Figure 4. Snapshots of the cloud convective vertical motions: (left) vertical cross section at y = 20 km between 42 and
65 km of altitude and (right) horizontal cross section at 51 km of the vertical wind (m/s) at the equator at noon.

3. Main Layer: Convection and Gravity Waves
In this section, we focus on the main convective layer between 40 and 65 km. We first discuss the convec-
tive activity and gravity waves of a Venus LES run in the equatorial conditions at noon, before analyzing the
variability of this convection layer with local time and latitude. Hereafter, the overline X denotes the domain
averaged and the apostrophe X′ denotes the perturbation, that is, the fields minus the average X ′ = X − X .

3.1. Simulated Convection
Figure 3 shows the vertical profiles of the domain-averaged potential temperature (left) and static stability
(right) at the equator at noon between 42 and 65 km. The zero value of the static stability (or, equivalently,
the constant value of the potential temperature) indicates that the convection takes place between approxi-
mately 46.5 and 55.5 km. In the radio occultation measurements of VeRa the convective layer at the equator
was located between approximately 49 and 59 km (Tellmann et al., 2009). The first radio occultations on board
Akatsuki (Imamura et al., 2017) measured a vertical extension of the convective layer from 50 to 58 km. Thus,
the bottom of the convective layer resolved in our Venus LES is slightly lower than the observations, but the
thickness is consistent.

The predicted thickness is twice thicker in our present simulations than in the previous results described in
L17, which were obtained through a LES model using prescribed radiative heating rates derived from GCM
calculations. We conclude that radiative transfer computations at fine vertical resolution are necessary to cor-
rectly reproduce the vertical extent of the convective layer in a turbulence-resolving model. Both above and
below the convection layer stands a region of high stability, with a maximum of static stability around 63 km.
Both the amplitude and altitude of occurrence of these stable regions are consistent with the VeRa radio
occultations near the equator.

The convective motions are depicted in Figure 4 by two snapshots: a vertical cross section in the middle of
the domain (left) and a horizontal cross section in the middle of the convective layer at 51 km (right). The
values of the vertical wind vary between about 2 m/s for updrafts and almost −3 m/s for downdrafts. Those
vertical wind velocities are consistent with measurements obtained by the VEGA balloons (between−3.5 and
2 m/s, Linkin et al., 1986). This is, again, a key improvement compared to our previous work in L17. As the
convective layer is thicker with the complete radiative transfer, the vertical wind inside the convective layer is
stronger—about twice the amplitude obtained with the prescribed heating rates.

The convective motions are organized on the horizontal plane as polygonal closed cells with a diameter of
about 20-km width. This is larger than L17, consistently so with the above-mentioned conclusions since the
extent of polygonal cells scales approximately with the thickness of the convective layer. These values are
consistent with the broad convective cells encountered by the VEGA balloons (Kerzhanovich et al., 1986). The
aspect ratio of the convective cells is quite low compared to one observed for the closed convective cells on
the Earth (between 3 and 28, Atkinson & Zhang, 1996).

LEFÈVRE ET AL. 2778
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Figure 5. Domain-averaged vertical profile of the turbulent heat flux (W/m2)
of the Venus cloud convective layer for equatorial condition at noon.

What is the heat transport caused by the resolved convective motions
in our Venus LES? Figure 5 shows the vertical convective heat flux
defined as Cp𝜌w′𝜃′ with Cp the specific heat, 𝜌 the density calculated
with the ideal gas law, w′ the vertical wind perturbation, and 𝜃′ the
potential temperature perturbation. As is described in L17, the convec-
tive layer consists of the mixing layer, between 46.0 and 55.5 km, which is
bounded by an updraft-induced entrainment layer (55.5 and 56.0 km) and
a downdraft-induced entrainment layer (46.0 to 45.7 km). The convective
heat flux reaches 18.0 W/m2 at maximum, almost twice the value obtained
by the model of Imamura et al. (2014).

3.2. Gravity Waves
Figure 6 features two snapshots of the induced gravity waves: a vertical
cross section in the middle of the domain of the temperature perturbation
(left) and a horizontal cross section at 57 km of the vertical wind perturba-
tion (right). The temperature perturbations range between approximately
−0.7 and 0.5 K. These values are about 5 times stronger than the previous
version of the model described in L17, although still weaker than the VeRa
observations by about a factor of 2 (Tellmann et al., 2012). The wave ampli-
tude simulated by our Venus LES is consistent with the values obtained in

the modeling work of Imamura et al. (2014) and Yamamoto (2014), with a similar vertical extent of the con-
vective layer and no background wind. As in L17, the wavefronts in the horizontal plane are circular due to the
absence of wind shear. The impact of the background wind on the gravity waves will be discussed in section 4.

Using the continuous wavelet transform (Python software by Evgeniya Predybaylo, available in this URL:
http://paos.colorado.edu/research/wavelets), with the Morlet wavelet defined in Torrence and Compo (1998),
we calculate the horizontal and vertical wavelengths of the gravity waves. Wavelet analysis indicates that the
horizontal wavelengths range from 1 to 6 km at an altitude of 57 km. These values are very similar to the ones
obtained with our previous model. The simulated horizontal wavelengths are on lower side of the spectrum
observed by VMC (2 to 20 km, Piccialli et al., 2014). The vertical wavelength ranges from 1 to 2 km, similar to
the previous model and consistent with VeRa measurements (Tellmann et al., 2012).

With the formalism described in L17, and borrowed from Frits and Alexander (2003), the dispersion relation
and group speed are calculated. A horizontal wavelength between 1 and 6 km is assumed in the two horizon-
tal directions, with a vertical wavelength of 1.5 km, and a squared Brunt-Väisälä frequency N2 value of 10−4 s−2

consistent with the Pioneer Venus observations (Gierasch et al., 1997). At an altitude of 57 km, this leads to
an intrinsic frequency 𝜔̂ = N2(k2 + l2)∕(k2 + l2 + m2), where k, l, and m the wavenumber along respectively
the x axis, the y axis, and the z axis, between 3.3× 10−3 and 9.0 × 10−3 s−1. The angular frequencies are

Figure 6. Snapshots of the induced gravity waves: (left) vertical cross section at y = 20 km of the temperature
perturbation (K) between 42 and 65 km (right) and horizontal cross section at 57 km of the vertical wind perturbation
(m/s), at the equator at noon.
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Figure 7. Comparison of the vertical profile of the domain-averaged static
stability (K/km) for equatorial condition at noon and midnight between 42
and 63 km.

close to the Brunt-Väisälä frequency; hence, the gravity waves belong to

high-frequency regime. Assuming zero background wind, the associated

horizontal group velocity ranges from 0.18 to 2.00 m/s and the vertical

component from 0.39 to 0.70 m/s.

3.3. Variability With Local Time and Latitude
Figure 7 shows the comparison of the mean static stability at the equator

for noon and midnight between 42 and 63 km. The difference of thickness

of the convective layer between noon and midnight is hardly noticeable,

echoing the variability observed by the VeRa experiment. The modeling

work of Imamura et al. (2014) found a strong solar inverse dependence on

insolation, observed also in the first results of Akatsuki radio occultations.

The heating at the base of the convection is driven by the IR heating in

both cases. Above, at noon large-scale dynamical heating rate is negligible

in front of the radiative rates, whereas at night the solar heating is mainly

compensated by the large-scale dynamical heating rate, resulting to a rate

very close to the nighttime large-scale dynamical heating rate. At the equa-

tor, because of the daytime large-scale dynamical heating rate, there is no

variability of the convection thickness.

At midnight, a very thin 1-km-deep layer of low static stability is present at approximately 62 km. The atmo-

sphere is destabilized by the combination of IR and positive large-scale dynamical heating. The large-scale

dynamical heating rate is positive and increasing constantly with altitude at night due to the large-scale

descent on the nightside. The IR heating rate in that area (between 58 and 60 km) is negative and constant

with altitude and decreasing above. The total rate is therefore positive around 60 km and then negative

around 62 km leading to a small destabilization leading to a week convection. At noon the strong solar heat-

ing is stabilizing this region. This unstable zone corresponds to the altitude of the decrease of the number of

cloud particles in the distribution of mode 2 (Haus et al., 2015). The decrease of the number of cloud particles

induces a modification of the IR heating. In our model, this destabilization is too strong compared to observa-

tions, maybe because the large-scale dynamical heating rate is not as realistic as is the radiative rate. This thin

low-stability layer is also found at other latitudes and local times, approximately at the same altitude (Figure 9).

One of the key consequences of this low static stability layer lies in the perturbations of the vertical propaga-

tion of the gravity waves, similar in many aspects to the VeRa measurements (Tellmann et al., 2012). Figure 8

shows a comparison of the temperature perturbations (K) at the equator for noon (left) and midnight (right)

between 42 and 63 km. The amplitude of the waves is slightly stronger at midnight, due to the stronger

Figure 8. Comparison of the induced gravity waves: temperature perturbation (K) at the equator for noon (left) and
midnight (right) between 42 and 63 km.
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Figure 9. Comparison of the vertical profile of the domain-averaged static stability (K/km) for the equator, 55∘ and 75∘
of latitude at noon (left) and midnight (right).

convection, but what is mostly noticeable is the strong attenuation around 61 km induced by the low static
stability layer.

Radio occultation profiling of the convective layer (Ando et al., 2015; Imamura et al., 2017; Tellmann et al., 2009)
shows that the thickness of the convective layer increases with latitude. Both the bottom and top boundaries
of the convective layer also appear to change with latitude. No variability with local time was observed with
the Venus Express measurements, whereas some amount of variability was detected by Akatsuki. Figure 9
shows the comparison of the mean static stability for the three latitudes at noon (left) and midnight (right).
To be able to compare properly the latitudinal cases, the two figures are presented with pressure as y axis. At
noon the convective thickness for the equator and 55∘ latitude is very close, whereas at 75∘ the convective
layer extends toward a higher altitude—almost 2 km higher. At midnight the convective thickness for the
equator and 75∘ is very similar, while at 55∘ latitude the convective layer goes at higher altitude, about 3 km
higher.

The altitude of the bottom boundary of the convective layer does not change with latitude nor with local
time. The bottom of the convective layer is controlled by the maximum of IR heating, which does not change
in altitude because the cloud bottom is fixed in the cloud model (Haus et al., 2015), although variations of
the bottom cloud boundary are observed (Barstow et al., 2012; Cimino, 1982). Meanwhile, the top boundary
of the convective layer does vary with latitude and local time. The top of the convective layer is controlled
by the energy exchange between the cloud and space through a maximum of IR cooling. At 55∘ latitude at
midnight, the large-scale dynamical heating rate is positive due to the descending branch of the Hadley cell
(Figure 1) and superior in amplitude to the IR radiative rate. The total rate is positive almost along the entire
convective layer, adding more heat to be mixed. Therefore, the convection needs to go at higher altitude.

Figure 10. Vertical profile of the input zonal and meridional winds at noon (left) and midnight (right) for the equator,
55∘ and 75∘ of latitude.
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Figure 11. Comparison of the vertical profile of the domain-averaged static stability (K/km) at cloud top between the
presence of a wind shear and no wind shear for equatorial condition at midnight (left) and noon (right).

At noon, the large-scale dynamical heating rate is negative and compensates the solar heating inside the
convective layer. At 75∘ a similar mechanism is at play. At noon, the large-scale dynamical heating rate is
positive along the convective layer, adding with the solar heating more heat to be mixed, while at midnight
the large-scale dynamical heating rate is negligible compared to the IR cooling. Both the top and bottom
boundaries of the convective layer are controlled by the IR radiative transfer, but the large-scale dynamical
heating rate can play a key role to modify the top of the layer.

Another factor that is variable with latitude is the time for the convection to develop and reach a steady
state. With the implementation of the radiative scheme, this time increased: In the off-line simulations of L17
it was 1 to 2 Earth days, while in the present online simulations it is from 4 to more than 10 Earth days. The
implementation of the latitudinal variability of the cloud induced a modification of the large-scale dynam-
ical heating rates in the convective region. The development of the convection to stabilize this region is
affected by these different large-scale dynamical heating rates. A second possible explanation for the longer
time needed to reach steady state is that including the full radiative transfer scheme couples the tempera-
ture structure and the IR cooling rates. When developing, the convective layer appears first separated in two
convective layers that end up connecting each other and forming one single convective layer, as shown in
Figure 4. This two-convective-layer transient phase remains for a longer time at 55∘. Such a separation in the
convective layer appeared in some of the observed Magellan static stability profiles (Hinson & Jenkins, 1995).
Our simulations suggest that this may be related to the influence of the large-scale dynamical heating rate.

Figure 12. Impact of the wind shear: Comparison of two snapshots of the temperature perturbation (K) at the equator
at midnight without (left) and with (right) wind shear.
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Figure 13. Comparison of two snapshots of the vertical wind perturbation (m/s) at the equator at midnight without
(left) and with (right) wind shear.

The online coupling of the turbulence-resolving WRF dynamical core with the LMD physics radiative scheme
enables our Venus LES runs to reproduce a convective layer that is more in agreement with the observations,
especially at high latitudes, than the off-line Venus LES presented in L17 with prescribed heating rates. A ver-
tically refined radiative transfer was crucial to model properly the Venus cloud convective layer. The variations
with latitude and local time of the convective layer are also more consistent with observations in our online
Venus LES than in the off-line version presented in L17. Despite the better agreement with observations for
the convective layer, the induced gravity waves amplitude and wavelengths remain below measured values.
We now turn to Venus LES including wind shear to address this remaining discrepancy.

4. Impact of the Wind Shear
In this section we will study the impact of the wind shear on the convection and induced gravity waves. We
carried out Venus LES runs similar to the ones described in the previous section, except that an ambient (back-
ground) wind profile is prescribed throughout the simulations. Figure 10 shows this background zonal and
meridional wind at noon (left) and midnight (right) vertical profile. Those profiles of background winds are
the same in every grid points of the LES domain. They are extracted from the IPSL Venus GCM simulation

Figure 14. Snapshots of the vertical wind perturbation (m/s) at 70 km at the
equator at midnight in presence of wind shear.

of Garate-Lopez and Lebonnois (2018) and interpolated on the LES ver-
tical grid. Please note that positive meridional velocity means poleward
velocity.

The comparison of the mean static stability profile with or without wind
shear at the equator at midnight (left) and noon (right) is shown in
Figure 11. The impact of the presence of the wind shear on the vertical
extent of the convective layer is hardly noticeable. This conclusion stands
for higher-latitude Venus LES runs. This is expected since the convection of
the Venusian cloud layer is mostly buoyancy driven and not shear driven.

The impact of wind shear is expected to be significant on the gravity waves
emitted by convective motions in the cloud. Wind shear modifies the fre-
quency of the wave 𝜔 = 𝜔̂ +

−→
k .
−→
U (with 𝜔̂ the intrinsic frequency,

−→
k

the wave vector, and
−→
U the horizontal wind vector), thus the horizontal

phase and group wave speed. It also has an impact on the gravity wave
source. In addition to the generation of waves by the updrafts and down-
drafts, similar to a mechanical oscillator (Ansong & Sutherland, 2010; Clark
et al., 1986), the interaction of the flow with the convective overshoot also
causes a secondary wave generation to occur, called the obstacle effect
(Clark et al., 1986; Mason & Sykes, 1982). The overshoot both below and
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Figure 15. Domain-averaged vertical momentum flux (mPa) above (left) and below (right) the convective layer at the
equator.

above the convective layer are acting like low hills in orographically triggered gravity waves near the sur-
face. The generation of gravity waves by the mechanical oscillator effect is characterized by high frequencies
and short wavelengths with preferred horizontal direction propagation, while the obstacle effect produces
longer-wavelength features propagating against the background wind (Fovell et al., 1992). The first model-
ing studies with three-dimensional simulations of convection and convectively generated gravity waves from
the surface to 100 km have been performed by Horinouchi et al. (2002) and Horinouchi (2004). On Venus,
numerical modeling by Baker et al. (2000b) evidenced that the impact of the wind shear was strong on the
generation and propagation of gravity waves. Yamamoto (2014) found a similar trend on the gravity waves
by increasing the background wind.

Figures 12 and 13 show the comparison of two snapshots of the temperature (K) and vertical wind (m/s)
perturbations at the equator at midnight without (left) and with (right) wind shear. In the case of the pres-
ence of the wind shear, the amplitude of the waves is more than twice larger than that in the no wind shear
case, reaching values of about ±1.5 K, the same order of magnitude that the waves observed (Tellmann et al.,
2012). Above the convective layer, most of the waves propagate toward the west, significative of the obstacle
effect wave, but there is also some waves propagating toward the east. In Earth studies, the vast majority of
the waves generated by the obstacle propagate against the background wind (Fovell et al., 1992). For Venus,
one possibility is that the ratio between the waves produced by the obstacle effect mechanism against the
mechanical oscillator is closer to the equilibrium than the Earth; additional study is needed to understand this
effect. The morphology of the wavefronts is also deeply impacted: Wavefronts are linear in the wind shear
case in contrast to the circular wavefronts found in the no wind shear case. Using the same methodology
as in section 3, we estimate that at 57 km, the gravity waves have a typical horizontal wavelength of 10 km.

Figure 16. Domain-averaged vertical profile of (left) potential temperature (K) and (right) static stability (K/km) between
63 and 75 km at the equator at noon.

LEFÈVRE ET AL. 2784



Journal of Geophysical Research: Planets 10.1029/2018JE005679

Figure 17. Snapshots of the convective vertical motions: (left) vertical cross section at y = 20 km between 63 and 75 km
and (right) horizontal cross section at 51 km of the vertical wind (m/s) for equatorial condition at noon.

In presence of the wind shear, the vertical wavelength reaches more than 4 km, very close to VeRa measure-
ments (Tellmann et al., 2012). The intrinsic frequency 𝜔̂of the gravity waves at 57 km is of 5×10−3 s−1. At 57 km,
the mean horizontal flow is about 67 m/s and the waves are advected with the flow; therefore, the frequency
𝜔 is 3.6×10−2 s−1. The corresponding group velocity is between 2.8 m/s on the vertical and 74 m/s on the hor-
izontal. The direction of the wavefront is east-west, as is expected by the filtering exerted by the meridional
component of the wind.

The wind shear also has a strong impact at higher altitude. Figure 14 shows a snapshots of the vertical wind
perturbation (m/s) at 70 km at the equator at midnight in presence of wind shear. At this altitude, the gravity
waves have a similar amplitude that as 57 km with also a linear wavefront but with greater wavelengths. The
typical horizontal wavelength is of 20 km, on the higher part of spectra of wavelength measured by VMC (Pic-
cialli et al., 2014). The wave intrinsic frequency 𝜔̂ ranges from 1.9 10−3 s−1. At 70 km, the mean horizontal wind
velocity is approximately 106 m/s. Therefore, the frequency 𝜔 is 3.1 × 10−2 s−1. The associated group velocity
is on the vertical 1.2 m/s and on the horizontal 112 m/s. The waves are advected with the flow, at 57 km the
zonal is much stronger than the meridional wind (see Figure 10); therefore, the direction of the phase propa-
gation is east-west. At cloud top at high latitude, the zonal wind and meridional wind are close in amplitude,
resulting to an horizontal wind more directed to the poles than at the equator and thus a phase speed of the

Figure 18. Venus cloud top forcing: solar (SW), infrared (LW), dynamical
(DYN), and total (DT) heating rates (K/s) between 63 and 75 km at the
equator at noon.

gravity wave more oriented toward the poles. This tendency of gravity
waves to propagate toward the pole at middle-to-high latitudes is clearly
observed in VMC observations (Piccialli et al., 2014).

To assess the impact of the gravity waves on the large-scale dynami-
cal heating rate when they break, we evaluate the momentum transport
with the Eliassen-Palm flux using the formalism of Andrews (1987) and
Lott et al. (2012); we focus here on the vertical component of the flux
−𝜌u′w′. Figure 15 shows the vertical angular momentum flux above and
below the convective layer at the equator. The flux is strictly positive above
the convective layer while alternating between positive and negative val-
ues below. The vertical angular momentum flux reaches values of almost
3 mPa. At the altitude of the convective layer the density of the atmosphere
of Venus is comparable to the density of the surface on Earth; therefore,
we can compare the vertical momentum flux from gravity waves on the
two planets. For Earth, convectively generated gravity waves momentum
flux has been estimated with cloud-resolving model by (Horinouchi et al.,
2002) at approximatively 0.2 mPa, an order of magnitude smaller.

The implementation of wind shear leads to the generation by the convec-
tion of more realistic gravity waves, compared to available observations.
The calculation of the vertical angular momentum flux of these waves may
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Figure 19. Domain-averaged vertical profile of the turbulent heat flux
(W/m2) of the Venus cloud top convection between 63 and 75 km for
equatorial condition at noon.

be used to improve the GCM parameterization of the subgrid gravity
waves based on Lott and Guez (2013) and recently used in the IPSL Venus
GCM (Gilli et al., 2017).

5. Dynamics at the Top of the Cloud
Convective features near the equator at subsolar point have been
observed by Pioneer Venus through the unknown UV absorber (Rossow
et al., 1980; Schubert et al., 1980), suggesting cellular structure of 103-km
width. Using as well the unknown UV absorber, VMC/Venus Express
observed convective structures at low latitude at the subsolar point,
which were interpreted as cellular features of a diameter between tens
of kilometers and few hundreds of kilometers (Markiewicz et al., 2007;
Titov et al., 2012).

The figures shown below are without wind shear. Figure 16 shows the
mean potential temperature and static stability between 63 and 75 km
in our Venus LES run in equatorial conditions at noon. The presence
of a zero-static-stability layer indicates that the convection takes place
between approximately 66.5 and 73.0 km. This is in line with the convective
features observed in the UV by Pioneer Venus and Venus Express. However,
no mixed layer has been detected in radio occultations at this altitude, nei-

ther by Magellan (Hinson & Jenkins, 1995) nor Venus Express (Tellmann et al., 2009) nor Akatsuki (Imamura
et al., 2017). At this altitude, the atmosphere profiled by radio occultations is very stable (the static stability is
several kelvins per kilometer).

The convective motions that underlie the mixing layer in Figure 16 are shown in Figure 17, with two snapshots
of a vertical cross section in the middle of the domain and a horizontal cross section in the middle of the
convective layer at 70 km. The vertical wind ranges between 2.7 and −3.5 m/s. The convection is organized,
similarly to the main cloud layer, as polygonal closed cells of diameter about 15 to 20 km, consistent with the
smallest cells observed in the Venus Express images (Markiewicz et al., 2007).

To understand the source behind this convective activity, we need to look at the heating rates (Figure 18).
The bottom of the convective layer is located at the maximum of solar heating (66 km) creating a maxi-
mum positive value of the total heating rate. The top of the convection is located where the local max-
imum cooling of the IR heating rate (approximately 73 km), as well as the large-scale dynamical heating
rate, are creating a minimum negative value of the total heating rate. The heating resulting from the

Figure 20. Comparison of the domain-averaged static stability vertical
profile (K/km) for equatorial conditions at noon and at midnight between 63
and 75 km.

absorption of the solar flux by the unknown UV absorber destabilizes the
atmosphere and initiates convective activity.

Figure 19 shows the vertical profile of the turbulent heat flux defined
above. The behavior is similar to the convective layer below, with a mixing
layer (66.5 to 73.3 km) capped between an entrainment layer dominated
downdraft-induced ones (65.6 to 66.5 km) and an entrainment layer dom-
inated by the updraft-induced ones (73.3 to 74.0 km). Despite stronger
vertical wind, the cloud top convective heat flux is weaker than the convec-
tion below because of the decrease with altitude of the density and heat
capacity.

The gravity waves emitted by the cloud top convective activity are very
similar to the ones emitted from the convective layer below. The amplitude
of the waves is less than a kelvin, and the vertical wavelength is from 1 to
2 km and from 1 to 5 km for the horizontal wavelength.

In Venus Express imaging observations, the convective activity at cloud
top is present at low latitude close to the subsolar point. We can investigate
this variability with local time and latitude with our Venus LES results. The
comparison of the mean static stability in the 63–75 km at the equator
between midnight and noon is shown in Figure 20. The difference is clear
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Figure 21. Comparison of the domain-averaged static stability vertical
profile (K/km) at noon (local time 12 hr), for the equator, 55∘ latitude and
75∘ latitude between 63 and 75 km.

between the two local times: At midnight the atmosphere is stable, with
the exception of a layer of small static stability of few hundred meters
where no convective plumes develop. The absence of heating by the Sun
inhibits the cloud top convection.

Figure 21 shows the comparison of the mean static stability at noon
between the equator: 55∘ and 75∘ of latitude between 63 and 75 km. There
is a clear variability with latitude; the cloud top convective layer present
at the equator is also present at 55∘ latitude while not present at all at
75∘. The total heating rate at 75∘ between 66 and 75 km has no clear-cut
behavior and oscillates around 0 and therefore does not induce strong
destabilization. This behavior is caused by the weaker solar heating and
the large-scale dynamical heating rate, which is positive and negative in
that region. At 55∘ latitude, although weaker than at the equator, the solar
heating is still able to destabilize the atmosphere and enhance convec-
tion. However, the dynamics of the atmosphere is dominated at these
altitudes by the equatorial jet and midlatitude jets between 40 and 50∘

latitude (Sánchez-Lavega et al., 2017). In the IPSL Venus GCM, the jets are
reproduced (Garate-Lopez & Lebonnois, 2018) but the midlatitude jet is
located between 50 and 60∘, poleward to the observed jet. Therefore, the
large-scale dynamical heating rate at 55∘ latitude may not be represen-

tative of the observed Venus environment at 55∘ latitude, while the IR and solar rates are realistic, so the
comparison between the modeled and observed 55∘ latitude cloud convective activity is difficult. Beyond the
jets, at 65∘ the large-scale dynamical heating rate (not shown here) at these altitudes has similar behavior as
the 75∘ case and does not induce cloud top convective activity.

To the extent of our knowledge, this is the first modeling of top-of-the-cloud convective activity. At noon the
solar heating from the unknown UV absorber destabilizes the atmosphere and enhances convection. Obser-
vations of the cloud top at noon show convective activity only at low latitude, while around 50∘, the clouds are
streaky, suggesting a laminar flow. In our model, we have convective activity at cloud top at both the equa-
tor and 55∘ latitude. The large-scale dynamical heating rate plays a role in inhibiting the convective activity.
The unknown absorber being the source of this convective activity, the uncertainty about its abundance, and
optical properties used for the calculation of the solar heating rate (Haus et al., 2015) may affect the charac-
teristics of the cloud top convective activity. Furthermore, the conundrum between, on the one hand, LES
and imagery that hints at convective motions, and on the other hand, radio occultations that indicate a very
stable atmosphere, will have to be solved in future observational and modeling studies.

6. Conclusion
With the coupling of the WRF LES mode to the Venus LMD physics, we simulate a main convective layer that
has characteristics close to the observations. Both the thickness of the main convective layer and the cell
diameter, as well as the convective vertical winds, are consistent with measurements from past and ongoing
missions. Using the LMD radiative scheme with a fine vertical resolution is needed to reproduce a realistic
convective layer. However, some discrepancies remain with observations. The variability with local time is
hardly noticeable contrary to the first Akatsuki measurements. The variability with latitude is consistent with
the VeRa observations for the equator and 75∘, but the 55∘ latitude case is close to the equator case. As in
the previous study, the large-scale dynamical heating is interpolated from the 50 GCM vertical levels to the
300 LES levels. Higher vertical resolution GCM runs could improve the large-scale dynamical heating rate.
Changes in the dynamical core of the GCM should improve the angular momentum conservation and polar
region modeling and therefore the general circulation and the large-scale dynamical heating rate.

To improve the realistic aspect of the model, wind shear was taken into account. The effect on the convective
layer is hardly noticeable, whereas it is strong on the gravity waves. In addition to mechanical oscillator mech-
anism, the obstacle effect wave mechanism is now present. This additional wave production mechanism has
the effect to generate gravity waves with higher amplitude. The horizontal wavelengths are also higher and
closer to the observations. This process has to be taken into account to model properly the gravity waves
associated with the convective activity.
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The vertical extension of the model made it possible to study the cloud top cell features observed at low lat-
itude at the subsolar point. The solar heating from the unknown UV absorber destabilizes the atmosphere,
and our model predicts convective activity of about 6 km in the vertical that could be at the origin of these
observed cell features. However, none of the radio occultation experiments observed a mixed layer at the
altitude; a very stable atmosphere is observed. Convective activity at 55∘ latitude is also obtained in our simu-
lations, though only streaky clouds are observed at these latitudes. Possible explanations for this discrepancy
include the distribution of the unknown UV absorber as well as discrepancy in the large-scale dynamical
heating rate, which is not fully representative of the actual 55∘ latitude environment in the IPSL Venus GCM
simulations.

Our model is now able to reproduce realistic cloud convective activity and associated gravity waves and is
a tool to interpret the observations of the subsolar convective activity. Coupled with the photochemistry
and microphysical schemes of the IPSL Venus GCM, the present model could investigate the impact of the
mesoscale dynamics on the cloud formation and variability.

References
Ando, H., Imamura, T., Tsuda, T., Tellmann, S., Pätzold, M., & Häusler, B. (2015). Vertical wavenumber spectra of gravity waves in the Venus

atmosphere obtained from Venus Express radio occultation data: Evidence for saturation. Journal of Atmospheric Sciences, 72, 2318–2329.
https://doi.org/10.1175/JAS-D-14-0315.1

Andrews, D. G. (1987). On the interpretation of the Eliassen-Palm flux divergence. Quarterly Journal of the Royal Meteorological Society, 113,
323–338. https://doi.org/10.1002/qj.49711347518

Ansong, J. K., & Sutherland, B. R. (2010). Internal gravity waves generated by convective plumes. Journal of Fluid Mechanics, 648, 405–434.
https://doi.org/10.1017/S0022112009993193

Atkinson, B. W., & Zhang, J. (1996). Mesoscale shallow convection in the atmosphere. Reviews of Geophysics, 34, 403–431. https://doi.org/
10.1029/96RG02623

Baker, R. D., Schubert, G., & Jones, P. W. (1998). Cloud-level penetrative compressible convection in the Venus atmosphere. Journal of the
Atmospheric Sciences, 55, 3–18. https://doi.org/10.1175/1520-0469(1998)055<0003:CLPCCI>2.0.CO;2

Baker, R. D., Schubert, G., & Jones, P. W. (2000a). Convectively generated internal gravity waves in the lower atmosphere of Venus. I. No wind
shear. Journal of the Atmospheric Sciences, 57, 184–199. https://doi.org/10.1175/1520-0469(2000)057<0184:CGIGWI>2.0.CO;2

Baker, R. D., Schubert, G., & Jones, P. W. (2000b). Convectively generated internal gravity waves in the lower atmosphere of Venus. II. Mean
wind shear and wave-mean flow interaction. Journal of the Atmospheric Sciences, 57, 200–215. https://doi.org/10.1175/
1520-0469(2000)057<0200:CGIGWI>2.0.CO;2

Barstow, J. K., Tsang, C. C. C., Wilson, C. F., Irwin, P. G. J., Taylor, F. W., McGouldrick, K., et al. (2012). Models of the global cloud structure on
Venus derived from Venus Express observations. Icarus, 217, 542–560. https://doi.org/10.1016/j.icarus.2011.05.018

Belton, M. J. S., Smith, G. R., Schubert, G., & del Genio, A. D. (1976). Cloud patterns, waves and convection in the Venus atmosphere. Journal
of Atmospheric Sciences, 33, 1394–1417. https://doi.org/10.1175/1520-0469(1976)033<1394:CPWACI>2.0.CO;2

Cimino, J. (1982). The composition and vertical structure of the lower cloud deck on Venus. Icarus, 51, 334–357.
https://doi.org/10.1016/0019-1035(82)90088-4

Clark, T. L., Hauf, T., & Kuettner, J. P. (1986). Convectively forced internal gravity waves: Results from two-dimensional numerical experiments.
Quarterly Journal of the Royal Meteorological Society, 112, 899–925. https://doi.org/10.1002/qj.49711247402

Counselman, C. C., Gourevitch, S. A., King, R. W., Loriot, G. B., & Ginsberg, E. S. (1980). Zonal and meridional circulation of the lower
atmosphere of Venus determined by radio interferometry. Journal of Geophysical Research, 85, 8026–8030. https://doi.org/10.1029/
JA085iA13p08026

Deardorff, J. W. (1972). Numerical investigation of neutral and unstable planetary boundary layers. Journal of Atmospheric Sciences, 29,
91–115. https://doi.org/10.1175/1520-0469(1972)029<0091:NIONAU>2.0.CO;2

Eymet, V., Fournier, R., Dufresne, J.-L., Lebonnois, S., Hourdin, F., & Bullock, M. A. (2009). Net exchange parameterization of thermal infrared
radiative transfer in Venus’ atmosphere. Journal of Geophysical Research, 114, E11008. https://doi.org/10.1029/2008JE003276

Fovell, R., Durran, D., & Holton, J. R. (1992). Numerical simulations of convectively generated stratospheric gravity waves. Journal of
Atmospheric Sciences, 49, 1427–1442. https://doi.org/10.1175/1520-0469(1992)049<1427:NSOCGS>2.0.CO;2

Frits, D. C., & Alexander, M. J. (2003). Gravity wave dynamics and effects in the middle atmosphere. Reviews of Geophysics, 41(1), 1003.
https://doi.org/10.1029/2001RG000106

Garate-Lopez, I., & Lebonnois, S. (2018). Latitudinal variation of clouds’ structure responsible for Venus’ cold collar. Icarus, 314, 1–11.
Gierasch, P. J., Goody, R. M., Young, R. E., Crisp, D., Edwards, C., Kahn, R., et al. (1997). The general circulation of the Venus atmosphere:

An assessment. In S. Bougher, D. Hunten, & R. Phillips (Eds.), Venus II: Geology, Geophysics, Atmosphere, and Solar Wind Environment
(pp. 459–500). Tucson: University of Arizona Press.

Gilli, G., Lebonnois, S., González-Galindo, F., López-Valverde, M. A., Stolzenbach, A., & Lefèvre, F. (2017). Thermal structure of the upper
atmosphere of Venus simulated by a ground-to-thermosphere GCM. Icarus, 281, 55–72. https://doi.org/10.1016/j.icarus.2016.09.016

Haus, R., Kappel, D., & Arnold, G. (2014). Atmospheric thermal structure and cloud features in the southern hemisphere of Venus as retrieved
from VIRTIS/VEX radiation measurements. Icarus, 232, 232–248. https://doi.org/10.1016/j.Icarus.2014.01.020

Haus, R., Kappel, D., & Arnold, G. (2015). Radiative heating and cooling in the middle and lower atmosphere of Venus and responses to
atmospheric and spectroscopic parameter variations. Planetary and Space Science, 117, 262–294. https://doi.org/10.1016/
j.pss.2015.06.024

Hinson, D. P., & Jenkins, J. M. (1995). Magellan radio occultation measurements of atmospheric waves on Venus. Icarus, 114, 310–327.
https://doi.org/10.1006/icar.1995.1064

Horinouchi, T. (2004). Simulated breaking of convectively generated mesoscale gravity waves and airglow modulation. Journal of
Atmospheric and Solar-Terrestrial Physics, 66, 755–767. https://doi.org/10.1016/j.jastp.2004.01.023

Horinouchi, T., Nakamura, T., & Kosaka, J.-I. (2002). Convectively generated mesoscale gravity waves simulated throughout the middle
atmosphere. Geophysical Research Letters, 29(21), 2007. https://doi.org/10.1029/2002GL016069

Acknowledgments
The authors acknowledge financial
support from Centre National d’Études
Spatiales (CNES) and Programme
National de Planétologie (PNP).
Simulations were performed at CINES,
France, under the project 1116 and at
Sorbonne Université with HPCaVe. We
would like to thank Takeshi Horinouchi
and the second anonymous reviewer
for their reviews that help improve the
paper. Simulation results used to obtain
the figures in this paper are available in
the open online repository https://
figshare.com/s/03a0497e6537dbbca4ba.
Full simulation results performed in this
paper are available upon reasonable
request (contact: maxence.lefevre@
lmd.jussieu.fr).

LEFÈVRE ET AL. 2788

https://doi.org/10.1175/JAS-D-14-0315.1
https://doi.org/10.1002/qj.49711347518
https://doi.org/10.1017/S0022112009993193
https://doi.org/10.1029/96RG02623
https://doi.org/10.1029/96RG02623
https://doi.org/10.1175/1520-0469(1998)055%3C0003:CLPCCI%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(2000)057%3C0184:CGIGWI%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(2000)057%3C0200:CGIGWI%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(2000)057%3C0200:CGIGWI%3E2.0.CO;2
https://doi.org/10.1016/j.icarus.2011.05.018
https://doi.org/10.1175/1520-0469(1976)033%3C1394:CPWACI%3E2.0.CO;2
https://doi.org/10.1016/0019-1035(82)90088-4
https://doi.org/10.1002/qj.49711247402
https://doi.org/10.1029/JA085iA13p08026
https://doi.org/10.1029/JA085iA13p08026
https://doi.org/10.1175/1520-0469(1972)029%3C0091:NIONAU%3E2.0.CO;2
https://doi.org/10.1029/2008JE003276
https://doi.org/10.1175/1520-0469(1992)049%3C1427:NSOCGS%3E2.0.CO;2
https://doi.org/10.1029/2001RG000106
https://doi.org/10.1016/j.icarus.2016.09.016
https://doi.org/10.1016/j.Icarus.2014.01.020
https://doi.org/10.1016/j.pss.2015.06.024
https://doi.org/10.1016/j.pss.2015.06.024
https://doi.org/10.1006/icar.1995.1064
https://doi.org/10.1016/j.jastp.2004.01.023
https://doi.org/10.1029/2002GL016069
https://figshare.com/s/03a0497e6537dbbca4ba
https://figshare.com/s/03a0497e6537dbbca4ba
file:maxence.lefevre@lmd.jussieu.fr
file:maxence.lefevre@lmd.jussieu.fr


Journal of Geophysical Research: Planets 10.1029/2018JE005679

Imamura, T., Ando, H., Tellmann, S., Pätzold, M., Häusler, B., Yamazaki, A., et al. (2017). Initial performance of the radio occultation experi-
ment in the Venus orbiter mission Akatsuki. Earth, Planets, and Space, 69, 137. https://doi.org/10.1186/s40623-017-0722-3

Imamura, T., Higuchi, T., Maejima, Y., Takagi, M., Sugimoto, N., Ikeda, K., & Ando, H. (2014). Inverse insolation dependence of Venus’
cloud-level convection. Icarus, 228, 181–188. https://doi.org/10.1016/j.Icarus.2013.10.012

Kerzhanovich, V. V., Aleksandrov, Y. N., Andreev, R. A., Armand, N. A., Bakitko, R. V., Blamont, J. E., et al. (1986). Smallscale turbulence in the
Venus middle cloud layer. Soviet Astronomy Letters, 12, 20–22.

Lebonnois, S., Hourdin, F., Eymet, V., Crespin, A., Fournier, R., & Forget, F. (2010). Superrotation of Venus’ atmosphere analyzed with a full
general circulation model. Journal of Geophysical Research, 115, E06006. https://doi.org/10.1029/2009JE003458

Lebonnois, S., Sugimoto, N., & Gilli, G. (2016). Wave analysis in the atmosphere of Venus below 100-km altitude, simulated by the LMD Venus
GCM. Icarus, 278, 38–51. https://doi.org/10.1016/j.icarus.2016.06.004

Lefèvre, M., Spiga, A., & Lebonnois, S. (2017). Three-dimensional turbulence-resolving modeling of the Venusian cloud layer and induced
gravity waves. Journal of Geophysical Research: Planets, 122, 134–149. https://doi.org/10.1002/2016JE005146

Lilly, D. K. (1962). On the numerical simulation of buoyant convection. Tellus, 14(2), 148–172.
Linkin, V. M., Kerzhanovich, V. V., Lipatov, A. N., Pichkadze, K. M., Shurupov, A. A., Terterashvili, A. V., et al. (1986). VEGA balloon dynamics and

vertical winds in the Venus middle cloud region. Science, 231, 1417–1419. https://doi.org/10.1126/science.231.4744.1417
Lott, F., & Guez, L. (2013). A stochastic parameterization of the gravity waves due to convection and its impact on the equatorial strato-

sphere. Journal of Geophysical Research: Atmospheres, 118, 8897–8909. https://doi.org/10.1002/jgrd.50705
Lott, F., Guez, L., & Maury, P. (2012). A stochastic parameterization of non-orographic gravity waves: Formalism and impact on the equatorial

stratosphere. Geophysical Research Letters, 39, L06807. https://doi.org/10.1029/2012GL051001
Markiewicz, W. J., Titov, D. V., Limaye, S. S., Keller, H. U., Ignatiev, N., Jaumann, R., et al. (2007). Morphology and dynamics of the upper cloud

layer of Venus. Nature, 450, 633–636. https://doi.org/10.1038/nature06320
Mason, P. J., & Sykes, R. I. (1982). A two-dimensional numerical study of horizontal roll vortices in an inversion capped planetary boundary

layer. Quarterly Journal of the Royal Meteorological Society, 108, 801–823. https://doi.org/10.1002/qj.49710845805
McGouldrick, K., & Toon, O. B. (2008). Observable effects of convection and gravity waves on the Venus condensational cloud. Planetary and

Space Science, 56, 1112–1131. https://doi.org/10.1016/j.pss.2008.02.010
Moeng, C., Dudhia, J., Klemp, J., & Sullivan, P. (2007). Examining two-way grid nesting for large eddy simulation of the PBL using the WRF

model. Monthly Weather Review, 135(6), 2295–2311.
Peralta, J., Hueso, R., Sánchez-Lavega, A., Piccioni, G., Lanciano, O., & Drossart, P. (2008). Characterization of mesoscale gravity waves in the

upper and lower clouds of Venus from VEX-VIRTIS images. Journal of Geophysical Research, 113, E00B18. https://doi.org/10.1029/
2008JE003185

Piccialli, A., Titov, D. V., Sánchez-Lavega, A., Peralta, J., Shalygina, O., Markiewicz, W. J., & Svedhem, H. (2014). High latitude gravity waves at
the Venus cloud tops as observed by the Venus Monitoring Camera on board Venus Express. Icarus, 227, 94–111. https://doi.org/
10.1016/j.Icarus.2013.09.012

Rossow, W. B., del Genio, A. D., Limaye, S. S., & Travis, L. D. (1980). Cloud morphology and motions from Pioneer Venus images. Journal of
Geophysical Research, 85, 8107–8128. https://doi.org/10.1029/JA085iA13p08107

Sánchez-Lavega, A., Lebonnois, S., Imamura, T., Read, P., & Luz, D. (2017). The atmospheric dynamics of Venus. Space Science Review, 212,
1541–1616. https://doi.org/10.1007/s11214-017-0389-x

Schubert, G., Covey, C., del Genio, A., Elson, L. S., Keating, G., Seiff, A., et al. (1980). Structure and circulation of the Venus atmosphere. Journal
of Geophysical Research, 85, 8007–8025. https://doi.org/10.1029/JA085iA13p08007

Seiff, A., Kirk, D. B., Young, R. E., Blanchard, R. C., Findlay, J. T., Kelly, G. M., & Sommer, S. C. (1980). Measurements of thermal structure and
thermal contrasts in the atmosphere of Venus and related dynamical observations—Results from the four Pioneer Venus probes. Journal
of Geophysical Research, 85, 7903–7933. https://doi.org/10.1029/JA085iA13p07903

Skamarock, W. C., & Klemp, J. B. (2008). A time-split nonhydrostatic atmospheric model for weather research and forecasting applications.
Journal of Computational Physics, 227, 3465–3485.

Spiga, A., Barth, E., Gu, Z., Hoffmann, F., Ito, J., Jemmett-Smith, B., et al. (2016). Large-eddy simulations of dust devils and convective vortices.
Space Science Reviews, 203, 245–275. https://doi.org/10.1007/s11214-016-0284-x

Spiga, A., Forget, F., Lewis, S. R., & Hinson, D. P. (2010). Structure and dynamics of the convective boundary layer on mars as inferred
from large-eddy simulations and remote-sensing measurements. Quarterly Journal of the Royal Meteorological Society, 136, 414–428.
https://doi.org/10.1002/qj.563

Sullivan, P. P., & Patton, E. G. (2011). The effect of mesh resolution on convective boundary layer statistics and structures generated by
large-eddy simulation. Journal of Atmospheric Sciences, 68, 2395–2415. https://doi.org/10.1175/JAS-D-10-05010.1

Tellmann, S., Haeusler, B., Paetzold, M., Bird, M. K., Tyler, G. L., Andert, T., & Remus, S. (2009). The structure of the Venus neutral
atmosphere as seen by the Radio Science Experiment VeRa on Venus Express. Journal of Geophysical Research, 114, E00B36.
https://doi.org/10.1029/2008JE003204

Tellmann, S., Häusler, B., Hinson, D. P., Tyler, G. L., Andert, T. P., Bird, M. K., et al. (2012). Small-scale temperature fluctuations seen by the VeRa
Radio Science Experiment on Venus Express. Icarus, 221, 471–480. https://doi.org/10.1016/j.Icarus.2012.08.023

Titov, D. V., Markiewicz, W. J., Ignatiev, N. I., Song, L., Limaye, S. S., Sánchez-Lavega, A., et al. (2012). Morphology of the cloud tops as
observed by the Venus Express Monitoring Camera. Icarus, 217, 682–701. https://doi.org/10.1016/j.icarus.2011.06.020

Torrence, C., & Compo, G. P. (1998). A practical guide to wavelet analysis. Bulletin of the American Meteorological Society, 79, 61–78.
Yamamoto, M. (2011). Microscale simulations of Venus convective adjustment and mixing near the surface: Thermal and material transport

processes. Icarus, 211, 993–1006. https://doi.org/10.1016/j.icarus.2010.11.019
Yamamoto, M. (2014). Idealized numerical experiments on microscale eddies in the Venusian cloud layer. Earth, Planets, and Space, 66, 27.

https://doi.org/10.1186/1880-5981-66-27

LEFÈVRE ET AL. 2789

https://doi.org/10.1186/s40623-017-0722-3
https://doi.org/10.1016/j.Icarus.2013.10.012
https://doi.org/10.1029/2009JE003458
https://doi.org/10.1016/j.icarus.2016.06.004
https://doi.org/10.1002/2016JE005146
https://doi.org/10.1126/science.231.4744.1417
https://doi.org/10.1002/jgrd.50705
https://doi.org/10.1029/2012GL051001
https://doi.org/10.1038/nature06320
https://doi.org/10.1002/qj.49710845805
https://doi.org/10.1016/j.pss.2008.02.010
https://doi.org/10.1029/2008JE003185
https://doi.org/10.1029/2008JE003185
https://doi.org/10.1016/j.Icarus.2013.09.012
https://doi.org/10.1016/j.Icarus.2013.09.012
https://doi.org/10.1029/JA085iA13p08107
https://doi.org/10.1007/s11214-017-0389-x
https://doi.org/10.1029/JA085iA13p08007
https://doi.org/10.1029/JA085iA13p07903
https://doi.org/10.1007/s11214-016-0284-x
https://doi.org/10.1002/qj.563
https://doi.org/10.1175/JAS-D-10-05010.1
https://doi.org/10.1029/2008JE003204
https://doi.org/10.1016/j.Icarus.2012.08.023
https://doi.org/10.1016/j.icarus.2011.06.020
https://doi.org/10.1016/j.icarus.2010.11.019
https://doi.org/10.1186/1880-5981-66-27

	Abstract
	Plain Language Summary
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


