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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 (46-55
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 super-rotating 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 UV absorber.

1 Introduction

The strong dynamical activity inside the Venusian cloud layer has been investigated for a long time. The
convective activity was measured for the first time by the Pioneer Venus radio occulation 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 and 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 of 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
equatorial regions. No variability of the thickness of the convective layer with local time was measured in this

dataset, though the radio occultations measured with the ongoing spacecraft Akatsuki measured a convective

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, were 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.l [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 (Seiff et all, [1980}

[Counselman 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., 2008} Piccialli et al.,2014). From the Venus

Monitoring Camera (VMC) images at high latitude, the waves seem to propagate towards the pole (Piccialli

G al, 20T4).

In addition to the convection layer inside the cloud, features observed at cloud-top by the Mariner 10

mission (Belton et all [1976) and the Pioneer Venus spacecraft (Rossow et al., [1980|) near subsolar point were

morphologically close to convective cells with sizes between 200 and 1000 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 observations.
With the nine years orbiting around Venus, the Venus Express mission yields a remarkable dataset 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 (Tellmann|

et al., |2009; |Ando et al. |2015; Imamura et al. [2017).

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, |2000alb; McGouldrick and Toon, 2008; Imamura et al., 2014) and idealized three-

dimensional experiments (Yamamoto, [2014). Recently, [Lefevre et al| (2017) (hereafter L17) improved on those

studies by proposing, for the first time, three-dimensional turbulence-resolving simulations with prescribed hea-
ting 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 convective cells and the propagation of
gravity waves both above and below the convective cloud layer. .17 also concluded that the thermal influence of

the large-scale circulation (adiabatic warming/cooling associated 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, both the thickness of the convective 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 super-rotating
winds increase with altitude, while the pioneering two-dimensional simulations by [Baker et al.| (2000b)
indicated 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 “offline” 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 calculations
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 (Lebonnois et al., |2016;
Garate-Lopez and Lebonnois, |2018)). Furthermore, our simulations are carried out with and without the inclusion
of the vertical wind shear caused by Venus’ super-rotating winds simulated in the IPSL Venus GCM. 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 L.17, this study is conducted using the fully-compressible non-hydrostatic
dynamical core of the Weather Research and Forecast (WRF) terrestrial model (Skamarock and Klemp, [2008;

Moeng et al.l 2007). We use WRF in Large-Eddy Simulations (LES) mode : the grid spacing of the WRF



model is refined to a couple hundreds meters so that the largest turbulent eddies (that is, convective plumes),
responsible for most of the energy transport by buoyant convection, are resolved (Lilly} (1962} [Sullivan and
Patton,, |2011). Past modeling studies (Baker et al. [2000a; Imamura et al. [2014; [Lefevre et al.l [2017) showed
that this LES modeling strategy allows to resolve the convective plumes in the unstable Venusian cloud layer,
and the associated emission 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.l |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 “offline” 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; [Lebonnois et al., [2016]). For the present study, we developed a complete “online”
model by fully interfacing the WRF dynamical core with the whole set of Venus LMD physical packages used
in the LMD Venus GCM. Our Venus LES 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 IR) are made online from fluxes tables using the
pressure and temperature of the domain. These calculations are perfomed with a time step ratio of 1300 between
the dynamical and physical timesteps, given the long radiative timescales in the Venus atmosphere compared
to the short timesteps (about one second, 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 infrared (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
infrared 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, that are
then interpolated on the fine-resolution vertical grid of our Venus LES model.

The cloud model is based on Haus et al.|(2014) and [Haus et al.| (2015)) and uses recent retrievals from Venus
Express observations. 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 5 distinct latitude intervals : 0° to 50°, 50° to 60°, 60° to 70°, 70° to 80° and 80° to 90°. Different
NER-coefficients matrices 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.
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 [I] with associated

large-scale vertical wind .

s70 [T N N -
Sl 75.0 foiny 4
555 [ T N v
~ o 1
. 72.5 | \ 1
54.0 | R \ ]
N X A
S~ 70.0 | ! s ‘.
~ 525 | : I i ) ;
Il - !
=~ | 1> 675 | d ,
& 51.0 % I’ | !
£ Z ' N
=495 | 18 65.0 [t N s .
< — Equator midnight = . A o Equator midnight
S
48.0 1| - - Equator noon 62.5 - b AR - Equator noon
— 55 midnight t. ‘M — 55 midnight
465 | - - 55 noon 60.0 L \\ Y -- 55noon
— 75 midnight N v — 75 midnight
45.0 - oo
’ - - 75 noon 575 L N [ - 75 noon
1 L 1 1 1 1 1 1 1 A ‘\‘ L L L
-06 -05 -04 -03 -02 -0.1 00 0.1 0.2 -24  -16 -0.8 0.0 0.8 1.6 24 3.2
Large-scale dynamical heating rate (1e-4 K/s) Large-scale dynamical heating rate (le-4 K/s)
. . . T . T T 0.15 . ' T . T . T 0.15
62.5 013 ©25f 013
0.12 0.12
60.0 | 4 0.11 60.0 0.11
0.09 0.09
57.5 | 007 575 0.07
0.06 0.06
. 0.05 _ 0.05
g 55.0 | 0.03 E 55.0 0.03
& 001 & 0.01
L5525 ¢ 000 g 52,5 | 0.00
2 , 0.01 2 0.01
£ 0.03E 0.03
Z 50.0 | 1 00a< 500 ¢ ’ 0.04
0.06 ‘ -0.06
47.5 007 475 | 0.07
0.09 0.09
150 b 0.10  45.0 | - - L 0.10
0.12 0.12
0.14 l 0.14
425 | 1 L L n L 0.15 42'5 C L L L L L I L L 0.15
—-80 —60 —40 —-20 O 20 40 60 80 —-80 —-60 —-40 =20 0 20 40 60 80
latitude latitude

FIGURE 1 — Top : Vertical profile of the large-scale dynamical heating rate (10~* K s~1) between 45 and 57 km
and from 57 to 75 km. Bottom : Vertical wind of the LMD Venus GCM in (Pa s~!) at night (left) and noon
(right) 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.

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~ 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 C), 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, i.e. 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 (Yamamotol 2011]).
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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 UV absorber (Haus et all [2015)).
The infrared heating rate is mainly negative except around 46 km, the base of the cloud, where it becomes
strongly positive. The dynamical heating 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 horizontal domain is 60x60 km. The vertical domain is composed of 300 points
approximately equally distributed, except for a refined area where the convective 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 timestep 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

I is set to avoid

of the domain, a Rayleigh sponge layer of 8 km height and a damping coefficient of 0.06 s~
spurious reflection of upward-propagating gravity waves on the (artificial) model top around 100 km altitude.

The initial fields (temperature, pressure, winds) for the LES integrations are extracted at a given lati-
tude/local time from the IPSL Venus GCM simulation (Garate-Lopez and Lebonnois} [2018) that uses the exact
same solar and IR radiative transfer as the LES integrations. In this study we performed simulations using
distinct initial fields and settings in the physics, corresponding to several local times and latitudes. Simula-
tions are performed using 3 different latitudes, at the equator, 55 °N and 75 °N. We choose 2 local times,

midnight 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.

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 convective
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, i.e. 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 approximately
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.l |2009). The first radio occultations on-board Akatsuki
(Imamura et al.l 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 L.17, 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 is necessary to correctly
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.
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FIGURE 3 — The Venus cloud mixing layer : domain averaged potential temperature (K) (left) and static
stability (K/km) (right) between 42 and 65 km in the equatorial condition at noon.

The convective motions are depicted in Figure [d] 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 and Wu Zhang; [1996]).

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 C’ppW with C,, the specific heat, p the density calculated with the
ideal gas law, w’ the vertical wind perturbation and €’ the potential temperature perturbation. As is described

in L17, the convective layer consists of the mixing layer, between 46.0 and 55.5 km, which is bounded by an
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FI1GURE 4 — Snapshots of the cloud convective vertical motions : vertical cross-section at y = 20 km between
42 and 65 km of altitude (left) and horizontal cross-section at 51 km of the vertical wind (m s~!) (right) at the
Equator at noon.

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 m~2 at maximum, almost twice the value obtained by the

model of Imamura et al.| (2014).
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FIGURE 5 — Domain averaged vertical profile of the turbulent heat flux (W m~2) of the Venus cloud convective
layer for Equatorial condition at noon.



3.2 Gravity waves

Fig [0] 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
perturbation (right). The temperature perturbations range between approximately -0.7 and 0.5 K. These values
are about five times stronger than the previous version of the model described in L17, although still weaker
than the VeRa observations by about a factor of two (Tellmann et al., [2012)). The wave amplitude simulated
by our Venus LES is consistent with the values obtained in the modeling work of Imamura et al.| (2014) and
Yamamotol (2014]), with a similar vertical extent of the convective 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

0.50 60 y . . . . . ——y 0.05
62.5 | 0.40 54 8 \—; 0.04
60.0 030 BRI = $ R 0.03
42+ ° . 1 0.02
57.5 1 0.20 . |
= v 0.01
550 0.10 E 36 y
30 | - . 0.00
§52.5 0.00 <
N 4
1 o010 24 308 { -0.01
50.0 ® s
oz0 18 | . 0.02
47.5 + '
030 12 | iy 0.03
45.0 ¢ | 0.40 6 ™= 4 : 0.04
4255 . . . . . . . — -0.50 0 . . L . w . . fsln 0.05
0 6 12 18 24 30 36 42 48 54 60 0 6 12 18 24 30 36 42 48 54 60
X (km) X (km)

FIGURE 6 — Snapshots of the induced gravity waves : vertical cross-section at y = 20 km of the temperature
perturbation (K) between 42 and 65 km (left) and horizontal cross-section at 57 km of the vertical wind
perturbation (m s~!) (right), at the Equator at noon.

Using the continuous wavelet tramsforrnlﬂ7 with the Morlet wavelet defined in [Torrence and Compol (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 horizontal
directions, with a vertical wavelength of 1.5 km, and a squared Brunt-Viisild frequency N? value of 1074 572
consistent with the Pioneer Venus observations (Gierasch et al., [1997). At an altitude of 57 km, this leads to an
intrinsic frequency @ = N?(k? +12)/(k? 4+ 12 + m?), where k, [ and m the wavenumber along respectively the
x-axis, the y-axis and the z-axis, between 3.3x 1072 and 9.0x 1072 s~!. The angular frequencies are close to the

Brunt-Vaiséla frequency, hence the gravity waves belong to high-frequency regime. Assuming zero background

1. Python software by Evgeniya Predybaylo, available in this URL http ://paos.colorado.edu/research/wavelets
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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~ 1.

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 negligeable 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 Equator, because of the daytime large-scale dynamical heating rate, there is no
variability of the convection thickness.

At midnight, a very thin 1-kilometer-deep layer of low static stability is present at approximately 62 km.
The atmosphere 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 heating 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 observations, 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 (Figures @

One of the key consequences of this low static stability layer lies in the perturbations of the vertical pro-
pagation 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
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 (Tellmann et al., |2009; |Ando et al., 2015, Imamura et al.,
2017) shows that the thickness of the convective layer increases with latitude. Both the bottom and top boun-
daries 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 [J]
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 2 figures are presented with pressure as y-axis. 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.
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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.

the convective thickness for the Equator and 55° latitude are very close, whereas at 75° the convective layer
extends towards a higher altitude — almost 2 km higher. At midnight the convective thickness for the Equator
and 75° are 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, that 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 (Ciminol [1982; Barstow et al., [2012)). Meanwhile the top boundary of the
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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|l)) 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. 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.

Midngiht

Pressure (Pa)
Pressure (Pa)

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
Static Stability (K/km) Static Stability (K/km)

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).

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 “offline” 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 dynamical
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 temperature 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 [4f 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 and Jenkins| [1995). Our simulations suggest that

this may be related to the influence of the large-scale dynamical heating rate.
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 ob-
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servations, especially at high latitudes, than the “offline” Venus LES presented in L17 with prescribed heating
rates. A vertically-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 “offline” version presented in L17. Despite the better agreement with obser-
vations 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
(background) wind profile is prescribed throughout the simulations. Figure 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
of |Garate-Lopez and Lebonnois| (2018)) and interpolated on the LES vertical grid. Please note that positive

meridional velocity means poleward velocity.
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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.

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[L1] 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 frequency of the wave w = @ + i (with @ the intrinsic frequency,
% 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
downdrafts, similar to a mechanical oscillator (Clark et al.l [1986; |Ansong and Sutherland} [2010)), the interaction

of the flow with the convective overshoot also causes a secondary wave generation to occur, called the obstacle
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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).

effect (Mason and Sykes| [1982; |Clark et al. [1986)). The overshoot both below and above the convective layer are

acting like low hills in orographically-triggered gravity waves near the surface. The generation of gravity waves
by the mechanical oscillator effect is characterized by high frequencies and short wavelengths with prefered

horizontal direction propagation, while the obstacle effect produces longer wavelength features propagating

against the background wind (Fovell et al. [1992). The first modeling studies with three-dimensional simulations

of convection and convectively generated gravity waves from the surface to 100 km has been performed by

Horinouchi et al.| (2002); 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.
(2014) found a similar trend on the gravity waves by increasing the background wind.
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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.

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 presence

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).
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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. In presence of the
wind shear, the vertical wavelength reaches more than 4 km, very close to VeRa measurements
2012). The intrinsic frequency & of the gravity waves at 57 km is of 51073 s7. At 57 km, the mean horizontal

1

flow is about 67 m s~! and the waves are advected with the flow, therefore the frequency w is 3.6x1072 s~ 1.

1

The corresponding group velocity is between 2.8 m s~' on the vertical and 74 m s~! on the horizontal. The

direction of the wavefront is east-west, as is expected by the filtering exerted by the meridional component of

the wind.
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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 wind shear also has a strong impact at higher altitude. Figure 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

(Piccialli et al.,|2014). The wave intrinsic frequency @ ranges from 1.9 1072 s~1. At 70 km, the mean horizontal

wind velocity is approximately 106 m s~'. Therefore the frequency w is 3.1x1072 s~!. 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 therefore the direction of the
phase propagation 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 gravity wave more oriented towards the poles. This tendency of gravity waves to propagate towards
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the pole at mid-to-high latitudes is clearly observed in VMC observations (Piccialli et al., [2014).
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FIGURE 14 — Snapshots of the vertical wind perturbation (m s~—!) at 70 km at the Equator at midnight in
presence of wind shear.

To assess the impact of the gravity waves on the large-scale dynamical heating rate when they break, we

evaluate the momentum transport with the Eliassen-Palm flux using the formalism of |Andrews| (1987)) and [Lott|

, we focus here on the vertical component of the flux —pu/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 values 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 convection of more realistic gravity waves,

compared to available observations. The calculation of the vertical angular momentum flux of these waves may

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).
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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.l 2007; [Titov et al.| [2012).

The figures shown below are without wind shear. Figure[I6]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, neither by Magellan (Hinson and Jenkins, [1995)),
Venus Express (Tellmann et al., 2009) nor Akatsuki (Imamura et al.l |2017). At this altitude, the atmosphere

profiled by radio-occultations is very stable (the static stability is several Kelvin per kilometer).
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FIGURE 16 — Domain averaged vertical profile of potential temperature (K) (left) and static stability (K/km)
(right) between 63 and 75 km at the equator at noon.

The convective motions that underlie the mixing layer in Figure are shown in Figure 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 (Fig .
The bottom of the convective layer is located at the maximum of solar heating (66 km) creating a maximum
positive value of the total heating rate. The top of the convection is located where the local maximum 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 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
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FI1GURE 17 — Snapshots of the convective vertical motions : vertical cross-section at y=20 km between 63 and
75 km (left) and horizontal cross-section at 51 km of the vertical wind (m s=!) (right) for equatorial condition
at noon.
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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.

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 dominated 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 convection
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.
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FIGURE 19 — Domain averaged vertical profile of the turbulent heat flux (W m~2) of the Venus cloud top
convection between 63 and 75 km for equatorial condition at noon.

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 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 zero, and therefore does not
induce strong destabilization. This behavior is caused by the weaker solar heating and the large-scale dynamical
heating rate, that 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 convection. However, the dynamics
of the atmosphere is dominated at these altitudes by the equatorial jet and mid-latitude jets between 40 and
50° latitude (Sanchez-Lavega et al., [2017). In the IPSL Venus GCM, the jets are reproduced (Garate-Lopez
and Lebonnois, [2018) but the mid-latitude 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 representative 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
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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.

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. Observations
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 Equator 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 characteristics 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
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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 to 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 mecha-
nism, 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.

The vertical extension of the model made it possible to study the cloud-top cell features observed at low
latitude 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 occulation experiments observed a mixed layer at the altitude;
a very stable atmosphere is observed. Convective activity at 55° latitude is also obtained in our simulations,

though only streaky clouds are observed at these latitudes. Possible explanations for this discrepancy include
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the distribution of the unknown UV absorber as well as discrepancy in the large-scale dynamical heating rate,
that 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.
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