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ARTICLE INFO ABSTRACT

Keywords: Few constraints are available to characterize the deep atmosphere of Venus, though this region is crucial to
Venus understand the interactions between surface and atmosphere on Venus. Based on simulations performed with the
Atmosphere IPSL Venus Global Climate Model, the possible structure and characteristics of Venus’ planetary boundary layer
Planetary boundary layer (PBL) are investigated. The vertical profile of the potential temperature in the deepest 10 km above the surface
Slope winds and its diurnal variations are controlled by radiative and dynamical processes. The model predicts a diurnal
cycle for the PBL activity, with a stable nocturnal PBL while convective activity develops during daytime. The
diurnal convective PBL is strongly correlated with surface solar flux and is maximum around noon and in low
latitude regions. It typically reaches less than 2 km above the surface, but its vertical extension is much higher
over high elevations, and more precisely over the western flanks of elevated terrains. This correlation is ex-
plained by the impact of surface winds, which undergo a diurnal cycle with downward katabatic winds at night
and upward anabatic winds during the day along the slopes of high-elevation terrains. The convergence of these
daytime anabatic winds induces upward vertical winds, that are responsible for the correlation between height

of the convective boundary layer and topography.

1. Introduction

The interaction between the surface and the atmosphere is a key to
understanding the processes driving the dynamics of both the atmo-
sphere and the solid planet. The exchanges of heat and angular mo-
mentum drive the temperature and wind structure in the deepest layers
of Venus’s atmosphere, and affect Venus’s atmospheric superrotation
and the rotation of the planet itself. Yet, the deep atmosphere of Venus
(below 10 km altitude above the surface) remains largely unexplored
because of the difficulty in obtaining data below the dense and planet-
wide cloud cover. Only a small number of probes have reached the
surface: the Russian Venera series and VeGa missions, and the American
Pioneer Venus mission. Among these probes, only one (VeGa-2) was
able to measure a complete reliable temperature profile down to the
surface (Linkin et al., 1986; Lebonnois and Schubert, 2017).

On Earth, the study of the planetary boundary layer (PBL) must take
into account the variety of properties of the surface, and the water cycle
and associated latent heat release. Its knowledge is important for a good
understanding of the dispersion of trace atmospheric compounds, local
circulations, clouds and water cycle or energy balance of the surface
(e.g., Garratt, 1994). Arid areas are more relevant for comparative
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planetology since the water latent heat contribution can be neglected
(e.g., Wang et al., 2016). The Martian PBL has also been studied ex-
tensively since the Viking landers (Hess et al., 1977), in particular with
radio-occultation datasets and turbulence-resolving simulations (e.g.,
Hinson et al., 2008; Spiga et al., 2010). The surface temperature diurnal
cycle is large on Mars, and the typical thickness of the diurnal con-
vective PBL is much larger than on Earth. This PBL convective activity
plays a crucial role in the dust cycle. The surface slope winds are also
strong on Mars, both during daytime and nighttime. They were shown
to have a significant impact on the near-surface temperature distribu-
tions (Spiga et al., 2011).

On Titan, the PBL may play a role in the near-surface methane cycle,
but very few observational data are available to characterize it. The in-
situ temperature profile obtained during the Huygens probe descent
provided the best information to date to characterize the behavior of
Titan’s PBL. An interpretation of this profile and of the associated PBL
characteristics was proposed by Charnay and Lebonnois (2012), based
on simulations with a General Circulation Model: signatures are present
of the height of the PBL at the time of the descent (300 m at 10:00 LT in
the morning), of the remnant of the previous diurnal cycle, with a
maximum vertical extent of the PBL of roughly 800 m, and of the height
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of the dominant surface circulation, with the seasonally-varying as-
cending branch (the equivalent of Earth’s inter-tropical convergence
zone) reaching 2 km altitude.

There have been a few attempts to investigate the surface tem-
peratures, the PBL and the near surface winds on Venus. Surface tem-
peratures were measured in-situ by several Venera landers (with an
accuracy of * 5 K) (Avduevskii et al., 1983) and the VeGa-2 lander
(with an accuracy of =# 1 K) (Linkin et al., 1986). In addition, in-
formations about the near-surface atmospheric temperatures can be
inferred remotely from the analysis of near-infrared images in spec-
troscopic windows around 1.0, 1.10 and 1.18 microns. Such an analysis
was done with the VIRTIS/Venus-Express datasets by
Mueller et al. (2009). However, other unknown variables affect this
analysis, such as the surface emissivity and the atmospheric opacities in
the deep atmosphere. Disentangling all these variables is not easy, and
assumptions are made that prevent a conclusive retrieval of the atmo-
spheric lapse rate near the surface. Dobrovolskis (1983, 1993) modeled
the atmospheric thermal tides induced by heating near the ground and
determined wind magnitudes and directions in the PBL and the re-
sulting surface stresses. These predictions are limited by simplifying
assumptions, one of the most important being the neglect of the winds
in the global circulation of the atmosphere. The PBL is affected by more
than just the tidally driven winds at the surface. Several papers
(Saunders et al., 1990; Greeley et al., 1991; 1994; 1995) have studied
the patterns of wind streaks and aeolian transport of surface materials
visible in the Magellan radar images in efforts to infer the nature of the
circulation in the PBL. Greeley et al. (1994) analyzed thousands of wind
streaks in the Magellan images associated with sand dunes and wind-
sculpted hills. On the assumption that the streaks serve as local "wind
vanes” their orientations represent a global map of near-surface wind
patterns on Venus. Equatorward streaks were most dominant, con-
sistent with a Hadley circulation of the lower atmosphere.

While waiting for additional observations, the analysis of the PBL
can be investigated with the help of models. Yamamoto (2011) used a
microscale model to investigate the mixing induced by convective ad-
justment in idealized simulations of the PBL. However, the initial
conditions assumed in these numerical experiments, i.e., the potential
temperature profile and the surface thermal flux, are poorly constrained
by observations. In addition, the effect of the background circulation
was not taken into account. Therefore, these simulations may not reflect
real Venus surface conditions. Here we take a different approach, and
use the latest simulations from the Venus Global Climate Model (GCM)
developed at the Institute Pierre-Simon Laplace (IPSL) to investigate the
convective boundary layer, characterized by the depth of the surface
convective activity, and the near-surface circulation. The GCM and the
simulations used are described in Section 2. The vertical structure of the
potential temperature is detailed in Section 3, the temporal and spatial
variability of the convective activity is investigated in Section 4.
Though there are no available observations of surface winds, our si-
mulations suggest the presence of slope winds, so they are discussed
together with their impact on the near-surface thermal structure in
Section 5. Conclusions are given in Section 6.

2. Model and simulations

The IPSL Venus Global Climate Model has been developed for about
a decade (Lebonnois et al., 2010; 2016). It includes a full description of
the radiative transfer based on the latest modeling of the solar flux
(Haus et al., 2015) and infrared net exchange rates (Eymet et al., 2009)
taking into account the latest latitude-dependent cloud model
(Haus et al., 2014), slightly tuned to get a vertical structure of the
temperature close to the available observations. The latest simulations
reproduce quite well the atmospheric structure, including the cold
collar and the superrotation of the atmosphere (Garate-Lopez and
Lebonnois, 2018). In the deep atmosphere, the planetary boundary
layer scheme used is based on Mellor and Yamada (1982), a simple but
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useful scheme used, e.g., to study Titan’s planetary boundary layer
(Charnay and Lebonnois, 2012). This scheme is detailed in Appendix B
of Hourdin et al. (2002) and based on level 2.5 model described by
Mellor and Yamada (1982).

The GCM physics also includes a convective adjustment scheme. In
the case of an unstable situation, both the PBL mixing scheme (based on
Mellor and Yamada’s formulation) and the convective adjustment can
act to stabilize the unstable layer. In our GCM, the PBL scheme is ap-
plied before applying the convective adjustment and therefore this
adjustment rarely occurs. The PBL scheme can compute a mixing
coefficient in an unstable layer even away from the surface, so it acts to
mix and stabilize the layer both in the PBL near the surface and in the
highly convective cloud layer, with tendencies due to convective ad-
justment scarcely occurring. This adjustment mostly occurs in the first
two layers just above the surface, when the PBL scheme does not
completely remove the unstable gradient.

The reference simulation used in this work is described in detail by
Garate-Lopez and Lebonnois (2018), in particular the tuning done in
the radiative transfer. The horizontal resolution is 96 longitudes by 96
latitudes, on 50 vertical levels (hybrid coordinates, from surface to
roughly 95 km altitude). In the deepest 10 km, the altitudes (above
surface) of the layers are located around 10, 50, 150, 370, 750 m, 1.3,
2.1, 3.2, 4.7, 6.4 and 8.5 km. It was run for 300 Venus days from an
already superrotating initial state.

As proposed by Lebonnois and Schubert (2017), it is possible that
the deepest 7 km of the atmosphere may not be uniformly mixed, with a
vertical gradient of nitrogen, from 3.5% at 7 km altitude to almost 0%
at the surface. This would have an impact on the stability of the PBL
since the mean molecular mass gradient reduces the buoyancy. A si-
mulation was performed with this gradient of mean molecular mass
taken into account in order to investigate its impact on the PBL struc-
ture. Since no physical process can yet be formalized in the model to
have the N, abundance vary, the current implementation is simple: the
profile of the mean molecular mass as a function of pressure obtained
from VeGa-2 analysis is used at each grid point, and the potential
temperature is modified accordingly (Lebonnois and Schubert, 2017).
The initial state is the reference simulation, then the simulation is run
for 50 Venus days with the modified mean molecular mass profile. The
impact of this hypothesis on the PBL structure is discussed in
Section 4.3.

To separate purely radiative effects from dynamical ones, 1-di-
mensional simulations (single vertical column) were also performed at
selected locations. Starting from the temperature profile obtained at a
given location by the GCM simulation, the 1-dimensional runs take into
account only radiative heating and cooling and local vertical turbulent
mixing. At the equator, this results in a temperature profile that tends to
increase slowly, since energy is not redistributed to higher latitudes by
the dynamics (mean meridional circulation and planetary-scale waves).
The diurnal cycles of the 1-dimensional profile and of the convection
are considered after a couple of Venus days.

A caution related to surface winds needs to be mentioned. Due to
angular momentum conservation problems in the GCM (as discussed in
Lebonnois et al., 2016), the zonal component of the zonally and tem-
porally averaged surface winds could be biased, in particular in low-
latitude regions. Caution should therefore be taken when discussing
these winds. However, we find that the diurnal variations of the surface
winds are significant, with amplitudes usually larger than the average
values of the zonal component. Typically, at 10 m altitude, the tem-
porally averaged zonal wind & ranges between =* 0.15 m/s, while the
temporally averaged horizontal wind U ranges roughly from 0.2 to
0.6 m/s, often a factor of 3 to 5 larger than |iZ| (except in polar regions).
Therefore, the slope winds effects discussed in this work should be ra-
ther independent of the bias due to angular momentum conservation
problems.
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Fig. 1. Vertical profiles of potential temperature computed from the VeGa-2
temperature measurements and from the global average temperature profile of
the GCM simulations, without and with N, abundance variations in the lowest
7 km.

3. Vertical structure of potential temperature

The deep atmosphere of Venus is structured in alternating layers of
stable and well-mixed regions. Stable regions are characterized by po-
tential temperature increasing with altitude, while well-mixed (neutral)
regions have a roughly constant potential temperature. Despite recent
adjustments done in the radiative transfer (Lebonnois and Schubert,
2017; Garate-Lopez and Lebonnois, 2018), the modeled temperatures
are still below observed values (5 to 15 K). However, the structure
obtained with the IPSL Venus GCM (Fig. 1) is in agreement with the
potential temperature profiles deduced from in-situ observations by the
Pioneer Venus and VeGa-2 probes (Lebonnois and Schubert, 2017):
below the cloud, a stable region is present down to roughly 30 km al-
titude. Below this level the atmosphere is well mixed down to roughly
20 km altitude, mostly due to large-scale circulation and to very short-
distance infrared radiative exchanges, according to the model that
predicts little convective activity in this region. The atmosphere is
stable again between 18-20 km and 8-10 km altitude. In the deepest
10 km, the atmosphere is again near neutral stability, with no con-
vective activity predicted except in the PBL, as discussed in Section 4.

The modeled surface temperatures shown in Fig. 2 are quite
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Fig. 2. Diurnally averaged surface temperature (K) with surface pressure con-
tours (bar).
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Fig. 3. Diurnally averaged surface potential temperature (K) as a function of
surface elevation for every model grid point, shifted by +11 K to compensate
the bias in the GCM temperature structure (blue). Surface potential tempera-
tures computed from measurements by the Venera 9 to 12 probes
(Avduevskii et al., 1983) are plotted in red and by the VeGa-2 probe
(Linkin et al., 1986) in yellow. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

constant at a given location, with diurnal variations limited to at most
3 K. Because the temperature profile below 30 km altitude is mostly
determined by the temperature at the base of the clouds and by neutral
stability (Lebonnois et al., 2015), the surface temperature is highly
correlated with surface topography (vertical gradient close to adia-
batic). The relation between surface potential temperature and surface
elevation is shown in Fig. 3. If the surface temperature were controlled
only by the adiabatic lapse rate, the potential temperature would be
homogeneous on the planet. However, in our GCM simulations, the
vertical profile of temperature along the slopes is weakly stable, espe-
cially in the deeper plains. This behavior may be in agreement with in-
situ surface measurements, though uncertainties on these measure-
ments are too large to get a good constraint. The offset between the
modeled surface temperatures and observed values is around 11 K
(taken into account for the comparison in Fig. 3).

In the atmospheres of Earth, Mars and even Titan, the diurnal cycle
of insolation drives the cycle of the PBL dynamics. The discussion is
limited here to the dry atmosphere, without consideration of any latent
heat exchange. At night, the cooling of the surface yields a stable PBL,
with potential temperature increasing with altitude. During daytime
hours, solar heating of the surface induces convective activity that
generates a well-mixed PBL wherein potential temperature is nearly
constant with altitude, up to a stable layer with increasing potential
temperature. On Venus, the diurnal cycle of the potential temperature
profile is also present. However, this profile is rather different since the
deepest region is already close to neutrality, with the potential tem-
perature increasing only very slightly up to 10 km altitude. Stable
nocturnal PBL and diurnal near-surface convective activity develop at
the bottom of this quasi-neutral region.

The diurnal evolution of the vertical distribution of potential tem-
perature for two different locations on the equator (different longitudes
and elevations) is shown in Fig. 4. During the night, a stable PBL is
present, due to surface temperature decreasing through infrared cooling
of the surface to the atmosphere. During the day, the potential tem-
perature becomes vertically mixed over a layer that depends on local
time. This mixing is the result of convective activity.

To explore the roles of radiative forcing and regional dynamical
processes in shaping the potential temperature profile below 10 km, 1-
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Fig. 4. Potential temperature variations with local time at (left) 92E/equator (surface pressure 74.1 bars) and (right) OE/equator (surface pressure 94.6 bars).
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(surface pressure 74.1 bars) and (right) OE/equator (surface pressure 94.6 bars).

10 T T T T T T 10 T T T T T
E | B '
~— 8_ . ~— 8_ .
(0] (0]
g 7 g 7
g [ T g [ T
=} =}
2 6r 41 26t _
® ®
8 5¢ 4+ & 5¢ .
[ [
g 4r 1 8 4r 7
_ ~
o 3 4 © 3t _
[] (]
=} =}
g 2 1 Eoer
-+ -+
<1 1 21t

0 . 1 1 0 1 L '

-10.0 -8.0 -6.0 4.0 -2.0 0.0 2.0 4.0 6.0 8.0 10.0 -10.0 -8.0 -6.0 -4.0 -2.0 0.0 2.0 40 6.0 8.0 10.0

dT/dt - Dynamics (1E-7 K/s) dT/dt - Dynamics (1E-7 K/s)

Fig. 6. Atmospheric dynamical heating rates at 4 different local times, at (left) 92E/equator (surface pressure 74.1 bars) and OE/equator (surface pressure 94.6 bars).



S. Lebonnois et al.

920 90.00
80.50

60 71.00

20 4 61.50

9 452.00

-:5 0 442.50

3 433.00

—30 {2350
&0 14.00
4.50

-90 -5.00

-120 -60 0 60 120 180
Longitude

Latitude

Icarus 314 (2018) 149-158

90 90.00
80.50

ot 71.00

20 161.50
152.00

0 14250
133.00

—30 1 23.50
. 14.00
450

~90 -5.00

0 2 4 6 81012141618 202224
Local Time

Fig. 7. Sensible heat flux in W/m? (positive for upward direction): (left) at noon everywhere, with surface pressure contours (bar); (right) as a function of local time

at 60E longitude.

Surface ﬂuxes (W/m2 posmve upward) 6OE Eq

100
== Sen81b1e heat flux
80 — Surface solar flux
60 Surface IR flux
Total surface flux
40
£ 20
g o
&
5 -20
w
-40
-60
-80
_100 1 1 1 1 1 1 1 1 1 1 1
0o 2 4 6 8 10 12 14 16 18 20 22 24
Local time
Fig. 8
90 T T T T 0.50
0.45
60 0.40
30 0.35
9 0.30
= 10.25
T
— 4 0.20
-5l 10.15
66 4 0.10
- 0.05
-90 1 - 0.00
—-120 —-60 0 60 120 180
Longitude

Fig. 9. Turbulent mixing coefficient (in m?/s) at 2km above surface at noon
everywhere, with surface pressure contours (bars).

2§urface fluxes (W/m2, positive upward) 6OE 80N

= Sen81ble heat ﬂux
16 — Surface solar flux
12 — Surface IR flux
i — Total surface flux
8k 4
e
S~ ]
) e B ey
€
5 A4r A
wn
8t 4
12k 4
216 - J
_20 1 1 1 : | 1 1 1 1 1 1 1
0o 2 4 6 8 10 12 14 16 18 20 22 24

Local time

. Surface heat fluxes as a function of local time at (left) 60E/equator and (right) 60E/80N, in W/m2 (positive for upward direction).

dimensional simulations were run at several locations at the equator.
Fig. 5 shows the potential temperature evolution in the 1-dimensional
runs at the same locations as in Fig. 4, obtained after 2 Venus days
(initial state is the GCM profile). These profiles are slightly warmer than
in the GCM; large-scale dynamics therefore has a role in slightly cooling
the lowest 5 km above the surface. This is confirmed in Fig. 6: dynamics
tends to cool the deeper atmosphere during daytime hours. This affects
the vertical profile of potential temperature, with regional variations: it
tends to be more stable in plains than at high elevations. In Fig. 4, the
two cases that are presented show different vertical variations of the
potential temperature (mainly the depth of the daytime mixed region).
But the same two cases are very similar in Fig. 5, i.e., in the 1-dimen-
sional simulations. This illustrates another impact of large-scale dy-
namics related to topography, the depth of the convective activity, that
is discussed in the next sections.

4. Variability of convective activity
The temporal and spatial variability of the convective activity in the

PBL is investigated through an analysis of the sensible heat flux at the
surface and of the convective flux.
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4.1. Sensible heat flux

The surface sensible heat flux H; is the turbulent and conductive
heat exchanged between the surface and the bottom of the planetary
boundary layer. The variations of the sensible heat flux in the GCM
simulation are shown in Fig. 7. The diurnal cycle is clear, with a
maximum sensible heat flux at noon (12LT) and at low latitudes. This
results from a correlation with the solar flux, as also seen in Fig. 8. At
high latitudes, solar heating of the surface is mostly compensated by
infrared cooling and no convective activity is predicted.

4.2. Correlation with topography

In Fig. 4, the vertical extent of the region with almost uniform po-
tential temperature at noon (correlated with vertical mixing) is dif-
ferent at the two locations. To explore the strength and vertical extent
of the modeled convective activity, the distribution of the turbulent
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mixing coefficient computed by the PBL parameterization scheme is
studied. This coefficient is related to the turbulent kinetic energy, as
detailed in Hourdin et al. (2002), Appendix B. Fig. 9 shows the map of
the maximum value (obtained at noon, LT=12h) of this mixing coef-
ficient 2 km above the surface. A correlation between the strength of
the convective activity and the topography appears at low to mid lati-
tudes, where the sensible heat flux is most active.

This variation of the thickness of the noon convective layer with
topography is further illustrated in Fig. 10, showing the maximum
mixing coefficient along the equator (at LT =12h everywhere), with the
topographic profile also plotted. The diurnal variations of the con-
vective activity are illustrated for two different locations along this
profile in Fig. 11.

Such a correlation with topography is not observed on Earth, but is
known on Mars (Spiga et al., 2010). The evolution of the potential
temperature in the PBL is driven by the second law of thermodynamics.
On Mars, taking into account several approximations, such as ne-
glecting heat conduction, as well as large-scale vertical advection terms,
the variation of the mixed-layer potential temperature 6 may be written
as (Spiga et al., 2010):

80 S<wo'>
Z o227 L Uew + )/,
o 5 Usw + JLw)/ M

where IT = (p/p,,;)* with p the pressure, p,.sa reference surface pressure
and x = R/c, (¢, is the specific heat capacity at constant pressure),
5<;’¢ represents the divergence of the convective heat flux (¢’ denotes
a deviation from the averaged quantity < q > ), and Jsy and Jyy, are
the solar heating and infrared cooling rates (in K/s). In the Martian
atmosphere, the radiative heating rates are dominant in the energy
budget of the convective layer, with surface temperatures that do not
depend on altitude. A pressure effect is obtained for similar solar
heating and IR cooling rates due to II in Eq. (1), as demonstrated in
Spiga et al. (2010). In the Earth’s deserts, the convective term in Eq. (1)
is dominant over solar and infrared heating rates, so no effect due to
surface pressure occurs.

In the case of Venus, as on Earth, the dominant term is the con-
vective term, with negligible solar and IR heating rates. However, as it
will be shown below, the large-scale advection term is not negligible on
Venus. Therefore, Eq. (1) applies only to the 1-dimensional simulations.
In this case, a very small topographical effect is obtained in the intensity
of the convection (not shown), though there is a correlation between
surface solar flux, sensible heat flux expressed as H,/(pc,), and
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Fig. 11. Turbulent mixing coefficient (in m?/s) as a function of LT at (left) OE/equator (surface pressure 94.6 bars) and (right) 92E/equator (surface pressure 74.1

bars).
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equator (surface pressure 94.6 bars).
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Fig. 13. Same as Fig. 10 and Fig. 11 (right), but with N, variations: turbulent mixing coefficient (in m?/s) (right) as a function of longitude along the equator, at noon
everywhere (surface elevation in blue); (left) as a function of LT at 92E/equator (surface pressure 74.1 bars). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

elevation. On Venus, unlike on Mars, the correlation with topography 5. Slope winds at the surface of Venus

seen in Fig. 9 is therefore not related to topography itself (i.e., surface

pressure), but to the dynamics associated with topography. In fact, in 5.1. Properties

Figs. 9 and 10, the maxima of convective activity appear to be located

on the western flanks of topographic highs. The reason for this corre- Very few data are available to constrain near-surface winds, mostly
lation is to be found in the near-surface circulation, as demonstrated in measurements by the Venera (e.g. Avduevskii et al., 1977; Golitsyn,
Section 5. 1978) and Pioneer-Venus (Counselman et al., 1980) probes, as well as

analyses of aeolian features in Magellan images (Greeley et al., 1994;
1995). However, Lorenz (2016) presented an analysis of these sparse

4.3. Impact of the possible gradient of nitrogen mixing ratio constraints to propose a probability distribution of the near-surface
winds, showing that the datasets were compatible with near-surface
When this gradient is taken into account in the GCM simulation, it winds less than 0.7 m/s half the time, and an upper limit of 1.8 m/s
affects the vertical extension of the convective layer above topo- (with a probability that the wind is lower of 99%), or up to 2.2 m/s if
graphical features. The stability of the 0-10 km altitude layer is slightly the upper limits of the measurements were taken into account. In the
increased by the change in composition, as seen in Fig. 12 compared to first layer of the GCM, 10 m above the surface, horizontal winds have
Fig. 4, though the overall dynamics and circulation are barely affected. an upper limit around 1.5 m/s, with temporally averaged values ran-
The layer is then less easy to destabilize and for a similar energy bal- ging roughly from 0.2 to 0.6 m/s depending on the location (values up
ance and similar large-scale wind conditions, the convective activity to 1 m/s in the vicinity of the flanks of Ishtar Terra). This appears to be
reaches lower altitudes (Fig. 13, compared to Figs. 10 and 11). fully compatible with the analysis provided by Lorenz (2016).
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Everywhere, the vertical profile of the horizontal wind is globally
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surface at an altitude around a few hundred meters, depending on the
location and local time. The distribution of these near-surface winds is
illustrated in Fig. 14, at 150 m altitude. A complete comparison of these
modeled winds with constraints from Magellan data (Greeley et al.,
1994; 1995) is not straightforward, as it may depend on the local to-
pography, on the influence of the diurnal cycle, and on the formation
mechanisms of the surface features. In the model, on the night side,
strong katabatic winds are mostly flowing down the slopes. On the day
side, the winds are reversing and anabatic winds are going up the
slopes. A westward component is added to this up-slope tendency,
maybe due to westward winds from upper layers unblocked by topo-
graphy. This yields some convergence of the wind on the westward
flanks of the mountains, as illustrated for Beta Regio in Fig. 15. In a
previous GCM study with topography and diurnal cycle (Yamamoto and
Takahashi, 2009), a significant increase in the eddy-component of the
near-surface winds was also obtained.

5.2. Relation to the near-surface thermal structure

The potential temperature profiles for two locations, one on top of
Beta Regio and one down its eastern flank, at noon and midnight local
times are shown in Fig. 16, on the same altitude scale. During the night,
the potential temperature is significantly colder at the surface on the
mountain slopes than at the same pressure level in the atmosphere
away from the surface. This slope-induced baroclinicity drives the
nighttime katabatic winds. During daytime, the reverse is true: the
surface on the slopes is slightly warmer than the atmosphere at the
same pressure level, inducing anabatic winds.

The tendencies on temperature due to the circulation are illustrated
in Fig. 6. At night on highlands, the circulation tends to bring relatively
warm air to replace the near-surface cold air transported downward by
the katabatic winds, inducing heating. The near-surface adiabatic
heating associated with these downward katabatic winds is stronger
near the bottom of slopes. However, some cooling is present in the
lowest elevation plains below 1 km altitude (e.g., Fig. 6, right). During
daytime, cooling in the lowlands is also visible, explaining the corre-
lation between topography and surface potential temperature, as dis-
cussed in Section 3.

Comparison between Earth and Martian katabatic winds was dis-
cussed by Spiga (2011). The slope-buoyancy term (Eq. 2 of Spiga, 2011)
leads to stronger katabatic winds for higher surface temperature in-
versions and higher gravity, though on Earth these conditions are not
sufficient and the presence of katabatic winds is observed only in very
stable conditions with weak ambient flow perturbations, such as over
the Antarctic continent. On Mars, winds are larger because of the strong
near-surface inversion caused by the radiative timescales. On Venus,
nighttime stability becomes large near the surface, with weak ambient
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Fig. 15. Same as Fig. 14, but zoomed on Beta Regio. Local time over the area is roughly (left) noon (LT=12) and (right) midnight (LT = 0).
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Fig. 17. Horizontal wind convergence (colors, in 107% s71) taken at LT12 ev-
erywhere, at roughly 150 m above the surface, with wind direction as vectors,
and surface pressure contours (bars).

winds, which favors development of strong katabatic winds. An upper
limit for the acceleration of the winds along the slope due to this bar-
oclinicity is taken from Eq. 2 in Spiga (2011): it involves the average
slope a, the temperature inversion AT and the averaged near-surface
temperature < T > . According to Fig. 16, with the two locations se-
parated by roughly 1000 km, a is around 2 X 1073, < T > is around
726 K and AT is roughly 0.8 K for midnight and 0.05 K for noon. This
gives accelerations of up to nearly 2 X 1075 m/s® at midnight and
1.2 X 1076 m/s? at noon. Given the duration of one Venusian hour in
local time (which is 4.2 x 10%s), this means that katabatic winds may
easily reach several m/s, as obtained in the simulation, while anabatic
winds are less intense and more affected by vertical mixing associated
with convective motions in the PBL.
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5.3. Impact on the daytime convective PBL

The convergence of the daytime anabatic winds is shown around
150 m altitude in Fig. 17, with local time fixed to noon everywhere.
This convergence of horizontal winds in the near-surface layers induces
upwelling of air near topographical features, and more specifically
along the western slopes of these elevated regions, as illustrated in
Fig. 18, that shows the vertical winds at 2 km altitude. A strong cor-
relation is clearly seen between these upward motions and the regions
where convective activity reaches higher altitudes (Fig. 9), though
limited to the mid-latitudes because of the dependence of the con-
vective activity and sensible heat flux on solar flux, as discussed pre-
viously.

The impact of the vertical wind in the environment on the vertical
extension of the PBL is described, e.g., by Garratt (1992). The temporal
evolution z; of the PBL depth z; is to first order the sum of the vertical
entrainment velocity w, (related to buoyancy and convective turbu-
lence) and the background vertical velocity wj, (related to regional and
large-scale ascending or subsiding motions). The latter term explains
how, even in the Martian environment where turbulent plumes in the
PBL are very powerful, regional circulations can dramatically impact
the depth of the convective PBL. This is exemplified by Tyler and
Barnes (2015) in the case of Gale Crater, the Curiosity rover’s landing
site. There, the daytime subsidence over crater floors (as a result of
slope circulation) produces adiabatic warming, which inhibits the
growth of the convective boundary layer by forming a capping inver-
sion. Similar phenomena are at play on Venus, where regional upwel-
ling associated with anabatic winds during noon hours causes the PBL
to be deeper above the western slopes of elevated regions: as an ex-
ample, upwelling vertical winds of the order of 5 mm/s over 1 Venusian
hour (1Vh=4.2 x 10°s) can increase the vertical depth of the PBL by
2 km, which is consistent with the value of zZ; seen in Fig. 11 (right
panel).

6. Conclusion

The possible structure and characteristics of Venus’ planetary
boundary layer have been investigated with general circulation simu-
lations based on the IPSL Venus GCM. Though the PBL is modeled based
on a parameterization in this large-scale climate model, it allows us to
describe the dominant features of the dynamics of the near-surface
regions.

The model predicts a diurnal cycle for the PBL activity, with a stable
nocturnal PBL while convective activity develops during daytime. The
diurnal convective PBL is strongly correlated with surface solar flux and
is maximum around noon and in low latitude regions. It typically
reaches less than 2 km above the surface, but vertical extension is much
higher over high elevations, and more precisely over the western flanks
of elevated terrains. The surface winds undergo a diurnal cycle, with
katabatic winds at night and anabatic winds during the day.
Convergence of these daytime anabatic winds induces upward winds,
that are responsible for the correlation between topographical features
and larger vertical extension of the PBL.

Caution must be kept, as models are always subject to uncertainties
and assumptions. In particular, these simulations are sensitive to the
radiative heating rates in the deep atmosphere, which are poorly con-
strained. LES simulations could help validate the behavior of the PBL
parameterization. However, large-scale dynamics has to be taken into
account in these models, since the GCM shows that its thermal impact is
a crucial term in the potential temperature vertical profile, and the
background vertical wind is strongly affecting the development of the
convection.

Additional data are crucially needed from the deepest 10 km above
the surface, better to understand this region, the interface between
surface and atmosphere. Accurate temperature and radiative fluxes
profiles are essentials to validate the predictions of models.
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