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Abstract—The results of numerical simulations of the global circulation of the atmosphere of Venus in the
framework of the complete set of gas dynamics equations, taking into account surface relief, are presented.
To calculate the radiative heating/cooling of the atmosphere, the relaxation approximation is used. The heat
ing parameters, at which the modeled zonal superrotation velocity turned out to be close to the observed one,
have been found. The results obtained are compared to the earlier published estimates from a model with a
spherical surface of Venus. It has been shown that the presence of high mountains on Venus induces a sub
stantial increase of the vertical component of the wind speed and noticeably influences the global distribution
of the horizontal wind at altitudes exceeding 80 km, while its effect on this distribution below 60 km is weak.
DOI: 10.1134/S0038094614060057

INTRODUCTION

rev and Rodionova, 2011) was provided by E.N. Laza
rev (Sternberg Astronomical Institute, Moscow).
An important property of the atmosphere of Venus
is the presence of a dense cloud layer in the altitude
range from 45 to 72 km. The observations showed that
the upper boundary of the cloud layer at the equatorial
and mid latitudes is at 70–72 km, while its altitude in
the polar regions is 60–62 km (Zasova et al., 2007).
The main information sources on the circulation of
the atmosphere of Venus are observations of the upper
boundary of the cloud layer in the UV, visible, and
nearIR ranges, as well as observations of the IR emis
sions of molecular oxygen on the night side at altitudes
of 95–100 km, emissions of nitrogen monoxide NO at
altitudes of 110–120 km, and the carbon monoxide
emissions in the submillimetric range at 70–120 km.
For altitudes below 60 km, the vertical profiles of the
wind speed were measured from the Venera series and
Vega1 and 2 descending probes (Kerzhanovich
et al., 1987).
Observations of the upper boundary of the cloud
layer allow the horizontal wind component to be
determined. The estimates of this wind component
recently obtained from the Venus Express data are
reported by Khatuntsev et al., 2013). One of the infer
ences of this study is that there is superrotation of the
Venusian atmosphere at the upper boundary of the
cloud layer, and the maximum values of the zonal wind
component are achieved in the latitude range from
⎯50° to 50°. These values vary, and they have been

This study is focused on the physical mechanisms
that form such peculiar features of the Venusian atmo
sphere as the zonal superrotation, the presence of one
to three vortextype flows in each of the polar regions
with a downwelling funnelshaped flow in the center
of the vortex, and the decrease in the altitude of the
upper boundary of the cloud layer near the poles. The
effects of the surface relief and the spatial distribution
of the radiative heating/cooling power of the atmo
spheric gas on the global circulation of the atmosphere
of Venus are also analyzed. In the present study, we
develop the earlier approximation, where the simula
tions of the global circulation of the atmosphere of
Venus with the complete set of gas dynamics equations
ignored the surface relief (Mingalev et al., 2012a;
2012b). Previously, the analyzed region was simulated
from the surface to an altitude of 100 km, and the hori
zon and vertical grid steps were 2.8125° and 250 m,
respectively. To calculate the heating/cooling of the
atmosphere due to absorption/emission of electro
magnetic radiation, the relaxation approximation was
used. In the present paper, we report the results of sim
ulations obtained after introducing the following
improvements into the global circulation model. The
horizontal grid step was reduced by half, the altitude of
the upper boundary of the modeled region was
increased to 120 km, and the surface relief of Venus
was accounted for. The digital highresolution map of
the surface relief of Venus (Lazarev et al., 2010; Laza
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increasing for the last six years. For this period, the val
ues of the zonal wind component averaged over longi
tude and time have increased from 85 to 110 m/s.
A number of measurements yielded the zonal wind
component exceeding 150 m/s at the equator.
The analysis of the IR emissions of molecular oxy
gen on the night side (Goldstein et al., 1991) and sub
millimetric emissions of carbon monoxide (Clancy
et al., 2012) suggests that the distribution of the hori
zontal wind component at an altitude of 95 km and
higher substantially differs from that at 65–75 km.
Specifically, the transfer from the subsolar point to the
antisolar one through the polar regions and the
descending motion on the night side, closer to the
evening meridian near the equator takes place.
One more important feature of the circulation of
the Venusian atmosphere is the funnelshaped down
welling vortex structures at the altitudes of the cloud
layer in the polar regions (Piccioni et al., 2007). From
one to three such structures are observed in one polar
region, and their location and sizes are unstable. There
are also mountain systems and depressions on Venus
(Lazarev et al., 2010; Lazarev and Rodionova, 2011).
The reference level for the altitudes is the surface of a
sphere centered at the mass center of Venus and having
a radius equal to the mean radius of Venus. The height
of the mountain systems in the equatorial region
reaches 5–6 km, while it is 10–11 km near the pole in
the northern hemisphere. From the zonal wind flow
ing along these mountain systems, buoyancy waves
should originate. In the both hemispheres there are
depressions and some of them are deeper than 1 km.
The global circulation models developed for the
atmosphere of Venus by other research groups (Young
and Pollack, 1977; Seiff et al., 1985; Newman and
Leovy, 1992; Del Genio and Zhou, 1996; Yamamoto
and Takahashi, 2003a; 2003b; 2004; 2006; 2009; Lee
et al., 2005; 2007; Dowling et al., 2006; Lee, 2006;
Herrnstein and Dowling, 2007; Hollingsworth et al.,
2007; Takagi and Matsuda, 2007; Kido and Wakata,
2008; Lebonnois et al., 2010; Lee and Richardson,
2010) are based on the numerical solution of the sys
tem of geophysical hydrodynamics equations. This
equation system is derived from the averaging of the
motion of the atmospheric gas over the space on hori
zontal scales of about 100 km and on vertical scales of
about 10 km for the conditions of the Earth and Venus
(see, e.g., Monin, 1988). In this system, the equation
for the vertical component of the hydrodynamic veloc
ity is substituted by the equation of hydrostatic bal
ance. This system of equations cannot correctly
describe the above mentioned vortex structures in the
polar regions, where the characteristic scale of the
wind speed variations is less than 200 km, and the
atmospheric waves originating from the flow of atmo
spheric gas over the mountain systems.
To date, numerical simulations with hydrostatic
models have failed to reproduce simultaneously the
combination of the superrotation and the downwelling
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motion near the poles at the cloud layer level together
with the transition from the superrotation to the circu
lation at altitudes higher than 90 km accompanied by
the material transfer over the polar regions from the
subsolar point to the region of the antisolar point. To
model the abovementioned properties of the circula
tion of the atmosphere of Venus, the authors devel
oped a model that is based on the numerical solution
of the complete system of equations of motion for a
viscid compressible gas with no simplifications. The
resolution of the considered space grid is 3–5 times
better than that in the models developed by other
research groups.
For the present, to calculate the radiative heat
ing/cooling of the atmosphere, a simplified technique,
the socalled relaxation approximation, is used in our
model. We have to use a simplified approach in the
present version of the model, since to develop an accu
rate radiativetransfer model for the Venusian atmo
sphere is a complex problem. This complexity is
caused by the fact that the spectroscopy of gases under
temperatures and pressures characteristic of the sub
cloud layer cannot be described by simple models
assumed in the theory of rarefied gases, and the exper
imental data are, as a rule, scanty, or their accuracy is
insufficient. The experimental data on the thermal
radiation fluxes in the subcloud atmosphere of Venus
are also rather poor (Marov et al., 1984; 1985a; 1985b;
Ertel’ et al., 1985; Revercomb et al., 1985; Afanasenko
and Rodin, 2005a; 2005b; Zasova et al., 2006; Bezard
et al., 2011). At the same time, the use of the simplified
method for calculating the heating/cooling of the
atmosphere allows one to analyze the important prop
erties of the atmospheric circulation on Venus.
In the present paper, we report the results of simu
lations of the global circulation in the atmosphere of
Venus, accounting for the surface relief. These results
agree well with the observational data on the wind at
the upper boundary of the cloud layer (Khatuntsev
et al., 2013) and at altitudes above 90 km (Goldstein
et al., 1991; Clancy et al., 2012). According to these
data, when the altitude increases from 80 to 95 km,
there is a transition from the horizontal wind field with
a strong zonal superrotation to the field with a pre
dominance of the transfer from the subsolar point to
the antisolar. The simulation results also agree with the
measurements from the Venera series and Vega1 and 2
descending probes (Kerzhanovich et al., 1987). The
influence of the heating regime and the surface relief
on the global circulation is also discussed.
A SHORT DESCRIPTION OF THE MODEL
In the model, the atmospheric gas is considered as
a mixture of gases of constant composition, and the
aerosol component of the atmosphere is ignored. The
region of simulations extends from the surface to an
altitude of 120 km above the average level of the sur
face. The lower boundary of the modeled region is a
stepped surface spreading through the boundaries of
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the control volumes of the grid nodes and approximat
ing the surface relief of Venus. In the present analysis,
we used a uniformly spaced grid in spherical coordi
nates with 256 and 128 nodes in longitude and latitude
(the step is 1.40625°), respectively, and 481 nodes in
altitude (the step is 250 m). No grid nodes are on the
poles. The nearest grid nodes to the poles are distant
from them by a halfstep in latitude.
The model is based on the numerical solution of
the system of the Favreaveraged dynamics equations
for a viscid compressible gas written in a conservative
form. This system contains the continuity equation,
the equations for the components of the threedimen
sional vector of the hydrodynamic velocity v, the equa
tion for the total energy per unit volume of the
medium W = (ρv2 + 3p)/2, where ρ is the atmospheric
gas density and p is the pressure,
∂
ρ + div ( ρv ) = 0,
∂t

(1)

∂
( ρv) + div ( ρv ⊗ v ) = –∇p + divΠ
ˆ + ρF,
∂t

(2)

∂
W + div ( ( W + p )v ) = ( ρv, F ) + div ( Π̂ ⋅ v – j ) + Q,
(3)
∂t
and the state equation p = ρRatmT.
In these equations, the notations are the following:
v ⊗ v is the tensor product of the vector v with itself,
Ratm is the gas constant of the atmospheric gas, T is its
temperature, Π̂ is the viscous stress tensor, j is the
thermal flux vector, Q is the heating/cooling power in
the unit volume due to the absorption/emission of
electromagnetic radiation, and F is the acceleration of
external forces, which includes the accelerations of
gravity, Coriolis, and centrifugal forces. The accelera
tion is specified by the formula
2

2

3

F = r ( Ω – g 0 r v /r ) – Ω ( Ω, r ) + 2 [ v × Ω ],
where g0 is the gravity acceleration at the poles of the
Venusian surface, r is the radiusvector from the center
of Venus to the considered point, r is its length, rv is the
radius of Venus, and Ω is the angular velocity vector of
Venus.
The viscous stress tensor Π̂ is specified by the for
mulas that account for the turbulent exchange
ˆ and D
ˆ = 1 ( ∇ ⊗ v + ( ∇ ⊗ v ) T ) – 1 divvIˆ ,
Π̂ = 2η̂D
3
2
ˆ is the deviator of the deformation rate tensor,
where D
∇ ⊗ v is the hydrodynamic velocity gradient tensor,
ˆI is the unit tensor, and η̂ is the symmetric tensor of
viscosity coefficients. The latter is diagonal in the geo
graphic coordinate system, and its diagonal compo
nents are a sum of the ordinary dynamic coefficient of
molecular viscosity of air and the coefficients of turbu

lent exchange in the direction of the local unit vectors
of the geographic coordinate system.
The turbulent exchange coefficients are specified
by the Richardson formula (Obukhov, 1988) in the
same manner as is done in the global circulation mod
els of the atmospheres of the Earth and Titan (Minga
lev et al., 2005; 2006; 2007; 2009a; 2009b). The turbu
lence scale was assumed to be equal to the vertical step
of the grid. In the present paper, the turbulence gener
ation mechanism due to the breaking of internal grav
ity waves described by Izakov (2010a; 2010b; 2010c;
2010d) was ignored, since the numerical experiments
demonstrated a very weak sensitivity of the model
results to the turbulent exchange coefficients.
The thermal flux vector is specified as j = – λ̂ ∇T,
where λ̂ is the symmetric tensor of the thermal con
ductivity coefficients, which is diagonal in the geo
graphic coordinate system, and its diagonal compo
nents are a sum of the ordinary coefficient of molecu
lar thermal conductivity of air and the coefficients of
turbulent exchange in the direction of the local unit
vectors of the geographic coordinate system.
To solve numerically the system (1)–(3), we used
the explicit difference scheme described in detail by
Mingalev et al. (2010a; 2010b) and having yielded
good results in calculations of the dynamics of com
plex threedimensional flows of compressible gas. This
scheme allows the parallel computations and repre
sents the modification of the explicit monotonic
scheme for solving the system of equations of gas
dynamics on a regular space grid described in the stud
ies by Oparin (2000) and Belotserkovskii et al. (2003).
The modification allows one to use both the regular
and irregular space grids in curvilinear coordinates, as
well as to use the momentum density components in
rectangular coordinates as operating variables and to
ensure their conservation.
At the lower boundary of the modeled region, the
adhesion condition (v = 0) is specified, and the vertical
component of the thermal flux vector is assumed to be
zero. At the upper boundary of the modeled region, we
specify the downward solar radiation flux, the zero
vertical component of velocity v (no penetration), and
the zero values of the altitude derivatives of the hori
zontal components of v (slipping) and the vertical
component of the thermal flux vector j.
Simplified Description
of Radiation Heating of the Atmosphere
In the relaxation approximation, the heating/cool
ing power of the atmospheric gas in a unit volume due
to absorption/emission of electromagnetic radiation is
assumed directly proportional to the deviation of the
temperature of the atmospheric gas from the specially
SOLAR SYSTEM RESEARCH
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Fig. 1. The vertical profiles of the average temperature according to the VIRA model (left) and the relaxation time model (right).

selected relaxation temperature Trel. This power is cal
culated with the formula
Q ( t, h, ϕ, β )
(4)
( T rel ( t, h, ϕ, β ) – T ( t, h, ϕ, β ) )
3
=  ρR atm 

2
τ rel ( h )
where t, h, ϕ, and β are the time, altitude, longitude,
and latitude, respectively, and τrel(h) is the relaxation
time depending only on altitude. The relaxation tem
perature Trel (t, h, ϕ, β) depends on time, altitude, lon
gitude, and latitude; together with the relaxation time
τrel(h), it is selected in such a way that Q, the heat
ing/cooling power in a unit volume, is maximally close
to the available experimental data, and the main quali
tative dependencies of Q on time, altitude, longitude,
and latitude are reproduced.
In the present paper, the altitude dependence of the
relaxation time was used (see Fig. 1), and the relax
ation temperature was specified for the equilibrium
conditions by the formula
T rel ( t, h, ϕ, β )

(5)
pol
= T aver (h) + T cor (h) (max {cos θ, 0} – 0.25) + T cor ( β, h ).
Here, Taver(h) is the averaged temperature at an alti
tude h specified according to the international model
of the atmosphere of Venus VIRA (Zasova et al., 2006)
(shown in Fig. 1), θ is the solar zenith angle at the
point with longitude ϕ and latitude β at a current
moment of time. The second term on the right side of
Eq. (5) specifies the heating and cooling on the illumi
nated side and the night side, respectively; and Tcor(h)
is the correction temperature depending only on alti
tude. It is selected in such a way that the best agree
SOLAR SYSTEM RESEARCH
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ment between the results of modeling and the observa
tional data is provided.
pol

The third term on the right side of Eq. (5), T cor (β, h),
specifies in the polar regions, additional to the second
term, cooling and heating at altitudes below and above
76 km, respectively. This additional heating is intro
duced in order to take into account the permanent
solar illumination of the polar regions above the cloud
layer, and the additional cooling is introduced in order
to take into account the abrupt decrease of the upper
boundary of the cloud layer in the polar regions by 8–
10 km and the permanent shadowing at altitudes
below 70 km. The third term is also selected in such a
way that the best agreement between the results of
modeling and the observational data is provided.
The modeling was performed for a large number of
pol
the physically justified cases of Tcor(h) and T cor (β, h).
A good agreement with the observational data was
achieved, when the vertical profile Tcor(h) shown in
Fig. 2 was used. The profile is specified in Kelvins by
the formulas
⎧ 10 + 25x 3 ( 2 – x ) 3 , x = h/h
1
⎪
⎪ if 0 ≤ h ≤ h 1 ,
⎪
⎪
T cor ( h ) = ⎨ 35 if h 1 ≤ h ≤ h 2 ,
(6)
⎪
h – h2
3
3
⎪ 45 – 10x ( 2 – x ) , x = 1 + 
hm – h2
⎪
⎪ if h ≤ h ≤ h ,
m
⎩ 2
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Fig. 2. The vertical profiles Tcor(h) (left) and Tpol(h) (right).

where h1 = 27 km, h2 = 58 km, hm = 120 km, and the
pol

term T cor (β, h) is determined in the following way. If
the latitude is in the range –π/2 ≤ β ≤ –π/2 + θpol, this
term is
pol

T cor ( β, h )
⎛ ⎧
⎞
( β + π/2)⎞ ⎫ –
= T pol ( h ) ⎜ 1 ⎨ 1 + cos ⎛ π

C norm⎟ ,
⎬
⎝
⎠
θ pol
⎝2⎩
⎠
⎭

(7)

where h3 = 67 km, h4 = 85 km, hm = 120 km. This
function is plotted in Fig. 2.

for the latitude range π/2 – θpol ≤ β ≤ π/2, it is
pol

T cor ( β, h )
⎛1⎧
π ( β – π/2 ) ⎫ ⎞
= T pol ( h ) ⎜  ⎨ 1 + cos ⎛ ⎞ ⎬ – C⎟ ,
⎝
⎠
θ pol
⎝2⎩
⎭ ⎠

⎧ –25x 3 ( 2 – x ) 3 , x = h/h
3
⎪
⎪ if 0 ≤ h ≤ h 3 ,
⎪
⎪
h – h3
T pol ( h ) = ⎨ –25 + 45x 2 ( 2 – x ) 2 , x = 

h4 – h3
⎪
⎪
⎪ if h 3 ≤ h ≤ h 4 ,
⎪ 20 if h ≤ h ≤ h ,
4
m
⎩

Initial and Boundary Conditions
(8)

and it is assumed to be zero in the range –π/2 + θ pol ≤
β ≤ π/2 – θ pol. The parameter θpol was taken as θpol =
65π/256, and the normalization constant Cnorm was
specified by the formula
⎛ π 2 – 2θ 2pol⎞
Cnorm = ( 1 – cos θ pol ) ⎜ 
⎟ .
⎝ π 2 – θ 2pol ⎠
The function Tpol(h), participating in Eqs. (7) and (8)
was specified in Kelvins by the formulas

The initial distribution of the temperature of atmo
spheric gas was assumed horizontally uniform accord
ing to the formula T(t, h, ϕ, β) = Taver(h), where
Taver(h) is the planetary averaged profile of the temper
ature taken from the VIRA model (Zasova et al.,
2006a; 2006b). The initial distribution of the atmo
spheric gas density near the surface of Venus at the
equator was assumed to be uniform in longitude and
equal to the density at the surface from the VIRA pro
file. The altitude dependence of the density at a fixed
latitude was calculated from the hydrostatic equilib
rium along the vertical. The initial longitude of the
subsolar point was 180°.
For the initial moment, the vertical and meridional
components of the wind speed was assumed to be
equal to zero, while the zonal component, depending
SOLAR SYSTEM RESEARCH
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only on altitude and latitude, was calculated by the
formula
v zon ( h, β ) = – v max v eq ( h ) cos β,

(9)

where vmax is the maximum value of the zonal wind
component at the equator, and veq(h) is the smooth
dimensionless vertical profile of the zonal wind com
ponent specified by the formulas
v eq ( h )
⎧ 0.25x ( 5 – x 4 ), x = h/h 5 if 0 ≤ h ≤ h 5 ,
⎪
⎪
= ⎨ 1 if h 5 ≤ h ≤ h 6 ,
⎪
hm – h
2
8
⎪ 0.25x ( 5 – x ), x =  if h 6 ≤ h ≤ h m ,
hm – h6
⎩
where h is expressed in kilometers, h5 = 50 km, h6 =
68 km, hm = 120 km. These formulas mean that veq(h)
almost linearly increases to one in the altitude range
from 0 to 50 km, then holds this value in the altitude
range from 50 to 68 km, and monotonically decreases
to zero in the altitude range from 68 to 120 km. The
values vmax were set at 100 m/s. The described initial
condition represents the superrotation of the atmo
sphere (the zonal wind is directed in the same way as
the rotation of Venus).
RESULTS OF MODELING
In the present study, we modeled the process of
establishing the global circulation in the atmosphere
of Venus for the abovedescribed initial conditions for
the period of more than 11000 hours of physical time.
In 9000–10 000 hours of physical time after the start
of simulations (a solar day on Venus is about
2802 hours long), the qualitative pattern of the circu
lation practically stopped changing and had the fol
lowing features.
If there are no mountains on the surface, almost a
quasistationary pattern is formed over the whole mod
eled range, and it moves relative to the surface together
with the subsolar point. During this, the vertical wind
component reaches its maximum values above 90 km,
and these values do not exceed 0.3 m/s. If there are
mountains on the surface, almost a quasistationary
pattern, moving relative to the surface together with
the subsolar point, is also formed at altitudes between
0 and 60 km. At altitudes higher than 60 km, the atmo
spheric circulation can be conditionally considered as
a quasistationary one, moving together with the subso
lar point, on which different oscillations with charac
teristic periods mainly in the range from 20 to
400 hours are superimposed. The amplitude of these
oscillations increases with altitude. Their effect on the
vertical and horizontal wind components is especially
noticeable starting from an altitude of 70 and 70–
80 km, respectively. At the same time, the vertical
SOLAR SYSTEM RESEARCH
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wind component reaches its maximum values above
100 km, and these values exceed 2.5 m/s.
Figures 3–12 present the circulation pattern of the
atmosphere of Venus obtained 11600 hours after the
simulations started. The surface relief was taken into
account, the maximum velocity of superrotation at the
initial time (vmax in Eq. (9)) was 100 m/s, and the
relaxation temperature was calculated with Eqs. (5)–(8)
by the technique described above. At that time, the
subsolar point was at the equator at a longitude of
about 230°, the evening and morning terminators and
the midnight meridian were at longitudes of 140°,
320°, and 50°, respectively. In all of the plots, the
arrows indicate the direction of the horizontal wind
component, and their length and the background
color show its absolute value.
In Fig. 3, the distributions of the horizontal wind
component at altitudes of 0 and 5 km (the altitude is
measured relative to the surface of the sphere centered
at the mass center of Venus, and its radius is the mean
radius of Venus). In the upper panel of this figure, the
darkest areas without arrows correspond to the surface
regions, where the heights exceed 0 km. It is seen from
Fig. 3 that the horizontal wind component at an alti
tude of 0 km is less than 1 m/s above the most part of
the surface of Venus. The maximum value of this wind
component, about 4 m/s, is reached in the northern
hemisphere at the latitudes from about 40° to 50° and
longitudes from about 275° to 305° above the depres
sion located between the mountain systems. This
depression is more than 1 km deep. It is also seen from
Fig. 3 (lower panel) that the horizontal wind compo
nent at an altitude of 5 km is less than 6 m/s above
most of the surface of Venus, and the maximum value
of this component is about 9.2 m/s.
In Fig. 4, there are the vertical profiles of the zonal
and meridional wind components above the point on
the surface with coordinates 281.25° in longitude and
47.109375° in latitude. This point is in the abovemen
tioned depression at the depth of 1.25 km, the maxi
mum wind speed near the surface is reached above this
point. It is seen that the wind speed at this point on the
surface of Venus is less than 0.3 m/s, while, at a depth
of 1 km (250 m above the surface), it does not exceed
1.2 m/s. It is also seen that the value of the horizontal
wind component above this point increases with alti
tude, and the rate of this increase slows with altitude.
At an altitude of 5 km (6.25 km above the surface), it is
approximately 9 m/s.
In Fig. 5, the distributions of the horizontal wind
component at altitudes 20 and 40 km are presented. It
is seen from Fig. 5 that the value of the zonal wind
component is substantially higher than that of the
meridional one everywhere at an altitude of 20 km,
except in the nearpole regions. The direction of the
zonal component is the same as that of the rotation of
Venus (the superrotation), and its value reaches the
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Fig. 3. The distribution of the horizontal wind component (expressed in m/s) for the altitudes of 0 (top) and 5 km (below) in
11600 hours after the start of simulations.

maximum, about 43 m/s, at the equator near the
morning meridian. It is seen that the zonal flux broad
ens on the day side (the longitude is in the range from
140° to 320°) and narrows on the night side. When

moving away from the equator, the value of the hori
zontal wind component decreases, first slowly, then
more quickly. It is also seen that the circulation pattern
at an altitude of 40 km is qualitatively the same as that
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at 20 km, but the value of the horizontal wind compo
nent is substantially larger and reaches its maximum,
about 114 m/s, at the equator.
The distributions of the horizontal and vertical
wind components at altitudes of 60 and 70 km are
shown in Figs. 6 and 7, respectively. It is seen from
these figures that the distribution of the horizontal
wind component at 60 and 70 km shows qualitatively
the same features as that at altitudes of 20 and 40 km.
The superrotation, the broadening of the zonal flux on
the day side, and its narrowing on the night side are
also observed. The horizontal wind component also
reaches its maximum at the equator (about 171 and
186 m/s at altitudes 60 and 70 km, respectively). How
ever, there are also differences. In each of the hemi
spheres, when moving away from the equator, the
zonal wind component first decreases toward latitude
40°, then increases toward latitude 60°–65°, and then
again quickly decreases. This is also seen from Figs. 9
and 10. At an altitude of 70 km, the distribution of the
horizontal wind component also demonstrates a
noticeable semidiurnal wave: there are two, rather
than one, maxima of the zonal wind component.
It is also seen from Fig. 6 that the vertical wind
component at an altitude of 60 km on the day side is
directed upward in the region between 170° and 280°
in longitude and between –70° and 70° in latitude.
Beyond this region, the vertical wind component is
directed downward. So, we observe the thermal tide—
the atmospheric gas goes up on the day side due to the
heating of the atmosphere and goes down on the night
side and near the poles due to the cooling of the atmo
sphere. The maximum value of the vertical wind com
ponent is at the equator near the subsolar point (the
longitude is 230°).
As seen from Fig. 7, the vertical wind component at
an altitude of 70 km on the day side, except the near
pole regions, is also directed upward. The vertical wind
component is also upward directed in the region near
the evening meridian, mostly on the night side. So, the
semidiurnal wave also appears in the distribution of the
vertical wind component at this altitude. Near the
poles, this component is downward directed.
Moreover, in the northern polar region in the lon
gitude interval from 270° to 360° and in the latitude
interval from 60° to 80°, there are the inhomogeneities
in the distribution of the vertical wind component at
an altitude of 60 km, as at 70 km, i.e., the regions with
opposite directions of this wind component alternate.
This phenomenon is caused by the flow along the
mountain system located in the specified region.
In Fig. 8, the distributions of the horizontal wind
component at altitudes 80 and 90 km are presented. It
is seen from Fig. 8 that the distribution of the horizon
tal wind component at an altitude of 80 km has quali
tatively the same properties as that at an altitude of
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Fig. 4. The vertical profiles of the zonal and meridional
wind components above the surface at the point with coor
dinates 281.25° in longitude and 47.109375° in latitude.

70 km. The horizontal wind component reaches its
maximum values, about 200 m/s, at the equator near
the morning meridian. In each of the hemispheres,
when moving from the equator to latitudes 40°–50°,
the zonal wind component decreases to 115–125 m/s,
then, to latitudes 60°–65°, it increases reaching the
values of 130–145 m/s, and, after that, again quickly
decreases. It is seen that a semidiurnal wave in the dis
tribution of the horizontal wind component at mid lat
itudes manifests itself noticeably more strongly at an
altitude of 80 km than at 70 km. It is also seen from
Fig. 8 that everywhere at an altitude of 90 km, except
the nearpole regions, the value of the zonal wind
component is substantially larger than the meridional
component; and superrotation is also observed. The
zonal component reaches its maximum, 200–
210 m/s, at the equator near the morning and evening
meridians. It is seen that the zonal flux broadens on
the day side and narrows on the night side. When mov
ing away from the equator, the value of the horizontal
wind component decreases, first slowly, then more
quickly. It is also seen that, at all latitudes, a semidiur
nal wave in the distribution of the horizontal wind
component is manifestly stronger at an altitude of
90 km than at 80 km.
The distributions of the horizontal and vertical
wind components at altitudes of 100 and 110 km are
shown in Figs. 9 and 10, respectively. It is seen from
Fig. 9 that the distribution of the horizontal wind com
ponent at an altitude of 100 km qualitatively differs
from that at an altitude of 90 km. On the day side, in
the longitude interval from 170° to 280°, at a distance
of more than 20° from the poles, the wind direction
coincides with the rotation sense of Venus; and the
zonal flux shows almost no broadening. When moving
from the morning meridian to the evening one, the
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Fig. 5. The distribution of the horizontal wind component (expressed in m/s) for the altitudes of 20 (top) and 40 km (below)
11600 hours after the start of simulations.

flux speeds up to 75–85 m/s and then slows down to
5–30 m/s; in the longitude interval from 150° to 170°,
the flux turns to the poles and speeds up to 80–90 m/s.
Then, in the longitude interval from 60° to 90°, the

flux turns to the equator and slows down. It is seen that
at the equator, in the longitude interval from 0° to 50°,
the wind direction is opposite to that of the rotation of
Venus.
SOLAR SYSTEM RESEARCH

Vol. 49

No. 1

2015

NUMERICAL SIMULATIONS OF THE GLOBAL CIRCULATION
90

33
10

50
100

70

100

Latitude, degree

50
30

100
160

10

160
–10
100
–30
–50

100
100

–70

50

10

–90
0

20

40

60

80

10

20

30

40

90

100 120 140 160 180 200 220 240 260 280 300 320 340 360
Longitude, degree
50

–0.01

60

70

80

90

100 110 120 130 140 150 160 170
–0.01

–0.01

–0.01

–0.01

–0.01

0

0

60

Latitude, degree

0
0.01

30

–0.01
0.02

–0.01

0

0.02

0
–0.01

0

0.01

–30
–0.01

–60

0
–0.01

–0.01

–0.01

–0.01

–0.01

–90
0

30

–0.015

60

90

–0.010

120

–0.005

150
180
210
Longitude, degree
0

0.005

240

0.010

270

0.015

300

330

360

0.020

Fig. 6. The distributions of the horizontal (top) and vertical (below) wind components (expressed in m/s) at an altitude of 60 km
11600 hours after the start of simulations.

It is also seen from Fig. 9 that the distribution of the
vertical wind component at an altitude of 100 km is
complex and inhomogeneous. In the most part of the
day side, where the horizontal wind component
SOLAR SYSTEM RESEARCH
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increases toward the rotation sense of Venus, the verti
cal wind component is directed upward. On the day
side, at longitudes from 140° to 170°, at the equator
and northward of it, there is an area where the vertical
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Fig. 7. The distributions of the horizontal (top) and vertical (below) wind components (expressed in m/s) at an altitude of 70 km
11600 hours after the start of simulations.

wind component is directed upward and reaches
0.8 m/s. In this region, the horizontal wind compo
nent radically changes its direction. On the night side,
at longitudes from 60° to 140° at the equator and 15°–

20° southward of it, there is an area where the vertical
wind component is almost everywhere directed down
ward and reaches the value of –1 m/s at longitudes
from 130° to 140°.
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From Fig. 10, it is seen that the distribution of the
horizontal wind component at an altitude of 110 km
qualitatively differs from that at an altitude of 100 km.
On the day side, at the equator, in the longitude inter
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val from 240° to 280°, there is an area where the flux
spreads about the night side through the poles and
midlatitudes. On the night side, at the equator, in the
longitude range from 240° to 280°, there is an area to
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Fig. 9. The distributions of the horizontal (top) and vertical (below) wind components (expressed in m/s) at an altitude of 100 km
11600 hours after the start of simulations.

which the flux flows together from the day side and
where the value of the horizontal wind does not exceed
3 m/s. Two fluxes located roughly symmetrically rel
ative to the equator in the both hemispheres are also

observed. These vortexes are centered approxi
mately at 315° in longitude (near the morning
meridian) and ±40° in latitude, and their radius is
about 45°.
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It is also seen from Fig. 10 that the distribution of
the horizontal wind component at an altitude of
110 km is strongly inhomogeneous. At midlatitudes,
the regions, where this component is directed upward,
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are close to those where this component is directed
downward. On the day side, in the longitude range
from 140° to 170°, at the equator and northward of it,
there is an area where the vertical wind component is
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Fig. 11. The distributions of the zonal (top) and meridional (below) wind components (expressed in m/s) at the morning meridian
11600 hours after the start of simulations.

directed upward and reaches 2.5 m/s. In the region
adjacent to this area, this wind component is directed
downward and reaches values of –2 m/s. Specifically,
on the night side near the evening meridian (the longi
tude is 140°) at latitudes from –15° to –10°, the values
of the vertical wind component reach –2.5 m/s. On
the night side, at the equator, at a longitude of about

30°, the vertical wind component is directed upward
and reaches the value of 2.5 m/s.
The distributions of the zonal and meridional wind
components at the morning and evening meridians are
displayed in Figs. 11 and 12, respectively. It is seen
from these figures that the superrotation of the atmo
sphere is present at altitudes from 0 to 90 km, and the
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Fig. 12. The distributions of the zonal (top) and meridional (below) wind components (expressed in m/s) at the evening meridian
11600 hours after the start of simulations.

maximum velocity of superrotation is reached at the
equator, at an altitude of 85–90 km. At latitudes from
–80° to 80°, the superrotation velocity increases with
altitude and reaches its maximum at 70–90 km
depending on latitude. At altitudes from 90 to 105 km,
rapid variations of the zonal and meridional wind
components are observed.
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THE RESULTS OF SIMULATIONS
AND CONCLUSIONS
The abovedescribed results of the simulations
showed that the presently suggested simplified proce
dure for calculating the radiative heating of the atmo
sphere yielded the distribution of the horizontal wind
that agrees with the observational data on the superro
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tation velocity at the upper boundary of the cloud layer
(Khatuntsev et al., 2013) by the value of the maximum
velocity of the zonal superrotation and by the region
where this velocity is observed. The modeling also
revealed the indissoluble connection between the
superrotation and the thermal tide in the atmosphere
supporting the superrotation. On the day side, the
radiative energy is transformed into the thermal energy
of the atmospheric gas, which, in turn, is transformed
into the potential energy, when the gas ascends. When
the gas descends on the night side, its potential energy
is transformed into mechanical energy. The simula
tions also yielded the downwelling motion of the
atmospheric gas near the poles at altitudes between
50 and 75 km, which explains the observed 8–10 km
lowering of the upper boundary of the cloud layer near
the poles relative to the nearequatorial region.

It is worth noting that, as the numerical experi
ments showed, the models with hydrostatic equations
fail to describe correctly the origin of the atmospheric
buoyancy waves due to the flow along mountain sys
tems and the propagation of these waves. So, the
abovedescribed effect cannot be obtained in the
framework of the models that use the hydrostatic
equations.
The results of modeling also showed that the tran
sition from the zonal superrotation observed at the
upper boundary of the cloud layer to the circulation
with the atmospheric gas transfer through the polar
regions from the day side to the night side is possible
only in the case where the rate of radiative heating of
the atmospheric gas above the cloud layer on the day
side rather increases rapidly with altitude.

The value of the horizontal wind on the surface of
Venus obtained in the simulations is less than 1 m/s. At
an altitude of 5 km, this quantity does not exceed
9.2 m/s, while it is less than 6 m/s for the most part of
the surface of Venus. This result agrees with the mea
surements on the Venera series and Vega1 and 2
descending probes. At altitudes of 8–10 km at the
mid and equatorial latitudes, the mean value of the
zonal superrotation obtained in simulations is about
10–12 m/s. At altitudes below 25 km, the speed of the
zonal wind increases with altitude by 1–2 m/s per
kilometer. In general, the value of the zonal wind
speed derived in simulations agrees with the vertical
profiles of the wind speed acquired from the Doppler
measurements on board the Vega1 and 2 spacecraft
(Kerzhanovich et al., 1987). These profiles were con
structed for altitudes below 60 km.
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The results of modeling showed that it is exactly the
surface relief of Venus that causes the observed absence
of the quasistationary circulation pattern in the alti
tude range from 90 to 110 km. The zonal wind flowing
along the Venusian mountain systems 5–11 km high
generates the buoyancy waves. In the altitude range
where the zonal superrotation velocity increases with
altitude (from 0 to 80–90 km), the amplitude of these
waves does not increase. Due to this, they weakly man
ifest themselves at the upper boundary of the cloud
layer. However, above 90 km, where the value of the
horizontal component does not generally increase
with altitude, these waves become stronger and cause
the observed dynamical changes in the field of the hor
izontal wind and the vertical motions of the atmo
spheric gas with a velocity exceeding 2.5 m/s at an alti
tude of 110 km. The simulations with the same heating
and initial conditions, but without mountains and
depressions on the surface of Venus, yielded the qua
sistationary circulation pattern in the whole altitude
range, which moved relative to the surface together
with the subsolar point. Moreover, the vertical wind
component above 90 km was 5–10 times less than that
for the case accounting for the relief.
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