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Abstract—In this work we study in a general view slow rotating planets as Venus or Titan which present super-
rotating winds in their atmospheres. We are interested in understanding what mechanisms are candidates to
be sources of net angular momentum to generate this kind of dynamics. In particular, in the case of Venus, in
its atmosphere around an altitude of 100 km relative to the surface, there exists winds that perform a full rota-
tion around the planet in four terrestrial days, whereas the venusian day is equivalent to 243 terrestrial ones.
This phenomenon called superrotation is known since many decades. However, its origin and behaviour is
not completely understood. In this article we analise and ponderate the importance of different effects to gen-

erate this dynamics.
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[. INTRODUCTION

Superrotation in Venus is an effect known since
forty or more years. However, the origin and mecha-
nism of sustenance of these fast winds is still an open
question. In this report we want to review different
proposals for the causes of this phenomenon, and to
introduce a simple model to clarify the basic physical
effects necessary to sustain the winds by sun irradia-
tion.

The upper atmosphere of a planet is regarded as the
region of the atmosphere whose structure and dynam-
ics (temperature and density distribution, composi-
tion and winds) are governed by the direct absorption
of solar radiation. The diversity and complexity of the
processes taking place in the upper atmospheres have
made it necessary to develop their study into a separate
branch of geophysics and astrophysics: aeronomy,
which uses many branches of physics and some
branches of chemistry. The study of upper atmo-
spheres has both practical and theoretical interest. The
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Fig. 1. Sketch of retrograde movement of Venus.

knowledge of the characteristics of the charged com-
ponents of the upper atmosphere (which constitutes
the ionosphere of the planet) is needed to improve
radio communications and radio navigation (includ-
ing space navigation); the knowledge of the character-
istics of the neutral upper atmosphere is needed to
determine the trajectories and lifetimes of artificial
satellites and the trajectories of space probes that enter
the atmosphere. Clarification of the mechanisms by
which the influence of solar activity is transmitted
through the upper atmosphere to the troposphere is
one of the important tasks in the problem of solar-ter-
restrial relations. Comparative study of the upper
atmospheres of different planets and, in particular, of
the dissipation of gases from the atmospheres assists in
clarifying the problem of the evolution of planetary
atmospheres. The dynamics of the Venus atmosphere
presents a major unsolved problem in planetary sci-
ence: the so-called superrotation of the lower atmo-
sphere and its transition to solar-antisolar circulation
in the upper atmosphere. In general the dividing line
between the lower and upper atmosphere at 90—100 km
altitude (pressure 0.39 to 0.028 mbar), the base of the
day-side thermosphere.) Superrotation has also been
observed in the atmosphere of Titan, the only other
slowly rotating world with a substantial atmosphere
known at present. In this case also the transition to a
different circulation in the upper atmosphere is also
apparent but not well understood. Thus, the issues dis-
cussed below may be generic to any slowly rotating ter-
restrial planet’s atmosphere.

A. Comparison with Earth

Venus is one of the terrestrial planets, together with
Earth and Mars, and has similar mass and radius to
those of Earth. Probably at the beginning of its history
it had a similar atmosphere to our planet. For
unknown reasons Venus has a slow retrograde rotation
respect Earth as shown in Fig. 1. Apparently the mag-
netic dynamo in Venus is turned off, and thus its
atmosphere is completely exposed to the action of the
solar wind, which lead to several authors to speculate
an initial loss of hydrogen and oxygen, that in princi-
ple explains the absence of water. However, enough
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Fig. 2. Scheme of the induced magnetosphere structure of
Venus due to the action of solar wind.

concentrations of nitrogen and carbon exist to gener-
ates a greenhouse effect, maintaining a dense and acid
atmosphere compared with that of our planet. Tem-
perature varies along altitude, and due to superrota-
tion there are not strong fluctuations between day and
night sides in the upper atmospheric levels. One point
to note is that the difference in Albedo between day
and night is extreme. The radiation in those regions is
approximately that of a black body and a white body,
respectively. In Table 1 typical values of Earth and
Venus are shown.

II. EARLY ATTEMPTS

In this section we describe some essential and basic
characteristics of Venusian atmosphere and its inter-
action with the surrounding ambient. The atmosphere
presents two dynamic regimes, zonal superrotation in
the troposphere and mesosphere [2] and solar-antiso-
lar circulation trough the terminator line in thermo-
sphere [3], [4].

A. Solar Wind Interaction

Although Venus has apparently no magnetic field
of its own, the solar wind in the higher atmosphere
levels generates an induced magnetosphere. The sche-
matic cartoon is shown in Fig. 2.

B. Atmospheric Dynamics

We call “neutral atmosphere” that corresponding
to intermediate altitudes where the hydrodynamic
approximation is valid, i.e. we can use the Navier-
Stokes equations. Coriolis force due to the slow rota-
tion of Venus is negligible. This means that the cyclos-
trophic approximation in which the pressure gradient

is comparable to the centrifugal force, Vp ~ fcouifuges
is valid, in opposition to the Earth for which the geos-
No. 3
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Table 1. Typical values of Earth and Venus [1]
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Scale Symbol Venus Earth
Radius, m r 6.051 x 10® 6 x 10°
Magnetic field, G B ~10-3 0.5
Rotation period, earth days T 243 1
Equatioral surface velocity, m/s Veg 1.8 465
Super wind periodicity, earth days T 4 —
Temperature range, K T {228—-773} {184—331}
CO,, % 96 0.04
N, % 3 78.1
Pressure at Troposphere level, Earth Atmosphere P 92 1
Mass, kg M 4.9 x 10% 5.98 x 10%*
Density, g/cm? P 5.24 5.51
Days/Year, local 1.92 365.25
Eccentricity 0 0.016
Albedo 0.65 38
Distance to the Sun, AU 0.723 1

trophic approximation, in which the pressure gradient

is of the order of the Coriolis force Vp ~ £, io1is» 1S
more appropriate.

The atmosphere is stratified with a layer of clouds
around 100 km of altitude that has essentially different
absorptions rates and stronger winds. See Fig. 3. In the
clouds layer, speed winds are maximal, of the order of
120 m/s, as well as the absorption of solar irradiance.
At lower layers the speed of the winds decreases
abruptly and is close to co-rotation with the planetary
surface, sixty times below that in the cloud layer.
Above the clouds the wind velocity also decreases.

Using the instrument SOIR on board the ESA
Venus Express, Mahieux et al., (2012) [5] measured
different carbon dioxide densities (the main compo-
nent of the atmosphere) in the Venus terminator dif-

Altitude Ionosphere
70—200 km Haze Termosphere
Mesosphere

50—-70 km Sulfuric and

Clouds (v ~ 100 m/s)
clouds layers

Sulfuric and haze

Troposphere
(v~ 100 m/s)

Fig. 3. Cartoon of venusian atmospherical levels. The pres-
ence of superrotating winds are at the cloud layer.
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ferent profiles. They established temperature profiles
in this region for different latitude and altitudes, some
of the results are shown in Fig. 4.

C. Atmospheric Cells

These cells transports heat from the equator to the
poles by convection, the scheme is shown in Fig. 5.
The warm gas travels to the poles and closes the cell
transporting cold gas toward the equator at low alti-
tudes. Essentially, there are four cells, two in the
northern hemisphere and two in the southern one.
The two cells in each hemisphere have a separatrix in
the solar (midday) and anti-solar lines (midnight).
Over these cells, in the thermosphere, the circulation
cells from solar to anti-solar points takes place, the so

Altitude, km
)
(e}
T

— Temperature profile
Error on the temperature profile
90 L 1 1 1 1 1 1 1 1
60 80 100 120 140 160 180 200 220
Temperature, K

Fig. 4. Temperature vs altitude profile at Venus terminator.
Continuous line is the temperature and grey region is the
error [5].
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Fig. 5. Scheme of Hadley convective cells and superrotat-
ing winds.

called transterminator flow. Close to the poles in the
mesosphere polar vortices and polar collars are present.

III. SUPERROTATION

To have superrotation, it is necessary to build up
net angular momentum over the whole atmosphere
around the planet. Also, a stationary balance between
sources of angular momentum and diffusive effects to
maintain an equilibrium in time is necessary too. In
this section we mention some of these effects in order
to evaluate their role in the wind dynamics.

A. Solar Wind Influence

On Mars and Venus the solar wind (the flux of solar
plasma) has a very important influence on the atmo-
sphere because of the weak magnetic fields of these
planets. According to the measurements, the magnetic

fields of Mars and Venus are about a factor 10~ of the
terrestrial magnetic field; Mars apparently has an
intrinsic magnetic moment, whereas the magnetic
field of Venus is induced by the effect of the solar wind
on the ionosphere [6—10] and [11].

The nature of the influence of the solar wind has
not yet been completely clarified, though the main
features are as follows [12—15] and [16]. The plasma of
the solar wind (with concentrations of a few particles

per 1 cm?, frozen magnetic field ESW5—2O nT, and
velocities of about 300—600 km/s near Venus and
Mars) compresses the ionospheric plasma on the day-
side, forming a sharp boundary—the plasmopause or
ionopause—while on the nightside it forms the tail of
the plasmosphere. The streamlines of the solar wind
are deflected, so that it flows round the plasmosphere.

CIRILO-LOMBARDO et al.

Above and along the flux a shock wave is formed, in
which the velocity, magnetic field, and temperature of
the solar wind change abruptly. The plasmopause on
Venus was discovered at an altitude of about 500 km by
means of the radar-occultation experiments with
Mariner 5. The presence of a shock wave near Mars
and Venus has been confirmed by magnetic and
plasma measurements by Venera 4 and 6, Mariner 4
and 5, and Mars 2 and 3 [17—23] and [24]. The shape
of the shock wave agrees satisfactorily with the one
calculated in the framework of the hypersonic gas-
dynamic model.

The position of the plasmopause is determined in
the hydrodynamic approximation by the condition of
balance of the dynamic pressure of the solar wind and
the pressure of the ionosphere:

— —
Al My, Vg COS” &)+ By _ k (nT, + nT;) + B;,
8T 8T

(1
where ng,, mg,, V., B, are the concentration, the
mean mass of the particles, the velocity, and the mag-
netic field in the solar wind, » ~ 0.88 for the flow con-

sidered here; n,, n;, T,, T; are the concentrations and
temperatures of the ionospheric electrons and ions,

and B is the magnetic field in the ionosphere; € is the
angle between the outer normal to the mesopause and
the velocity of the unperturbed solar wind.

Note that neglecting the interaction between the
solar wind and the neutral particles simplifies the real
picture since although the cross sections of interaction
of solar wind particles with the neutral particles are
smaller than those with the charged particles, there are
many more neutral than charged particles near the
base of the exosphere.

From Eq. (1) and using the experimental data on
the height of the plasmopause on Venus and parame-
ters of the ionosphere and the solar wind it was found
that the magnetic field on Venus at altitude 500 km is

B ~20-30 nT, Cloutier and Daniell (1973) [14] spec-
ifying a model of the ionosphere and calculating the
altitude distribution of the conductivity and the cur-
rents induced by the solar wind and their magnetic
field, found the magnetopause as the altitude at which
the induced magnetic field becomes equal to the mag-
netic field of the solar wind. They obtained a plasmo-
pause at about 500 km on Venus and 350—425 km on
Mars (without allowance for its intrinsic magnetic
moment). On the basis of this model, it was then cal-
culated [15] that the influence of the particles of the
solar wind on the ionospheric particles above the plas-
mopause leads to the latter being “swept out” of the
atmosphere, and although these losses are small (8 g/s
on Mars and 12 g/s on Venus), the profiles of the ion-
ospheric ions and electrons above the plasmopause are
strongly distorted from the barometric distributions.
Bauer and Hartlet (1973) [16] pointed out that Mars has
an intrinsic magnetic moment p = 2.4 x 102 G/cm?
SOLAR SYSTEM RESEARCH  Vol. 52
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(magnetic field on the surface B, = 60 nT), found by
approximate estimates that the magnetopause in the sub-

solar point is at the altitude 990 km (where B ~ 20 nT)
and that at about 300 km there is a plasmopause,
below which the ionospheric plasma is in hydrostatic
equilibrium and rotates with the planet, and above
which there are large-scale convective currents of
thermalized plasma induced by the solar wind. The
possibility that particles of the solar wind penetrate
into the plasmosphere has not yet been sufficiently
studied. It has been shown in Whitten and Collin
(1974) [25] that the hydrodynamic relation (6), which
essentially determines the plasmopause as a wall that is
impenetrable for particles of the solar wind, is approx-
imate; in reality, turbulence of the plasma behind the
shock wave may cause instabilities to arise on the plas-
mopause, and these can allow particles of the solar
wind to enter the plasmosphere. On the basis of these
ideas, an energy source was introduced in some iono-
spheric models at the upper boundary of the iono-
sphere [26]. On the other hand, in Cloutier and Dan-
iell (1974) [15], also on the basis of a qualitative argu-
ment, it was found that if particles of the solar wind
pass through the plasmopause electric forces arise
which prevent their penetration into the plasmosphere
and return them to the outer flux. In the model of [ 15]
there is a sink on the upper boundary of the iono-
sphere due to the ionospheric particles being “swept
out” by the solar wind.

As was pointed out in Izakov (2001) [27] a further
study of the interaction of the solar wind with the
atmosphere is needed in order to make more precise
the upper boundary conditions in theoretical models
of the atmosphere and the ionosphere.

B. Gierasch Mechanism

One of the most firm candidates to explain the
superrotation of Venus atmosphere is Gierasch mech-
anism (GM), (Gierasch, 1975 [28]). In GM angular
momentum is generated in the lower atmosphere, for
instance, by the drag of the planet surface, and a Had-
ley cell convects it upward near the equator. The
meridional flow of the cell at high altitudes transport
angular momentum toward the poles, near of which it
is convected downward. GM also requires the exis-
tence of a mechanism that opposes the poleward
advection at high altitudes, that is, an enhanced hori-
zontal diffusion of angular momentum in the upper
levels. If there is also limited vertical diffusion, a net
accumulation of angular momentum takes place at
high altitude in mid-latitudes, thus leading to superro-
tation. The conditions for GM to work are rather
restrictive: a large Richardson number is necessary in
order to suppress vertical transport by instabilities.
This in turn requires a thermal balance between radia-
tive heating and adiabatic cooling due to vertical trans-
port. This radiative-convective equilibrium leads to a

SOLAR SYSTEM RESEARCH  Vol. 52

No.3 2018

227

net flux of heat from equator to poles to compensate
for the resulting lack of radiative equilibrium. Since
heat is transported poleward by the cell flow and
opposed by horizontal heat diffusion, a large enough
meridional flow is required, while at the same time
horizontal diffusion of angular momentum must dom-
inate over the transport by the flow.

It is thus not surprising that early Global Circula-
tion Models (GCM) applied to Venus failed to gener-
ate superrotation, apparently due to large vertical dif-
fusion by thermally unstable atmosphere profiles (Del
Genio A.D. and Souzzo R.J., 1987, [29]). GCM that
incorporate more realistic atmosphere profiles do
indeed show superrotation of the right characteristics
(Yamamoto M. and Takahashi M., 2003, [30]), and
favor the GM for its generation, with the development
of a single, large Hadley cell, and enhanced horizontal
diffusion due mainly to fast gravity waves and slower
Rossby waves.

C. Other Candidates to Generate Superrotating Winds

The superrotation is allocated in the termosphere,
the transterminator flow is in the mesosphere, and the
Hadley cells are allocated in the troposphere. The
transterminator flow could be an agent to propagate
momentum between different layers of the atmo-
sphere, adding thermal convection and the rotation of
the planet could be a promising candidate to generates
superrotating winds [31].

1. Simple Model for an External Forcing

‘We can compute the torque due an external forcing
A®), for example, solar wind, reducing to 2D problem
as represented in Fig. 6, considering radial incidence:

T=FX f({t)=rF X f(t)(cosor

— sinod) = —rf(¢) sin oz (2)
Using the fact that T = %, we have:
¢, = [ @)sin aar. 3)
Looking at a given » and o, we obtain:
. =-rsina j F(oyr. (4)

By definition p = mv = &p = fdt and Ap = j5p.
Therefore:
(5)

If we integrate over every o, by symmetry the only
contribution will be for o0 = TE/ 2

€, = —rsinaAp.

€, =—rAp. (6)
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Fig. 6. Left: Cartoon to schematic torque computation generated by an external forcing f{(7). Right: Azimuthal projection.
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Fig. 7. Left: Temperature gradients provocates two regions, Region I; where the winds are stopped, the morphology is corrugated
clouds shape. In opposite, Region 11I; the winds are accelerated, corresponding to smooth clouds shape. Right: Cartoon of wind

shape in each region.

It means that for an external contribution to the
atmospherics winds, we need a non-zero net moment
transfer.

But, is it enough? In principle, this seems to be dif-
ficult because by symmetry the only point that receive
this contribution is the solar point which is a “point”
of zero measure. In any case, if there is an external
source of superrotation wind, it is necessary to show
temporal and velocity scales, dispersion relation and
waves propagation due this effect.

2. Temperature Gradients

As mentioned before, between day and night sides
there exist strong gradients of temperature generating
two regions represented in Fig. 7 where the winds suf-
fers velocity changes. In principle in the upper levels
the gradient is smoother than in superficial levels,
because superrotating winds tends to uniformise the
temperature differences more efficiently than in the
lower levels, where the winds are slower by an order of
magnitude [31].

3. Albedo Radiation

Venus is a slow rotating planet, and the day and
night sides have a strong difference in their Albedo.
The behaviour of the incident radiation on the planet
can be approximated as a white body in the day side
and like a black body in the nightside, see Fig. 8. Chafin
(2014) [32] estimated this pressure gradient like

T= J‘zdF = j 2P, ,dA

= [2Pu@IR ~ )z = 2R,
0

(7

with P4 o< 9 X 107° Pa. He showed that this value is
compatible with superrotating wind.

4. Durand Manterola’s hypothesis

Between altitudes in between 150 and 800 km
supersonic winds exist called transterminator flows.
Considering again Fig. 5, the external cell due to the
influence of solar wind generates a photo-ionization
pressure gradient. There two cells from day to night
No. 3
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sides. However, the planet also slowly rotates. As
shown in Fig. 7 two regions can be defined:

* Region 1: dusk zone; the external layer of the cell
has a solidary speed relative to the rotation of the

planet with velocity v;.

* Region 11: dawn zone; the external layer of the cell
has an opposite speed relative to the rotation of the

planet with velocity vy;.

In the night side, particularly in the anti-solar
point, one can consider the mechanism in Fig. 9. In

this region v; = 10v; the contact of the two flows gen-
erates turbulence and a pressure gradient which cre-
ates waves transferring angular momentum in the ret-
rograde sense, between external layers of Hadley cells
and superrotating winds in the upper levels. This
energy, according to [31] has enough power to over-
come viscosity losses and could explain superrotating
winds [31] found that using the Darcy—Weisbach
equation, two fluxes at different velocities generate
turbulence and wave propagation, transferring energy
between different atmospheric layers:

5P = fD%%pvz, )

where f, is the friction, D the pipe diameter, L typical
longitude.

They set an experiment with two water “pipes” fall-
ing off at different velocities (2 and 0.2 m/s) and found
wave propagation and a the generation of a net flow
(velocity 0.63 m/s) giving a net angular momentum. The
basic scheme of the experiment is shown in Fig. 10.

IV. GRAVITY WAVES

As mentioned above in the Gierasch mechanism
the role of gravity waves is relevant to the generation of
superrotation. For that reason, it is important to
observe and measure their behaviour. Gravity waves
are wave disturbances in which buoyancy acts as the
restoring force. These waves (internal gravity or buoy-
ancy waves) abound in the stable density layering of
the upper atmosphere. Their effects are visibly mani-
fest in the curls of the clouds, in the moving skein-like
and billow patterns of the clouds in the middle of the
venusian atmosphere, and in the slowly shifting bands
of the top part of the atmosphere. In terrestrial planets
the characteristic of gravity waves are similar and its
description is analogous to gravity waves in Earth, and
since the seventies detailed studies exist about it, for
example see Francis (1975) [33].

What produces them? These waves can be gener-
ated by disturbances in the lowest part of the atmo-
sphere, for example, wind flow over mountain ranges
and violent thunderstorms. Jet stream shear and solar
radiation are other sources. An initial small amplitude
in the lower atmosphere increases with height until the
waves break in the mesosphere and lower thermo-
sphere. Their wavelengths can range up to some hun-
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Fig. 9. Presence of transterminator flows, in the anti-solar
point could generate a transversal gradient of pressure
which colaborates with the angular momentum of superro-
tating winds.

Rotation

dreds of kilometers. Their periods ranging from a few
minutes to days. Given the possible generation by flow
over mountain ranges [34], detailed works exist relat-
ing wave morphology and mapping of the planets, for
example see Basilevsky (2003) [35].

Recent works, Read P.L. et al. (2013) [36], Bertaux
et al. (2016) [37] using instruments on board Venus
Express and lately Fukuhara et al. (2017) [38], using
the orbiter instrument Akatsuki, suggest that bow
shaped structures are the result of gravity waves gener-
ated in the lower atmosphere by mountain topography
(around 10 km height), that propagate upwards. The
authors modeled large scale gravity waves to be com-
pared with observations supporting these assumptions.
Although the dayside is well known, the nightside is
not sufficiently observed. Peralta et al. (2017) [39]
using results from the Venus Express mission report
that stationary waves in the upper atmosphere in the
nightside are slower than in the dayside hemisphere,
imposing constraints to Venus general circulation
models that do not predict such phenomena. Akatsuki
and Venus Express observations will be important to
elucidate the features in the upper clouds in the day
and night sides.
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Fig. 10. Cartoon of Durand-Manterola’s experiment which try to emulate the Fig. 9. Left: in perspective. Right: azimuthal view.

V. SIMPLE MODEL

In this section we are going to show that superrota-
tion speed solutions are possible in a stationary regime
due a temperature gradient by the sun irradiation in a
slowly rotating planet. If we consider a differential vol-
ume at given latitude and altitude, see Fig. 11.

A. Basic Equations

To explore the possibility of generating superrotat-
ing winds by the temperature gradient due to the solar
irradiation over the atmosphere, we built a simplified
model which has the following assumptions.

 Stationary wind regime.
» 2m-periodicity condition in the solar point.

* Friction, radial and azimuthal velocities are neg-
ligible compared to u,, the zonal wind velocity.

» We take the atmosphere as an ideal gas.
The continuity equation is then:
9
99

Where p is the mass density.

(puy) = 0. &)

A€

Fig. 11. Cylindrical volume of diameter d = A4, at radius
R and angle © with dimensions O&Sup =

2
T A = 8V = %M.
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The dynamic equations are:

Uy Oty __10p (10)
rod  poo

where » = Rsin 0, and
2
U _ 10p
B__lop_, 11
5 oor & (11)

where g, is the radial gravity component. Also, the
specific entropy s equation is:

Uds _Q

rop T (12)

p

Where Q is the rate of absorbed or emitted heat per
unit volume, and 7 the temperature. Under the
assumption of ideal gas and using the first principle of
the thermodynamics:

8Q—-W =dU = TdS — pdV =nC,dT, (13)
where n is the number of mol and
R, = 0.082€ atm/mol K we obtain:

ss=c 4L _g (14)
T Y

Combining the energy equation with the entropy
equation:

RTIp _ 0T _rQ
p 90 90 pu,

Since dp = R,pdT + R,Tdp we have the equation
for radial velocity:

15)

ou; 0
1,y _p 0T _p T (g
2 dd 20 o0 p 00

Using the continuity equation, R, =C, —C, and
constant pu,, we have a balance equation like:
0 2 rQ
— (T +uy/2)=—=. (17)
aq)( p ¢/ ) puq)

No. 3 2018
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Zonal winds (65—75 km layers)
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Fig. 12. Zonal winds at different altitudes versus local solar time (LST), 0 h—local midnight, 12 h—local noon. Right: Between

65 and 75 km layers.

Also, Q is the balance between the albedo radia-
tion, black-body emission and diffusivity:

4BSup+£az_T

)=0,-0T ) 18
0=0o-ol", o’ {1®
Where
IOSSup .
. — f
QO: 4 SV .f;ibs 1 ¢>¢0

0 if &<,
Considering an annular volume and neglecting the
diffusion term, we have:

0= I—Osenecosq)j;bs@(cosd)) - 4—G(T4 - Trgf)

abs abs

being:

* f.s an absorption factor related with Albedo
which depends on the temperature and solar radiation.

* ©(cos ) Heaviside function.
* I solar radiative intensity.
* A, Characteristic absorption scale.

* T,.¢ is a reference temperature.

Using again the continuity equation in the expres-
sion for velocity we arrive at the following relation:

4

Uy + —— = cte. (19)
puy
Finally, assuming ideal gas...
ar _ rQ _ rQ fw’ (20)
do C Py ¢, K\ py
where

pu,
K= | (1)

R, T

is the eigenvalue obtained by imposing a 21 periodic
solution.
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B. Numerical Experiments

With the model developed in last section we took
observed values of pressure and temperature as a func-
tion of altitude to evaluate wind speeds and compare
them to the observed ones.

According to our model, preserving the periodicity
and fitting parameters adequately, we obtained wind
velocity profiles in the range between 50 and 80 km
similar to those observed. In this way we obtain each
profile for a given latitude and altitude for the whole
planet. We made this for Venus and Titan. In all fig-
ures the time is expressed in terms of the local solar
time (LST), wich means at 0 h is the local midnight
and at 12 h is the local noon.

1. Venus

From Fig. 12 we can see that the speed is lower in
the interval 18 hs to 6 hs LST corresponding to the
migration from the solar point to the nightside. Later,
when the wind returns to the dayside the speed
increases. Figure 13 shows the absorption coefficients
as a function of altitude used for numerical fitting
(left) and the speed of wind in the solar point compar-
ing with the maximal speed (right). We can see that
this is consistent with the fact that the cloud layer
increases the absorption. Also, the difference in veloc-
ity in each layer is not greater than 10%.

2. Titan

In the same way we made the fit taking atmo-
spheric values of Titan, in a qualitative way, we
observed a similar behaviour to the Venusian case in
Fig. 14. Comparing with Venus the difference in the
fluctuations in speed are lower due essentially to the
lower solar irradiance. Qualitatively, the values of alti-
tude versus zonal wind speed in Fig. 15 are similar to
the observed ones, indicating that the influence of
Saturn does not seem to be relevant to the wind
dynamics in our model.
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Fig. 13. Left: Absorption coefficients used for numerical fitting. Right: Comparison between speed wind at 12 h (LST) and max-
imum speed for the layers in the range 50—80 km height.
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Fig. 14. Zonal winds at different altitudes versus local solar time (LST), 0 h—local midnight, 12 h—Ilocal noon. Left: Between 60
and 125 km layers. Right: More detailed zonal wind at 90 km layer.

VI. CONCLUDING REMARKS AND OUTLOOK

In this paper we have reviewed and analyzed the
problem of superrotation on Venus in light of the inter-
est that the latest data have produced in the scientific
community. These data introduce a clear indication
that traditional theoretical approaches have to be
modified in some way. The simple model introduced

140

e e
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e J——

(==}
(==}

Altitude, km

100 120

40 60 80
Zonal wind, m/s

here is capable of reproducing the general behavior of
the wind in super rotation (at least in the layers of
interest), under the assumptions of slow rotating
planet and stationary regime with a stablished heat
balance. The model indicates that the main source to
sustain superrotation is the solar irradiance. However,
the precise mechanism of the generation of superrota-
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Fig. 15. Left: observed values (Bird et al [40]). Right: values obtained with our model.
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tion remains an enigma. Another problem is described
in [38] that is interesting from the theoretical point of
view because it presents the challenge of constructing
a formulation that gives a global description of the
dynamics of the Venusian atmosphere. The other
question is whether a relationship between the phe-
nomenon of superrotation on different planets and
satellites do indeed exist.
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