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Fig. 2. Comparison of Venera 8, 9, and 10 temperatures with those

of the Pioneer Venus sounder and north probes.
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* Most of solar energy is absorbed in the cloud.
“Its small amount reaches at the ground (10% of absorbed energy is
absorbed at the ground).



Greenhouse effect of CO, atmosphere

Cause of the high surface temperature: Greenhouse effect

D: Fukabori et al. (1993)
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Radiative-convective equilibrium temperature
Takagi and Matsuda(2009) using Fukabori’s line profile
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F1G. 3. Contours of Northern Hemisphere temperature data; SZA
independence is assumed. The contour interval is 10 K. Approximate
heights for this and subsequent figures are from Seiff et al. (1980).
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FIG. 4. Contours of westward zonal wind speed (m s™") for the
Northern Hemisphere derived from temperature data assuming cy-

clostrophic balance. Contour interval is 10 m s~'. Contours have
been smoothed.
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Figure 1. Vertical distributions of temperature deviations
and their phase associated with (a and ¢) dumal and (b and
d) semidiurnal tides at the subsolar point multiplied by
square root of the basic state density (T° x +/p), which are
calculated for the heating profiles (a) and (b) and without
ground heating. The two distributions are overlapped almost
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Figure 10. Schematic illustration of acceleration mecha-
nism of mean zonal flow by the thermal tides (a) in the work
of Fels and Lindzen [1974] and (b) in the present model.
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BRGBERRICHT A FFERER
(Willlams(1988))

Williams: The dynamical range of global circulations 239
O . 25 dayS Table 4. DRY and modified-surface circulations: energy, heat, and momentum integrals 2 dayS

Case Energy Heat Momentum
Q*e A 1, K; Kz PK; PKp; K;:Kz T* RAD v'T'®  —o'T" Max® o'M  —o'M' Max® Max

torque ful vl
4 D 529 34 8 11 79 — 15 2511 —540 145 136 — 56 31 - 14 30 1.0
2 D 819 15¢ 47 39 180 -~ 47 2522 -—649 373 346 — 66 46 —198 63 1.7
1 D 409 176 65 — 7 351 -204 2513 —678 623 649 —106 557 547 70 3.1
) D 729 371 57 —84 439 320 252.8 —655 753 817 — 89 646 721 110 42

0.5 days Va D 1700 105 61 127 175 — 19 251.8 —642 213 465 - 20 — 76 256 9 25 4 days
Y2 A 860 77 13 58 —14 23 2518 —452 —18 433 - 9 -122 - 11 39 52
0 A 400 3 04 7 - 0.1 0.2 250.9 —345 0.1 0 — 0.1 0.7 0.1 1.16.0
4,SLIP E 249 128 20 58 196 — 35 2527 —908 150 299 — 106 —118 39 5.0
1, SLIP A 280 275 37 -7 59 — 7 2375 —296 335 152 — 73 79 54 25
4, HOT A 440 296 49 56 183 — 43 2625 —914 436 393 63 203 9% 112 2.0
Units Days J kg~! 10~*Wkg~!* K 10-3Ks™ ' 10'Jm 107* m?s~2 10° 102 ms™!
kg7's7! Wm™? kg?m~2 572
? Instantaneous value here only T denotes integration period .
1 day ®  Max denotes local extreme; global means elsewhere A denotes integration domain and N O rotation

¢ Eddy integrals are denoted symbolically; sphericity factors are involved resolution (see Table 1)
¢ 1In the troposphere RAD denotes radiative heating rate

SLIP, HOT variants denote cases with surface slip and enhanced heating;
only SLIP(4) model is moist

DRY (Q%)

[ k. A i s n ~% 1/ it m
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Rossow et al. (1990)

AVERAGE ZONAL MEAN CIRCULATION OF VENUS
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(a) Yamamoto reproduces super-rotation :

mechanism due to meridional circulation is working in
his model (Yamamoto and Takahashi (2003a,b,04))
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Hollingsworth et al. (2007)

MERERIIRILF—EDMR

(No diurnal cycle. The radiative process is simplified by Newtonian cooling.)

Strong heating Weak (realistic) heating
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over the entire domain. superrotation disappears.
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Takagi:Case 1 (Q,): U(y,z) and V(y,z) at
30yr
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The superrotation is maintained by the
semidiurnal tide, as in Takagi and Matsuda
(2007). The maximam velocity is about 90 m/s
at 63 km. Above 63 km, the zonal flow
decreases with height sharply. The critical
level is formed at 80-90 km.
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The meridional flow is weak. The Hadley cell is
not formed at the cloud levels. In the lowest
layer, weak meridional circulation appears.



Vertical propagation of the
semidiurnal tide: T"*V(p)
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Fine structures are
reproduced in the
lower atmosphere.
The tide is damped
there as expected in
the high resolution
linear model.
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Case 2 (Qg): U(y,z) and V(y,z) at 30yr

Mean meridional flow

Mean zonal flow
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The mean meridional circulation splits into
several cells vertically. This is not consistent
with results shown in the previous studies
focusing on GM. The mean meridional flow
is not so strong between 60—-80 km where
the fast superrotation is maintained. The
velocity is about 1 m/s at these levels.

The superrotation is maintained by Gierasch
mechanism. Remarkable midlatitude jets
appear at ~75 km. The maximam velocity is
about 120 m/s. It is noted that, in the previous
works, the superrotation has been reproduced
by unrealistic strong heating.



Case 3 (Q,+Q,): U(y,z

Mean zonal flow
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Compared with Case 2, the superrotation is
accelerated in the equatorial region. As a
result, the velocity is almost constant at the
cloud top levels. The velocity decreases
sharply above 80 km because of the
deceleration effect of the thermal tide.

) and V(y,z) at 30yr

Mean meridional flow

Strong mean meridional flow appears in
midlatitudes at ~¥90 km. The velocity is about
12 m/s. Below 80 km, the structure of the
mean meridional flow is not clear.



Meridional profiles of U(y)

Uniform velocity profile is
formed by combination of
the semidiurnal tide and the

Midlatitude jets are formed
by the poleward advection

Hadley circulation. Umax is
~130 m/s.
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Case 3 (Qy*Q,), 7

Case 1(Q,), 63 km

8 km due to the Hadley circulation.

Equatorial jet is
formed by the
semidiurnal tide. The
amplitude of the
semidiurnal tide is
large in the equatorial
region.
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U(y) from cloud tracking
Kouyama (2011)

a Zonal wind
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Velocity (m/s)

U(y) from Doppler velocimetry
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Machado et al. (2012)
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Kido and Wakata
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HEIGHT (km)

B REDFFmEAST Casel & Casell

Kido and Wakata (2009)
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Fig. 17. The total (bolometric) net flux averaged over the entire
planet using the scale factors of Table 7. Symbols are the same as for

Figure 16. Tomasko et al. (1980
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