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e Schubert and Whitehead (1969)
e Thompson (1970)
e Takagi and Matsuda (1999, 2000)



Moving flame mechanism

The speed of the flame was 1
mm/sec. In a steady state, the
mercury was rotating so rapidly

) in a direction counter to that of
the flame, about 4 mm/sec.

L1 | |

|

b

Fig. 1. Schematic diagram of the apparatus
for the moving flame experiment.

Schubert and Whitehead (1969)



Thompson mechanism
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Takagi and Matsuda (1999, 2000)
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Fels and Lindzen (1974)

Plumb (1975)

Pechmann and Ingersoll (1984)
Newman and Leovy (1992)

Takagi and Matsuda (2005, 2006, 2007)
Lebonnois et al. (2010, 2016 in revision)
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planet using the scale factors of Table 7. Symbols are the same as for
Figure 16.

Tomasko et al. (1980)
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Fig. 2. Contributions to mean zonal flow accel-
eration on the equator from: {(A) advection by
zonal mean vertical velocity, (B) momentum flux
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mentum flux convergence of the diurnal tide,
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Gierasch (1975)

Rossow and Williams (1979)

Matsuda (1980, 1982)

Yamamoto and Takahashi (2003a,b, 2004, ...)
Lee et al. (2005, 2007)

Hollingsworth et al. (2007)

Yamamoto et al. (2009), Yamamoto and Yoden
(2013)

Parish et al. (2011)
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Gierasch mechanism

tEquator

Gierasch (1975)
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Rossow and Williams (1979)
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Classification of types of planetary
atmospheric circulation with finite v,

J‘;'\
~~

(D) Predominance of
direct circulation

e (E) Thermal wind balance
(geostophic) as in Earth
and Mars

--> |arge heating

(V) Thermal wind balance
. (cyclostrophic) as in Venus

— Ta/Ta

--> slow planetary rotation Matsuda (1980)
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Pressure (Pa)
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Time average of zonally averaged zonal wind (m s™) c Time average of zonally averaged meridional wind (ms™)
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Fig. 3. Changes in zonally averaged zonal wind over the time interval 164-175 years.

Fig. 4. Changes in zonally averaged meridional wind over the time interval 164-175 years.
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Williams (1988)

y-z distributions of streamfunction
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(B) Multiple equilibirium states (circulation
with superrotation and direct circulation)

* Kido reproduces multiple equilibria predicted by
Matsuda in his GCM (Kido and Wakata(2008,09)).

Case | starts with motionless initial condition
Case |l starts with fast zonal winds
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Two different distributions of zonal wind under
the same condition in Kido and Wakata (2009)
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Covey and Schubert (1982)

Young et al. (1984)

Matsuda (1984)

Young et al. (1987, 1994)

Smith et al. (1992, 1993)
Yamamoto and Tanaka (1997)
Yamamoto (2001)

Yamamoto (2003)

lga and Matsuda (2005)

Takagi and Matsuda (2005b, 2006b)
Kouyama et al. (2015)

Yamamoto and Takahashi (2012, 2015)
Ando et al. (2016)

Takagi et al. (in prep)
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Again the solid line shows horizontal velocity and phase, and the
dashed line shows meridional velocity and phase. The relative am-
plitudes between the zonal and meridional components are correct
(there has been no multiplication of the meridional component),
but the overall scaling is arbitrary, The horizontal structure has been
taken at a pressure scale height of 6.5 (63 km). The phase of the
waves has the same meaning as in Fig. 8.

Smith et al. (1993)



Cloud Feedback Heating (CFH)

We have experimented with simple models of the
cloud radiative transfer and find that the width of the
affected layer is typically a few optical depths, which
is a few kilometers (Knollenberg and Hunten 1980).
Guided by these considerations, we introduce a per-
turbation heating profile that is proportional to the
vertical displacement, with an amplitude set by the lo-
cal radiative time constant:

T 6z

choud=6f(z);;ﬁ’ (21)

where B is an amplitude parameter, f(z) is a shape
profile (maximum amplitude unity, positive below the
base and negative above the base), 7 is the full tem-
perature, ¢, is the radiative time constant based on a
length of a scale height, 6z is the vertical displacement,

Smith et al. (1993)
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Meridional wind of the thermal tide at 70 km
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Temperature of the thermal tide at 70 km
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The GCM simulation results are consistent with

the linear theory. (Takagi and Matsuda 2005)
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Vertical wind of the thermal tide at 70 km
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Equatorial dark region downstream of
the subsolar point, related to the thermal tide?

\planet rotation s
ST

Fig. 6. UV images of the Venus Southern hemisphere in a simple cylindrical projection. Morning is on the right, evening is on the left. The atmosphere rotates from right to
left. The Sun symbol marks the location of the sub-solar point. Orbit numbers are given in the upper left corner of each image. Contours of the Earth’s continents are
overplotted on the image from orbit #451 to illustrate position and scale of the Venus global cloud features. .

Titov et al. (2012)
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Thermal tide and short-period waves
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It seems that the short-period
disturbances (Y- and bow-shape
structures, convective cells, and gravity
waves) are related to the vertical wind
distribution of the thermal tide.

Are these disturbances generated by
(nonlinear) interactions between the
zonal wind and the thermal tide, as
suggested by Belton et al. (1976)?
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