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Venus night-side image taken  
by Akatsuki IR2 camera

• IR radiated from near-surface atmosphere. 
Thick clouds blocks it. 
‣ White = thin clouds = downward flow? 
‣ Black = thick clouds = upward flow?
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Vertical velocity field produced 
in our Venus GCM

• Snapshot of vertical velocity at z = 60 km. 
‣ White = downward flow 
‣ Black = upward flow
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Planetary-scale streak structures
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Our simplified Venus GCM
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• Based on AFES = Atmospheric GCM for the Earth Simulator  
(Ohfuchi et al. 2004; Enomoto et al. 2008) 
- The Earth Simulator is a vector type super computer. 

• Basic equation: primitive equations 
• Resolution:  

- T159 (~0.75°× 0.75°; 480×240 grids) - L120 (Δz ~ 1 km; sigma coord.) 
• Simplified Radiative forcing 

- Horizontally uniform Newtonian cooling (Crisp, 1989) 
- Solar heating with a diurnal variation (Tomasko et al., 1980). 

• No topography  • No moist processes 
• Sponge layers located above 80 km 
• Biharmonic horizontal diffusion (∇4) with a damping time of 0.01 Earth 

days for the highest wave number. 
• Vertical eddy diffusion with coefficient of 0.15 m2s-1  

• Note that planetary-rotation direction is same as the Earth 
(some figures are rotated to match the real Venus and some are not.)
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Initial state: superrotation

Sponge Layer

← Low stability

observed in radio 
occultation 

Stability in the “basic state” for 
Newtonian cooling  

(Sugimoto et al. 2013)

Sponge Layer
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Time mean for  
last 1 Earth year
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12 第 1章 はじめに

図 1.3 雲追跡法で見積もられた雲層上部 (高度 65 km付近)の昼面平均東西風速．米
国のマリナー 10号 (Mariner 10，1974年)，パイオニア・ヴィーナス (1979年，1982

年)，および欧州宇宙機関のヴィーナス・エクスプレス (Venus Express, 2007年)によ
る観測．(Taylor, 2010, Fig. 8.8)

動している可能性が指摘されている．なお，金星大気東西風の観測データは，上述のいく
つかの地点での鉛直分布と昼面雲層上部の緯度分布ぐらいしかなく，雲層より下の風速を
含めた 3次元的な風速分布はまったく観測されていない．

1.1.2 タイタン

タイタン大気のスーパーローテーションは，Sicardy et al. (1990) による，星の光の
掩蔽観測によって初めて観測的に示唆された．その後 2005年に，米国の土星探査機カッ
シーニ (Cassini) がタイタン大気に投下したホイヘンス (Huygens) をドップラー追跡す
ることにより，東西風速の鉛直分布が得られた (図 1.4)．高度 120 km付近で 100 m/s程
度の西風が観測されており，これはタイタン大気が自転速度の約 9倍の速さで回転してい
ることを意味する．なお，タイタン大気の東西風観測は，金星よりもさらに少なく，緯度
分布などはまったく観測されていない．

(Taylor 2010)

Observation: cloud tracked wind

Results | zonal mean zonal wind

Our model may simulate circulation of 
the Venus atmosphere
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Vertical p-velocity | movie (dt = 1h)
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z ~ 60 km

←IR2-nightside image 
 © ISAS/JAXA
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Vertical p-velocity | movie (dt = 1h)
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z ~ 60 km

←taken by Venus Express/VIRTIS 

Northern hemisphereSouthern hemisphere
Seen from above the poles
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Experiments
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• To explore the effects of  
- the diurnal heating and  
- the introduced low stability layer (55–60 km, 0.1 K/km),  

• we conducted experiments  
- without the diurnal heating (i.e., using zonally averaged heating) and  
- in which the stability is changed to  

2.0 K/km and 4.0 K/km
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Vertical velocity | movie (dt = 6h)
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without diurnal heating

z = 60 km
• Synchronized even without the diurnal heating. 
➡ Diurnal heating is NOT a reason for the synchronization.
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Diurnal 
heating with without
Stability 0.1 K/km 2 K/km 4 K/km
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Streaks disappeared

Meridional convergence forms streaks
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Two Questions arose:
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Q1. How are the streak structures synchronized? 

Q2. How are the convergence zone formed? 
- Why do they disappear in a high-stability case?
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Longitude-time cross-section at lat = –35 (No diurnal heating 0.1K/km)
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• Pressure deviation from the zonal mean (red-blue) 
• Strong downward flow (green hatch).  Mean zonal wind speed (yellow line)

• Propagation speeds of p’ and w are same with each other. 
• They are almost same through these layers (50–70 km),  

though, the zonal mean flow speed increases as height increases. 

✓In z > 60 km, p’ is propagating against the mean flow (retrograde) 
✓In z < 60 km, p’ is propagating faster than the mean flow (prograde) 

✓It seems to satisfy unstable configuration for shear instability.

retrograde prograde
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• Pairs of p’ in polar-region is due to 
the barotropic instability.   
(Sugimoto et al. 2014)

Composite mean along the wave propagation (6.25 days)  
p’ [red-blue], (u’, v’) [vectors], & w [green hatch] (No diurnal heating 0.1K/km)



><Fig: Nakajima et al. (2012)

Composite mean along the wave propagation (6.25 days)  
p’ [red-blue], (u’, v’) [vectors], & w [green hatch] (No diurnal heating 0.1K/km)
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• Pairs of p’ in polar-region is due to 
the barotropic instability.   
(Sugimoto et al. 2014) 

• Equatorial waves in both heights 
are vertically coupled (have same 
u’ in equatorial region), and these 
waves would regulate the north-
south symmetry of the streak 
structure. —Answer to Q1.

Composite mean along the wave propagation (6.25 days)  
p’ [red-blue], (u’, v’) [vectors], & w [green hatch] (No diurnal heating 0.1K/km)

65 km height

55 km height
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• The horizontal structure of the equatorial region is similar to that of the 
equatorial Rossby wave. 

• However, the horizontal distribution of the potential vorticity (PV) 
is NOT consistent with the Rossby wave. 
‣ That is, zonal mean PV should monotonically increase; 

✓but it is not on 65 km height.

ωa: Absolute vorticity, θ: potential temperature, ρ: density

Composite mean along the wave propagation (6.25 days)  
p’ [red-blue], (u’, v’) [vectors], & w [green hatch] (No diurnal heating 0.1K/km)
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ωa: Absolute vorticity, θ: potential temperature, ρ: density

Composite mean along the wave propagation (6.25 days)  
(No diurnal heating 0.1K/km)

65 km

‣ Isentropic surface is largely tilted 
with respect to the horizontal 
surface.

Mean meridional distribution of 
the potential temperature

p’, (u’, v’), & w65 km height



>< 19

0 50 100 150 200 250 300 350
(degrees_east)

longitude

−80

−60

−40

−20

0

20

40

60

80

(degrees_north)

la
tit
ud
e

65 km height

0 50 100 150 200 250 300 350
(degrees_east)

80

60

40

20

0

20

40

60

80

(degrees_north)
−2 −1 0 1 2

(×10−6 K.kg−1 m)

80

60

40

20

0

20

40

60

80

(degrees_north)

Potential Vorticity ＝ (ωa・∇θ)/ρ zonal mean

Composite mean along the wave propagation (6.25 days)  
(No diurnal heating 0.1K/km)

/Users/hiroki/local/bin/gpv 2017−09−13 V_meant_eddyx.nc@V,theta=880

0 50 100 150 200 250 300 350
(degrees_east)

longitude

−80

−60

−40

−20

0

20

40

60

80

(degrees_north)

la
tit
ud
e

Z

theta=880 K
−3200 −1600 0 1600 3200

36

36

/Users/hiroki/local/bin/gpv 2017−09−13 V_meant_eddyx.nc@V,theta=880

0 50 100 150 200 250 300 350
(degrees_east)

longitude

−80

−60

−40

−20

0

20

40

60

80

(degrees_north)

la
tit
ud
e

PV

theta=880 K
−9e−5 −4.5e−5 0 4.5e−5 9e−5

36

36

/Users/hiroki/local/bin/gpv 2017−09−13 PV_meant.nc@PV,theta=880

−3 −2 −1 0 1 2 3
(×10−5 K.Pa−1 m.s−3)
PV

−80

−60

−40

−20

0

20

40

60

80

(degrees_north)

la
tit
ud
e

PV

theta=880 K
(mean) x:0..359.25

θ = 880 K surface (red-blue: z’)

• PV on the isentropic surface is consistent with the Rossby wave theory. 
‣ This wave might propagate along the tilted isentropic surface.

p’, (u’, v’), & w
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Low-stability case (0.1 K/km) High-stability case (4 K/km)
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dPV/dy on  
θ coordinate

(colour)
(contour: Z)

- Distributions of thermal eddy-transport and dPV/dy suggest 
baroclinic instability in the low stability case
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Isotherm

←Barocilinic Inst. in  
　Earth-like case. (HS94)

Low-stability case (0.1 K/km) High-stability case (4 K/km)
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DCPAM is used for Earth-like calc (i.e., Held and Suarez, 1994)

Low-stability case (0.1 K/km) High-stability case (4 K/km)
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平均 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• Self-maintained eddy-induced jet (strong angular 
velocity in high-latitudes) mechanism works; 
- that would be similar to that in Earth atmosphere. 

• The inclined eddies (which are a part of Equatorial 
Rossby wave) induces convergence zone of the 
meridional wind, and then the the streak structure of 
the strong downward flow. —Answer to Q2.

DCPAM is used for Earth-like calc (i.e., Held and Suarez, 1994)

Low-stability case (0.1 K/km) High-stability case (4 K/km)

Mean Ang. Vel. Ang. Mom. Trans. 
by eddies

Baroclinic Inst. in Earth-like case↓
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Summary
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• Planetary-scale streak structures similar to those observed in a night 
side IR2 image are reproduced in vertical velocity in our simple Venus 
GCM, which has dynamics only but has a “low stability layer” (55–60km). 
- Planetary-scale streaks are: 
‣ strong downward flow, possibly corresponds to thin cloud region. 
‣ a part of huge spirals extending from the pole to about lat = 30 deg. 
‣ synchronized in the northern and southern hemisphere. 

- Num. exps. without diurnal heating and changing the static stability of 
the “low stability layer” are performed; and the results suggest that  
✓ Synchronization seems to be caused by the vertically coupled 

Rossby wave and Kelvin wave in the equatorial region. 
✓Baroclinic instability and inclination of the eddies induced by 

strong angular velocity, which occurs only in the low stability 
case, would cause the planetary-scale streak structure.  

• Our numerical results, which are obtained by dynamics-only simulation, 
suggest that the dynamics/circulation is dominant for the planetary-scale 
streak structure observed in Venus.
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dPV/dy

PV PV@Theta = 870 K

PV@Theta = 820 K

zonal mean

zonal mean

lat-θ cross section of PV

baroclinic insttability

Low-static stability (0.1 K/km)
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Observed in IR2 night-side (calibrated)

• IR radiated from near-surface atmosphere. 
Thick clouds blocks it. 
‣ White = thin clouds = downward flow? 
‣ Black = thick clouds = upward flow?

Produced in our Venus GCM

• Snapshot of vertical velocity at z = 60 km. 
‣ White = downward flow 
‣ Black = upward flow
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Planetary-scale streak structures
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IR2 night-side (edge-enhancement) Produced in our Venus GCM

• IR radiated from near-surface atmosphere. 
Thick clouds blocks it. 
‣ White = thin clouds = downward flow? 
‣ Black = thick clouds = upward flow?

• Snapshot of vertical velocity at z = 60 km. 
‣ White = downward flow 
‣ Black = upward flow

Planetary-scale streak structures
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>< 30ωa: Absolute vorticity, θ: potential temperature, ρ: density
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• Pressure deviation from the zonal mean (red-blue) 
• Strong downward flow (green hatch).   Mean zonal wind speed (yellow line)

Longitude-time cross-section at lat = –35 (No diurnal heating 4K/km)
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and horizontal eddy viscosity is represented by the fourth-
order hyperviscosity with relaxation time 1.0 Earth day for
the maximum wave number component. In addition, we
adopt molecular viscosity and heat diffusion that are depen-
dent on temperature and density of the basic state field. Their
effects are important above 90 km altitude. Rayleigh friction
is not adopted in the present model except at the lowest level,
where the surface friction acts on horizontal winds. The
relaxation time of Rayleigh friction at the lowest level is
assumed to be 1.0 Earth day.
[11] The initial state for time integration is an atmosphere

at rest for all experiments. It should be emphasized that the
background atmospheric superrotation nor the meridional
gradient of temperature is not assumed at all throughout the
present study.

3. Results

[12] In order to isolate specific effects of the thermal tides
on the generation and maintenance of the Venus atmospheric
superrotation, only the tidal component of solar heating, Q0,
is used for time integration in the present study. The model
is integrated for 300 Earth years for all experiments.
Parameter values chosen for five experiments conducted
in the present study (cases of M1, M2, M3, W2, and S2)
are summarized in Table 1.

3.1. Standard Case

[13] Figure 3 shows time evolution of the mean zonal
flow on the equator at 65, 45, and 5 km altitudes obtained
for the case of M2 (see Table 1). In the present study, zonal
velocity in the same direction as the planetary rotation is
defined to be positive. Though the relaxation time of the
vertical eddy viscosity is estimated to be larger than
1000 Earth years, it seems that the wind field is in a nearly
equilibrium state. The zonal velocity at 65 km shows
temporal variations with amplitude of a few to 10 m s!1.
It is interesting to note that temporal variation has been also
observed for the real atmospheric superrotation of Venus
[Gierasch et al., 1997].

[14] Meridional-height distribution of the mean zonal
flow and the mean temperature deviation from the pre-
scribed equilibrium state obtained at 300 Earth years is
illustrated in Figure 4.
[15] The atmospheric superrotation has been generated in

a wide range of the atmospheric layers below 80 km
altitude. The mean zonal flow takes a maximum velocity
of about 65–75 m s!1 near 63 km altitude on the equator.
The second local maximum of the mean zonal flow exists
just below 80 km. It is likely that this profile of the mean
zonal flow with two maxima results from the prescribed
vertical profile of solar heating with two peaks at the
corresponding altitudes, as shown in Figure 1. The mean
zonal flow increases with altitude almost linearly from the
ground to 63 km and decreases sharply above 75 km. Above
80 km, the mean zonal flow remains very weak in all
latitudes. It is also shown in Figure 4b that there is a reversal
of the latitudinal temperature gradient near 60 km. In the
light of the gradient wind balance, this reversed temperature
gradient is well consistent with the (negative) vertical shear
of mean zonal flow. Since the mean zonal component of
solar heating, !Q, is excluded from our experiments, the
distribution of mean temperature deviation is not forced by
meridional differential heating but induced by the formation
of atmospheric superrotation.
[16] These features of the mean zonal flow are similar to

the observational results [Schubert, 1983], though the zonal
velocity produced in this experiment is slower by 20–
30 m s!1 than that observed in the cloud layer. Moreover,
observed temperature fields indicate that midlatitude jets
exist at cloud levels [Newman et al., 1984], which are not
reproduced in the present result. This should be ascribed to
the fact that the exclusion of the mean zonal component of
the solar heating results in the absence of poleward advec-
tion of zonal momentum by the meridional circulation.
[17] It is also shown in Figures 3 and 4a that the mean

zonal flow retrograde to the planetary rotation (!u < 0) is
generated at the lowest levels in lower latitudes than 30!.
The time evolution of mean zonal flow at 5 km altitude

Figure 2. Vertical profiles of the prescribed temperature
field, T0(z) (solid line), and the relaxation time of
Newtonian cooling, tN(z) (dotted line).

Figure 1. Vertical profiles of the solar heating at the
subsolar point, Qs(z) (solid line), and the specific heat at
constant pressure, Cp(z) (dotted line).
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with 
diurnal 
heating

PV mass_strm_func eddy heat y-flux eddy AngMom y-flux

scale x0.2 scale x0.2

time-zonal mean

scale x4

without 
diurnal 
heating

without 
diurnal 
heating 
4 K/km



PV & mass_strm  & eddy heat flux & eddy AngMom flux & residual_strm 
(calc. in p-coord)

time-zonal mean

with 
diurnal 
heating

without 
diurnal 
heating

without 
diurnal 
heating 
4 K/km
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mean Angular Velocity

with diurnal heating
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mean Angular Velocity
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