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1.	Introduction
The structure of the general circulation differs significantly 

in each of the planetary atmospheres. For instance, the 
atmospheres of the slowly rotating Venus and Titan exemplify 
the states of superrotation where the equatorial atmospheres 
rotate faster than the solid planets beneath, while the equatorial 
easterly and the strong mid-latitude westerly jets form in the 

Earth’s troposphere. The global dust storm occurs in some years 
on Mars, while a similar storm does not exist in the Earth’s 
atmosphere. Understanding physical mechanisms causing such 
a variety of features in the general circulations of the planetary 
atmospheres is one of the most interesting and important open 
questions of the atmospheric science and fluid dynamics. 

The aim of this study is to understand dynamical processes 
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that characterize the structure of each planetary atmosphere 
by performing simulations of those planetary atmospheres by 
using GCMs with a common dynamical core of AFES [1]. 
Appropriate physical processes are adopted for each planetary 
atmosphere. In the followings, the particular targets of each 
simulation, the physical processes utilized, and the results 
obtained will be described briefly. 

2.	Venus simulation
2.1	Targets of simulations

In the past two decades, low-resolution GCMs have been 
used to simulate phenomena in the Venus atmosphere (e.g., [2]). 
This is mainly because of the extremely long spin-up time to 
generate a superrotation from a motionless state. Furthermore, 
in order to generate a superrotation, most of the previous GCM 
studies have included unrealistic strong solar heating and static 
stability. In the present study, we have been constructing a 
new model based on AFES to perform realistic high-resolution 
simulations of the Venus atmosphere. 

Many observational studies have reported signals of 
planetary-scale Rossby- and Kelvin-type waves at the cloud 
top, which propagate faster and slower than the zonal flow, 
respectively (e.g., [3,4]). However, the waves obtained in the 
previous numerical studies are not consistent with observations 
(e.g., [5]). This is partly because the fast mean zonal flow has 
not been reproduced realistically in the models. Further, the 
weakly stratified layer in the cloud layer has been neglected in 
their models. At the polar region, the polar cold collar, a cold 
band zonally surrounding the polar vortex, is a unique feature 
observed at the ~65 km level [6]. However, there have been no 
numerical simulations which reproduce a realistic distribution 
of the cold collar so far. Furthermore, observational studies 
[7] suggest that small-scale gravity waves play important roles 
at the cloud level. Although kinetic energy spectra have been 
utilized to explore properties of disturbances of a wide range of 
scales both in observational and numerical studies of the Earth 
atmosphere [8,9], those of the Venus atmosphere have not been 
well described yet.

AFES for Venus with a realistic solar heating and static 
stability has successfully reproduced a superrotation consistent 
with the observations. In this fiscal year, we perform simulations 
with very high resolutions to investigate properties of 
disturbances in a wide range of scales in the Venus atmosphere. 
The neutral waves and the polar cold collar are also important 
targets to take advantage of a high resolution model.  

2.2	Model and experimental settings
Venus simulations are performed with simplified physical 

processes adopting the values of physical constants appropriate 
for Venus. The experimental settings basically follow those 
of the previous AFES simulations [10,11]. The highest 
resolution used in the present simulations is T159L120, which is 

equivalent to a horizontal grid size of about 79 km. The vertical 
domain extends from the ground to about 120 km with almost 
the constant grid spacing of 1 km. Simulations with T63L120 
and T42L60 resolutions, which are equivalent to horizontal grid 
sizes of about 198 and 297 km with 120 and 60 vertical layers, 
respectively, are also performed.

The physical processes adopted in the model are vertical 
eddy diffusion with a constant diffusion coefficient of 0.15 m2/s, 
the Newtonian cooling, and the Rayleigh friction at the lowest 
level representing the surface friction. In the upper region above 
about 80 km, a sponge layer is assumed; the friction increasing 
gradually with altitude acts to damp the eddy component only. 
In addition, the model includes a 4th-order horizontal diffusion 
(

Δ4) with an e-folding time for the maximum wavenumber 
of about 0.01 days for T159, 0.03 days for T63, and 0.1 
days for T42 simulations. The coefficients of the Newtonian 
cooling are based on the previous study [12]. The equilibrium 
temperature distribution toward which temperature is relaxed 
by the Newtonian cooling is the prescribed horizontally uniform 
temperature distribution based on observations. We adopt 
a realistic profile of solar heating. Vertical and horizontal 
distributions of the solar heating are based on Tomasko et al. 
[13].

The vertical temperature profiles of the initial conditions are 
constructed based on the observed vertical distribution of static 
stability [14]. In this temperature profile, the lower atmosphere 
near the ground is weakly stable. Below the cloud layer, static 
stability has a maximum at around 45 km. A layer with almost 
neutral stability exists from 55 to 60 km representing the 
cloud layer influenced by solar heating. Above the cloud layer 
(above 70 km), it is strongly stratified. Meridional temperature 
gradient from equator to pole is about 5 K on the model level, 
i.e., constant sigma surface, at the top of the cloud layer. The 
initial condition for wind velocity is zonally symmetric, solid-
body superrotating flow, which is determined by the gradient 
wind balance; zonal velocity at the equator linearly increases 
from zero at the ground up to 100 m/s at the altitude of 70 km, 
and above there the atmosphere is in a solid-body rotation with 
the same speed as that at 70 km. From this initial condition, 
time integration is performed for four Earth years for T159 and 
T42 simulations. In addition, for the investigation of neutral 
waves, we perform time integration for ten Earth years for T63 
simulation. 

2.3	Results
Starting from the idealized superrotation, the model 

atmosphere reaches a quasi-equilibrium state within one Earth 
year. The wind and temperature fields are stably maintained 
for more than four Earth years for all simulations. The zonal-
mean zonal flow, which is accompanied with weak mid-
latitude jets, has almost constant velocity of 120 m/s in latitudes 
between 45°S and 45°N at the cloud top levels. This meridional 
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distribution of the zonal flow agrees very well with observations 
(e.g., [5]). Strong latitudinal temperature gradient is produced 
at 45–70 km, where the temperature difference between the 
equator and the pole is more than 25 K. Strong baroclinicity, 
i.e., large vertical shear of the zonal flow is maintained at mid-
latitudes in the weakly stratified layer extending from 50 to 70 
km by the solar heating. 

The horizontal structure of the baroclinic waves observed at 
70 km for T63 simulation is shown in Fig. 1a. In mid-latitudes 
between 30° and 60° the zonal wave number 1 component 
of geopotential height is predominant. These disturbances 
are in phase with temperature deviations at the altitude of 60 
km (color). The result suggests that so-called Rossby waves 
observed at the cloud top are generated by the baroclinic waves 
excited at around the altitude of 60 km. The period of the 
waves is about 5.8 days. The phase speed of about 76 m/s is 
slower than the mean zonal flow of about 120 m/s at the height 
of 70 km. These wave characteristics are in good agreement 
with the observed so-called Rossby waves [4]. It is noted that 
the horizontal structure is reminiscent of the Y shape observed 
in UV images of Venus [3]. Below the altitude of 50 km, 
planetary-scale waves with zonal wave number 1 appear in the 
low latitudes between 30°S and 30°N, where zonal winds are 
predominant (Fig. 1b). The horizontal structure of the equatorial 
waves is similar to the so-called Kelvin waves. The period 
of the equatorial waves is about 6.2 days which is consistent 
with those observed at the levels of 50–60 km [15]. The phase 
velocity of the equatorial waves is about 70 m/s. The equatorial 
waves propagate faster and slower than the zonal-mean zonal 
flow velocity of the equatorial region below and above this 
level, respectively. These results are summarized in [16]. 

The time evolution of the horizontal temperature distribution 
at the altitude of 68 km for T42 simulation is shown in Fig. 2. 

The cold collar surrounds the warmer polar region at around 
60°N. The maximum temperature difference between 60°N and 
the pole is about 20 K. The hot polar region rotates around the 
pole, and changes its shape temporally, showing an S-shaped 
structure (Fig. 2b) occasionally. These features are in a close 
agreement with the cold collar and the polar vortex observed 
in optical measurements (e.g., [6]). Further analysis explains 
that the structure is closely related to residual mean meridional 
circulation enhanced by thermal tides; the cold collar is not 
reproduced when thermal tides are removed by omitting a 
diurnal component of solar heating.

The horizontal kinetic energy in a wavenumber space (per 
unit mass per unit wavenumber) [17] is analyzed for T159 
simulation. The horizontal kinetic energy is decomposed into 
rotational and divergent components and averaged over the last 
one year of the integration. Spectra at eight sigma levels are 
shown in Fig. 3a and b. The rotational component describes 
the contribution of horizontally balanced flow, such as Rossby 
waves, to the horizontal kinetic energy in each wavenumber; 
whereas the divergent one describes that of unbalanced 
flow such as gravity waves. The spectrum of the rotational 
component at σ = 0.03 (~ 40 km) shows the −3 power law 
for n < 20; whereas the spectra in the other levels are gentler 
than the −3 power law but steeper than the −5/3 one. The 
divergent component in the upper two levels shows the −5/3 
power law extending to very small wavenumbers (planetary 
scales). Further, the ratios of the divergent component to the 
rotational one for each level are examined. For n > 10, the 
divergent component is comparable to rotational component or 
dominant. The dominance of the divergent component even in 
the low wavenumbers might be a unique feature of the Venus 
atmosphere.

Fig. 1	 Horizontal distributions of geopotential height (black contours) and horizontal flow (black vectors) associated with the short-period 
disturbances at 70 km height, and temperature deviation at 60 km height (color shades) at day 47 (a), and those at 40 km and at 50 km at day 48 (b) 
from ten Earth years. A band-pass filter between the periods of 2 and 8 Earth days is applied. Contour intervals are 25 m for (a) and 1 m for (b) 
and vector units are 50 m/s for (a) and 5 m/s for (b), respectively.
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Fig. 2 Time evolution of temperature (K) in the polar plot at the altitude of ~68 km. The latitude from 30°N to 90°N is shown, and the elapsed time 
from the start time of the analysis is 681 Earth days. The time interval of respective fi gures is one Earth day.

Fig. 3 Horizontal kinetic energy per unit mass per unit wavenumber: (a) rotational component and (b) divergent component. Two straight lines in 
each panel show slopes of −3 power law and −5/3 power law, respectively.
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3.	Mars simulation
3.1	Targets of simulations

Radiative effect of dust suspended in the Martian atmosphere 
has important impacts on the thermal and the circulation 
structures of the Martian atmosphere. However, it has not been 
well understood what kind of dynamical phenomena contribute 
to dust lifting from the ground into the atmosphere. A previous 
study by using a Mars GCM [16] suggests that the effects of 
subgrid scale wind fluctuations caused by small and medium 
scale disturbances would be important for the dust lifting 
processes. However, the features of small and medium scale 
disturbances which may contribute to dust lifting have not been 
revealed yet. Disturbances of these scales are not easy to be 
observed and to be resolved in numerical models. We have been 
performing medium and high resolution simulations of Martian 
atmosphere by using our Martian AFES to reveal the features of 
small and medium scale disturbances in the Martian atmosphere 
and its effects on dust lifting. 

In the preceding fiscal years, our simulations showed that 
a lot of small scale vortices are generated in the low latitudes. 
It was also shown that these vortices significantly contribute 
dust lifting. However, it was not clear how robust these vortices 
were, because the size of those vortices corresponds roughly to 
the minimum resolvable scale of the model. It is anticipated that 
those vortices are generated as a result of thermal convective 
motion represented in the model, but it may depend on a 
convective parameterization implemented in the model. In this 
fiscal year, we examine the nature of these small scale vortices 
by investigating its dependence on parameterization used in the 
model. 

3.2	Model and experimental settings
Mars simulations are performed with the AFES including 

physical processes introduced from the Mars GCM [18,19] 
which has been developed in our group, and with the values of 
physical constants appropriate for the Mars. The implemented 
physical processes are radiative, turbulent mixing, and surface 
processes. With these physical processes, effect of subgrid scale 
convection is evaluated by the turbulent mixing parameterization 
based on Mellor and Yamada [20] level 2.5. In this fiscal 
year, an additional parameterization, convective adjustment, 
is implemented in the model. The convective adjustment is 
an extreme of representation of thermal convection, because 
unstable stratification is not allowed. By the use of this model, 
several simulations are performed with resolutions of T79L96 
and T319L96, which are equivalent to about 44 and 22 km 
horizontal grid sizes, respectively, and 96 vertical layers. In 
the simulations, the atmospheric dust distribution is prescribed, 
and the dust is uniformly distributed in the horizontal direction 
with an amount corresponding to visible optical depth of 0.2. 
However, the dust lifting parameterization [21] is included in 
the model to diagnose the possible amount of dust lifting.

3.3	Results
Figures 4 and 5 show snapshots of distribution of relative 

vorticity at 4 hPa pressure level from T319L96 simulations 
without and with convective adjustment. Here, we focus on 
small scale vortices in the low latitudes. It is shown that the 
use of convective adjustment does not have an essential effect 
on existence of small scale vortices. Indeed, the region where 
the vortices are generated in the simulation with convective 
adjustment is almost the same as that in the simulation without 
convective adjustment. However, the strength of vorticity of 
each vortex is slightly weaker in the simulation with convective 
adjustment than that in the simulation without convective 
adjustment. 

In order to examine the behavior of the vortices, simulations 
with uniform surface properties are performed. Flat surface, 
uniform surface albedo distribution, and uniform soil thermal 
inertia distribution are used in these simulations. Figures 6 
and 7 are the same as Figs. 4 and 5, respectively, except for 
simulations with the uniform surface properties. In a simulation 
with uniform surface properties and without convective 
adjustment, small scale vortices are observed as is the case 
with non-uniform surface properties. However, the structure of 
vorticity in the low latitudes in the simulation with the uniform 
surface properties and with convective adjustment is different 

Fig. 4	 Global distribution of vorticity at 4 hPa pressure level at 
northern fall with the resolution of T319L96 without convective 
adjustment. Unit of vorticity is 10-5 s-1. Also shown is the areoid 
(solid line) and low latitude polar cap edge (dashed line). Gray 
areas represent mountains at the 4 hPa pressure level.

Fig. 5	 Same as Fig. 4, but for the simulation with convective 
adjustment. 
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from that without convective adjustment. A lot of filaments of 
vorticity rather than vortices are observed. It is also observed 
that the filament structures are generated from remnant of 
vorticity filaments originated from mid-latitude waves. 

These results indicate that existence of small scale vortices 
in the low latitudes does not depend on the details of expression 
of subgrid scale thermal convection in the model, although 
the strength of small scale vortices depends on the choice 
of parameterization. It is also implies that the form of small 
vortices would be plausible in the real atmosphere, since 
small scale spatial variations of surface properties, such as 
orographic variation, easily destroy the filament structure, which 
is observed in the ideal simulation with the uniform surface 
properties. 
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大気大循環モデル AFES（AGCM (Atmospheric General Circulation Model) for the Earth Simulator）に基づく GCMを用い
て、金星および火星大気の高解像度大気大循環シミュレーションを実施した。我々の研究の目的は、地球型惑星大気に
おける中小規模擾乱の力学的特徴と、その大気大循環への影響を調べることである。金星大気シミュレーションに関し
ては、観測と整合的なスーパーローテーションが現実的な太陽加熱でうまく再現、維持された。東西風の鉛直シアの大
きい低安定度の雲層高度に傾圧波が発生した。雲層上端高度で観測されるいわゆるロスビー波とケルビン波もモデル内
に発生した。これらの波は運動量や熱を輸送する。さらに、周極帯状低温域（cold collar）が極域で再現され、熱潮汐波
によって強化された平均子午面循環がその構造と結びついていた。こうした特徴はいずれも観測結果とよく一致してい
る。高解像度計算（T159L120）では、水平運動エネルギーのスペクトル解析によって、小規模重力波が地球に比べて金
星ではより重要である可能性が示唆された。また、モデル中に現れた極渦の構造について、観測と比較した解析を行い、
S字構造や鉛直構造が、観測と整合的であることが確認された。これらの結果は、熱潮汐波を含めた現実的な安定度の
鉛直分布と十分な解像度が金星大気の構造の再現に必要であることを強く示唆している。火星大気シミュレーションで
は、これまでの高解像度計算で見られていた小規模渦の特性を調べるために対流調節過程を導入した付加的な実験を実
施した。これまでに行ってきた高解像度計算で見られた最も目立つ大気擾乱の一つは、低緯度における小規模渦であった。
しかしながら、それらの構造がどれだけ頑健なものであるのかはっきりしておらず、モデルで用いている物理過程に依
存する可能性も考えられた。対流調節過程を導入して実施した実験では、わずかに渦の強度が弱くなったものの、やは
り小規模渦は生成された。また、それら擾乱のより自然な状態を調べるために、地形やアルベド、熱慣性の空間変化を
なくして対流調節過程を導入して行った実験では、渦ではなくフィラメント状の構造が現れた。これらの結果は、小規
模渦の存在がモデルで用いているパラメタリゼーションの詳細には依らないこと、そして、それらの渦が地形起源の大
気擾乱によって乱されたフィラメント構造から生成されていることを示している。
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