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Chapter 1  Earth Science

For the purpose of acquiring insights into the physical processes characterizing dynamical structures of general circulations

of the planetary atmospheres, high resolution simulations of the Martian atmosphere have been performed by using a GCM

(General Circulation Model) based on the AFES (Atmospheric GCM for the Earth Simulator). The result of the Mars simula-

tion with several horizontal resolutions shows that resolution dependence of global mean dust mass flux at northern summer is

different from that at northern autumn. Significant differences in resolution dependence are attributable to the difference in

dust lifting in the regions with characteristic orographic features. This implies the importance of superposition of seasonally

varying large scale circulation on the local orography-related circulation in the dust lifting in the model. On the one hand, to

perform the high resolution simulations of the Venus atmosphere with realistic radiative forcing, an accurate radiative transfer

model of the Venus atmosphere has been constructed. Sensitivity tests of the constructed new radiatiive transfer model show

that the radiative equilibrium temperature profiles are highly sensitive to the line shape, which is one of the most ambiguous

parts of the model. Further sensitivity tests will lead to determination of an appropriate line shape for Venus atmosphere and

the simulations of the realistic superrotation with the realistic radiative forcing. 
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1. Introduction
The structure of the general circulation differs signifi-

cantly with each planetary atmosphere. For instance, the

atmospheres of the slowly rotating Venus and Titan exem-

plify the superrotation, while the weak equatorial easterly

and the strong mid-latitude westerly jets are formed in the

Earth's troposphere. The global dust storm occurs in some

years on Mars, but a similar storm does not exist in the

Earth's atmosphere. Understanding the physical mecha-

nisms causing such a variety of structures of the general cir-

culations of planetary atmospheres is one of the most inter-

esting and important open questions of the atmospheric sci-

ence and fluid dynamics. 

In this study, circulations of those planetary atmospheres

are simulated by using general circulation models with the

common dynamical core of the AFES [1]. Appropriate phys-

ical processes are adopted for each planetary atmosphere.

The aim is to understand the dynamical processes that char-

acterize the structures of each planetary atmosphere. In our

project so far, we have been mainly performing simulations

under condition of Mars. In addition, the accurate radiation

model of the Venus atmosphere has been constructed to per-

form the simulations of the Venus atmosphere with realistic

radiative forcing. In the followings, the particular targets of

each simulation, the physical processes utilized, and the

results obtained are described briefly. 

2. Mars simulation
2.1 Targets of simulations

It is well known that a certain amount of dust is always

suspended in the Martian atmosphere and the radiative effect

of dust has important impact on the thermal budget of the

Martian atmosphere. However, the physical mechanisms of

dust lifting have not been well understood. It has been

implied that the effects of wind fluctuations caused by small

and medium scale disturbances would be important for the

dust lifting processes. It may be worth notifying that the

amount and distribution of dust in the atmosphere affects the

atmospheric circulation significantly. Hence the activities of

small and medium scale disturbances should be consistently

determined with the dust amount in the atmosphere. Until

the last fiscal year, the dust lifting amount at northern

autumn is investigated. In this fiscal year, in order to investi-

gate the seasonal variation of dust lifting amounts, simula-
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Fig. 2  Same as Fig. 1, but for dust mass flux diagnosed in the model.

Unit of dust mass flux is 10–8 kg m–2.

Fig. 4  Difference of dust mass flux between T319L96 and T79L96 sim-

ulations at northern summer.

Fig. 5  Same as Fig. 4, bur for northern autumn.

tions of the Martian atmosphere at northern summer are per-

formed with several resolutions. 

2.2 Physical processes

The physical processes used for the Mars simulations are

introduced from the Mars GCM [2, 3] which has been devel-

oped in our group so far. The implemented physical process-

es are the radiative, the turbulent mixing, and the surface

processes. In addition, the dust lifting parameterization [4]

and the gravitational sedimentation are introduced. By the

use of this GCM, the simulations in a condition of northern

summer with the resolutions of T79L96, T159L96, and

T319L96, which are equivalent to about 89, 44, and 22 km

horizontal grid sizes, are performed.

2.3 Results

Figures 1 and 2 show examples of global vorticity distri-

bution at the 3 hPa pressure level and the dust mass flux at

northern summer with the T319L96 model, respectively. In

the simulation performed in this study, a part of dust lifting

events occur in the region with small scale vorticies shown

in Fig. 1. This implies that the small scale disturbances

would play a role in lifting dust in the model. 

Figure 3 shows the resolution dependence of the global

mean dust mass flux at northern summer and autumn. It is

shown that the global mean dust mass flux increases with

increasing horizontal resolution at northern autumn, while

at northern summer, that does not change with horizontal

resolution significantly. Figures 4 and 5 show the geograph-

ical distribution of resolution dependence of the dust mass

flux at northern summer and autumn, respectively. At north-

ern autumn, the dust mass flux increases with increasing

resolution in some regions with characteristic orographic

features, such as the Valles-Marineris around 300˚E, 10˚S.

However, at northern summer, the dust mass flux is almost

the same or slightly decreases with increasing horizontal

resolution in those regions. This result implies that the

Fig. 1  Global distribution of vorticity at the 3 hPa pressure level at

northern summer with the resolution of T319L96. Unit of vortici-

ty is 10–5 s–1. Also shown is the areoid (solid line) and low lati-

tude polar cap edge (dashed line). Gray areas represent moun-

tains at the 3 hPa pressure level.

Fig. 3  Resolution dependence of global mean dust mass flux at northern

summer and autumn.
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effects of superposition of seasonally varying large scale

circulation and small scale disturbances would be important

in dust lifting in such regions. 

3. Venus simulation
3.1 Targets of simulations

The Venus atmospheric superrotation is one of the most

prominent phenomena in the field of planetary meteorology.

The existence of fast prograde zonal winds extending from

the ground to 70–80 km altitudes over almost all latitudes is

quite different from general circulations of the Earth or Mars

atmospheres. Although many studies have been made so far,

the generation mechanism of the Venus atmospheric super-

rotation remains a mystery. Recently, several studies suc-

ceeded in reproducing fast prograde zonal winds whose

structures look like those of the Venus atmospheric superro-

tation [5, 6]. However, it should be noted that unrealistically

strong solar heating is assumed in those studies, and that the

fast prograde zonal winds do not appear with realistic solar

heating based on observations.

In this project, we are trying to simulate the Venus atmos-

pheric superrotation by assuming the realistic solar heating.

The results obtained so far show that nonlinear interactions

among the mean zonal flow, the mean meridional circula-

tion, and the thermal tides have to be examined. It is obvious

that the Newtonian cooling is unsuitable to simulate atmos-

pheric motions in the lower Venus atmosphere. Therefore,

we are going to construct a new radiative transfer model

which is able to represent the radiation field in the Venus

atmosphere, and integrate it into our Venus GCM which has

been constructed in this project. 

3.2 New radiative transfer model

A new radiative transfer model has been constructed

based on the correlated k-distribution (CKD) method. In

order to apply this model to the Venus atmosphere, it is very

important to calculate the absorption coefficients of CO2 and

H2O precisely in a wide range of wavenumber at vertical

levels from the ground up to above 80 km. It should be

noted, however, that the line shapes of the infrared absorp-

tion due to CO2 and H2O have not been well-established for

this purpose.

3.3 Results

Several line shapes of the CO2 absorption have been pro-

posed [7, 8, 9]. Figures 6 and 7 show dependences of the

absorption coefficients on wavenumber obtained at 0.1, 1.0

and 10.0 bars by using the Lorentz profile and that proposed

by Pollack et al. [7], respectively. Vertical temperature pro-

files in the radiative equilibrium state obtained for these

absorption coefficients are shown in Figs. 8 and 9. The

results clearly show that the atmosphere becomes too opaque

(transparent) for the infrared region in the case of the

Lorentz (Pollack et al.) profile.

We are going to make further comparison for other profiles

proposed by Fukabori et al. [8] and Meadows and Crisp [9],

which will lead to a definite distribution of the CO2 absorption

coefficient suitable for the Venus atmosphere. We also intend

to integrate it into our Venus GCM to make it possible to sim-

ulate the atmospheric superrotation realistically.

Fig. 6  Dependences of the absorption coefficients on wavenumber

obtained by using the Lorentz profile. Red, green, and blue lines

indicate absorption coefficients at 0.1, 1.0 and 10.0 bars, respec-

tively.

Fig. 7  Same as Fig. 6, but by using the Pollack et al. profile.
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Fig. 8  Vertical temperature profiles in the radiative equilibrium state

obtained by using the Lorentz profile. Red line shows the observed

temperature profile by VIRA (Venus International Reference

Atmosphere). Green, blue, and purple lines show the radiative equi-

librium temperature considering the absorption of CO2 permitted

transtion only, CO2 permitted transtion and continuum, and CO2 per-

mitted transtion, continuum, and H2O, respectively. 

Fig. 9  Same as Fig. 8, but by using the profile of Pollack et al.
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AFES

AFES AGCM

Atmospheric General Circulation Model for the Earth Simulator GCM


