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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 global atmosphere and the aqua-planet atmosphere
which is an abstraction of the Earth's atmosphere have been performed by using GCMs (General Circulation Model) based on
the AFES (Atmospheric GCM for the Earth Simulator) as a common dynamical core. In addition, we have developed a physi-
cal process module for simulating the Venus atmosphere and performed a preliminary calculation. The results of the Mars
simulation with the horizontal resolution of T319 demonstrate a clear frontal structure associated with baroclinic waves, and a
number of small and medium scale disturbances including medium scale vortices generated in the vicinity of high mountains.
As for the aqua-planet simulation, calculations are performed with and without cumulus parameterization. The results of both
cases indicate spontaneous appearance of hierarchical structures in the activities of equatorial precipitation. Analysis of these
structures implies that Kelvin wave-CISK (Conditional Instability of the Second Kind) would play a role in organizing precip-
itation activities. A result of preliminary Venus simulation confirms the importance of thermal tides in maintaining the super-

rotation. This result is consistent with the results of the previous studies obtained by using linear models.
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1. Introduction planetary atmosphere, and locating the atmospheric circula-

The common characteristics of the atmospheres of the ter- tion state of each planet as one realization on a broad param-
restrial planets and satellites, such as Venus, Mars, and eter space. For these purposes, we have been performing
Titan, are the small vertical scale of the atmosphere com- simulations under conditions of Mars, aqua-planet, i.e., a vir-
pared to the radius of the planet or the satellite, and the exis- tual Earth whose surface is covered by the ocean, and

tence of solid surface that clearly defines the lower boundary Venus. In the followings, the particular targets of each simu-

of the atmosphere. These characteristics would naturally lation, the physical processes utilized, and the results

evoke an expectation that the features of the general circula- obtained are described briefly.

tion of these atmospheres would be described within the

same dynamical framework as that of the Earth's atmos- 2. Mars simulation

phere. Nevertheless, the general circulations of these atmos- 2.1 Targets of simulations

pheres show various features, such as the superrotation in One of the most important open questions of Martian

the atmospheres of slowly rotating Venus and Titan, and the atmosphere is to figure out the features of small and medium
global dust storm in the atmosphere of Mars as compared to scale disturbances, which cannot be observed easily, and
the moist atmosphere of the Earth. possible relationships between those features and occurrence

In this study, the general circulation of each planetary and maintenance of dust storms. It has been implied that the
atmosphere is simulated by using the same dynamical core effects of wind fluctuations caused by small and medium
of the AFES [1] and the physical processes appropriate for scale disturbances must be important on the dust lifting
each planetary atmosphere with the aim of understanding the =~ processes. However, the actual features of those disturbances
dynamical processes that characterize the structures of each and their effects on dust lifting and transport have not been
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well investigated yet. 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. In this
study, in order to address those questions, we perform high
resolution simulations of the Martian atmosphere, in which
small and medium scale disturbances can consistently coex-

ist under the simulated amount of dust.

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 process and the gravi-
tational sedimentation are introduced. By the use of this
GCM, a simulation in a condition of northern fall with the
resolution of T319L.96, which is equivalent to about 22 km

horizontal grid size, is performed.

2.3 Results

Figure 1 shows an example of global vorticity distribution
at the 4 hPa pressure level in northern fall. A number of
small and medium scale disturbances are observed in Figure
1. In the northern high latitude region, a baroclinic distur-
bance with zonal wavenumber two appears. Associated with
this wave, fronts are observed clearly as a narrow tail-like
structure of vorticity.

In the lees of several high mountains in the northern
hemisphere, medium scale vortices appear. One of the typi-
cal regions is the Alba Patera (250°E, 40°N). Figure 2 shows
composite distributions of vorticity there. In the lees of the
Alba Patera, the vortex pairs are generated periodically with

a period of one Martian day. It seems that the mean wind
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Fig. 1 Global distribution of vorticity at the 4 hPa pressure level in the
northern fall. Unit of vorticity is 10°s™. 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.

and the diurnally varying circulation around the Alba Patera
cause these periodic vortex generation.

In Figure 1, a number of small vortices are observed in
the broad low latitudinal region around 20°E-150°E,
30°S-0°S. These small scale vortices are generated and dissi-
pated periodically with a period of one Martian day, and the
small scale vortices are generated in the afternoon hours.
The vortices may be generated in relation to local thermal
convection represented in the model.

Figure 3 shows distributions of dust mass flux and dust
optical depth scaled to the 6.1 hPa pressure level obtained at
the same time as the vorticity field plotted in Figure 1. In
Figure 3a, it is shown that dust is lifted in the frontal region
observed in Figure 1. The lifted dust is advected along the
front and results in a dust storm as shown in Figure 3b. Dust
storms of this shape are frequently observed by spacecraft
and are referred to as “flushing dust storms” or a “frontal
dust storms” [4]. Our result confirms that the strong wind in
the frontal regions is one of the major mechanisms of dust
lifting event.
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Fig. 2 Composite distributions of vorticity for 15 days at the 4.1 hPa pressure level around the Alba Patera in

the northern fall. Panels (a)—(d) show vorticity distributions at the local solar time of 0, 6, 12, and 18

hours at 255°E, respectively. Others are the same as those of Figure 1.
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Fig. 3 Dust mass flux on the ground [10-* kg m™] (a), and dust optical
depth normalized to the 6.1 hPa pressure level (b) of the northern
hemisphere at the same time as that for Figure 1. Others are the
same as those of Figure 1.

3. Aqua-planet simulations
3.1 Targets of simulations

It has been recognized that there appears a hierarchical
structure in the precipitation activities over the equatorial
region [5]. It has been also recognized that the hierarchical
structure of precipitation activities has not been well repre-
sented in GCMs; precipitation activities obtained by GCMs
strongly depend on resolutions, numerical schemes, and
implementations of physical processes such as radiation and
cumulus parameterization [6]. Since the horizontal scale of
the actual clouds in the real atmosphere is far small com-
pared to the grid intervals of GCMs, moist convection in the
model is forced to occur in the minimum grid scale. There is
a possibility that precipitation patterns change drastically
with varying model resolution because of incompleteness of
cumulus parameterization schemes. In this study, we investi-
gate the model representation of organized way of precipita-
tion activities and their hierarchical appearances in a high
resolution aqua planet GCM.

3.2 Physical processes

The physical processes used for the aqua-planet simula-
tions are those of AFES [1]. As for cumulus parameteriza-
tion, two cases are considered; a case with no cumulus para-
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meterization scheme (case nc) and a case with Emanuel
scheme [7] (case eml) as a cumulus parameterization
scheme. The SST (sea surface temperature) distribution is
that proposed by Neale and Hoskins [8]; SST is given fixed
and is hemispherically symmetric and zonally uniform.
Model resolution is T159L48.

3.3 Results

Figure 4 shows temporal variations of equatorial precipi-
tation. In case nc (Fig. 4a), a hierarchical structure of precip-
itation activities emerges clearly. Eastward propagating
structures are composed of westward propagating grid-scale
structures. Wavenumber-frequency spectrum analysis and
composite analysis suggest that the eastward propagating
features are composed of a Kelvin wave-CISK like structure
and the westward propagating structures are composed of
vertical convections advected by background wind. In case
eml (Fig. 4b), there also appears a hierarchical structure of
precipitation activities, although it is not so clear as that of
case nc. It can be considered that eastward propagating
structures and westward propagating structures are separate-
ly represented in our experiments. It should be noted that
dependence of the representation of precipitation activities
on parameterization scheme have not been well revealed yet.
Sensitivity experiments are necessary, where model parame-
ters and/or implementation of parameterization schemes are

changed.

4. Venus simulation
4.1 Targets of simulations

The atmospheric superrotation of Venus is one of the
most remarkable phenomena in the planetary atmospheres.
Although many studies have been performed so far, the
mechanism generating the superrotation is not still well
understood. Recently, Takagi and Matsuda [9, 10] examined
thermal tides in the Venus atmosphere in detail by using a
linear model based on the observed zonal flows. They
showed clearly that the thermal semidiurnal tide excited in

the cloud layer propagates downward to the ground and
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Fig. 4 Temporal variation of equatorial precipitation [kg m~ s™']. Longitudinal area from O degree to 180 degree is shown.

(a) case nc, (b) case eml.
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accelerates the atmosphere in the direction opposite to the
Venus rotation at altitudes of 0—10 km. It was argued from
this result that the surface friction acts on this counter flow
and consequently the net momentum is supplied from the
solid part of Venus to the atmosphere to maintain the super-
rotation.

In this study, by extending the works of Takagi and
Matsuda [9, 10], we investigate whether the atmospheric
superrotation of Venus can be generated by the nonlinear
effect of the thermal tides by integrating a full nonlinear

dynamical model in spherical geometry.

4.2 Physical processes

The physical processes used for the Venus simulation
includes a prescribed realistic distribution of the solar heat-
ing based on the works of Tomasko et al. [11] and Crisp
[12]. The infrared radiative process is simplified by the
Newtonian cooling [13]. The Rayleigh friction is not used
except in the lowest layer to mimic the surface friction. The
values of physical parameters are adopted from those of the
Venus atmosphere. The initial state of numerical integration
is the state at rest. In order to isolate specific effects of the
thermal tides on the generation and maintenance of the
Venus atmospheric superrotation, only the solar heating
without mean zonal component is used for time integration.

4.3 Results

Figure 5 shows the meridional-height distribution of the
mean zonal flow obtained at 25 Earth years. It is observed
that a weak superrotation (about 12 m/s) is formed at around
the altitudes of 50—60 km. Vertical profiles of the mean
zonal flow at several latitudes are shown in Figure 6. It is
found that the critical level forms at the altitudes of 90-100
km. These results are consistent with those obtained by the
linear model of Takagi and Matsuda [9,10].

It is confirmed that the thermal tides may generate the
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Fig. 5 Meridional-height distribution of the mean zonal flow obtained
by time-integration from the rest state. The integration time is 25
Earth years. The contour interval is 2 m/s.

atmospheric superrotation. Further experiments with higher

resolutions and long time-integration are now being schedules.
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Fig. 6 Vertical profiles of the mean zonal flow at Equator, 30N and 60N.
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