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High resolution simulations of the Martian atmosphere have been performed by using a General Circulation Model (GCM) based
on AFES (Atmospheric GCM for the Earth Simulator). Also performed is a simulation of the Venus atmosphere by using AFES with
simplified physical processes and with a resolution higher than that used by previous studies. Our aim is to have insights into the
dynamical features of small and medium scale disturbances in the Earth-like atmospheres and their roles in the general circulations.
Mars simulations are performed by the use of quite high horizontal resolution. The results of the long term simulations show that the
latitudes and seasonal dates of dust lifting events diagnosed in the high resolution model (T319L96) are qualitatively similar to those
in the medium resolution model (T79L96), while representations of disturbances are different between the two resolution simulations.
However, as is expected, dust lifting region is larger in high resolution model than in medium resolution model. This implies the
importance of effects of small scale disturbances to maintain dust amount in the atmosphere. As for the simulation of the Venus
atmosphere, a superrotation is successfully maintained for a long time with including a realistic solar heating. In addition, baroclinic
modes grow at the cloud layer where static stability is low. Structures of the unstable modes are similar to those obtained in the linear
stability analysis at initial, but their horizontal structures change later. Meridional transport of momentum and heat by these unstable
modes is discussed. The present results suggest that (1) the vertical distribution of static stability is crucial for baroclinic instability, (2)
baroclinic instability, which has not been reproduced in the previous studies, is likely to take place in the Venus atmosphere, and (3)

the baroclinic unstable modes play one of the key roles on the general circulations of the Venus atmosphere.
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1. Introduction a variety of features in the general circulations of the planetary
The structure of the general circulation differs significantly atmospheres is one of the most interesting and important open
with each planetary atmosphere. For instance, the atmospheres questions of the atmospheric science and fluid dynamics.
of the slowly rotating Venus and Titan exemplify the states of The aim of this study is to understand dynamical processes
superrotation where the equatorial atmospheres rotate faster that characterize the structure of each planetary atmosphere
than the solid planets beneath, while the weak equatorial by performing simulations of those planetary atmospheres by
easterly and the strong mid-latitude westerly jets form in the using GCMs with a common dynamical core of AFES [1].
Earth’s troposphere. The global dust storm occurs in some Appropriate physical processes are adopted for each planetary
years on Mars, but a similar storm does not exist in the Earth’s atmosphere. In our project so far, we have been mainly

atmosphere. Understanding physical mechanisms causing such performing simulations under the condition of Mars. In addition,
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the accurate radiation model of the Venus atmosphere has been
constructed for the simulations under the condition of Venus.
In the followings, the particular targets of each simulation, the
physical processes utilized, and the results obtained will be
described briefly.

2. Mars simulation
2.1 Targets of simulations

Radiative effect of dust suspended in the Martian atmosphere
has important impacts on the thermal and circulation structure
of the Martian atmosphere. However, it has not been understood
fully what kind of dynamical phenomena play important
role in lifting dust from the ground into the atmosphere. A
previous study by using a Mars GCM [2] suggests that the
effects of 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 the dust lifting have not been clarified.
Disturbances of these scales are not easy to be observed and
to be resolved in numerical models. In order to examine the
disturbances in the Martian atmosphere and its effects on dust
lifting, we have been performing medium and high resolution
simulations of Martian atmosphere by using a Mars GCM. In
this fiscal year, long term simulations are performed to examine

the seasonal variation of dust lifting.

2.2 Model and experimental settings

Mars simulations are performed by AFES with the physical
processes introduced from the Mars GCM [3, 4] which has been
developed in our group, and the values of physical constants
appropriate for the Mars. The implemented physical processes
are radiative, turbulent mixing, and surface processes. By the use
of this AFES, long term simulations are performed. Resolutions
of simulations are T79L96 and T319L96, which are equivalent
to about 89 and 22 km horizontal grid sizes, respectively. In the
simulation performed in this fiscal year, the atmospheric dust
distribution is prescribed, and the dust is uniformly distributed
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Fig. 1 Global distribution of vorticity at the 4 hPa pressure level at
northern fall with the resolution of T319L96. 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.
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in horizontal direction with an amount corresponding to visible
optical depth of 0.2. However, the dust lifting parameterization
[5] is included in the model to diagnose the possible amount of
dust lifting.

2.3 Results

Figures 1 and 2 show snapshots of global distribution of
relative vorticity at the 4 hPa pressure level during the northern
fall from T319L96 and T79L96 simulations, respectively.
By comparing these vorticity distributions, differences in
representation of disturbances between two simulations are
observed. Some of those are fine structure of fronts in the mid-
and high-latitudes of T319L96 simulation and clear appearance
of small scale vortices in the low latitudes of T319L96
simulation.

Here, seasonal variations of dust lifting flux is examined.
Figure 3 shows seasonal variations of zonal mean dust mass
flux obtained from T319L96 (top) and T79L96 (bottom)
simulations. The most important dust lifting events are observed
at the northern middle latitudes and the southern low latitudes
in the winter. Although the representations of disturbances
with different resolutions are different as is shown in Figs. 1
and 2, the latitudes and seasonal dates at which dust lifting
events occur are similar between both simulations. However,
as is expected, the area of dust lifting regions is larger in
T319L96 simulation than T79L96 simulation. This implies the
representation of atmospheric disturbances has a significant
impact on the initiation and the strength of dust lifting events in

the model.

3. Venus simulation
3.1 Targets of simulations

In order to investigate the phenomena such as superrotation
in the Venus atmosphere, GCMs with relatively low resolutions
have been used so far [6]. In previous GCM studies, since the
main purpose of those studies is to reproduce a superrotation
itself from a motionless state, extremely long spin-up time is
needed. In addition, some of these models include unrealistic
solar heating and static stability of the atmosphere to generate a

superrotation. In the present study, we construct a new model on
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Fig. 2 Same as Fig. 1, but for resolution of T79L96.
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Fig. 3 Seasonal variations of zonal mean normalized dust mass fluxes for T319L96 simulation (top) and T79L96 simulation (bottom). Black solid line

indicates the location of polar cap edge. Unit of dust mass flux is arbitrary. Note that the T319L96 simulation is still on going.

the dynamical basis of AFES to realize realistic simulations of
the Venus atmosphere. As a first step toward a long-time high-
resolution numerical simulation to reproduce a superrotation, we
investigate possible unstable modes in the superrotating Venus
atmosphere with a realistic profile of static stability.

Linear stability analyses of superrotation [7, 8] suggest
that baroclinic modes may grow in the cloud layer with small
static stability. However, no observational study directly
shows baroclinic instability in the Venus atmosphere so far.
The baroclinic unstable modes may have important roles in
transporting heat and producing large horizontal eddy viscosity
assumed in the Gierasch mechanism [6, 9]. Therefore, it is
important to investigate the baroclinic instability in a nonlinear
numerical simulation to extend the previous results of the linear
stability analyses [10, 11]. We also investigate the dependence
of baroclinic instability on the static stability and discuss
meridional transport of momentum and heat by the baroclinic
modes [12]. Finally, we include a realistic solar heating as a test
case [13].

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

processes and physical constants appropriate for the Venus.
Experimental settings are basically based on the previous linear
stability analysis [8]. Physical processes included in the model
are vertical eddy diffusion with a constant diffusion coefficient
of 0.015 m?/s, a dry convective adjustment, Newtonian cooling,
and Rayleigh damping at the lowest level to represent the
surface friction. In the upper layer above 80 km, a sponge
layer is assumed; the friction increasing gradually with height

damps the disturbances, but does not act on the zonal-mean
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component of the zonal wind. In addition, the model includes
8th order horizontal diffusions (v*) with e-folding time of
about 0.1 days for the maximum wavenumber. The Newtonian
cooling coefficients are based on the previous study [14]. The
equilibrium temperature distribution toward which temperature
is relaxed by Newtonian cooling is the initial value described
below. In addition we also prepare cases with the realistic solar
heatings which have a vertical profile based on the previous
works [14, 15] as a test case. Two simulations are performed;
one is the case with a zonally averaged solar heating, and the
other is the case with diurnal variation.

The resolution used in the present simulations is T42L60,
which has 128 and 64 grids in the longitudinal and latitudinal
directions, respectively. Vertical domain extends from the
ground to about 120 km with almost the constant grid spacing
of 2 km. We also perform T63L120 and T159L120 to check
the T42L60 results. The high resolution results are sufficiently
similar to those presented here.

The vertical distribution of the static stability in an initial
condition is based on the observations [16]. The lower
atmosphere close to the ground is weakly stable. In the cloud
layer, there is an almost neutral layer (from 55 to 60 km). At
the bottom of the cloud layer it is stable, and static stability has
a maximum at around 45 km. Above the cloud layer (above 70
km), it is strongly stratified. It is expected that unstable modes
will appear in the cloud layer. In addition, dependence on the
static stability is also investigated [12].

The initial condition is an idealized solid body superrotating
flow. The flow linearly increases with height from ground to 70
km, which is suggested by the observation [17]. Its maximum
is 100 m/s at 70 km at the equator. Above 70 km the velocity is
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assumed to be constant. The initial temperature distribution is in
balance with the zonally symmetric flow, namely, gradient wind
balance. Meridional temperature gradient from equator to pole is
about 5 K on a sigma surface at the top of cloud layer. Initiated
from this initial condition, the model is integrated for 5 Earth

years.

3.3 Results

In the control run in which the solar heating is excluded
for simplicity, the superrotation decreases a little in the cloud
layer (50 - 70 km) due to unstable modes of growing vortices.
Figure 4 shows the horizontal cross sections of snapshots of
vorticity disturbances, zonal mean horizontal flow, and zonal
mean temperature at 54 km. Clearly, a vortical structure of
wavenumber 5 and 6 grows at the middle latitudes. They have
significant amplitude later. These growing vortices decrease
superrotating flow where they evolve. After they grow to
significant amplitude, their horizontal structures change.

Figure 5 shows longitude-height cross sections of meridional
flow (a), temperature deviation (b), and vertical flow (c) at 45°N
where unstable modes grow at the initial stage of 30 days. The
phases of these disturbances are tilted from down-east to up-
west. In addition, they are out of phase. That is, while cold air
flows downward and southward, warm air flows upward and

northward. This is a typical structure of baroclinic instability.

These structures of unstable modes are almost consistent with
those reported in the previous linear stability analysis. Since
stable layer exists below the cloud layer and density in the
lower layer is large, unstable mode does not extend to the lower
layer. Next we investigate momentum and heat transport by
growing vortices. It is found that zonal flow is accelerated by
unstable modes using available potential energy in the initial
stage of baroclinic instability. Thus, momentum flux converges
to the position where the baroclinic modes develop, and heat
flux is negative in the northern hemisphere, that is, heat is
transported from equator to pole. In order to examine how
baroclinic instability depends on static stability, several vertical
distributions of static stability are used. With static stability
slightly larger than that assumed in the control run, baroclinic
instability does not take place. However, with static stability
smaller than that assumed in the control run in the bottom
of the cloud layer, baroclinic modes develop and contribute
to transport of angular momentum from middle latitudes to
equator around 70 km. This momentum transport accelerates the
superrotation in the equatorial region.

We also perform simulations with two patterns of solar
heating. The zonal mean zonal flows at 1440 days for the runs
with the zonally averaged solar heating (a) and with the solar
heating with diurnal variation (b) are shown in Fig. 6. There are

mid-latitude jets at about 80 km due to meridional circulation
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Fig. 4 Snapshots of horizontal cross section of vorticity disturbance (left), latitudinal profiles of zonal mean zonal flow (center) and zonal mean

temperature (right) at 54 km at 30 days.
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Fig. 5 Longitude-height cross sections at 45°N of meridional flow disturbance (a), temperature disturbance (b), and vertical flow at 300 days.
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Fig. 6 Latitude-height cross sections of zonal-mean zonal flow for the cases of zonal-mean solar heating (a) and solar heating with diurnal variation (b)

at 1440 days.

driven by the zonal-mean solar heating. In contrast, for the
run with the diurnal variation the mid-latitude jets are not so
clear. Velocity of the zonal-mean zonal flow is almost constant
from the equator to the mid-latitudes at about 70 km. Faster
superrotation (120 m/s) is generated in this region, while strong
deceleration of zonal-mean zonal flow above 80 km is observed,
which may be due to thermal tides generated by solar heating,
as pointed by the previous study [18]. Further analysis is needed
to explain why the superrotation is accelerated.

So far, there are no observations of baroclinic instability on
Venus, though they are considered to be important [19]. The
present study suggests the baroclinic modes could exist in the
Venus cloud layer. It is also expected that the baroclinic modes
have a significant impact on the general circulation on Venus
through momentum and heat transportation. It is important
to take the realistic static stability into account to investigate
dynamics at the cloud levels. It is also worthwhile to compare
the results with observations brought by Venus Express.
Interesting phenomena, such as polar vortices, have been
reported in recent years.

Finally, we carried on only short term integrations initiated
from superrotating flow in this study. For future work, we
plan to perform long time numerical simulations with several
experimental configurations. As is frequently discussed on
Gierasch mechanism, several unstable modes are candidates
to transport momentum from pole to equator [20]. Long time
numerical simulations initiated from superrotation would be
one of the promising ways to investigate statistical roles of
disturbances, including baroclinic modes, on the superrotation.
Further study with high resolution simulations and a
realistic radiative transfer process may reveal the generation
and maintenance mechanism of the Venus atmospheric

superrotation.
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