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Medium and 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), and an accurate radiative transfer model for the Venus
atmosphere has been constructed to extend the model toward the calculations of the Venus atmosphere. Our aim is to have insights
into the dynamical features of atmospheric small and medium scale disturbances in the Earth-like atmospheres and their roles in the
general circulations. Confirmation of the results of Martian simulations obtained until last fiscal year is also an important task because
a bug in estimation of surface fluxes was found in the model. The results of the simulation with horizontal grid size of about 44 km
show that many kinds of atmospheric small and medium scale disturbances, such as, medium scale vortices in the lee of Alba Patera
and small scale vortices in low latitudes, are represented. It is confirmed that these features are qualitatively similar to those reported
until last year. The analysis of distribution function of surface stress suggests that the small scale disturbances in low latitude are
important to generate large surface stress. Toward the high resolution simulations of the Venus atmosphere with realistic radiative
forcing, an accurate radiative transfer model of the Venus atmosphere has been constructed. In order to construct the model, four
absorption line profiles of CO, proposed by past studies were tested and the most promising line profile that leads to a reasonable
temperature structure has been determined for a new radiation model. Incorporation of this model into the AFES will produce the first

reliable general circulation simulation of Venus atmosphere.

Keywords: planetary atmospheres, superrotation, dust storm, Earth, Mars, Venus

1. Introduction model of the Venus atmosphere has been constructed toward
The structure of the general circulation differs significantly performing the simulations of the Venus atmosphere with
with each planetary atmosphere. For instance, the atmospheres realistic radiative forcing. In the followings, the particular
of the slowly rotating Venus and Titan exemplify the targets of each simulation, the physical processes utilized, and
superrotation, while the weak equatorial easterly and the strong the results obtained are described briefly.
mid-latitude westerly jets are formed in the Earth's troposphere.
The global dust storm occurs in some years on Mars, but 2, Mars simulation
a similar storm does not exist in the Earth's atmosphere. ~ 2.1 Targets of simulations
Understanding the physical mechanisms causing such a variety It is well known that a certain amount of dust is always
of structures of the general circulations of planetary atmospheres suspended in the Martian atmosphere and the radiative effect of
is one of the most interesting and important open questions of  dust has important impact on the thermal budget of the Martian
the atmospheric science and fluid dynamics. atmosphere. However, the physical mechanisms of dust lifting
The aim of this study is to understand the dynamical have not been well understood. It has been implied that the
processes that characterize the structures of each planetary effects of wind fluctuations caused by small and medium scale
atmosphere by simulating circulations of those planetary disturbances would be important for the dust lifting processes.
atmospheres by using general circulation models with the Until the last fiscal year, the features of disturbances and dust
common dynamical core of the AFES [1]. Appropriate physical lifting amount at northern fall and summer were investigated.
processes are adopted for each planetary atmosphere. In our However, a bug in estimation of surface momentum and heat
project so far, we have been mainly performing simulations fluxes was found in the model. The disturbances near the surface

under condition of Mars. In addition, the accurate radiation may be strongly affected by the surface momentum and heat
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fluxes. In this fiscal year, after fixing the bug, the simulations are
performed to confirm the features of atmospheric disturbances
reported by the last year, and the distribution function of surface
stress in the model is examined to have implications on effects

of atmospheric disturbances on dust lifting.

2.2 Physical processes

The physical processes used for the Mars simulations
are introduced from the Mars GCM [2, 3] which has been
developed in our group so far. The implemented physical
processes are the radiative, the turbulent mixing, and the
surface processes. Before performing simulations, a bug found
in estimation of surface process was fixed. By the use of this
GCM, the simulations in northern fall condition are performed.
Resolutions of simulations are T79L96 and T159L.96, which are
equivalent to about 89 and 44 km horizontal grid sizes. In the
simulation performed in this fiscal year, the atmospheric dust
distribution is prescribed, and the dust is uniformly distributed
in horizontal direction with an amount corresponding to visible
optical depth of 0.2. But, the dust lifting parameterization [4] is
included in the model, and the possibility of dust lifting can be

diagnosed in the model.
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Fig. I Global distribution of vorticity at the 4 hPa pressure level at
northern fall with the resolution of T159L96. Unit of vorticity
is 10° 5. Also shown is the areoid (solid line) and low latitude

360

2.3 Results

Figure 1 shows a snapshot of global distribution of relative
vorticity at the 4 hPa pressure level at northern fall obtained
from T159L96 simulation. In the simulation, many kinds
of atmospheric disturbances can be observed. One of the
most striking features is the baroclinic wave whose zonal
wavenumber is 2-3. Associated with this wave, fronts are
observed as elongated vorticity features. In addition to this large
scale wave, small scale disturbances can also be observed. One
of examples is medium scale vortices in the lee of Alba Patera
around 255°E, 40°N. Analysis of circulation around Alba Patera
suggests the interaction between mean wind and mountain and
diurnally varying slope wind would cause this vortex generation.
Small scale disturbances of another type are a lot of small scale
vortices in low latitude. These vortices are generated in the
afternoon and dissipated in the night. It is suggested that these
would be an appearance of convective activity represented in the
model. These results are qualitatively similar to those reported
until last year although the calculation of surface flux is changed
by fixing the bug.

The distribution functions of surface stress are analyzed to
examine the effects of small and medium scale disturbances

on dust lifting. Figure 2 shows the distribution functions of
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Fig. 2 Distribution functions of surface stress obtained
from T159L96 resolution simulation (red), and
T79L96 resolution simulation (green).

polar cap edge (dashed line). Gray areas represent mountains at

the 4 hPa pressure level.
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from T159L96 simulation, equatorward of 30
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latitude (green).
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surface stress at low latitude except for Valles-
Marineris (VM) (red), VM (green), and Hellas
basin (blue).



surface stress obtained from T159L96 and T79L96 resolution
simulations. The distribution function from T1591L.96 simulation
shows a large surface stress tail. The maximum surface stress
in T159L96 simulation is about 1.5-2 times larger than that in
T79L96 simulation. Diagnostics of possibility of dust lifting by
dust lifting parameterization included in the model shows that
the large surface stress shown in T159L.96 simulation causes the
dust lifting in the model.

In order to have implications for phenomena causing high
surface stress, the latitudinal dependence of distribution function
is examined. It is shown that the large surface stress tail is
generated in low latitude region (Fig. 3). This simply implies
the importance of disturbances in low latitude. At the same time,
this also implies that the baroclinic waves and fronts in northern
middle and high latitude do not play important roles in view of
generating large surface stress.

Finally, the regional dependence of distribution function is
examined by picking up two characteristic topography features,
Hellas basin and Valles-Marineris (VM). However, it is shown
that the large surface stress tail is not observed in distribution
functions in these regions (Fig. 4). The analysis of circulation
implies the importance of steep slope to generate atmospheric
disturbances. But, disturbances in such regions do not have
significant impact in view of generating large surface stress in

our model and in our current resolution.

3. Venus simulation
3.1 Targets of simulations

Numerical simulations of the Venus atmospheric circulation
have been actively made in recent years [5, 6, 7, 8, 9]. In
most models used in these simulations, the radiative transfer
process is represented by the Newtonian cooling. However, this
approximation cannot be justified for the Venus atmosphere
whose opacity is extremely large in the infrared region. In

order to investigate the Venus atmospheric circulation, we
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Fig. 5 Radiative equilibrium temperature profiles obtained for the cases
1-5 by using the Fukabori line profile. The red line shows the
observed temperature profile.
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must develop a radiative transfer model applicable to the Venus
atmosphere and to the AFES.

3.2 A new radiative transfer model

The Venus atmosphere consists of the vast amount of
carbon dioxide (CO,), which leads to high pressure and
high temperature in its lower atmosphere. In this situation,
representation of the pressure broadening of CO, absorption
lines is quite important for constructing an accurate radiative
transfer model. The broadening of the absorption line is usually
represented by the Lorentz profile. However, it is well known
that the infrared absorption due to CO, is overestimated by
the Lorentz profile, and several profiles have been proposed
as a substitute for the Lorentz profile. In the present study, the
following line profiles are used to obtain temperature profiles
in the radiative and radiative-convective equilibrium states [10,
11, 12, 13]: Lorentz profile, profile by Tonkov et al. (1996),
profile by Fukabori et al. (1986), and profile by Meadows and
Crisp (1996). Collision induced absorption (CIA) is also taken
into account [14]. It is assumed that the H,O absorption line is
represented by the Lorentz profile.

A radiative transfer model constructed in the present study
is based in the correlated k-distribution method. A wavenumber
region of 0-6000 cm™ is taken into account, and divided into 30
channels. It is assumed that the H,SO, cloud is optically "grey"
and its optical thickness is 10. An atmospheric layer of 0-80 km
is divided into 50 layers in the following calculations. A vertical
profile of the solar heating is based on the observations [15].
Vertical convection is represented by the vertical eddy viscosity
based on the mixing length theory. Radiative and radiative-
convective equilibrium temperature profiles are obtained for the
following conditions:

e Case 1: CO, only (CIA is excluded)

e (Case 2: Case 1 + CIA

e C(Case 3: Case 2 + H,0O
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Fig. 6 The same as Fig. 5, but for the radiative-convective equilibrium.
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e (Case 4: Case 3 + H,SO, cloud (constant k p)
e C(Case 5: Case 3 + H,SO, cloud (constant k).

In this report, results obtained by the Fukabori profile are

shown in Figs. 5 and 6. These results and others (not shown

h

ere) can be summarized as follows:
Temperature profiles close to the observed one can be
obtained by using the line profiles of Fukabori et al. [12] and
Meadows and Crisp [13].
Realistic radiative transfer model for the Venus atmosphere
may be constructed by these line profiles.
In the radiative equilibrium states, the temperature profiles
are super-adiabatic from the surface to 10-80 km (the top
level depends on the CO, line profiles). The temperature at
the surface is much higher than the observed one.
In the radiative-convective equilibrium states, a
convective layer is formed from the surface to 30-50 km.
The temperature at the surface strongly depends on the
temperature at the cloud bottom.

See Takagi et al. [16] for more details of the new radiative

transfer model.

In order to simulate the Venus atmospheric circulation

and investigate the generation mechanism of the atmospheric

superrotation, we are going to carry out numerical simulations

with the AFES combined with the new radiative transfer model.

References

[1] Ohfuchi, W., H. Nakamura, M. K. Yoshioka, T. Enomoto,
K. Takaya, X. Peng, S. Yamane, T. Nishimura, Y.
Kurihara, and K. Ninomiya, 10-km Mesh Meso-scale
Resolving Simulations of the Global Atmosphere on the
Earth Simulator - Preliminary Outcomes of AFES (AGCM
for the Earth Simulator) -, Journal of the Earth Simulator,
1, 8,2004.

Takahashi, Y. O., H. Fujiwara, H. Fukunishi, M. Odaka,
Y.-Y. Hayashi, and S. Watanabe, Topographically induced
north-south asymmetry of the meridional circulation in
the Martian atmosphere, J. Geophys. Res., 108, 5018,
doi:10.1029/2001JE001638, 2003.

Takahashi, Y. O., H. Fujiwara, and H. Fukunishi, Vertical
and latitudinal structure of the migrating diurnal tide in
the Martian atmosphere: Numerical investigations, J.
Geophys. Res., 111, E01003, doi:10.1029/2005JE002543,
2006.

Newman, C. E., S. R. Lewis, and P. L. Read, Modeling
the Martian dust cycle 1. Representation of dust
transport processes, J. Geophys. Res, 107, 5123,
doi:10.1029/2002JE001910, 2002.

Yamamoto, M and M. Takahashi, Dynamics of Venus'
superrotation: The eddy momentum transport processes
newly found in a GCM, Geophys. Res. Lett., 31, L09701,
doi:10.1029/2004GLO19518, 2004.

36

(7]

(8]

Takagi, M and Y. Matsuda, Effects of thermal tides on the
Venus atmospheric superrotation, J. Geophys. Res., 112,
D09112, doi:10.1029/2006JD007901, 2007.

Lee, C., S. R. Lewis, and P. L. Read, Superrotation in a
Venus general circulation model, J. Geophys. Res., 112,
E04S11, doi:10.1029/2006JE002874, 2007.
Hollingsworth, J. L., R. E. Young, G. Schubert, C. Covey,
and A. S. Grossman, A simple-physics global circulation
model for Venus: Sensitivity assessments of atmospheric
superrotation, Geophys. Res. Lett., 34, L05202,
doi:10.1029/2006GL028567, 2007.

Kido, A and Y. Wakata, Multiple equilibrium states
appearing in a Venus-like atmospheric general circulation
model, J. Meter. Soc. Japan, 86, 969-979, 2008.

Pollack, J. B., J. B. Dalton, D. Grinspoon, R. B. Wattson,
R. Freedman, D. Crisp, D. A. Allen, B. Bezard, C.
DeBergh, L. P. Giver, Q. Ma, and R. Tipping, Near-
Infrared Light from Venus' Nightside: A Spectroscopic
Analysis, Icarus, 103, 1-42, 1993.

[11] Tonkov, M. V., N. N. Filippov, V. V. Bertsev, J. P.

Bouanich, Nguyen Van-Thanh, C. Brodbeck, J. M.
Hartmann, C. Boulet, F. Thibault, and R. Le Doucen,
Measurements and empirical modeling of pure CO,
absorption in the 2.3-um region at room temperature:
far wings, allowed and collision-induced bands, Applied
Optics., 35, 4863-4870, 1996.

[12] Fukabori, M., T. Nakazawa, and M. Tanaka, Absorption

[13]

[16]

properties of infrared active gases at high pressures. I
CO,, J. Quantitative Spectroscopy and Radiative Transfer,
36, 265-270, 1986.

Meadows, V. S. and D. Crisp, Ground-based near-infrared
observations of the Venus nightside: The thermal structure
and water abundance near the surface, J. Geophys. Res.,
101, 4595-4622, 1996.

Moskalenko, N. 1., Yu. A. Il'in, S. N. Parzhin, and L. V.
Rodionov, Pressure-induced IR radiation absorption in
atmospheres, Izvestiya, Atmos. Oceanic Phys., 15, 632-
637, 1979.

Tomasko, M. G., L. R. Doose, P. H. Smith, and A.
P. Odell, Measurements of the flux of sunlight in the
atmosphere of Venus, J. Geophys. Res., 85, 8167-8186,
1980.

Takagi, M., K. Suzuki, H. Sagawa, P. Baron, J. Mendrok,
Y. Kasai, and Y. Matsuda, Influence of CO, line profiles
on radiative and radiative-convective equilibrium states of

the Venus lower atmosphere, J. Geophys. Res., in press.



Chapter 1 Earth Science

AFES ZH\W7-HERIRE O KA KR Y I 2 —3 3 v

Tuv s VEMLH

o R MERY RFBEEATIER

e

N A MRS RFBEHAATIER

EAR AEBA FRS:  RFABE RS
mtG e MRS KA B PLEA e R

KEKRIEERE 7V AFES (AGCM (Atmospheric General Circulation Model) for the Earth Simulator) (2355 < GCM % v
T RERZOBEMREERGAAMBERY I 2L —Ya v aFEi L7z, o, ERERGGEHAOIELZ B L T BHE
DERRTBFTETNVERMEL 2o Trx OFE0 HigZ, BRI KSIZB T 2 H/NRBERLO D20 E . 20
KEAKMEERANOKBELFRL L TH D, Tz HEFREICHRIIBIT2 77 v 7 ZOFEICBW IR S
o, I TORERA Y Iab—2 a3 VORREMRT LI LD SFEOEELBNTH 5o KT HHERER
44 km DIFFETORKERRY I 2L —2 3 Y &2T o8 R. TN - 87 FHIROJE T T o SRR AR E T o/
BIBLHAE & Vo 7ok 4 e REAEELAIRBL S Nz SO ORI, WEEEZ T ONTw2d o L kNIRRT H
5 Z ENMER S NIz FHERAR T TR OGAAEICOWTIHEN 21T o728 25, RHEETH U 5 /MNEEE
GLOSKE RMEOMKREIS N ZER TS ETHEHETH S Z EARB I Nz, F72. HENRMBIEHZ 5 2 242 KAD
EIMEERAKRIEER Y I 2L —2 3 YOFEMICINT T, SHEORFETNVEMBEL 2. T VHESEIIBWTIE, BT
HFETIRES NIz 4 DO CO, WA Z 7 2 b L. BUZH 7% - 72 HEREE O/ S 2 WIGRAL % Jug Lz, Z ORSTE
FIV & AFES IEA L TEISHEZ4T) 2 EI2E D, A1 TORBIHICE 5 82 KADKAKRIEERERZ 1TV 720,

F—U—FREKRKK, A——0u—7— 3y, FAMRM—2a MK KE, &A

37





