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Simulation of Venus atmospheric circulation with a tilt of rotation axis
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The tilt of the rotation axis of Venus is very small (about 2.6 deg), so that its effect (seasonal variation) has not been studied
well. Seasonal variations are unlikely near the surface because the radiative relaxation time can be as long as tens of thousands
of Earth days. On the other hand, around altitudes of 60-70 km, the radiative relaxation time is from few tens to several Earth
days, not much different from that of the Earth atmosphere, and the effect of the rotation-axis tilt is not necessarily negligible.
Yamamoto and Takahashi (2007) numerically investigated the effect of the rotation-axis tilt on the Venusian atmospheric
circulation and found that the influence to the strength of the superrotation by a tilt of 2.6 deg was negligible. Based on
this result and also for simplicity of setup, the tilt of the rotation axis has been omitted in Venus atmospheric simulations
performed by many groups in the world. In recent decades, the Venus Express and Akatsuki have provided estimates of the
horizontal wind distribution at cloud-top altitudes (around 65 km). In addition, Venusian atmospheric simulations with high
resolution have enabled us to express circulation structures in details. In other words, it is now possible to discuss the spatial
structure of Venusian atmospheric circulation including superrotation.

In this study, we performed a Venusian atmospheric simulation including the tilt of the rotation axis. AFES-Venus (Sug-
imoto et al., 2014) was used for the numerical model. Although AFES-Venus is a dynamical model that uses simplified
radiative processes and omits cloud microphysics and topography, the introduction of a low-stability layer and the use of
high resolution lead us to represent observationally consistent structure such as the cold collar (Ando et al., 2016) and the
planetary-scale streak structure (Kashimura et al., 2019). In this study, we performed a time-integration for 6 Venus years
with a horizontal resolution of 1.4 deg x 1.4 deg (T85) and 120 layers (dz = 1 km) in vertical; the rotation-axis tilt is 2.6 deg
and an idealized superrotational flow is used for the initial state. Other (resolution-independent) settings are the same as those
in Kashimura et al. (2019).

The numerical results show significant seasonal variations above an altitude of 60 km. In particular, the mid-latitude zonal
wind jet was about 10 m/s stronger in the winter hemisphere than in the summer hemisphere. For the mean meridional cir-
culation, both a direct circulation in low-latitudes and an indirect circulation in the mid-latitudes are stronger in the winter
hemisphere. The enhancement of the indirect circulation suggests the enhancement of baroclinic instability. However, eddy
fluxes of the angular momentum are poleward from the jet’s core and work to weaken the jet. On the other hand, along the
direct circulation in low-latitudes, an isomomentum region extends poleward. This suggests that, like the subtropical jet in
the Earth atmosphere, the jet was enhanced as a result of increased angular momentum transport due to the enhanced and
expanded low-latitude direct circulation (Hadley circulation). Such a north-south asymmetry of about 10 m/s in zonal winds
is also suggested by the Akatsuki observations (Horinouchi et al., 2018). Thus, analyses considering Venusian seasons are
coming to be important both for observational and numerical studies.
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