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Hydrodynamic escape of the early atmosphere of a terrestrial planet and the effect of
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There are very small D contents in the atmosphere and on the surface of contemporary terrestrial planets compared to the
H>O contents in proto-atmosphere and in accreting materials during the late-stage accretion (late veneer). To remove this lar
H->O contents, massive escape to space and/or to underground is needed. Hydrodynamic escape is a mechanism that could ce
a massive atmospheric escape. It is thought that it has influenced the evolution of planetary atmospheres. Solar flare is ol
of the candidates that exert a large influence on atmospheric escape. In Ichikawa et al. (2012), we investigated the influenc
of a solar flare on the structures of the Martian and Venusian thermospheres for the present day and the past (3.6 Gyer agt
where enhancement of the solar EUV radiation associated with a solar flare and its temporal heating of the upper atmospher
were considered. As a result, it was shown that the variation in the location of the upper boundary of atmosphere (exobase)
remarkable both at the present day and the past. Additionally, it is expected that solar flares have a larger energy and a high
frequency of occurrence in the past. Then, the influence of the solar flares for atmospheric escape may have been more signific:
than that considered in Ichikawa et al. (2012).

To consider the effect of solar flares, a model that is able to trace the time variation of the upper atmosphere is need. Sever
numerical models have been developed to solve the hydrodynamic escape problem. However, they limited the bulk velocity o
atmosphere to subsonic and could not trace the time variation. Recently, Tian et al. (2005) developed a numerical transon
hydrodynamic escape model that can trace the time variation. The model enabled to estimate a more realistic escape rate. Ti
et al. (2008) developed a multi-component model that ignored time variation (limit the bulk velocity of atmosphere to subsonic),
and applied it to the present Earth’s thermosphere under extreme solar EUV conditions, and showed how the vertical structur
of the Earth’s thermosphere change responding to the change in the solar EUV radiation. Sasaki (2008) developed a transor
multi-component hydrodynamic escape model, and applied it to the problem for the water loss and the fractionation of noble ga
from early Venus atmosphere.

In this study, we investigate the time variations of the atmospheric structure and atmospheric components under the influenc
of solar flares in early epoch. However, previous models have a difficulty in investigating their time variations. For example,
the model of Tian et al. (2008) cannot trace time variation and that of Sasaki (2008) does not consider the effegtd®f CO
micrometer cooling and chemical reactions. So, in this study, we develop a numerical transonic hydrodynamic escape model t
trace the time variations, and examine the influence of solar flares on the escape rate. In Ichikawa et al. (2012), it was shown th
the altitude of the upper boundary of atmosphere (exobase) and the exobase temperature increase responding to the occurre
of a solar flare. Then, it was suggested that the escape rate of atmosphere also increases. Moreover, the effect of chemi
reactions may influence significantly on the escape rate of O atoms. Additionally, when the intensity of the solar EUV radiation
increases associated with a solar flare, the contents of O atoms would increase becaphet@dissociation would proceed
more effectively. Then, the escape rate of O atoms is expected to increase. In this study, we investigate the influences of sol
flares on the escape rate of O: (1) the increase of the escape rate, (2) variation of the atmospheric components and the result
variation of the O atom escape rate.
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