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Simulations of the solar wind: toward the physics-based space weather prediction
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Due to the widespread social infrastructures using space technologies, the human society becomes vulnerable to space
weather disturbances that originate from the solar activities. Space weather forecasting, the technology to predict these
disturbances in advance, will become increasingly important. One of the most important factors in space weather forecasting
is the solar wind velocity and its spatial structure. To qualitatively and accurately predict them from other observables, it
is necessary to we need to solve multiple unsolved problems, including: 1) the global structure of the solar magnetic field,
2) the density and velocity of the solar wind corresponding to each magnetic field structure (magnetic field line), and 3) the
propagation of the solar wind from the vicinity of the Sun to the Earth. In the current widely used models, space weather
forecasting is realized by predicting the global magnetic field by the potential-field source-surface method (PFSS method)
and the empirical model of the solar wind velocity. Global MHD simulations of the heliosphere (e.g. SUSANOO) usually
uses such empirical models as their inner boundary. However, it has been found that the optimal parameters of the empirical
solar wind velocity, which is the basis of the space weather model of this kind, vary greatly with solar activity cycle and
solar rotation phase. In addition, the empirical models are found to be incapable of reproducing the solar wind velocity in
some specific magnetic configurations. The limited performance of the empirical model is one of the major obstacles to
high-precision space weather forecasting.

In this study, we evaluate the performance of the first-principle solar wind simulations in predicting the solar wind
velocity to investigate the possibility of a physics-based solar wind velocity model and space weather forecast model. In
recent years, solar wind simulations have made rapid progress, and together with observations by the Parker Solar Probe, we
have been able to reproduce the solar wind with very high accuracy. In particular, the model that the solar wind is heated
and accelerated by magnetohydrodynamic waves has been found to be promising. In this study, we calculate the global
magnetic field structure of the Sun using the PFSS method, simulated the solar wind acceleration along each magnetic field
line based on wave scenario, and compared the obtained solar wind velocity with the IPS observation data to evaluate the
velocity prediction performance of the simulation. The simulation results show that the physical model is able to predict the
solar wind velocity at high latitudes with much higher accuracy than the existing WSA method. On the other hand, in the
mid-to-low latitudes, the performance of the physical model was comparable to that of the WSA method. However, it cannot
be said that the physical model is inapplicable in the mid-to-low latitudes because both the extrapolation of the magnetic field
is prone to large errors in such regions. Our results imply that physics-based space weather forecasting, with the physics-
based prediction of solar wind speed, is highly feasible.
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