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Solar activities may seriously impact terrestrial environment as well as our infrastructure in different manners. However, our

predictability of solar activities and the influence upon the Earth is substantially hindered, because the evolution mechanism of solar

activities and the causal relationship between the solar variation and the climate change are not yet well understood. The objective

of the Earth Simulator Project “Simulation Study of Solar-Terrestrial Environmental System” is to advance our understanding for

the variability of terrestrial environment caused by the dynamics in space including the Sun. In FY 2015, we have continued the

development of the several simulation models for space weather and space climate, respectively, particularly for (1) understanding

the mechanism of north-south asymmetry of solar cycle, (2) understanding the mechanism of fast magnetic reconnection in solar

flares, and (3) predicting the coronal mass ejection (CME) that may cause magnetic storm of the Earth.

Keywords: sunspot, solar flare, coronal mass ejection, CME, space weather, space climate

1. Introduction

The solar activities influence the terrestrial environment
and the social system. However, the mechanism whereby the
solar activity may affect the climate is not well understood
yet. Although giant solar eruptive events such as solar flares
and coronal mass ejections (CMEs) may seriously impact the
infrastructure of satellite, power grids, and communication
facilities, our capability to predict the onset and the influence
of solar eruption is still limited. Therefore, the improvement
in our understanding and predictability of the solar-terrestrial
environment is crucially important not only from scientific point
of view but also from the social and economic aspects.

Earth Simulator Project “Simulation Study of Solar-
Terrestrial Environmental System” was established in order to
improve our understanding and predictability of solar-terrestrial
environmental dynamics. In FY 2015, we have continued
the development of simulation studies of solar cycle activity,
magnetic reconnection in solar flares, and coronal mass ejection

as shown in the following sections.

2. Results
2.1 Simulation Study of North-South Asymmetry of
Solar Cycle "

Observations of the Sun suggest that solar activities
systematically create north-south hemispheric asymmetries.
For instance, the hemisphere in which the sunspot activity is
more active tends to switch after the early half of each solar
cycle. Svalgaard & Kamide (2013) recently pointed out that

the time gaps of polar field reversal between the north and
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south hemispheres are simply consequences of the asymmetry
of sunspot activity. However, the mechanism underlying the
asymmetric feature in solar cycle activities is not yet well
understood.

In order to explain the cause of the asymmetry from the
theoretical point of view, we investigated the relationship
between the dipole-type and quadrupole-type components of
the magnetic field in the solar cycle using the mean-field theory
based on the flux transport dynamo model. As a result, we found
that there are two different attractors of the solar cycle, in which
either the north or the south polar field is first reversed as shown
in Fig.1. This results suggest that the flux transport dynamo
model well explains the asymmetry of sunspot activity and the
polar field reversal without any ad hoc source of asymmetry.
2.2 Simulation Study of Fast Magnetic Reconnection !

Magnetic reconnection, which is a change in connectivity of
magnetic field lines in a highly-conducting fluid, plays a crucial
role in explosive conversion of magnetic energy into heat and bulk
kinetic energy. Standard magnetohydrodynamic (MHD) theory
predicts reconnection rate that is far too slow to account for a wide
variety of reconnection events observed in space and laboratory
plasmas. Therefore, it was commonly accepted that some non-
MHD (kinetic) effects play crucial role in fast reconnection. A
recently renewed interest in simple MHD models is associated
with the so-called plasmoid instability of reconnecting current
sheets. Although it is now evident that this effect can significantly
enhance the rate of reconnection, many details of the underlying

multiple-plasmoid process still remain controversial.
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Fig. 1 The evolution of magnetic flux on a meridional plane in the solar cycle simulation.

Thus, we developed a high resolution MHD simulation to
elucidate the issue of fast MHD reconnection by revealing
the small-scale mechanism of its working. Figure 2 shows the
temporal evolution of the scaled reconnection rate for three
different simulations of the cases of S, =10%,10°,10° . Initially,
at 1 <200 , the reconnection rate is slower for higher Lundquist
numbers. At this stage an elongated Sweet-Parker type current
sheet is formed as shown in Fig. 3, which represents temporal
evolution of the magnetic field and the electric current structure
for the case of S, =10,

Then, as time progresses, the aspect ratio of the current
sheet becomes too large, and the sheet breaks up due to
plasmoid instability (z~400 , Panel (c)). After that, a further
growth of plasmoids increases the reconnection rate up to 0.01
at 1=500-600 (Panels (d), (e)). As seen from Fig. 3, between
t~600-700 the central three plasmoids (including Plasmoid 1)
collide and merge, creating the next-generation ones such as
Plasmoid 2. At about the same time (after # ~ 700) an intermittent
fast reconnection with the rate up to 0.02 becomes established,
which is caused by strong electric currents concentrated
adjacent to plasmoids. Importantly, at this stage the global
current sheet becomes bifurcated, forming V-shaped structures
with the vertexes facing plasmoids. The results first indicate

that fast albeit intermittent magnetic reconnection is sustained
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Fig. 2 The evolution of magnetic reconnection rate for three different
magnetic Reynolds number.
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by numerous small-scale Petschek-type shocks spontaneously

formed in the current sheet due to its plasmoid instability.

2.3 Simulation Study of Coronal Mass Ejection "
Coronal mass ejections (CMEs) are the most important
drivers of various types of space weather disturbance. We
developed a newly magnetohydrodynamic (MHD) simulation
of the solar wind, including a series of multiple CMEs with
internal spheromak-type magnetic fields. First, the polarity of
the spheromak magnetic field is set as determined automatically
according to the Hale-Nicholson law and the chirality law
of Bothmer and Schwenn. The MHD simulation is therefore
capable of predicting the time profile of the southward
interplanetary magnetic field at the Earth, in relation to the
passage of a magnetic cloud within a CME. This profile is
the most important parameter for space weather forecasts of
magnetic storms. In order to evaluate the current ability of our
simulation, we demonstrate a test case: the propagation and

interaction process of multiple CMEs associated with the highly
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complex active region NOAA 10486 in October to November
2003, and present the result of a simulation of the solar wind
parameters at the Earth during the 2003 Halloween storms
(Fig. 4). We succeeded in reproducing the arrival at the Earth's
position of a large amount of southward magnetic flux, which is
capable of causing an intense magnetic storm. We find that the
observed complex time profile of the solar wind parameters at
the Earth could be reasonably well understood by the interaction
of a few specific CMEs.
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Fig. 4 Magnetic field lines and velocity distribution of MHD simulation
for solar wind and the CME on Oct. 30, 2003.
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