Fujita et al. Earth, Planets and Space (2016) 68:51
DOI 10.1186/s40623-016-0428-y

Open Access

PREFACE

Extremely severe space weather
and geomagnetically induced currents
in regions with locally heterogeneous ground
resistivity
Shigeru Fujita1*, Ryuho Kataoka2, Ikuko Fujii1, Antti Pulkkinen3 and Shinichi Watari4
Large geomagnetically induced currents (GICs) triggered
by extreme space weather events are now regarded as one
of the serious natural threats to the modern electrified
society. The risk is described in detail in High-Impact,
Low-Frequency Event Risk, A Jointly-Commissioned
Summary Report of the North American Electric Reliability Corporation and the US Department of Energy’s
November 2009 Workshop, June 2010. For example, the
March 13–14, 1989 storm caused a large-scale blackout affecting about 6 million people in Quebec, Canada,
and resulting in substantial economic losses in Canada
and the USA (Bolduc 2002). Therefore, European and
North American nations have invested in GIC research
such as the “Solar Shield project” in the USA (Pulkkinen et al. 2009, 2015a). In 2015, the Japanese government (Ministry of Economy, Trade and Industry, METI)
acknowledged the importance of GIC research in Japan.
After reviewing the serious damages caused by the 2011
Tohoku-Oki earthquake, METI recognized the potential
risk to the electric power grid posed by extreme space
weather. During extreme events, GICs can be concerning
even in mid- and low-latitude countries and have become
a global issue.
From the scientific and technological aspect, GIC studies are interdisciplinary and include research in Earth’s
electromagnetism, magnetospheric and ionospheric
physics, interplanetary physics, and solar physics. The
GIC is determined by the geomagnetically induced electric field (GIE) and the DC characteristics of the electric
power grid. GIEs are controlled by magnetic variations in
the ground and the Earth’s resistivity. Ground magnetic
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variations are composed of magnetic variations caused
by magnetospheric and ionospheric disturbances and
by currents induced in the ground. The magnetospheric
disturbances in turn are driven by coronal mass ejections
and other solar disturbances transmitted through interplanetary space. Furthermore, the effective application
of a GIC study (e.g., disaster mitigation) requires assessment of how large and how often severe GICs occur in a
specific area. Thus, the frequency of severe space weather
events also needs to be characterized. At the same time,
the heterogeneous distribution of the ground resistivity is important to assess local enhancements of the GIE.
Scientists try to understand extreme space weather and
predict a realistic GIC, and this special issue of 19 papers
publishes recent research achievements about extremely
severe space weather and the GIC in the realistic heterogeneous ground resistivity structure.
The influence of the heterogeneous resistivity structure is important for the reproduction of realistic GIEs
and GICs from magnetic storm data. Ten papers in this
collection address this topic. The influence of the heterogeneous resistivity structure to GIEs is investigated
using the geoelectric data obtained continuously at Japanese magnetic observatories (Fujii et al. 2015). Love and
Swidinsky (2015) also discuss the geoelectric data from
the Kakioka Magnetic Observatory based on a twolayer lithosphere model. Goto (2015) calculates the GIE
in the coastal zone with a strong spatial gradient in the
resistivity and in the seafloor region with a homogeneous resistivity structure. Alekseev et al. (2015) construct
the heterogeneous resistivity structure in the Earth,
which is important for the evaluation of the GIEs. Pulkkinen et al. (2015b) demonstrate that the GIEs also can
be locally enhanced when the source structure is highly
heterogeneous. Next, realistic reproduction of GIEs and
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GICs from the magnetic storm data is reported by several papers. Püthe et al. (2014) calculate the GIE on the
ground with heterogeneous resistivity structure driven
by a real magnetic storm and accurately predict the GIE
using their model. Beggan (2015) performs numerical
studies of the GIE driven by the auroral electrojet. Beggan
also uses a thin sheet model and estimates the GIC using
electric power grid data from the UK. Watari (2015) predicts the GIC by using the transfer function between the
observed GICs and the magnetic variations in Hokkaido,
Japan. This technique was developed by Pulkkinen et al.
(2007). Torta et al. (2014) study the GIC in the electric
power grid in Spain by using a plane-wave model with
uniform ground resistivity. Last, Xu et al. (2015) evaluate
the induction effects driven by the magnetospheric ring
current.
In space science and solar physics, detailed dynamics of the severe space weather events are still poorly
understood. In addition, because GICs have societal
implications, it is important to know the frequency of
occurrence of severe space weather events. Therefore,
we need to investigate the properties of large solar eruptions that can trigger extreme space weather events and
can also transport of high-energy solar particles to the
Earth. Nine papers discuss these topics. First, four papers
discuss the physical processes associated with extreme
magnetospheric disturbances such as the Carrington
storm of September 1859 (the largest magnetic storm
on record) (Keika et al. 2015), the March 13–14, 1989
magnetic storm (Nagatsuma et al. 2015), and the sudden
commencement (SC) in 1940 (the largest SC since 1868)
(Araki 2014). Keika et al. (2015) discuss the rapid recovery of the Carrington storm that may have been caused
by the flow-out of the ring current associated with fast
magnetospheric plasma convection. Nagatsuma et al.
(2015) describe magnetospheric processes such as a long
duration of the geosynchronous magnetopause crossing during the March 1989 storm, which lacks interplanetary data. They estimate interplanetary magnetic
field (IMF) Bz of about −50 nT and solar wind speed of
about 960 km/s. Similar to the large SC study by Araki
(2014), Kubota et al. (2015) study characteristics of large
SCs modeled with a global magnetosphere–ionosphere
coupled MHD simulation. Next, three papers deal with
statistical studies of the magnetospheric disturbances.
Nakamura et al. (2015) study the auroral electrojets, and
Minamoto et al. (2015) address the magnetic storms and
SCs observed by the Kakioka Magnetic Observatory.
The frequencies of occurrence of severe space weather
are useful not only to the scientists but also to society.
Hayakawa et al. (2015) present the historical records of
auroras observed during the Chinese dynasty (Song) in
tenth–thirteenth centuries. The last two papers report
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the characteristics of extreme solar flares and associated
interplanetary transport of the energetic solar particles.
Maehara et al. (2012, 2015) discuss the possibility of a
super solar flare (Maehara et al. 2012) based on the solar
type of stars observed by the Kepler space telescope.
Kubo et al. (2015) present a model reproducing the transport of energetic solar particles that can pose a hazard to
satellites.
Between 2011 and 2015, we held annual symposia about
extreme space weather and a special symposium celebrating the centennial anniversary of geomagnetic observation at the Kakioka Magnetic Observatory in 2013. The
intensive discussions at these symposia between participants from different fields stimulated deep insight into
physical processes of these events, and a special issue was
planned. In addition, a new Japanese research project
about space weather (PSTEP—Project for Solar-Terrestrial Environment Prediction) will be conducted between
2015 and 2019 (http://www.pstep.jp/?lang=en). This project will support research on solar physics, interplanetary
physics, magnetospheric physics, and GICs as well as
research on the sun–climate relationship. The topics covered in this special issue provided an important springboard for the PSTEP project.
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