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Abstract

　　The nationwide intensity map of geomagnetically induced electric fields (GIEs) in Japan 
is presented by using a numerical modeling method. We estimate near-surface resistivity 
distributions from bathymetry and sediment thickness data. GIE intensity distributions are 
computed for external geomagnetic variations at periods of 200, 800 and 3,600 sec. The GIE 
intensity is normalized with respect to the magnetic variation of 100 nT at Kakioka Magnetic 
Observatory. The GIE appears significantly enhanced mainly in coastal areas. In addition, 
the enhancement penetrates a few tens of kilometers inland. From the present calculations, 
we identify the areas where the GIEs can be largely enhanced, these are (1) the northeast 
coast along the Sea of Okhotsk, in Hokkaido; (2) the west coast along the Sea of Japan, in 
southern Hokkaido and Aomori Prefecture (Matsumae-Tsugaru area); (3) the northwest coast 
along the Sea of Japan, in Niigata Prefecture and Toyama Bay; (4) the southwest coast of the 
Pacific Ocean; and (5) the east coast of the Korean Peninsula. Further we need to know the 
geomagnetically induced currents (GICs) in Japan. However, we cannot calculate the GICs in 
Japan because the power line parameters are not disclosed by policy of Japanese power line 
companies.

1.	 Introduction
 The solar flares sometimes result in severe 
geomagnetic disturbances called by the magnetic 
storms. The storms are characterized by the geomag-
netic variations with the amplitudes as large as sever-
al 1,000 nT in the high-latitudes and several 100 nT in 
middle- and low-latitudes like Japan. The storm-time 
magnetic disturbances in the middle- and low-lat-

itudes tend to have large depression in the north-
south component. These geomagnetic disturbances 
are caused by the westward current in the magne-
tosphere (the equatorial ring current). The current 
understandings of the magnetic storm are referred to 
Kamide et al (1997) and references therein.
 The magnetic storms induce an electric field in 
the Earth. Then a potential difference between two 
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neutral points of transformers in an electrical power 
line system. That causes the geomagnetically induced 
currents (GICs). They sometimes damage electrical 
power line systems in high-latitude countries [Kap-
penman, 2005]. For example, a severe GIC resulted 
in a wide-area blackout in 1989 in Canada [Bolduc, 
2002]. Thus, many investigations have studied GICs 
in high-latitude countries [Pulkkinen et al., 2008], but 
few have examined GICs in middle-latitude countries 
[Gaunt and Coetzee, 2007; Torta et al., 2012].
 Japan is among the low-latitude countries where 
GICs have been rarely investigated. The unique re-
port is the GIC intensity measurement at a transform-
er station in central Hokkaido (the northern part of 
Japan) [Watari et al., 2009]. It was as small as several 
Amperes during a moderate geomagnetic storm. 
This value is negligibly small compared with the per-
missible current intensity of a typical transformer. It 
is reported that GICs larger than 100 A sometimes 
cause transformer accidents in the foreign countries 
[Tsuboi and Horiuchi, 1988]. In fact, there have been 
no reports of serious GIC-induced power line failures 
to date in Japan.
 A few recent works have investigated the poten-
tial effects of an extreme geomagnetic disturbance 
[Pulkkinen et al., 2012; Baker et al., 2013]. Such an 
event does not happen frequently, but could cause 
serious damage in developed areas (e.g., widespread 
blackouts). Furthermore, an extreme event could 
affect not only high-latitude countries, but also mid-
dle- and low-latitude regions. For example, the huge 
magnetic storm in 1859 induced the geomagnetic 
variation larger than 1,600 nT at Bombay in India 
[Tsurutani et al., 2003]. (This storm is the biggest 
one among those recorded scientifically in the his-
tory of the geomagnetism research. The intensity 
of this storm is roughly 3-times larger than the 1989 
storm [Tsurutani et al., 2003].) After the 2011 To-
hoku-oki Earthquake, which was the highest-inten-
sity earthquake in Japan in the past 1,000 years, the 
Japanese government is aware of the importance of 
preparing for such a rare but serious event. It should 
be noted that Ministry of Economy, Trade, and In-
dustry announced importance of the basic research 
of GICs in Japan [METI, 2015]. From this viewpoint, 
we should not ignore the potential danger of GIC 
disasters, even in low-latitude countries like Japan. 
Although the results of GIC observation in Hokkaido 

[Watari et al., 2009] seem to indicate that Japan is 
safe from GIC disasters, we cannot simply generalize 
their findings to any GIC accident, because we do 
not know the theoretical maximum intensity of an ex-
tremely severe GIC. For this reason, it is important to 
evaluate the potential effects of an extremely severe 
GIC in Japan.
 Three matters must be investigated simulta-
neously in order to gauge the social ef fects of an 
extremely severe GIC. First, the intensity and occur-
rence rate of extreme severe space weather must be 
evaluated (the space science). Second, intensity of 
the geomagnetically induced electric fields (GIEs) 
must be calculated based on a realistic ground resis-
tivity structure (the geomagnetism). Third, GICs due 
to such extreme disturbances must be quantitatively 
evaluated by using the circuit parameters of power 
line systems are known (e.g., impedances of trans-
mission lines, contact resistances of transformers) 
[Pirjola, 2008]. Thus, the GIC research is interdisci-
plinary.
 Responding to the needs raised by [METI, 
2015], we need to investigate basic information about 
the GICs. For instance, we do not have a nationwide 
intensity map of the GIE at the surface of the Earth. 
The GIE is known to be very sensitive to a local 
electrical resistivity distribution. (Rough estimation 
of GIE in Japan by the electrical engineering paper 
assumed uniform resistivity [Tsuboi and Horiuchi, 
1988]. This treatment is not justified in Japan.) There-
fore, the heterogeneous resistivity structures of the 
ground in Japan whose horizontal scales are compa-
rable to the vertical skin depth (about 10 km for typ-
ical storm-time variations in the ground with resistiv-
ity of 10 Ωm) should be reflected in the estimation of 
the GIE. It is also important to identify areas where 
the GIE intensity is enhanced in Japan for fundamen-
tal investigation of the GIC issues in Japan. We there-
fore focus on estimating the GIE in this paper before 
estimating the GICs.
 Previous modeling studies of the GIE have 
generally assumed a horizontally uniform ground 
resistivity [Pulkkinen et al., 2010]. However, studies 
on the structures of the inside of the Earth have re-
vealed that ground resistivity is significantly hetero-
geneous, both horizontally and vertically [Ferguson 
et al., 2012]. These studies also found that the GIE is 
enhanced at a resistivity boundary, because electric 
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current is continuous across the boundary. There-
fore, anomalously large GIEs are observed in bound-
aries between conductive sea and resistive land (the 
“coast effect”) [Parkinson, 1962]. Therefore, it is ap-

propriate that evaluations of GIE heterogeneity have 
been performed in the U.K. [Beamish et al., 2002; 
McKay, 2004]. Coastal resistivity contrasts substan-
tially affect GIE estimates in the global-scale model-
ing [Püthe and Kuvshinov, 2013].
 Because Japan is an island country, the GIE in 
Japan might also be strongly influenced by the coast 
effect. Geomagnetic transfer functions in Japan are 
strongly affected by resistivity contrasts in coastal 
areas [Fujiwara and Toh, 1996]. This fact means that 
electromagnetic induction patterns in Japan are pre-
dominantly influenced by resistivity heterogeneities. 
In addition, GIE observations in Hokkaido, Japan 
were made with a network of telecommunication ca-
bles a few tens to a hundred kilometers long [Uyeshi-
ma et al., 2001]. Because their GIE distribution was 
resolved on spatial scales as small as several tens of 
km, they concluded that the spatial features of GIEs 
in Hokkaido were roughly reproduced using the re-
gional distributions of sea and land.
 As ground resistivity structure could significant-
ly affect estimates of the GIE and GIC in Japan, GIC 
models from Hokkaido alone [Watari et al., 2009] do 
not generalize directly to the entire country. Thus, it 
is crucial to investigate GICs in other areas of Japan. 
For this purpose, it is important to characterize the 
GIEs using a three-dimensional model of ground re-
sistivity in an appropriate scale.
 The GIE in Japan is modelled by using a realistic 
geomagnetic storm as the induction source, and a 
near-surface 3D resistivity structure estimated from 
bathymetr y and sediment thickness data [Püthe 
et al., 2014]. This research found that GIEs in the 
coastal region significantly exceeded estimates ob-
tained from 1-D resistivity models. However, the 1°
×1 ° mesh size was too coarse to discuss the power-
line-scale spatial heterogeneities that might affect the 
GIE in Japan. This partly motivates the present study. 
In this work, we employ a finer mesh and a heteroge-
neous ground resistivity model to calculate the GIE 
intensity map in Japan.
 The remainder of this paper is organized as 
follows. The next section consists of three sub-sec-
tions that explain the numerical modeling technique 

used in this work. The first sub-section describes 
the numerical technique itself, the second covers the 
construction of the mesh system, and the third deals 
with the ground resistivity structure. The third major 
section describes our numerical results, with a focus 
on local characteristics of GIE intensity. The fourth 
section describes further efforts to characterize GIE 
in detail. The last section summarizes the main re-
sults.

2.	 Method
2.1		Theory
 In order to resolve the spatial distribution of the 
GIEs in and around Japan, we use the global electro-
magnetic induction code of Uyeshima and Schultz 
(2000), with a staggered mesh scheme for finite-dif-
ference calculation of the electric and magnetic fields. 
The magnetic and electric fields are given at the 
corner point of a mesh and at the center of the mesh, 
respectively, as shown in Fig. 1 of Uyeshima and 
Schultz (2000). Given an inductive source external to 
the Earth (this region is henceforth simply referred 
to as “the air”), this code solves for the electromag-
netic induction of a spherical Earth in the frequency 
domain. We use the global code to calculate regional 
induction in order to avoid the difficulties caused by 
horizontal boundaries. We note that this method ig-
nores magnetospheric plasmas.
 To obtain the practical GIE intensity map, it 
is important to model the magnetospheric source 
current in detail. On the other hand, it is sufficient 
to employ one element of the source current for 
fundamental studies of the GIE intensity map itself. 
Each element has a specific frequency, spatial varia-
tions denoted by a unique spherical harmonic, and a 
normalized intensity. The latter approach is naturally 
expanded to the former because any geomagnetic 
field variation can be represented by linear combina-
tions of GIEs from the elementary source current. 
Therefore, we model induction due to a simple ex-
ternal source in the frequency domain; we calculate 
the electromagnetic response of the ground based on 
periodic external magnetic variations as a function of 
frequency.
 We now briefly review how to calculate ground 
induction via numerical modeling. Let the Fourier 
amplitudes of magnetic field variation and the electric 
current variation be denoted B

~
 and J

~
, respectively (the 
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Fourier amplitude of each parameter is denoted by 
the tilde.) The electromagnetic response of the exter-
nal source current (Jext) is expressed by the equation,

 (1)

where r and μ0 are the position and magnetic perme-
ability of a vacuum, respectively. We assume no addi-
tional permeability from other materials.
 The source current, Jext, is given at 10 Earth 
radii (63,710 km) as a boundary condition. It flows 
circularly on the equatorial plane, with the flow di-
rection changing as a function of angular frequency, 
ω. This source current then induces the north-south 
source magnetic field over Japan region. Note that 
we choose this source current as an arbitrarily exam-
ple of a large-scale simple source. This is eventually 
similar to the equatorial ring current of the magnetic 
storm, but we do not intend to simulate the GIEs in 
the magnetic storm. To model magnetic sources with 
arbitrary polarizations, the plane of the source cur-
rent flow is assigned an arbitrary inclination α with 
respect to the equatorial plane. The inclined plane 
intersects the equatorial plane at 137.5°E and 42.5°W  
with inclination angle α: the sense of α is positive 
when current is inclined anticlockwise from east to 
west.
 The induced current J

~
 in Eq. (1) yields an elec-

tric field (E
~

) in the resistive medium, with electrical 
resistivity ρ. Thus, we have

 (2)

 Angular frequencies of storm-time magnetic 
variations are so low that we can neglect polarization 
current [Püthe et al., 2014]. In our modeling, ρ is as-
sumed to be a scalar.
 The induction equation,

 (3)

describes the relationship between the electric and 
magnetic fields. Here, E

~
 and B

~
 are numerically calcu-

lated from given values of ρ and J
~

ext. A more detailed 
description of the numerical technique can be found 
in Uyeshima and Schultz (2000).

2.2		Mesh system
 We employ a biased mesh system with finer 
meshes in Japan and surrounding areas. The horizon-
tal mesh size is 0.125° over 25-50°N and 125-150°E in 
order to reproduce the realistic resistivity structure 
in Japan; these are much finer than the 1°×1° mesh 
employed by Püthe et al. (2014). The mesh size out-
side Japan is gradually widened to 5°.
 In the vertical direction, a finer mesh spacing is 
used near the Earth’s surface (r＝6371 km denoted 
with a broken line). The finest mesh spacing is 1.0 
km around the Earth’s surface, and mesh width in-
creases with increasing distance from the surface of 
the Earth. For instance, the second to fifth meshes 
have widths of 1.5, 2.5, 2.5, and 5.0 km, respectively. 
(So, the mesh positions from the surface are 1 km, 
2.5 km, 5 km, 7.5 km, 12.5 km.) This mesh structure 
guarantees that numerical results near the surface 
have the highest accuracy of any values in the model, 
because these mesh widths are sufficiently smaller 
than the skin depths of the most conductive material 
(seawater) in this study at the periods considered. 
For example, the skin depth of the 100 sec variation 
is ～10 km in seawater with resistivity 0.33 Ωm.
 The upper and lower altitude boundaries for 
these calculations are 63,710 km (10 times of Earth’s 
radius) and 3,479 km, respectively. Both boundaries 
are far enough so that electric and magnetic vari-
ations near the Earth’s surface do not reach these 
boundaries. The resistivity below the lower boundary 
(the mantle-outer core boundary) is set to zero to en-
sure no induction beyond the boundary.
 The mesh is divided into 189 total meshes in 
longitude, 153 total meshes in latitude, and 81 total 
meshes in altitude.

2.3		Resistivity model
 In order to calculate local to the regional GIEs 
in Japan, we need to consider the distribution of 
ground resistivity in three dimensions. Some 3-D 
regional models of the ground resistivity distribution 
in Japan have been reported recently, based on direct 
measurements [Kanda and Ogawa, 2014; Hata et al., 
2015]. However, measurements are not yet available 
for the entire region. Therefore, it is necessary to use 
an inferred model for ground resistivity.
 In the present paper, we utilize land topogra-
phy and bathymetry data from ETOPO1 [Amante 
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and Eakins, 2009], along with a global digital map of 
sediment thickness [Laske and Masters, 1997], to es-
timate ground resistivity in the near-surface area. Us-
ing these two data sets, the near-surface area can be 
divided into a seawater region, a sedimentary region, 
and a rock region. We generate a 3-D near-surface 
resistivity distribution by assigning typical resistivity 
values to each region. Radially symmetric (1-D) lay-
ers are used underneath the heterogeneous near-sur-
face layers.
 This resistivity model mainly features a large re-
sistivity contrast between sea water (0.2-0.5 Ωm) and 
rock (typically, 100 to 10,000 Ωm for the crust). In-
clusion of the sediment region gives better accuracy 
to the resistivity model. The sea-land contrast is the 
most severe and has the relevant spatial scale for the 
GIE of the power line in Japan. The crustal rock can 
have a resistivity as small as 0.1-1 Ωm, however those 
extreme values are ‘anomalies’ and would not last in 
the powerline scale.
 It is noted that bathymetry data have a resolu-
tion of 1’×1’, but sediment data have a resolution of  
1°×1°. It is important to utilize a horizontal mesh 
size as small as several tens of kilometers to calculate 
GIEs in Japan, due to the region’s complex geogra-
phy. Thus, to match the spatial resolution of the sedi-
ment data to that of the bathymetry data, we use the 
bicubic interpolation method of the General Mapping 
Tools software package [Wessel and Smith, 1998]. 
Fig. 1 shows the bathymetry–altitude map in the left 
panel, and the interpolated sediment thickness map 
in the right panel.
 Here, we explain how we determine resistivity 

on the computational mesh. In our staggered mesh 
system, resistivity is given at the center of a mesh 
reflecting the portion of sea water, sediment and rock 
in it.
 Let bathymetry and sediment thicknesses at θ 
(co-latitude) and Ψ (longitude) be zb(θ,Ψ) and zs(θ,Ψ), 
respectively. θ and Ψ locate the center of the top 
surface of a mesh which represents the uppermost 
ground (Fig. 2). Altitude is neglected in this study; 
i.e., zb(θ,Ψ)＝0 on land. The bathymetry and sedi-
ment thickness data are given on finer meshes than 
our computational mesh at the surface of the Earth. 
Thus, some surface computational meshes have mul-
tiple bathymetry and sediment thickness values. To 
compensate, we arrange the data onto the horizontal 
computation mesh by averaging values included in 
each mesh.
 For the sea region, let zb(θ,Ψ) denote the depth 
of the seawater. We set zb(θ,Ψ) equal to the depth of 
the top of the sediment; thus, zb(θ,Ψ)+zs(θ,Ψ) gives 
the depth of the top of the crustal rock. Therefore, 
the boundaries between seawater and sediment, as 
well as between sediment and rock, are determined 
on the computational mesh. We then assign each 
mesh to the portions of seawater, sediment, and rock 
by computing the widths of seawater, sediment, and 
rock included in that mesh. Let dw(θ,Ψ,r), ds(θ,Ψ,r) 
and dr(θ,Ψ,r) denote the widths of seawater, sediment 
and rock, respectively, for the mesh centered on θ,Ψ 
and r. When the mesh is occupied by one or two re-
gions, the width(s) of excluded region(s) is zero. The 

Fig. 1	 (a) Bathymetry and altitude, and (b) sediment 
thickness, in and around Japan. Sediment 
thickness is interpolated to a 1’×1’ mesh.

Fig. 2	 Schematic view of the computational mesh 
and distributions of seawater, sediment and 
rock. rk means the k-th node in the r direction. 
The depths of sea water and sediment zb(θ,Ψ) 
and zs(θ,Ψ) are given at the center of the top 
surface of the uppermost mesh for the ground
θ(co-latitude) and Ψ(longitude). The widths of 
seawater, sediment and rock, dw(θ,Ψ,r), ds(θ,Ψ,r) 
and dr(θ,Ψ,r), respectively, are computed from 
zb(θ,Ψ) and zs(θ,Ψ) for each subsurface mesh.
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conductivity σ(θ,Ψ,r) of the mesh is the average of 
the conductivities of the three regions, weighted by 
the relative proportions of each:

 (4)

where ρw, ρs, and ρr denote the resistivities of seawa-
ter, sediment, and rock, respectively. d is the width 
of the mesh. In this work we assume ρw＝0.33 Ωm,  
ρs＝10 Ωm, and ρr＝1,000 Ωm, respectively. The re-
sistivity, ρ(θ,Ψ,r), is simply the reciprocal of conduc-
tivity; i.e., ρ(θ,Ψ,r)＝1/σ(θ,Ψ,r).
 Fig. 3 shows the resistivity distribution of the 
uppermost mesh of the ground (1 km width) in and 
around Japan. It is evident from Figs. 2 and 4 that 
lower-resistivity areas in the deep sea invoke strik-
ing contrasts with higher resistivity areas on land. It 
is noted that these contrasts are reproduced by the 
present the 1’×1’ mesh calculation. We also notice 
comparatively low-resistivity patches that reflect geo-
logical structures on land and in the shallow-water 
region. For example, depressed resistivity appears in 
the Kanto Plain and in Akita Prefecture of Honshu, as 
well as the Ishikari and Tokachi plains of Hokkaido; 

these low-resistivity areas are associated with thick 
sediment. The low-resistivity area in Akita Prefecture 
is also seen in the 3-D resistivity model of Kanda and 
Ogawa (2014). It is expected that these low-resistivity 
areas act like shallow sea areas in terms of electro-
magnetic induction.
 Fujiwara and Toh (1996) and Uyeshima et al. 
(2001) performed thin sheet modeling with resistivi-
ty models that consisted of seawater and rock. Since 
we include sediment, our resistivity model shows 
spatially smooth variations. Such a fine-scale ground 
resistivity structure is important in evaluating GIEs.
 The rock region extends to a depth of 42 km. 
The region beyond this depth is the upper mantle, 
with 500 Ωm resistivity and a thickness of 758 km; i.e., 
extending from 42 km to 800 km below the surface. 
The lower mantle, with resistivity 0.5 Ωm, has a thick-
ness of 2,092 km (extending from 800 km to 2,892 
km below the surface). The outer core, at r＜3,479 
km (extending from 2,892 km below the surface), is 
assumed to be a perfect conductor. It is noted that 
these deeper parts of the Earth do not significantly 
affect induction for the geomagnetic variations con-
cerned.

3.	 Results
3.1		GIE induced by north-south magnetic vari-

ation
 We now show numerical estimates of GIE inten-
sity in and around Japan. The GIEs induced by exter-
nal magnetic variations with periods of 200, 800, and 
3,600 sec are discussed in the present report. The 
200 sec variations roughly correspond to the time 
scale of the geomagnetic sudden commencement 
which is invoked by sudden compression of the mag-
netosphere due to the solar wind shock [Araki, 1997]. 
The 3,600 sec variations represent the magnetic sub-
storm associated the severe auroral activity in the po-
lar region [Akasofu, 1964]. First, we show GIE inten-
sity for external magnetic variations polarized in the 
north–south direction (i.e., the source current flow-
ing in the equatorial plane). Subsequently, we discuss 
GIE intensity caused by external magnetic variations, 
with horizontal vectors declined from north (i.e., the 
source current inclined from the equatorial plane).
 Fig. 4 shows the GIE intensity map in and 
around Japan at a period of 200 sec, when the source 
current induces north–south magnetic variations on Fig. 3　Resistivity distribution from the surface to 1 km.
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the ground. GIE intensities shown in this figure are 
normalized with respect to a geomagnetic intensity at 
Kakioka of 100 nT. Hereafter, all GIE intensity maps 
use the same normalization. Fig. 4 also shows that 
GIE intensity varies locally across Japan; the GIE is 
uniform and very small in the ocean, whereas patchy 
patterns are resolved on land. The GIE amplitude on 
land ranges from about 500 to 2500 mV/km. These 
variations reflect the heterogeneous distribution of 
ground resistivities in Fig. 3.
 The GIC and GIE have been previously esti-
mated under the assumption of a horizontally homo-
geneous surface resistivity [Pulkkinen et al., 2010]. 
Thus, it is interesting to compare the GIE in the het-
erogeneous resistivity case (i.e., Fig. 4) with that of 
the homogeneous resistivity case. This comparison 
will emphasize the coast effect. Fig. 5 shows the ratio 
of GIE estimated from a heterogeneous model (Fig. 
4) to that estimated from a homogeneous model with 
uniform (1,000 Ωm) surface layers. We use the same 

equatorially flowing (east–west) source current for 
both cases. This figure clearly shows that the GIEs 
are enhanced when coastlines trend north–south. 
These coastlines are perpendicular to the direction 
of the source current, which is perpendicular to the 
direction of the primary current induced in a uniform 
medium. This GIE enhancement penetrates a few 
hundred kilometers onto land, especially when the 
land is narrow or resistive (i.e., shallow sediment). 
Peaks of enhanced-GIE regions have widths as nar-
row as a few tens of kilometers.
 We notice intensified GIEs (as large as 2500  
mV/km, for the 100 nT magnetic variation at Kakio-
ka) along the west coast of Matsumae Peninsula, 
Hokkaido, and on the west coast of Tsugaru Penin-
sula (labeled “A” in Fig. 4). The GIE is also enhanced 
on the conjugate coastlines of Iwate Prefecture, on 
the Pacific Ocean (labeled “B” in Fig. 4), but the in-

Fig. 4	 GIE intensity in and around Japan for the 
equatorial source current at a 200 sec period. 
GIE intensity is normalized to match the 100 nT 
magnetic intensity at Kakioka. The white arrow 
indicates the direction of the source current. 
The GIE is enhanced along the west coast of 
Matsumae Peninsula and Tsugaru Peninsula (A), 
and along the east coast of Iwate Prefecture 
(B). The GIE is depressed in Ishikari Plain (C), 
Tokachi Plain (D), in Kanto Plain (E), and Akita 
Prefecture (F).

Fig. 5	 Ratio of GIE modeled with a heterogeneous 
surface to GIE modeled with a homogeneous 
surface. A source current is placed on the 
equatorial plane and oscillated with a 200 sec 
period. Absolute values of the complex ratio are 
shown. Areas where the heterogeneous GIE is 
larger/smaller are shaded red/blue, respectively. 
Green solid curves are isolines corresponding to 
a ratio of unity. Heterogeneous areas reflect the 
land–sea distribution and sediment thickness in 
the area, while homogeneous areas are made of 
rock. Rock resistivity is fixed at 1,000 Ωm.
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tensity is smaller than that of the Matsumae-Tsugaru 
region. This asymmetry comes from differences in 
the resistivity structures of each region’s respective 
coastal areas. In the Matsumae-Tsugaru region, the 
deep sea is close to the coast, whereas this is not the 
case for Iwate Prefecture (Fig. 1a). The concentra-
tion of GIEs due to the deep sea’s proximity can be 
seen in a cross-section of GIE and electric current 
distributions in Matsumae Peninsula (Fig. 6). Fig. 6 
illustrates the electric current vectors in an arbitrary 
scale at t＝0 in the cross section. (As the current 
is expressed as J

~
 (r,ω)eiωt, the current at t＝0 is the 

real part of J.) The sea depth is ～ 1 km next to the 
coastal mesh in the peninsula. The electric current 
has a large vertical component just offshore, which 
converges in the horizontal direction at the coastal 
mesh. Although the electric current has no vertical 
component at the surface (air has almost infinite 
resistivity), the vertical component can propagate to 
subsurface layers. Thus, due to the resistivity dis-
tribution, the induced electric current is distributed 
three-dimensionally in Matsumae Peninsula, giving 
a wide range of GIE values at the surface. It is noted 
that the mountains above the sea level do not affect 
significantly the GIE distribution because currents 
induced in the mountains can flow along the ground.
 It is evident from Fig. 4 that reduced surface 
GIEs appear in the Ishikari Plain (“C” in the figure) 
and Tokachi Plain (“D”) regions of Hokkaido, and 
in Kanto Plain (“E”) and in Akita Prefecture (“F”) of 
Honshu. All of these regions are characterized by 

low resistivities due to great sediment thicknesses 
(Fig. 1b). Slightly enhanced GIEs appear at the rims 
of these low-GIE regions, caused by the resistivity 
contrast between sediment and rock. This feature 
was already reported that an enhanced GIE should 
be seen at the margin of the Kanto Plain, because the 
sediment-basement rock boundary causes a weak 
coast-like effect [Honkura, 1985]. We also note that 
a strongly enhanced GIE is observed along the east 
coast of the Korean Peninsula.
 Fig. 7 shows the GIE intensities for external 
magnetic variations with periods of 800 sec and 3,600 
sec, assuming external magnetic variations are ori-
ented north–south. Naturally, the net GIE intensity 
is reduced (relative to that of 200 sec variations), 
which follows directly from Faraday’s law. However, 
the general spatial pattern of enhanced GIE intensi-
ties in coastal areas does not change. Thus, the GIEs 
responsible for GICs on power line systems are sub-
stantially affected by near-surface resistivity struc-
ture in and around Japan, for magnetic variations 
with time scales of 200-3,600 sec. These are typical 
time scales for external geomagnetic disturbances. 
Spatial variations in GIC intensity will be strongly 
affected by sharp changes in surface resistivity along 
the routes of power lines.

3.2		GIEs from various source polarizations
 Since geomagnetic disturbances in the magne-
tosphere are not only polarized in the north–south 
direction, we need to investigate the dependence of 
GIE intensity on polarization direction. In this analy-

Fig. 6	 Cross-section of GIE intensity (color contours) 
and electric current (white arrows) in Tsugaru 
Peninsula at t＝0. The current vectors are 
shown in an arbitrary scale. Cross-section 
latitude is 41.875°N. Bathymetry and altimetry 
are indicated by black lines. Altimetry above 
sea level is ignored in this study.

Fig. 7	 GIE intensity in and around Japan for external 
current with (a) 800 sec period and (b) 3,600s 
period. The source current is placed on the 
equatorial plane.
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sis, the source current at 63,710 km is inclined rela-
tive to the equatorial plane, so that induced magnetic 
variations in the Japan region have arbitrarily polar-
ized directions with inclination angle α. Fig. 8 shows 
GIE intensity plots forα＝－30° and 60°. When these 
results are compared with Fig. 4, we notice that the 
GIE is enhanced in different locations. For example, 
with α＝60° the GIE is greater in the western half of 
Honshu than in the eastern half; this is the opposite 
of the pattern in Fig. 4. For α＝－30°, the GIE is gen-
erally large in most of the Japanese islands. In both 
cases, an enhanced GIE appears along the Pacific 
coast of southwest Japan (“A” in Fig. 8). These differ-
ences may arise because the induced electric current 

in the ocean has a component perpendicular to the 
coast when the inducing magnetic field has a compo-
nent parallel to it.
 The GIE shows a sharp peak at the coast of 
Toyama Bay (“B” in Fig. 8a). Toyama Bay is the ter-
minus of a deep, narrow bay structure formed by 
Honshu and Noto Peninsula. This geography results 
in a conductive narrow path along the coast, and a 
sharp resistivity boundary at the coast of Toyama 
Bay (Fig. 4). When the source electric current flows 
parallel to the axis of the bay structure (α＝60°), the 
induced electric current in the ocean is concentrated 
in the narrow conductive path, and reaches Toyama 
Bay (Fig. 9b). The same mechanism seen in Fig. 6 
enhances the GIE at the coast of Toyama Bay. If the 
source electric current is not parallel to the axis of 
the bay structure, then intensification of the electric 
current and GIE is only moderate (Fig. 9a). A similar 
resistivity structure to that of Toyama Bay is seen 
at Suruga Bay in Fig. 3; therefore, there may be en-
hanced GIEs at the coast of Suruga Bay when the 
source electric current flows parallel to the bay axis.

Fig. 8	 GIE intensity distributions in and around Japan 
for inclined source currents with a period of 
200s. Source current is inclined (a) 60° and (b) 
–30° relative to the equatorial plane.

Fig. 9	 GIE intensity and electric current at Toyama 
Bay for inclined source currents. GIE intensity 
(color contours) and electric current (white 
arrows) are computed at a period of 200 sec. 
The source current is inclined (a) 0° and (b) 60°  
with respect to the equatorial plane. Snap shots 
when the GIE and current amplitudes are near 
their maximum values are shown: (a) t＝150 
sec and (b) t＝50 sec. The electric current 
vectors in each figure are shown in an arbitrary 
scale.

Fig. 10	 Maximum GIEs in and around Japan for an 
external current with an oscillation period of 
200 sec. The maximum GIE at each site is 
taken from five inclination angles (–60°, –30°, 0°, 
30°, and 60°). Areas of enhanced GIE intensity 
tagged with 1～5 are explained in the text.
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 As noted above, GIE intensity depends on the 
horizontal polarization of the external magnetic 
field. Thus, GIE intensity reaches its maximum at 
sites where declination changes continuously. The 
superposed envelope of the maximum GIEs of all 
sites yields a map showing theoretical maximum GIE 
intensity in and around Japan (e.g., Fig. 10). These 
values can be obtained by changing the inclination 
angle of the source current. Fig. 10 shows the maxi-
mum GIE map for the 200 sec magnetic variation for 
inclination angles of a＝60°, 30°, 0°, 30°, and 60°. This 
figure indicates five areas of intensified GIE: (1) the 
northeast coast along the Sea of Okhotsk, in Hok-
kaido; (2) the west coast along the Sea of Japan, in 
southern Hokkaido and Aomori Prefecture (Matsu-
mae-Tsugaru area); (3) the northwest coast along the 
Sea of Japan, in Niigata Prefecture and Toyama Bay; 
(4) the southwest coast of the Pacific Ocean; and (5) 
the east coast of the Korean Peninsula. An intensified 
GIE appears in the same areas for 800 sec and 3,600 
sec GIEs (Fig. 11).

4.	 Discussions
4.1		Resistivity in the rock region
 We estimated GIE intensity using heterogeneous 
near-surface resistivity, with typical values of resistiv-
ity for seawater, sediment, and rock. The resistivities 
of seawater and sediment are appropriately typical 
values, because seawater resistivity ranges from 0.25 
to 0.5 Ωm (depending on temperature and salinity), 
and sedimentary resistivity ranges from 1 to 50 Ωm. 
On the other hand, the resistivity of crustal rock can 
vary from ～ 0.1 to 10,000 Ωm, and resistivity in the 

upper mantle can vary from 10 to 1,000 Ωm [Evans, 
2012]. A resistivity value of 1,000 Ωm for rock regions 
above 42 km was chosen in the present study as a 
representative value for the resistive lithosphere (i.e., 
crust and brittle upper mantle) in the region. There-
fore, we also calculated GIE intensity based on the 
conductive lithosphere (100 Ωm), to investigate the 
possible effects of changing resistivity on GIE inten-
sity. Fig. 12 shows the maximum GIEs for a 200 sec 
current. This figure indicates that rock resistivity sig-
nificantly affects GIE amplitude in coastal areas. On 
the other hand, spatial patterns of GIEs are roughly 
the same as for 1,000 Ωm, because the GIE spatial 
patterns are mainly characterized by enhancement at 
resistivity boundaries.

4.2		Magnetotelluric impedance tensors
 As the numerical results described above are 
not confirmed by real observation, it is important 
to compare the numerical results with the observed 
one. However, the direct measurements of the GIEs 
all over Japan have not been conducted yet. Instead, 
we treat the magnetotellulic induction vectors which 
were measured by Uyeshima et al. (2001).
 As shown above, the GIE is highly sensitive to 

Fig. 11	 Maximum GIE maps in and around Japan for 
external currents with periods of (a) 800 sec 
and (b) 3,600 sec.

Fig. 12	 Maximum GIE maps in and around Japan for a 
rock resistivity of 100 Ωm, with an applied 200 
sec current.
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the resistivity distribution of the Earth. Therefore, 
it exhibits a complicated pattern at the surface. This 
facts indicates that a 1-D model does not fully repro-
duce the full complexity of true GIEs in Japan. As of-
ten shown in magnetotellurics (hereafter MT) [Cag-
niard, 1953], the 1-D assumption breaks down when 
MT impedances are considered. MT impedance, 
Zij(i,j＝x,y), appears in the following expression,

 (5)

 Zij (i,j=x,y) is also the transfer function of the 
geoelectric field Ei to the geomagnetic field Bj. Fig. 
13 shows estimates of MT impedances in the Hok-
kaido and Kanto Plains at 3,600 sec periods, using 
our computations of the GIE and magnetic field at 
the Earth’s surface. Fig. 13a and c shows the vector 
components Re(Zxx) and Re(Zyx), respectively. These 

components illustrate how Bx relates to Ex and Ey. 
Fig. 13b and d shows the corresponding components 
Re(Zxy) and Re(Zyy), to illustrate how By relates to Ex 
and Ey. These figures clearly show that the magnet-
ic field correlates to the electric field in the parallel 
direction (i.e., the diagonal component of MT imped-
ance). This reflects the resistivity distribution of the 
Earth. For instance, in Fig. 13a and b we can recog-
nize the following characteristics of MT impedance 
at Memambetsu: (1) responses to By have larger 
amplitudes than responses to Bx; and (2) responses 
to Bx are relatively 1-D, but responses to By are not. 
The second feature is consistent with impedances 
observed by Fujii et al. (2015), and with observations 
of a strong correlation between the GIC and By near 
Memambetsu [Watari et al., 2009]. Furthermore, 
when the impedances in Hokkaido (Fig. 13) are com-
pared with observed values reported by Uyeshima 

Fig. 13	 Magnetotelluric impedances for a 3,600 sec equatorial source current in Hokkaido (a, b) and Kanto (c, d). 
Vectors of Re(Zxx) and Re(Zyx) are shown in (a) and (c), and vectors of Re(Zxy) and Re(Zyy) are shown in (b) and 
(d), respectively. The arrow in (e) denotes a scale reference impedance vector of 5.0×10－3 Ω.
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et al. (2001), their spatial patterns are similar. For 
example, both the measured and calculated induction 
vectors are directed toward the coastline in the coast 
area of the Okhotsk Sea and south-east in the central 
part of the Hokkaido and in the coast area of Pacific 
Ocean. Thus, the present calculation is independent-
ly validated by existing observations. However, the 
observed impedances show smaller-scale variations 
than our computations. This indicates that the ob-
served impedances are influenced by smaller-scale 
geological structures than present models can con-
sider.
 The MT impedance estimates for Kanto Plain 
(Fig. 13c and d) are a serendipitous consequence of 
the present study: anthropogenic noise interferes 
with field measurements of the GIE or geomagnetic 
field in such highly industrialized, densely populated 
areas. Yet the same high population density makes it 
important to estimate GIE in this area. Our numerical 
results show that the coast effect is seen along the 
Pacific Ocean, and at the margins of the thick sed-
iment layer. This result is consistent with Honkura 
(1985). However, their anomalously large Ey values 
at Kakioka and patchy distributions of GIEs near 
Kakioka are not reproduced in Fig. 13. Thus, several 
key local geological structures might be missed by 
our model because our model aims at the GIE in the 
power line scale.

4.3		Future issues
 We note that the present fine-mesh (0.125°×
0.125°) calculation is capable of reproducing the local 
GIE enhancement in Japan better than the coarse-
mesh (1°×1°) calculation by Püthe et al. (2014) is. In 
addition, the local GIE enhancements obtained in this 
paper are mainly associated with the sharp resistivity 
contrasts in the sea-land boundary; these contrasts 
are essentially determined by the bathymetry data. 
Therefore, the local GIE enhancements in the GIC 
map seem to be realistic. However, it is noted that the 
GIE map with much finer mesh configurations may 
be still desirable in order to confirm convergence of 
the numerical calculation; this is the future work. In 
addition, as the 3D resistivity distribution is not con-
firmed by the measurement of the resistivity. There-
fore, the measured resistivity distribution is strongly 
required for the realistic estimation of the GIEs. 
Thus, the second future work is to calculate the GIE 

map with the measured 3D resistivity distribution in 
Japan.
 The present study manifested the maximum 
GIE intensity map. The intensity does not refer to the 
absolute values, but the relative one corresponding 
to the normalized magnetic variation (100 nT at Ka-
kioka magnetic observatory). To access the absolute 
value and discuss the possible vulnerability of the 
transformers in Japanese powerline system, we need 
information of the magnetic variations of the huge 
magnetic storm occurring once in 1,000 years. At the 
same time, it is important to investigate the critical 
intensity of the GIC that can damage a transformer. 
However, there is no definite report about the critical 
GIC. The transformers used in Japan are safe for the 
GIC of 30 A [Takasu et al., 1993]. On the other hand, 
there is a report that the GICs more than 100 A may 
cause damages of transformers in foreign countries 
[Tsuboi and Horiuchi, 1988]. Recently, it is report-
ed that the Japanese transformers seem to work in 
safe for the GIC with more than 100 A [METI, 2015] 
which occurred in Nov. 2003 (the Halloween storm). 
The intensity of this storm (～400 nT) is about 1/4 of 
the 1859 storm intensity (～1600 nT). Therefore, the 
vulnerability of the Japanese transformers is not set-
tled when the huge magnetic storm occurring once 
in 1,000 years is considered. It is noted that we might 
predict the huge storm from observations of the sun 
with a lead time of about 1day.
 As a next step, it is important to calculate GICs 
from the GIE distribution obtained in this paper. To 
that end, system parameters of the power grid in Ja-
pan are required. However, as the information is not 
disclosed by Japanese electric companies, it is diffi-
cult to calculate GICs at the present time.

5.	 Conclusions
 After the 2011 East-Japan great Earthquake, 
the Japanese government acknowledged that the en-
hanced GICs due to the extremely severe magnetic 
storms are regarded to be investigated seriously. On 
the other hand, as the GICs in Japan are not suffi-
ciently investigated, we perform the basic researches 
about the GIE intensity map in Japan by using a mod-
elled ground resistivity structure.
 We constructed a 3-D resistivity model of the 
Earth surface, estimated from bathymetry and sedi-
ment thickness data. We then calculated the intensity 
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of the GIE based on the inferred resistivity model. 
Based on our work, several areas of Japan appear 
prone to enhanced GIEs: (1) the northeast coast of 
Hokkaido, along the Sea of Okhotsk; (2) the west 
coast of southern Hokkaido and Aomori Prefecture 
(Matsumae-Tsugaru area), along the Sea of Japan; (3) 
the northwest coast of Niigata Prefecture and Toya-
ma Bay, on the Sea of Japan; and (4) the southwest 
coast of the Pacific Ocean in the Japan islands. Nota-
bly, all enhanced areas are located on the coast.
 From the discussions in Fig. 6, the GIE varia-
tions in the coastline of the Japan Sea and that in the 
Pacific Ocean side become anti-phase. Therefore if a 
transformer station is located in the Japan-Sea area 
with enhanced GIEs (for example, Tsugaru Peninsu-
la) and the neighboring station is located in the Pacif-
ic-Ocean side (for example, the coastline of the Iwate 
Prefecture), the potential difference between the two 
stations may be very large. Thus, the GIE map pre-
sented here can be used as a preliminary hazard map 
for the GIC disasters.
 MT impedance vectors obtained from our mod-
eling work are comparable to observed values in 
Hokkaido. In addition, we obtained MT impedances 
for Kanto Plain, where anthropogenic noise makes 
accurate field measurements impossible. The map of 
MT impedance vectors in Japan may provide a useful 
reference for electric and magnetic measurements 
in the future, when more detailed resistivity models 
become possible.
 Resistivity in the crust and mantle control GIE 
intensity. Therefore, it is important to use fine-scale 
resistivity distributions in modeling work. If resistiv-
ity structure can be directly measured, the GIE map 
will be improved greatly. We also stress that simulat-
ed GIEs must be compared with observed values in 
order to validate any modeled maximum GIE map. 
Finally, in order to accurately estimate hazards, GIC 
values must be calculated using data from power line 
systems and transformer stations.
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要　　　旨

　日本の地磁気誘起電場（GIE）の全国強度マップを，数値モデリング手法を用いて求めた。
地球表面近傍の電気抵抗率分布は，地下深度と堆積物の厚さデータから推定する。GIE強
度分布は，200, 800，および3,600秒の周期を持つ外部地磁気変化に対して計算した。GIE強
度は，地磁気観測所における100 nTの磁気変動に対して正規化されている。GIEは主に沿
岸域で大幅に増大しているように見える。加えて，数キロメートルの内陸部まで及んでいる。
現在の計算から，GIEが大幅に増強される可能性のある地域を特定する。これは，（ 1）北
海道オホーツク海の北東海岸域，（ 2）北海道および青森県（松前津軽地域）の日本海沿岸の
西海岸域，（ 3）新潟県から富山湾にかけての日本海北西部域，（ 4）太平洋の南西海岸域，（ 5）
朝鮮半島の東海岸域である。さらに我が国の地磁気誘起電流（GICs）を知る必要がある。し
かし，日本の電力会社は電力線のパラメータを公開していないため，日本の GICを計算す
ることはできない。


