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Abstract we performed 3-D time domain simulation of geomagnetically induced currents (GICs) flowing
in the Japanese 500-kV power grid. The three-dimensional distribution of the geomagnetically induced
electric field (GIE) was calculated by using the finite difference time domain method with a three-dimensional
electrical conductivity model constructed from a global relief model and a global map of sediment thickness.
First, we imposed a uniform sheet current at 100-km altitude with a sinusoidal perturbation to illuminate
the influence of the structured ground conductivity on GIE and GIC. The simulation result shows that GIE
exhibits localized, uneven distribution that can be attributed to charge accumulation due to the
inhomogeneous conductivity below the Earth’s surface. The charge accumulation becomes large when the
conductivity gradient vector is parallel or antiparallel to the incident electric field. For given GIE, we calculated
the GICs flowing in a simplified 500-kV power grid network in Japan. The influence of the inhomogeneous
ground conductivity on GIC appears to depend on a combination of the location of substations and the
direction of the source current. Uneven distribution of the power grid system gives rise to intensification of
the GICs flowing in remote areas where substations/power plants are distributed sparsely. Second, we
imposed the sheet current with its intensity inferred from the ground magnetic disturbance for the magnetic
storm of 27 May 2017. We compared the calculated GICs with the observed ones at substations around Tokyo
and found a certain agreement when the uneven distribution of GIE is incorporated with the simulation.

1. Introduction

Geomagnetically induced current (GIC) is hazardous to social infrastructures having long-length conductors
such as power lines, pipelines, and communication cables. One of the most famous consequences is the
collapse of the Hydro-Québec power grid on 13 March 1989 associated with a severe geomagnetic storm
(Boteler, 2001; Boteler et al., 1989; Kappenman, 1989). When the surface electric field, called a geomagnetically
induced electric field (GIE), arises (Boteler, 2001), GIC flows in grounded conductors. The time-varying
magnetic field associated with electric currents flowing in the magnetosphere and/or the ionosphere induces
GIE. It is known that GIE increases with magnetic activities, such as magnetic storms and/or substorms
(Pulkkinen et al., 2008). Thus, the risk is expected to be higher for larger magnetic storms and substorms.

Change in the geomagnetic field 0B/ot is used as a proxy for GIE, which is significantly stronger at higher
geomagnetic latitude (MLAT) due to an auroral current system (e.g., Pulkkinen et al., 2012). GIE is expected
to be smaller in magnitude below 50° MLAT than at higher MLAT, where MLAT stands for magnetic latitude.
Therefore, it has been believed that the occurrence of strong GICs is limited in the high latitude regions
(Thomson et al., 2011). In fact, blackouts of power systems due to GIC have been experienced in North
America and Scandinavia (Bolduc, 2002; Pulkkinen et al., 2005; Wik et al., 2008). The four main Japanese
Islands belong to the low- and midlatitudes (<~37° MLAT) where the influence of the auroral electrojet is
believed to be most likely negligible. For example, Takasu et al. (1994) noted that the influence from GIC
on the Japanese power grid would be quite limited because excess heat excited by GIC at the transformer
could be limited and the occurrence frequency of large amplitude GICs was low. However, recently, it has
been suggested that the Japanese grid system may not be always safe as previously thought. That is to
say, the intensity of GIC flowing in Japan is roughly proportional to |Dst|, and it could reach levels of 100 A
for large magnetic storms such as the storm of 13-14 March 1989 (Kappenman, 2004). Indeed, unusually
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large-amplitude GIC with about 130 A was measured in Japan in the October 2003 storm (Ministry of
Economy, Trade and Industry of Japan, 2015). Unfortunately, the place of the measurement is still undi-
sclosed. Although this large GIC caused no damages to the transformer in Japan at that time, there are several
reports of thermal damage of transformers by GICs at geomagnetically low- and midlatitudes such as South
Africa (Gaunt & Coetzee, 2007), New Zealand (Béland & Small, 2004), and China (Liu et al., 2009; Liu & Xie,
2005). Under such circumstances, one cannot say that low- and midlatitude regions are safe against GICs.
We need to evaluate the GIC risk quantitatively to prepare for upcoming severe space weather disasters
(Tsurutani et al., 2003; Watari et al., 2001).

GIC at low- and midlatitudes is probably related to the magnetic disturbances associated with magnetic
storms (Kappenman, 2004). A spike-like large-amplitude variation of the geomagnetic field is recorded at
low-latitude during the initial phase of a magnetic storm (e.g., Araki, 2014). This is known as a sudden com-
mencement and is caused by the sudden compression of the magnetosphere. The amplitude of the H com-
ponent larger than 273 nT was recorded at Kakioka (KAK), Japan, in 1940 (Araki, 2014). During storm’s main
and recovery phases, the H component of the geomagnetic field shows a negative excursion lasting for a few
days. The magnetic depression is primarily caused by the intensification of the ring current. For example, a
large-amplitude magnetic depression with an amplitude of ~600 nT was observed at KAK on 13 March
1989 (Walker & Wong, 1993). lonospheric current associated with the DP2 current system is probably not neg-
ligible at midlatitude as pointed out by Tsurutani et al. (2005). The ionospheric current is enhanced almost
simultaneously from the pole to the equator in response to the variation of the interplanetary magnetic field
(Kikuchi et al., 1996; Kobea et al., 2000; Nishida, 1968). During magnetic storms, the auroral oval expands to
lower latitudes (e.g., Yokoyama et al., 1998). The equatorward boundary of the auroral oval expanded to ~40°
MLAT during the 13-15 March 1989 storm (Yokoyama et al., 1998). If auroral electrojets are accompanied with
the auroral oval, the auroral electrojets may have some influence on the midlatitude GIC for extreme
magnetic storms.

Many investigations of GIE have employed uniform or one-dimensional (1-D) conductivity models and
assumed plane wave incident on the ground (Kappenman, 2004; Liu et al,, 2014; Marshall et al., 2017;
Viljanen & Pirjola, 1989; Weigel & Baker, 2003). The assumption relies on the idea that small-scale inhomo-
geneities in the ground conductivity do not significantly affect the large-scale distribution of GIE (e.g.,
Cagniard, 1953). When the inhomogeneities are nonnegligible, the incident electric field results in charge
accumulations in localized regions, which are associated with higher magnitude localized electric field.
This situation will be significant in the region where the ground conductivity is complicated. The Japanese
islands are surrounded by the high-conducting sea with a coastal topography that is quite complex and stee-
ply shelving near the shore. Under Japan, the ground structures are known to be complicated, including sedi-
ment layers, partial melts beneath volcanoes, and subduction zone hydration. That is because Japan is
located in a plate boundary region with four tectonic plates. This combination of coast lines and ground
structures will make the GIE distribution complicated as demonstrated with simple conductivity models by
Goto (2015). Using a thin heterogeneous surface shell and a layered 1-D structure underneath ( e.g.,
Kuvshinov, 2008; Plithe & Kuvshinov, 2013; Piithe et al., 2014), Piithe et al. (2014) have shown the complicated
distribution of GIE in Japan. The calculated GIE shows a good agreement with the GIE acquired at 3 observa-
tories in Japan and 4 ocean bottom observatories. With the 3-D forward solver of finite difference methods
developed by Mackie et al. (1994) and Uyeshima and Schultz (2000), Fuijita et al. (2018) solved the electromag-
netic induction of a spherical Earth in the frequency domain by using a 3-D model of ground conductivity
with a resolution of the order of tens of km. They introduced a ring-shaped external source current with its
intensity changing at periods of 200, 800, and 3,600 s. The result also shows the fine-scale distribution of
GIE in Japan. With a full 3-D conductivity model, Honkonen et al. (2018) solved the world-wide distribution
of GIE. They used a global magnetohydrodynamics simulation result as a source current. Ivannikova et al.
(2018) also employed the full 3-D conductivity model and calculated time variation of GIE in Ireland.
Previous studies have suggested that the overall distribution of GIE in the Japanese islands is probably similar
to that of New Zealand (Divett et al,, 2017), Ireland (Blake, 2017), and UK (Beggan et al., 2013) because the
Japanese islands are also surrounded by deep sea.

Our focus is on the global distribution of GIC calculated using the time domain calculation of electric and
magnetic fields. We employed the 3-D finite-difference time domain (FDTD) method (Taflove, 1980; Yee,
1966) to calculate the GIE. The FDTD method solves the Maxwell equations directly. One of the advantages
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of the use of the FDTD method is to calculate the temporal variation of the electromagnetic fields in the time
domain. This means that our method is different from that used by Fujita et al. (2018), who solved the
Maxwell equation in the frequency domain. This also means that we can calculate the temporal variation
of GIE without performing the inverse Fourier transformation (e.g., Marshall et al., 2017; Piithe et al,, 2014),
or applying the convolution theorem (e.g., Kelbert et al., 2017). The purpose of this paper is to show the influ-
ence of the inhomogeneous ground conductivity on GIC flowing in Japan on the basis of the GIE obtained by
the FDTD method together with the realistic,inhomogeneous, and 3-D model of the ground conductivity. As
far as we surveyed, this is the first study that models the global distribution of the GIC flowing in the Japanese
power grid from the Hokkaido island (northernmost main island) to the Kyushu island (southernmost main
island). Kappenman (2004) modeled the regional distribution of the GIC in central Japan (a part of the
Honshu island) only. Pulkkinen et al. (2010) calculated the GIC at a substation in the Hokkaido island by com-
puting a system parameter to relate GIC and GIE.

This paper is organized as follows. In section 2, we explain settings and assumptions of our model. In section 3,
we present the initial result of our simulations for two source currents. One is the sheet current that varies in a
sinusoidal manner in time. The other is the sheet current that varies in a manner inferred from the observed
magnetic disturbance time series. We compare the simulation results with the observations made at substa-
tions. Finally, we discuss the results in section 4.

2. Model

The calculation consists of two steps. In the first step (geophysical step), we determined the horizontal com-
ponent of GIE on Earth’s surface as functions of space and time. In the second step (engineering step), we
calculated GIC flowing in the power grid for the GIE obtained in the first step.

2.1. Geophysical Step

2.1.1. Evolution of Electric Field and Magnetic Field

We applied the 3-D FDTD method (Taflove, 1980; Yee, 1966) to model the electrodynamics of the complete
Earth-ionosphere system. The FDTD method solves Maxwell’s equations directly in time domain. The time
variation of the magnetic and electric fields is directly obtained without the inverse Fourier transform.

Maxwell equations used by the FDTD method are

OB
VXE = —— 1
x ot M
and
. OE
VXxB = nojs+1g0E + poeg —. (2)

ot

where E, B, j;, 1o, €0, and ¢ are the electric field, the magnetic field, the source current density, the magnetic
permeability, the permittivity in vacuum, and the conductivity, respectively. The permittivity and permeabil-
ity were assumed to be the same as in free space. The conductivity depends on the location as described
below. The standard Cartesian Yee lattice (Yee, 1966) is applied, in which the electric field components are
stored on cell edges, while the magnetic field components are stored on the corresponding face centers.
With finite differentiations, (1) and (2) turn into

oAt At n—3 n—1
En — 1- 2_50 n—1 4 Ho€o aHJ ’ _ 6Hl : (3)
R R A
and
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respectively. The superscript means time step, and the subscripts (ij,k) mean (x,y.z) or (y.zx) or (zxy). The
simulation grid covers the region ranging from 25° to 50° latitude and from 125° to 150° longitude with a
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10-km horizontal grid spacing and ranging from —100 to 100 km altitude with 0.1-km vertical spacing. The
horizontal scale of each grid corresponds to ~0.1° x ~0.1° latitude-longitude grid size around Japanese
islands. The time step was set to 10> s. The Berenger perfectly matched layer absorbing-boundary condition
(Berenger, 1994) was applied to avoid unwanted reflection at the boundary of the simulation box.

2.1.2. Source Current Model

A uniform sheet current flowing at 100-km altitude is imposed on the FDTD simulation to excite the electric
and magnetic fields. First, we change the current density sinusoidally in time. The x component (geographical
northward) and y component (geographical eastward) of the current density are given by

Jy(t) = —Js cos (27” t) sing, (5

Jy(t) = Js cos (2?7[ t) cos0, (6)

where J; is the maximum intensity of the source current, tis time, Tis period, and @ is angle from east (positive
clockwise). J;and T are assumed to be 0.02 A/m and 100 s, respectively. This sheet current induces a magnetic
field on the ground of the order of 10 nT, which is a typical amplitude for a sudden commencement invoked
by a solar wind shock. The amplitude and frequency are arbitrary chosen but are not far from the reality. We
changed the direction of the source current from 0 = 0° (east-west direction) to 90° (north-south direction).

We also change the current density in accordance with the geomagnetic variation on the ground. Assuming
an infinitely extended horizontal current, we obtained the current density on the basis of the Ampeére’s law
(Kamide & Brekke, 1975) as

2 /
Ji(t) = —a—AB,, )
Ho
2 /
Jy(t) = a—AB,, (8)
Ho

where i, is the magnetic permeability, AB/X, is the magnetic disturbance in the x direction, AB; is the mag-
netic disturbance in the y direction, and « is a factor associated with induction and the effect of deviation
from the horizontal current and the ground of the Earth. We assumed a to be 1/1.5 (Kamide & Brekke,
1975). It should be noted that for the low-frequency variation of the source current, the incident electric
field E, just above the ground is oriented to the opposite direction of the source current J; as shown in
Appendix A.

2.1.3. Conductivity Model

Following Fujita et al. (2018), we divided the 3-D simulation domain into the following four regions: the air,
the seawater, the sediment layer, and the basement rock layer. The two published data, the ETOPO1
(Amante & Eakins, 2009) Global Relief Model from the National Centers for Environmental Information, the
National Oceanic and Atmospheric Administration (https://ngdc.noaa.gov/mgg/global/global.html), and a
global digital map of sediment thickness (Laske & Masters, 1997) were used to determine the regions. The
data were linearly interpolated to fit the grid used by the FDTD method. We assumed the electric conductiv-
ities of the air, the seawater, the sediment layer, and the basement rock layer to be 0, 2.5, 1072, and 1073,
respectively. The full 3-D distribution of the conductivity is applied to solve equation (2). Thin-sheet assump-
tion is unnecessary because we solved the evolution of the electric field and the magnetic field in the 3-D
space directly.

Figure 1a shows the relief map of the modeled region. A complex submarine topography is present around
Japan. The main Japanese islands are located on the continental shelf. There is a deep-sea ocean in the east
direction of them. On the other hand, a relatively shallow sea depth less than 1 km extends in the west direc-
tion of it. Figure 1b shows the thickness of the sediment layer. On average, the main Japanese islands have a
0.2-0.4 km thickness of sediment layers, except for some anomalies. The sediment layer is rather thick in the
north part of Japan (a part of the Hokkaido island, Figure 2), west Tohoku and east Kanto areas. Figure 1c
shows the resistivity (which is the inverse of the conductivity) averaged over the top 2 km beneath
the ground.
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Figure 1. (a) The ETOPOT1 global relief model from the National Oceanic and Atmospheric Administration/National Centers for Environmental Information, (b) the
sediment thickness model derived by Laske and Masters (1997), and (c) the resistivity averaged over the top 2 km beneath the ground.
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Figure 2. Simplified model of the Japanese 500-kV power grid. The thick
lines indicate the power lines designed for the ultrahigh voltage of
1,000 kV. The measurement of geomagnetically induced current has been
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ushu’island
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2.2. Engineering Step

The GIC flowing in the Japanese power grid was calculated using the method derived by Lehtinen and Pirjola
(1985). We treated the GIC as a DC current because the frequencies of GIC are much lower than those of the
power line of 50 and 60 Hz. Using publicly available information, we constructed a simplified model of 500-kV
power grid that consists of 134 nodes and 160 links as shown in Figure 2. Five hundred kilovolt is the highest
class in the commercial power grid in Japan. We assume the conductivity of lines based on public relations
materials by Tokyo Electric Power Company Power Grid, Incorporated. The assumptions that we made are
as follows: (1) All the power lines have a constant cable resistance per unit length of 1.43 x 107® Q/m except
for the lines designed for the ultrahigh voltage of 1,000 kV. The cable resistance per unit length of
9.42 x 107 Q/m was applied for the lines designed for the ultrahigh voltage of 1,000 kV, which is shown
in the thick lines in Figure 2. (2) Both the earthing resistance and the winding resistance are assumed as
0.05 Q. This value is arbitrary chosen and is probably very low in comparison with other transformers and
Earth ground resistances. We will improve this value in the future. (3) Due to historical reasons, the power-line
network in Japan is divided in two parts in terms of utility frequency. The frequency is 50 Hz in the east part of
Japan and 60 Hz in the west part. We assumed that GIC does not flow
through the frequency converter station that faces the 50-Hz power lines

Hokkaido island and 60-Hz power lines. (4) The voltage between two points (substations/

power plants) were calculated by integrating the electric field along the
HGD great circle between them.

As shown in Figure 2, the density of the power lines and
substations/power plants is uneven because of a great demand in urban
areas. The number of substations/power plants is higher in urban areas,
for example, Tokyo metropolitan area in Kanto, than in remote areas.
Most of endpoints of the power lines are located near the seashore, for
example, Higashidori and Kashiwazaki (KWZ).

Tohoku area

Kanto area 2.3. Observation

We compare the calculated magnetic field, electric field, and GIC with

Shikoku islandé observed ones. We use the 1-Hz magnetic field and electric field data from

Memambetsu (MMB) located at 43.91°N, 144.19°E in the Hokkaido island,
KAK located at 36.23°N, 140.19°E in the Kanto area, and Kanoya (KNY)
located at 31.43°N, 130.88°E in the Kyushu island. Triaxial high-sensitivity

fluxgate magnetometers are used to observe the magnetic field. The accu-
racy is 0.01 nT. The data are certified as INTERMAGNET observatories. A pair
of the north-south (NS) line and east-west (EW) line with copper plates is

conducted at the Shin-Tsukuba and Shin-Fuji substations. The dashed line is ~ used to observe the electric field. The NS and EW lines are located ortho-
the boundary of utility frequencies between 50 and 60 Hz. gonally. The lengths of the NS and EW lines are (300 m, 300 m), (180 m,
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Figure 3. Magnitude of geomagnetically induced electric field (GIE) at the surface of the ground at t = 50 s for (a) = 0°
(incident electric field Eg, meaning the primary electric field propagated from the ionosphere, directed eastward), (b)

6 =30° (c) & =60° and (d) € = 90° (Eq directed southward). MMB, KAK, and KNY stand for Memambetsu, Kakioka, and
Kanoya observatories (see text). The direction of GIE is drawn by the small black arrows. The large black arrows at the top-
left corners of panels show the directions of Eg on the ground. Enlarged views of the Kanto area are presented in (a) and (d).

190 m), and (200 m, 200 m) at MMB, KAK, and KNY, respectively. The detailed information about the
observatory is provided by Minamoto (2013) and the Web http://www.kakioka-jma.go.jp/obsdata/
metadata. To measure GIC, a clamp type ammeter (Hioki E. E. Corporation, product number of 9272) is
attached to a neutral line of one of the multiple transformers at the STB and SFJ substations as shown in
Figure 2. The ammeter employs an InSb Hall sensor element. The accuracy of the amplitude is +0.5% in
the frequency range from DC to ~1 kHz. The temperature characteristics of the sensor are +0.05%/K in
amplitude and +0.005%/K in offset. The sampling rate is 10 Hz. All data are smoothed for comparison with
a 1-min running average. The smoothing is required to avoid numerical problems in the computation,
although the smoothing is expected to cause the underestimation of GIE and GIC. We will overcome this
problem in the future.

3. Results
3.1. Sinusoidally Varying Source Current

Figures 3a—3d summarize the magnitude of GIE induced at the surface of the ground at t = 50 s when the
incident electric field Eqy is maximized for § = 0°, 30°, 60°, and 90°. The source current varies at 100-km altitude
sinusoidally with a period of 100 s. At t = 50 s (at a half cycle), the source current is directed to westward for
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@ = 0° and northward for 6 = 90°. The calculated GIE shows an uneven
distribution, resulting from the inhomogeneities of the ground
T o conductivity. The magnitude of the GIE in the deep offshore regions is
O, relatively smaller than onshore regions. In particular, large GIE appears in
< the onshore region where the coast lines are normal to incident electric
field. The overall magnitude of GIE on the ground is larger than 2.5 mV/
-107° m in the main Japanese island, whereas the overall magnitude is less
10 than 1 mV/m on the Pacific Ocean.
= In general, the localized, uneven distribution of the GIE is attributed to
_S; ol charge accumulation that occurs when the conductivity gradient is parallel
= to the direction of the incident electric field. One such effect is called a
- coastal effect (Mckay & Whaler, 2006; Parkinson & Jones, 1979). For
10 6 = 0°, the incident electric field E, is directed eastward at t = 50 s, and
20 the GIE is locally enhanced near the east and west coast lines in Tohoku
area. In addition to the coastal effect, the GIE is also enhanced around
T e A the inhomogeneities of the relatively highly conductive sediment layers
= in Hokkaido, the Tohoku, and the Kanto areas by the high local conduc-
% -2 i A tance of the sediment. A similar effect was noted in New Zealand’s sedi-
é skin depth of seawater = 2.5km  \SSSSEEEENES ment regions by Divett et al. (2017). The GIE directs southeastward or
? 4 northwestward in the main island of Japan independently of the direction
of the incident electric field. This is the normal direction to the main axis of
6L . — : the main Japanese island. The magnitude of the GIE is most enhanced
125 130 135 when the incident magnetic field is normal to the coast line.
glon [deg]

Figure 4. (top) Charge density, (middle) eastward electric field on the
ground, and (bottom) sea level along the cross section of the Kyushu area
att=50s. They are taken along the white line drawn in Figure 3a. The charge

Enlarged figures of GIE in the Kanto area are shown in Figures 3a and 3d to
highlight the locally enhanced and strongly distorted electric field in the
inland area of Kanto. There is an anomaly zone of a thick sedimentary layer

density p is calculated by p = g, div E, where &g is the electric permittivityand ~ In the Kanto area. The electric field is enhanced in the region where the
E is the electric field. In the bottom panel, the symbols “+” and “—" stand for  gradient of conductivity is large. This feature is consistent with reports of
positive and negative electric charge, respectively. an unusually large amplitude of short-period geomagnetic variation,

which is called the “Kanto anomaly” (Honkura, 1985). In the Kanto area,
GIE is highly distorted. For example, GIEs at the two substations STB and SFJ are quite different from each
other in terms of magnitude and direction, although the distance between the two substations is only about
100 km. In Kyushu island, the GIE enhancement is larger in the east coast than in the west coast because the
continental shelf between China and the Kyushu area weakens coastal effects. The cross section of the
Kyushu area is shown in Figure 4. It is clearly shown that the west coast of the Kyushu island faces a shallower
seafloor (the East China Sea) and has smaller charge accumulation than that of the east coast facing a deep
ocean (the Pacific Ocean). The skin depth of seawater is approximately 2.5 km for the incident electromag-
netic field with a period of 100 s in the seawater (2.5 S/m). Because the skin depth of the incident plane waves
is longer than the sea depth in the East China Sea, the electric field penetrates deeper into the seafloor on the
shallower sea on the west side of Kyushu than on the east side. This results in relatively smaller GIE on the
west side than on the east side.

For 6 = 60°, the incident electric field Ey is directed from northwest to southeast. Figure 3c clearly indicates
that GIE is intensified in the region where the coast line is perpendicular to Ey. This is consistent with the result
by Divett et al. (2017), who pointed out that GIE is intensified in the region where a disturbed magnetic field is
aligned parallel to the main axis of the islands (a disturbed electric field is aligned perpendicular to the main
axis of them.

For 8 = 90°, the incident electric field E, is directed southward at t = 50 s. The GIE is locally enhanced near the
southern part of Shikoku island, and the northwest part of Honshu island (Figure 2). The coastal effect is more
pronounced near a curved shoreline such as a cove, a bay or a gulf. Roughly speaking, the main Japanese
islands are approximately distributed along a large arc with a center located in the northwest of them. The
strong induced current in the west and north coasts of the main Japanese islands is found along the coast
line of the Sea of Japan, resulting in the large GIE along the northwest coast of Japan. The local enhancement
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(a) Uniform ground (6=0°)
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—» -

o
o

(b) Uniform ground (6=30°)
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(c) Uniform ground (6=60°) (d) Uniform ground (6=90°)

(f) 3D ground structure (6=30°)
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(g) 3D ground structure (6=60°)
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. 1 A Source sheet current: 0.02 A/m with a period of 100 s

Figure 5. (top) Geomagnetically induced current (GIC) flowing between the ground and the power grid for a uniform, steady geomagnetically induced electric field
(GIE) directed at (a) 0° (eastward), (b) 30°, (c) 60°, and (d) 90°(southward). (bottom) GIC for the GIE calculated by the 3-D finite-difference time domain model for
the direction of the source sheet current at (e) 0° (westward), (f) 30°, (g) 60°, and (h) 90°(northward) at t = 50 s as shown in Figure 3. The radius of the circles is
proportional to the magnitude of GIC flowing to/out of the ground. The blue and red colors indicate GIC flowing into the grid and out of the grid, respectively. The
thick black arrow in the top-left corner in panel shows the direction of the incident electric field Eq on the ground.

of GIE is pronounced in the west-north coast of Honshu island for 6 = 30° and 60°. Note that the GIE shown in
Figure 3 is locally distorted to the incident electric field in the Kanto area by the inhomogeneities of the
ground conductivity.

Figure 5 presents the distribution of GIC flowing between the modeled power grid and the ground. In
Figures 5a-5d, we present GIC calculated with a uniform, steady GIE with an amplitude corresponding to
the incident electric field (from eastward to southward) at t = 50 s when the incident electric field is
maximized. The distribution of GIC is largely influenced by the topology of the network of the power grid.
This is consistent with the results by Beggan (2015) and Divett et al. (2017). The calculated GIC tends to be
enhanced at most of the end points of the power grid, for example, Higashidori and KWZ, depending on
the direction of the incident electric field, or the direction of the source current. The two stations are pointed
by dashed lines in the Figure 5a. For the eastward GIE (angle of 0°), GIC tends to flow into the power grid in
the west part and out of the grid in the east part of each island. An interesting point is that the GIC is relatively
small in the Tohoku area, although the Tohoku area has a large GIE as shown in Figure 3b. This is probably due
to the situation that the power line is almost orthogonal to the direction of the GIE. For the southward GIE
(angle of 90°), GIC tends to flow into the power grid in the north part, and out of the grid in the south part
of each island.

In case of the uniform GIE, the magnitude of GIC is largest at KWZ, which is caused by the uneven distribution
of substations/power plants. KWZ is a power plant, which is isolated from the Tokyo metropolitan area where
a number of grounded substations are situated. Most of the GIC flowing out from the grid in the Tokyo
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metropolitan area is thought to be supplied from KWZ. KWZ is located in
the north direction of Tokyo metropolitan area, so that the effects by
uneven distribution of substations/power plants expected to maximize

\M\ fp the GIC when the NS electric field is imposed on the ground. In addition,
”‘\M the power line connected to KWZ is designed for the ultrahigh voltage

J [mA/m]

of 1,000 kV (as indicated by the thick line in Figure 2); that is, the cable
resistance of the power line is lower than the other power lines in this
study. This may also enhance the GIC at KWZ.

Figures 5e-5h show GIC calculated with GIE obtained by the 3-D FDTD
method with the inhomogeneous ground conductivity. For the incident

KAK AB [nT]

- Observation —ABx- - ABy J
- Calculation —ABx-- ABy ABx

electric field with angles equal to, or larger than 30°, GIC tends to be
enhanced, in particular, in the south and north-west part of the main
Japanese islands. This is due to the GIE enhanced by the coastal effect in
association with the curved coast line as shown in Figure 3. In addition,
the local enhancement of GIC can be seen (e.g. the Tohoku area in

I NTTT T | IS M
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Figure 5e). Thus, the uneven distribution of GIE introduced by the

MMB AB [nT]

inhomogeneous ground conductance results in the both regional and
local enhancements of GIC at many points, especially located
near seashore.

3.2. Realistic Source Current Variation
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For a more realistic case study, we employed a sheet current with an
amplitude estimated from the ground magnetic disturbance to
demonstrate a temporal variation of GIC during the magnetic storm
occurred on 27-28 May 2017. Figure 6a shows the sym-H index (lyemori,
1990), indicating that a moderate storm occurred with a sudden
commencement. The storm sudden commencement occurred at 1530

44

IR PR AT R TTI | P ST R

time [UT]
2017

Figure 6. (a) The sym-H index, (b) x and y components of averaged current
density of the sheet current that is assumed to flow at 100-km altitude,
and (c-e) x and y components of the magnetic field at KAK, MMB, and KNY.

1600
May 27

0000

May 28 UT, which is caused by the enhancement of the magnetopause current.

The storm main phase might start at around 2130 UT. The storm main
phase lasted for about 10 hr, which is most likely attributed to the
enhancement of the ring current. The magnetopause current usually flows
at >10 Earth radii, and the ring current usually flows at 2-7 Earth radii. The
procedure to obtain GIC is as follows: (1) We calculated the sheet current
density on the basis of the geomagnetic field variation at three observatories. (2) With the calculated sheet
current, we performed the FDTD simulation to obtain GIE on the surface. (3) With the GIE, we calculated
GIC by using the power grid model.

The first step is to estimate the source current flowing over Japan. It is reasonable to consider that the source
current is a uniform sheet current extending to infinity because the scale length of the main Japanese islands
is much smaller than the characteristic scale lengths of the magnetopause current and the ring current. The
amplitude and direction of the sheet current are estimated by the following procedure. First, we subtract the
ground magnetic fields observed by Japan Meteorological Agency at MMB, KAK, and KNY from those values
observed at 1200 UT on 27 May 2017. We call them ABya(t), AByak(t), and AByyy(t), respectively. The black
lines in Figures 6¢c-6e show AB at KAK, MMB, and KNY. Second, we calculate the average of the magnetic
fields observed at the 3 observatories. That is, AB(t) = (AByma(t) + ABgax(t) + ABgny(t))/3. Third, we apply a
low-pass filter to remove a high frequency component (>1/100 Hz) of the magnetic field. We call this
AB'(t). Fourth, we calculate the current density by using (7) and (8). Figures 6b and 6c show the current
density of the sheet current in the x (north) and y (east) components. Obviously, the current in the y
component dominates that in the x component. The dominance of the y component may imply the
significant contribution from the ring current flowing westward and the magnetopause current flowing
eastward. The current in the x component is nonnegligible, suggesting the contribution from the ionospheric
current and/or the field aligned current flowing in the higher latitude region.

The second step is to calculate the GIE excited by the source current. The FDTD simulation provides the
electric field and the magnetic field in the simulation domain. Figures 6c-6e show the observed and
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2017 May 27 May 28 ground. Since GIC flowing in the power line splits into transformers at

Figure 7. (a—c) Electric field on the ground observed at KAK, MMB, and KNY
and (d and e) geomagnetically induced current (GIC) at the STB and SFJ
substations. The black line indicates the observed value, and the red line
indicates the one obtained by the finite-difference time domain simulation.
In Figures 7d and 7e, the blue line indicates the calculated GIC with a uniform

GIE observed at KAK.

a substation, we need to divide the calculated GIC by the number of
the substations. The number of the transformers is not open to public,
so that we simply assume that the number of the transformers is 10.
There are tendencies in Figures 7d and 7e that the GIC variation at the
STB substation is inversely proportional to the y component of the
electric field, whereas the GIC variation at the SFJ substation seems to
be influenced by the both components of the electric field. An
interesting point is that the variation at SFJ is completely different from that at STB, although the distance
between the two substations is about 120 km. The blue line in Figures 7d and 7e indicates the calculated
GIC with the uniform GIE that is the same as that observed at the KAK observatory, while the red line
indicates the calculated GIC with the GIE that comes from the FDTD method. When the uniform GIE is
applied, the calculated GIC at STB is similar to the observed one because STB is close to the KAK
observatory. However, the calculated GIC at SFJ is completely different from the observation. This most
likely implies that the localized distribution of the GIE (as shown in Figure 3) arising from the inhomogene-
ities in the ground conductivity largely influences the GIC variation. Of course, the geometry of the power
grid also results in the difference between STB and SFJ.

4. Discussion and Conclusions

The electric field on the ground was derived from the 3-D FDTD method with the full 3-D ground conduc-
tivity model. It is clearly demonstrated by the FDTD simulation that the uneven distribution of GIE is attrib-
uted to charge accumulation, which occurs significantly when the conductivity gradient is parallel to the
incident electric field. Air, sea, sediment layers, and rock layers are only considered, while effects of other
ground structures, such as sediment layers, partial melts beneath volcanoes, and subduction zone hydra-
tion, are not taken into consideration. In spite of the simple ground conductivity model, the calculated
GIE shows a certain agreement with the observation of GIE at KAK in the Kanto area. We found disagree-
ment with GIE observed at MMB and KNY. The disagreement may come from the inaccurate conductivity
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model. By incorporating data obtained by Magneto-Telluric survey, the disagreement will be settled in the
near future. The main Japanese islands are distributed along an arc. As discussed by Divett et al. (2017), the
strongest electric fields develop in the direction perpendicular to the island’s main axis. In our result,
Figure 4 shows GIE is enhanced when incident electric field is perpendicular with the main axis of the
Japanese islands. In addition, Figure 5g shows that the largest GIC flows in a southern part of Japan (stretch-
ing northeast-southwest) when Eq directs southeast. These are consistent with the expectation of Divett
et al. (2017).

Using the calculated GIE, we calculated GIC flowing in the 500-kV power grid in Japan. The calculated GIC
qualitatively agrees with the two observed GIC time series. We first focus on the result obtained with uniform
geoelectric field to investigate the influence of the geometry of the power grid on GIC (Figures 5a-5d). GIC
appears to be intensified at the westernmost and easternmost points of the power grid when the EW aligned
electric field is imposed on the surface as shown in Figure 5a. The same tendency is found for the NS aligned
electric field that results in the intensification of GIC at the northernmost and southernmost points. This result
is expected from the equation derived by Lehtinen and Pirjola (1985) and is consistent with the simulation
results obtained by, for example, Beggan et al. (2013) and Divett et al. (2017). It is noteworthy that GIC is
remarkably intensified at KWZ when the NS aligned electric field is imposed on the surface. It is plausible that
KWZ is a counterpart of many substations in the Kanto area being located to the south of KWZ. The Kanto
area includes the Greater Tokyo Area in which the total population is approximately 38 million and is the
most populous metropolitan area in the world as of today. Many substations are situated in the Greater
Tokyo Area to accommodate high demand for electric power. Due to this type of topology of the network,
GIC flowing at many substations in the Greater Tokyo Area is concentrated to KWZ. The power line between
KWZ and the Kanto area is designed for the ultrahigh voltage of 1,000 kV, so that the conductivity is low in
this particular power line. This also results in the remarkably intensified GIC at KWZ. We think that this is a
unique situation in comparison with other counties.

Next, we discuss the result obtained with the realistic, inhomogeneous, and the 3-D distribution of the
ground conductivity. One immediate influence of the realistic ground conductivity is the intensification of
GIC near the coast as pointed out by Beggan et al. (2013). This is understood to the intensification of GIE near
the coast where the gradient of the conductivity is large. Ivannikova et al. (2018) calculated GIE in Ireland and
pointed out that the coastal effect depends on frequency of the imposed field. In Island of Ireland (which is
comparable to the Hokkaido island in Japan in size), the coastal effect spreads inward most at the period of
50 s. Divett et al. (2017) investigated GIC in New Zealand and concluded that the maximum GIC occurs when
the incident electric field is perpendicular with the island’s main axis. This conclusion is also supported by our
simulation result. Again, GIC is abnormally intensified at KWZ in the case of the realistic ground conductivity.
GIC is not simply proportional to the local GIE. Topology of the network is supposed to play an important role
in the distribution of GIC.

In future research, based on our newly developed method for estimation of GIC, we will search for a current
system that results in a large-amplitude GIC in Japan. In addition to the geometry of the power grid, the
uneven distribution of the GIE is found to contribute significantly to the GIC in Japan. The localized distribu-
tion of the sediment layer could significantly affect the GIE distribution. In particular, our simple assumption
that the basement rock has a uniform conductivity should be modified since the spatial variations of crustal
and mantle conductivity is not large (several orders). Compilation of regional conductivity structures in Japan
is necessary to provide a precise prediction of GIC. We considered only the 500-kV power grid lines in this
study. The influence of the 275-kV power grid lines on the overall distribution of GIC will be studied in the
future. More realistic values of cable resistances and other circuit characters can of course give a detailed esti-
mation of GIC at each grid.

Appendix A
From (1) and (2), the following wave equation can be derived for free space
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When the electric and magnetic fields depend only on the z component, (A1) turns into

’E, ’E,
a2 TH e T

072 (A2)

The left-hand side of (A2) indicates the propagation of the electric field in the z direction. When the electric
field propagates downward (negative z component), (A2) yields

OE OE

For the free space between the source current at z; and the surface of the ground at z,, we obtain a solution
of (A3) as

E, = Acos {k(zfzs) +27nt], (A4)

where k is the wave number, and A is a constant. For the long-period variation of the source current, the wave
number k is extremely low (k = 0), so that the wave length is much longer than the distance between the
source altitude and the surface of the ground. Thus, the direction of the incident electric field on the ground
at zy is basically the same as that of the electric field at z,. We imposed the source current j , at z;, which gives
rise to the temporal variation of the electric field at z; as

Ok, sy

—= A5
ot € ( )

Therefore, the incident electric field on the ground at z, can be basically regarded to be opposite to that of
the source current.
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