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Abstract

Abrupt changes of geomagnetic field can make large induced electric field and resultant electric current on the
earth, which is called as geomagnetically induced current (GIQ). It can yield damages to pipelines, cables, and other
architectures. For understanding the phenomena and future risks of GIC, it is necessary to evaluate how the
sub-surface electrical conductivity structure is important for the GIC because the heterogeneous conductivity
structure in the crust and mantle affects the induced electrical current locally. The hazard prediction based on the
homogeneous earth may result in the underestimation. Here, | introduce possible cases of geomagnetically induced
electric field (GIE) on seafloor and near coastal areas, based on numerical forward simulations on one-, two-, and
three-dimensional (1-D, 2-D, and 3-D) earth’s structure including the sea layer. On the 1-D case, | show the possible
amplitude of GIE on the seafloor, far from the coastal area. The second case study comes from 2-D forward simulation,
in which the straightly elongated coastal line is assumed, and various sub-surface and sub-seafloor conductivity
structures are imposed. The numerical results suggest that the amplitude of GIE on land becomes more than two times
larger than that of the homogeneous earth without the sea layer. The width of land zone with larger GIE is about 20 km
from the coast. In forward modeling with a simplified 3-D bathymetry, land electric field near the bay area increases with
about ten times larger than that of the inland one. The seafloor GIE near the peninsula area also indicates about four
times larger value than that of the other area at the same water depth. These phenomena can be explained by the
boundary charge along the coastal area. | conclude that 3-D earth’s conductivity structure including the realistic
bathymetry and sub-surface and sub-seafloor structures should be essential and focused for the hazard assessment of GIC.

Keywords: GIC, Conductivity structure, Seafloor, Coastal effect

Introduction

Geomagnetic storms are potentially hazardous to human
society. The electric field in the earth, induced by the
geomagnetic storms, generates the large unpredictable
electric current in conductors on the earth’s surface.
This is so-called geomagnetically induced current (GIC),
which can yield damages to pipelines, railways, cables,
and other architectures which have long electrical con-
ductor systems. For example, the end-to-end voltages
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associated with GIC can be very large along power lines
and trans-oceanic submarine communication cables.
Buried pipelines may suffer from serious corrosion of
the steel due to GIC.

One of the famous damages is emerged on the Hydro-
Québec power system during the great magnetic storm
on March 13, 1989. Bolduc (2002) reported that the
electrical power supply was interrupted for many hours,
and voltage instability which resulted in safety features
tripping the transmission system costs 6.5 M$ in mater-
ial damages alone. In his report, the system collapse
followed a sudden large variation of geomagnetic field
(e.g., about 1000 nT decrease in the north component
within several minutes). The large GIC made the system
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unstable since a number of static compensators, essen-
tial for maintaining dynamic stability, started tripping
one after the other. Another example of GIC is recorded
in the southern Finland (Pirjola 2005; Pirjola 2012). The
maximum current through a transformer neutral in the
power grid was about 200 A at the geomagnetic vari-
ation (about 2000 nT within several minutes).

For understanding the phenomena and future risks of
GIC, many efforts have been done. Although the number
of directly observed data of GIC at the power grid (e.g.,
Watari 2015) is limited, the recent numerical studies try
to cover the lack of observation and to attempt to assess
the GIC. Thomson et al. (2009) introduced progress to-
ward integrated European scale models of geomagnetic
and geoelectric fields for modeling GIC in power grids
and pipelines. Pulkkinen et al. (2010) presented a model
for computing GIC from local geomagnetic field observa-
tions carried out in Hokkaido, Japan. The model com-
posed of a layered sub-surface structure reproduced the
observed GIC with a very good accuracy. Wei et al. (2013)
interpolated sparsely distributed magnetometer data and
predicted the surface electric field across North America
at the geomagnetic storms in 1989 and 2003. Their esti-
mation based on the layered regional earth models indi-
cates good agreement between the measured and
interpolated data. They also found that the induced elec-
tric field strongly depends on the local surface impedance,
resulting in surprisingly strong electric field amplitudes
along the Atlantic and Gulf Coast. Boteler (2014) focused
the 1989 magnetic disturbance at Québec, estimated the
electric field based on the layered earth model, and
showed how uncertainty in the earth model influences the
calculation. Piithe et al. (2014) calculated electric field on
a layered earth model incorporated with 3-D surface con-
ductance distributions, which was compared with ob-
served ones.

The many model studies have been done; however,
most of them are based on the layered earth model
(without horizontal heterogeneity) and have not han-
dled the spatial heterogeneity of earth’s conductivity
structure. It is necessary to discuss how large impacts
the heterogeneity has on the GIC estimation because
the heterogeneous conductivity structure in the crust
and mantle affects the induced electrical current lo-
cally. Lack of the view may result in underestimation
of the GIC hazard. Since the highly populated cities
are concentrated along the coasts, the conductivity
contrast between land and ocean should be discussed
quantitatively for the GIC predictions. Moreover, a
few studies have been reported about the GIC on the
seafloor and near the coastal areas. Similar to land,
the long electrical conductor systems such as submar-
ine cables and pipelines are installed on the seafloor
and coastal area.
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In this study, I introduce possible cases of geomagnetic-
ally induced electric field (GIE), on seafloor and near
coastal areas, which yields the GIC, based on numerical
forward simulations on one-, two-, and three-dimensional
(1-D, 2-D, and 3-D) earth’s structure including the sea
layer. Through the 1-D calculations, I will discuss how
large GIE is expected on the seafloor. Although the similar
evaluations on the seafloor with 1-D earth models has
been published (Pirjola et al. 2000; Pirjola 2002; Boteler
and Pirjola 2003), the more realistic sub-seafloor structure
is adopted in this study. Then, the 2-D and 3-D calcula-
tions help us to understand the coastal effect on GIE,
which will enhance the electric field near the ocean. Note
that this paper is focused on the discussion of horizontal
geoelectric field at the Earth’s surface. For computation of
GIC in the power grid, etc., produced by the geoelectric
field, other engineering investigations such as in Pirjola
(2012) are required.

Methods

I employed theoretical and numerical methods for electric
field calculations on 1-D, 2-D, and 3-D earth’s conductivity
structures. In this study, the spatially homogeneous
electric current in the magnetosphere or ionosphere is as-
sumed to be a source of GIE. The primary magnetic field
(directly generated from the source current) is common
on the surface and has the horizontal components only. It
is an assumption for the magnetotelluric sounding (e.g.,
Kaufman and Keller 1981) but will be not appropriate be-
cause of the heterogeneous pattern of source electric
current of GIE as shown in Thomson et al. (2009; see Fig.
3 in their article). For example, as reviewed in Mareschal
(1986), the induced electric field directly observed under
the electrojet tends to be underestimated at long periods
while the reverse (overestimation of the induced electric
field) is true past the edges of the electrojet. Although the
source heterogeneity should be dealt in the future work,
the simple assumption can be applied at the mid latitude
area far from the electrojet and also can be worth as a
practical method to evaluate the averaged GIE at the high-
latitude area.

The 1-D calculation is based on the theoretical study
of magnetotelluric sounding method (e.g., Kaufman and
Keller, 1981). The magnetotelluric impedance Z(f) at a
frequency (f) can be defined as a function of amplitude
of horizontal electric field at an observation site (E.(f))
and horizontal magnetic disturbance at the same site
with the same frequency (H,(f)) as follows;

Ex(f): Ex(f) (1)
Hy(f)  #'B(f)

where B,(f) is the magnetic flux density and u is the
magnetic permeability (477 - 10" ’H/m, assumed to be

Z(f) =
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uniform in the air and ground). If the earth has a
uniform electrical conductivity (o) , the impedance can
be written as the following equation based on the
frequency-domain Maxwell’s equations (e.g., Kaufman
and Keller 1981);

Z(f) :%,wherek: Viowy (2)

where @ and i are the angular frequency (w = 27f) and
the imaginary unit, respectively. In the 1-D case, the im-
pedance at top of each layer j=1(surface), 2(sub-sur-
face), ..., N (the deepest layer) can be theoretically
derived as follows (Kaufman and Keller 1981);

Wi 1—R‘€2ik/hj i
Zi(f) = % m, wherek; = \/iojou (3)
j

- op/Zin(f)-k
" ou/Zia () + K

The parameters o; and /; are the conductivity and
thickness of layer j, respectively. Since the impedance
at the top of the deepest layer can be simply derived
as Zn(f) = wulky, we can estimate Zx_1(f), Zn_2(f), - - -
Z(f), Z1(f), recursively.

The 1-D magnetotelluric theory also gives us the
quantitative estimation of GIE on the seafloor. From
Eq. 1, it can be written as

By(f) seaftoor
Ex (f) seafloor — lMZS (f) By (f)Seaﬂoo B}’ (f)surface (5)
y surface

where Z(f) is the impedance on the seafloor. Now, we can
normalize the amplitude of magnetic field at the sea
surface (i.e, By(f)surface =1 NT). The attenuation ratio of
magnetic field in the seawater layer, B,(f)seafioor/By{f)surfaces
can be described theoretically as follows (Kaufman and
Keller 1981);

(4)

BJ’ (f)seaﬂoor — 1+ RS eikshs
B}’ (f)surface 1+ RsemkShs ’ (6)
where k; = \/io,ou

o/ Zs(f) ks

T ol Z) + & 7
where o; and & are the conductivity and thickness of
seawater layer. The seafloor impedance Z; (f) can be
estimated from Eqs. 3 and 4; therefore, the Eq. 7 can be
solved and used for the prediction of GIE on seafloor.
For demonstration how the sub-seafloor structure
affects the seafloor GIE, two different types of 1-D sub-
seafloor conductivity structures are assumed here (sum-
marized in Table 1). The former one is a layered structure
below the Pacific plate (PAC), representing the old oceanic
plate. The latter one is for the Philippine Sea plate (PHS),
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Table 1 Two contrastive models of sub-seafloor 1-D conductivity
structures. The seawater conductivity is assumed as 4 S/m

Pacific plate (PAC)

Philippine Sea plate

model (PHS) model
Crust 001 S/m 0.01 S/m

Depth 0-10 km bsf. Depth 0-10 km bsf.
Upper most mantle 0.001 S/m 0.001 S/m

Depth 10-150 km bsf. Depth 10-40km bsf.
Upper mantle 0.033 S/m 0.033 S/m

Depth >150 km bsf. Depth >40 km bsf.

bsf below the seafloor

representing the young oceanic plate. Both are simplified
from the 1-D models obtained by the seafloor magnetotel-
luric observations (Baba et al. 2010). The uppermost
mantle is relatively less conductive than the crust and
upper mantle (Table 1). The conductivity of mantle in-
creases toward the depth due to the temperature rise, and
the crust also indicates high conductivity due to inclusion
of water. Note that the PHS indicates more conductive
feature (e.g., thinner upper most mantle in Table 1) than
PAC. As in Baba et al. (2010), it can be interpreted as the
existence of partially molten in the PHS mantle while the
partial melting is not required below the PAC, if the con-
ductivity is interpreted simply as the effect of temperature.
In addition to the sub-seafloor structure, a seawater
layer is added to the top of each model in Table 1
with various water depths: 1000, 4000, and 0 m (i.e., no
seawater case). As a result, six different GIEs are estimated
as shown in Fig. 1.

Note that the GIE in this study is estimated in the fre-
quency domain, not in the time domain. Although most
of the GIC studies are based on the analysis of time
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Fig. 1 Frequency versus amplitude of seafloor electric field (mV/km)
induced by sea-surface geomagnetic fluctuations (with an amplitude
of 1 nT). Solid and broken lines: electric field on the PAC and PHS
models, respectively (Table 1). Thick and thin black lines: results from
models with a seawater layer whose thickness are 1000 and 4000 m,
respectively. Gray lines: results from models without seawater layers.
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series data, the GIE due to magnetic fluctuations can be
written in the frequency domain such as in Eq. 5. There-
fore, for the fundamental studies of GIE, it is described
as a function of frequency in this study. The transform
of the frequency-domain GIE to the time domain is eas-
ily achieved; the frequency-domain GIE per unit ampli-
tude of magnetic fluctuation (as shown in Fig. 1), and
the spectrum of observed magnetic field can give us the
predicted spectrum of GIE. Inverse Fourier transform of
the GIE spectrum will yield the time series of predicted
GIE. In the following 2-D and 3-D calculations, the
frequency-domain approach is also adopted.

The 2-D model can include both land and ocean with
a straight coastline and is useful for demonstrating the
coastal effect on GIE. The numerical calculation is based
on the finite element method (FEM) developed by
Uchida and Ogawa (1993), which follows the method de-
scribed in Rodi (1976). The 2-D model has an elongated
structure in which the conductivity can vary across the
strike and to the depth. It consists of aggregation of
small rectangular blocks having the own conductivity
values. The induced electric field on land and seafloor
are obtained by the calculation, assuming the unit ampli-
tude of magnetic field on the sea/land surface.

As well known, the two modes of electromagnetic
inductions are available for 2-D cases: the transverse mag-
netic (TM) mode and the transverse electric (TE) mode
(e.g., page 37 in Chave and Jones 2012). In the TM mode,
the magnetic field points in the strike of 2-D structure
and the electric field lies in the plane orthogonal to strike.
The TE mode has the complementary set, with electric
field in the strike direction and the magnetic field orthog-
onal to the strike. In this study, I focus the TM mode
induction for evaluation of the coastal effect on GIE. As
typically shown in Vozoff (1972), the apparent resistivity
at a frequency rapidly changes at a vertical contact of con-
ductivity heterogeneity, similar to coastline. Since the
amplitude of magnetic field is common at the earth’s
surface in the TM mode theoretically, the rapid change
means less-continuous electrical field across the vertical
contact. On the contrary, in the TE mode, the apparent
resistivity gradually changes across the vertical contact. It
means that the TE-mode electrical field can be approxi-
mately inferred by interpolation of calculated results on
the 1-D models. Therefore, the GIE estimation in the TM
mode is more meaningful for the 2-D studies.

The 2-D model used in this study is based on the land
and seafloor magnetotelluric observations across the
coastline of the Kii peninsula, Japan (Kasaya et al. 2005).
A simplified conductivity model is created (see later, in
Fig. 2d) and is modified to other three models for sensi-
tivity check of GIE to the sub-surface conductivity struc-
tures. All four 2-D models having a conductive sea layer
(4 S/m) are used for the discussion (Fig. 2). The induced
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electric field is calculated on the land surface and sea-
floor at various frequencies from 0.01 to 0.001 Hz.

The numerical calculation of induced electric field on
the 3-D earth’s structure is carried out by using the finite
difference method developed by Mackie et al. (1994). The
purpose of 3-D modeling is for the discussion on how the
complicated bathymetry affects the GIE on the seafloor.
Similar to the 2-D model, the 3-D model consists of a
number of conductivity blocks with cuboids. For focusing
the bathymetric effect only, the sub-surface and sub-
seafloor conductivity are assumed to be uniform with
conductivity of 0.01 S/m (as shown in Figs. 3 and 4). The
seawater conductivity is fixed as 4 S/m. The bathymetric
data off the Tokai area (off the Omaezaki peninsula,
Japan) is simplified and imposed to the 3-D model. Two
orthogonal horizontal magnetic fields (x and y directions)
are respectively added as source of induction, at the height
of 100 km above the surface of 3-D model. The frequency
of source used here is 0.001 Hz.

Results and discussion

As a result of the 1-D modeling studies (Fig. 1), the sea-
floor electric field cannot be negligible at shallow water
and low frequency cases. In the case of water depth of
1000 m, the amplitude of electric field is relatively
smaller than that of the land case (no seawater) but is
still 15-30 % of the land case at the frequency of
0.001 Hz. It will be larger level if the water depth is less
than 1000 m. On the contrary, in the deeper water case
(e.g., 4000 m), the amplitude of electric field goes down
less than 8 % of the land value. Such a small electric field
is similar to the previous studies (Pirjola et al. 2000;
Boteler and Pirjola 2003).

The quantitative estimation of seafloor electric field
helps the discussion on how large voltages can be ex-
cited along the seafloor infrastructures. For example, an
extreme magnetic storm in 1859, called as the Carring-
ton event, brought the large geomagnetic change of
about 1600 nT at Bombay, India (Tsurutani et al. 2003).
They reported the continuous decrease of magnetic field
during several thousand seconds. If surface geomagnetic
fluctuations have the amplitude of 1600 nT and the fre-
quency of 0.001 Hz, and a submarine cable or pipeline
with length of 2000 km is installed on the seafloor with
water depth of 1000 m, we can predict the end-to-end
voltages along the infrastructure. By multiplying the elec-
tric field at 0.001 Hz in Fig. 1 (0.16-0.19 mV/km/nT),
amplitude of magnetic field and the cable length, the volt-
ages can be predicted as about 500-600 V. It is obvious
that the shallower water environment increases the possi-
bility of hazard on seafloor infrastructures. On the other
hand, the seafloor GIE would be less hazardous at a higher
frequency than 0.01 Hz in the case of water depth of
4000 m (Fig. 1), although the land case indicates the
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Fig. 2 Cross sections of four 2-D land-ocean conductivity models, together with induced electric field of TM mode on land surface and on seafloor.
A seawater layer is commonly added to the shallow-right side of each model (4 S/m). The coastline, shown as an inverted triangle in each model, is
located at the distance of 0 km. a Homogeneous underground model. The conductivity values for crust and mantle are assumed as 0.01 S/m based
on Kasaya et al. (2005). b Land-side conductive model. The deep portion of land has a conductive feature. The conductivity and shape comes from
the subducting oceanic plate shown in the model D. ¢ Ocean-side conductive model. Similar to the model B, but the sub-seafloor structure has the
conductive feature. d Subduction model. The subducting oceanic plate (PHS) is added whose top layer has a high conductivity (0.1 S/m). The value
and shape is based on Kasaya et al. (2005). Note that both the model conductivity and electric field are shown as logarithmic values

Distance(km)

gradual increase at higher frequency. It is due to the shield
effect by conductive seawater. In the case of water depth
of 1000 m, the shield effect becomes weak and the cut-off
frequency is shifted to about 0.1 Hz.

The 2-D modeling indicates the amplification of in-
duced electric field is obvious in the coastal zone. Figure 2
indicates the results from four different models. The
homogeneous underground model (Fig. 2a) and the land-
side conductive model (Fig. 2b) commonly indicate the
large induced electric field in the TM mode. For example,
at a frequency of about 0.01 Hz on model A (Fig. 2), the

averaged GIE at the area between the coast line to the
20 km inland is about 4.7 mV/km/nT, more than twice of
inland GIE (about 2.1 mV/km/nT). In the other models
and other frequencies, the amplification of GIE near the
coast can be greater; e.g., about five times at 0.01-
0.001 Hz on the model B (Fig. 2). Therefore, the horizon-
tal heterogeneity should be considered for the GIE
estimation.

The amplification along the coast is explained by the
boundary charge at the coastline (e.g., Wannamaker
et al. 1984); the TM mode electric field is normal to the
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vertical resistivity contacts in the earth. The continuity
of electric current through the resistivity contacts can
yield the discontinuity of electric field, and the resultant
boundary charge will be induced at the resistivity con-
tacts as sources for secondary electric field, which amp-
lify the land electric field. Note that the large GIE zones

spread offshore in Fig. 2a, b. It is due to the gradual
change of bathymetry; the sea water layer becomes thick
toward the offshore. The shallow water zones do not
always contribute to the low frequency induction, so that
the “coastline” at the low frequency is possibly shifted
offshore.
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The coastal effect yields not only amplification of elec-
tric field on land but also attenuation of seafloor electric
field at some areas. In Fig. 2a, b, two zones with small
GIE are revealed at a distance around +30 and +100 km,
respectively. The former is located near the coastline,
and the latter is found around the steep dipping of sea-
floor slope. It is also due to the boundary charge in the
TM mode induction, which will be sources for second-
ary electric field attenuating the seafloor electric field.

The coastal effect of GIE is strongly affected by the
shallow conductivity structure as shown in Fig. 2. The
low conductive seafloor and high conductive seawater
are directly attached each other in Fig. 2a, b. On the
contrary, the crustal conductivity is varied gradually
across the coastline in Fig. 2c, d. The latter models
reduce the coastal effect in the TM mode (the amplifica-
tion and attenuation of electric field which has been
described above).
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The deeper conductivity structure does not indicate
the large coastal effect at the higher frequency but
affects at the lower frequency. Based on the comparison
between Fig. 2a and Fig. 2b, the GIE are almost common
at the frequency higher than 0.001 Hz. However, differ-
ences are obvious at the lower frequency. If the electric
field that drives GIC has large amplitude at such low
frequencies, the mantle structure below the land should
be considered.

The 3-D numerical modeling with a simple sub-surface
structure (uniform conductivity of 0.01 S/m) demonstrates
concentrations of electric current at the bay and peninsula
areas. Figure 3 indicates the spatial distribution of electric
field on and in the earth, together with the magnetic field
at a frequency of 0.001 Hz. It is obvious that the electrical
field is greatly amplified near the coastline (A in Fig. 3).
This coastal effect is similar as in the 2-D modeling. The
area A’ in Fig. 3 also indicates the large electric field near
the coastline. It could be explained by the electric current
avoiding the peninsula and seafloor high area (ie., spur).
The bay-like area has concentration of electric current,
resulting in the larger electric field on land. Similarly, the
different pattern of source magnetic field yields the large
electric field on land near the coastline (B in Fig. 4). The
amplitude is about ten times larger than that of the inland
electric field, so that the coastal effects of GIE should be
considered for the future hazard mitigations.

Not only the land but also the seafloor electric field is
distorted by the complicated conductivity structure. In
area C (Fig. 3), the offshore electric field is relatively
higher (about four times) than that of the other offshore
areas with the same water depth. This area is located
along the coastline, where induced electric current
avoiding the resistive peninsula will be concentrated.
Similar offshore electric field with larger amplitude is
observed at other areas such as D in Fig. 4. On this area,
the geomagnetic field is also amplified largely as shown
in area E (Fig. 4), which implies the current concentra-
tion in the ocean. Thus, the seafloor GIE could be in-
creased near the shore area. The coastal ocean area is
often characterized as the shallow water depth, so that
the GIE could be similar amplitude to the land case (as
discussed in the 1-D modeling case).

On the other hand, the small seafloor high has less ef-
fects of amplification of GIE. For example, the seafloor
electric field on the spur-like structure (F in Fig. 3 and G
in Fig. 4) indicates similar amplitude to the less compli-
cated bathymetric area (F’ in Fig. 3 and G’ in Fig. 4).
This is possibly due to the seawater upon the spur,
which can play a role of “pass way” for electrical current
avoiding the concentration around the resistive spur-
like structure. It also might be due to the limited
spatial width of spur; much wider seafloor high (and/
or shallower top depth to the sea surface) could make
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a larger seafloor GIE as shown in the land case (e.g., A
and A’ in Fig. 3)

Conclusions

For evaluation of GIE on seafloor and near coastal zones
incorporated with heterogeneous conductivity distribu-
tions of the earth, I introduce possible cases of induced
electric field based on theoretical and numerical forward
simulations on 1-D, 2-D, and 3-D earth’s structure. On
the 1-D case, the seafloor GIE is less hazardous at the
higher frequency (Fig. 1; greater than about 0.01 and
0.1 Hz at water depth of 4000 and 1000 m, respectively).
However, in the case of low frequency (e.g., 0.001 Hz)
and the shallow water region (e.g., 1000 m), the GIE
amplitude can reach 15-30 % of the land cases. The sec-
ond case study comes from 2-D forward simulation, and
suggests that the amplitude of GIE near the coastline
becomes several times larger than that of the homoge-
neous earth without the sea layer. The land zone with
amplification has a width of about 20 km from the coast.
Finally, using the 3-D earth’s model including the compli-
cated land-ocean distribution and bathymetry, we exam-
ined the coastal effect on GIE at the frequency of
0.001 Hz. The amplitude of land GIE near the bay area is
about ten times larger than the inland value. In addition,
the seafloor GIE near the peninsula area is about four
times larger than that of the other area with same water
depth. These phenomena can be explained by the bound-
ary charge along the coastal area and the concentration of
electric current near the coastline.

For assessment of GIC, I conclude that 3-D earth’s
conductivity structure including the realistic bathymetry
and the underground conductivity structure is essential
and should be used. Although the simple model employ-
ing the 1-D earth’s structure will be valid in the middle
of continental crust and the middle in ocean, both elec-
tric fields along and across the coastline are distorted by
conductivity heterogeneity. As shown here, the coastal
effects on GIE is complicated and strongly depends on
the water depth of ocean, crustal conductivity structure
(both land and ocean), and the shape of coastline. Fortu-
nately, efforts of electromagnetic observations and data
analysis provide us a global surface conductance (con-
ductivity-thickness product) map, 3-D regional/local
conductivity models (as in a review by Thomson et al
2009, and the compiled global model by Alekseev et al.
2015). Recent advances of seafloor electromagnetic obser-
vations also show us 3-D conductivity structure below the
seafloor (e.g., upper mantle structure below the Philippine
Sea and the western margin of the Pacific Ocean pre-
sented by Tada et al. 2014). Note that the observed GIE is
strongly distorted even at the very low frequency by
small-scale and near-surface heterogeneities of conductiv-
ity distribution (e.g., Fujii et al. 2015). Since the distortion
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on the seafloor is smaller than one on the land (Piithe
et al. 2014), heterogeneous geological structure near
the land surface beneath the target (e.g., power lines)
should be carefully included in the local/regional 3-D
conductivity model, based on boreholes and geophysical
explorations (seismic surveys, magnetotellurics, and so
on). In addition, electric field at the seafloor due to a 2-D
or 3-D ionospheric electric current, which is a source of
GIE, was partly examined (Pirjola et al. 2000; Pirjola
2002). Numerical studies with 3-D conductivity structures
with 3-D ionospheric current system will be achieved in
near future and very helpful for assessing the GIC hazard.
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