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ABSTRACT: For assessing Geomagnetically Induced Currents (GICs) risks in mid-latitude coastal power grids, this study developes a
three-dimensional Earth conductivity model that incorporates coastal effects. The model was constructed using geological cross-sectional
data from the China Earthquake Administration and measured terrestrial conductivity data. Focusing on the strong geomagnetic storm
of February 27, 2023, the spatiotemporal characteristics of GICs in Shandong Peninsula across 34 substations and 46 transmission lines
were accurately computed. The GICs peak of the substation appears at Muping, and GICs peak of the transmission line appears at
Zouxian-Luzhou Line. Notably, two coastal substations exceeded the safety limit for GICs. Areas of highest risk are concentrated in the
southeastern coastal region of Shandong, underscoring the significant impact of coastal effects and changes in geological structure. This
method and its findings provide a global reference for predicting and issuing early warnings regarding GICs in long-distance mid-latitude
coastal power grids.

1. INTRODUCTION

Currents in the Earth’s magnetosphere and ionosphere, when
being influenced by complicated solar plasma phenomena,

can disturb the Earth’s magnetic field. The Earth, acting as a
conductor, generates induced ground electric fields in response
to geomagnetic disturbances. Within closed circuits formed
by transmission lines, transformer grounding points, and the
Earth, GICs arise due to geomagnetic induction phenomena.
This poses a threat to the safe and stable operation of power
transformers and power systems [1–3].
During geomagnetic disturbances, GICs have been respon-

sible for numerous incidents of transformer damage in high-
latitude regions, at times leading to large-scale power out-
ages [4]. In countries at mid-to-low latitudes, there have been
incidents of GICs affecting power grids in recent years. These
events are increasingly observed, particularly in coastal re-
gions [5]. In contrast to earlier studies, which often simpli-
fied coastal induced ground electric fields as one-dimensional
horizontal layers [6] or as simple two-dimensional sea-land
boundary planes [7], thereby reducing solution accuracy. To
address this, Liu et al. conducted comparative calculations of
one-dimensional and three-dimensional induced ground elec-
tric fields in the Ling’ao coastal area [8, 9]. Building on this,
Nakamura et al. established a three-dimensional ground con-
ductivity model based on coastal effects for calculating induced
ground electric fields [10]. However, these studies used ideal-
ized surface or line currents with fixed size and direction as
excitation sources. In reality, geomagnetic disturbances gener-
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ated by solar activity are the true “sources” that induce ground
electric fields, and they are the fundamental drivers of GICs in
power grids.
The geographical location of the Shandong Peninsula is of

global significance, as it exhibits typical geological and topo-
graphical characteristics of mid-latitude coastal areas. In their
study on GICs calculations for the region’s power grid, Wang
and colleagues computed the GICs for the 500 kV system in the
Shandong Peninsula [3]. However, their approach still assumed
fixed-size and direction ground electric fields as idealized ex-
citation sources.
Recent studies have highlighted the importance of incorpo-

rating realistic conductivity structures and coastal effects into
GICs modeling. Zhang et al. found that at three-block tec-
tonic boundary zones, coast effects can systematically alter the
direction of geoelectric field vectors and locally distort their
magnitude, especially during geomagnetic storm pulses [11].
Marshalko et al. employed three-dimensional ground electric
field modeling in Fennoscandia, demonstrating notable devi-
ations from simpler models in coastal regions [12]. Wang
and Zhang quantitatively analyzed two boundary configura-
tions and confirmed that coastline geometry and seafloor depth
exert a strong control on the intensity and distribution of geo-
electric fields [13]. Hübert et al. proposed an improved ground
electric field model [14], and Alves Ribeiro et al. demonstrated
that the spatial resolution of conductivity models significantly
affects GICs estimates [15]. Juusola et al. developed a three-
dimensional approach for surface geoelectric fields [16]. These
works provide essential context for the three-dimensional con-
ductivity framework adopted in this study.
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To better align with real-world scenarios, this study departs
from the conventional research practices involving ideal exci-
tation sources in the investigation of induced ground electric
fields and GICs. Instead, it establishes a comprehensive GICs
calculationmodel encompassing the Earth’s atmosphere, space,
and ground. This study uses measured data from the geomag-
netic storm of February 27, 2023, obtained through the Merid-
ian Project (34.7◦N, 118.4◦E) [17]. It also incorporates geo-
logical cross-sections and ground conductivity measurements
from the Shandong Peninsula. The real structure and param-
eters of the 500 kV power grid are taken into account. Using
geomagnetic field variations generated by solar activity as the
excitation source, the study examines the spatiotemporal distri-
bution of induced electric fields and GICs. The results provide
a physical basis for assessing the risk of GICs in the Shandong
Peninsula power grid.

2. REAL-TIME SPACE WEATHER PARAMETER AC-
QUISITION AND MODELING
The Meridian Project is a significant technological infrastruc-
ture project for comprehensivemonitoring of the space environ-
ment in the eastern hemisphere. The Meridian Project extends
from 120◦E in the north, starting from Mohe, passing through
Shandong to the Antarctic Zhongshan Station, and from Shang-
hai in the east to near 30◦N latitude in the west, reaching Lhasa.
Currently, it comprises 15 monitoring stations. The Maling-
shan Station on the Shandong Peninsula is a crucial geomag-
netic monitoring station within the Meridian Project, equipped
with a fluxgate magnetometer and an inductive magnetometer.
According to data from the Meridian Project Data Center, a
strong geomagnetic storm event with Kp = 7 and the equa-
torial geomagnetic index Dst= −132 nT occurred on February
27, 2023.
This study utilizes sampling data from the fluxgate magne-

tometer at the Malingshan Station. The raw data includes verti-
cal component Z, horizontal intensity H, and magnetic declina-
tion D of the geomagnetic field. Through conversion formulas
for geomagnetic components, the transformed data provides the
eastward magnetic field intensityBx, northward magnetic field
intensityBy , and vertical magnetic field intensityBz during the
occurrence of the geomagnetic storm, as shown in Fig. 1. The
selected 600 seconds are from 2 : 22 PM to 2 : 32 PM (UTC) on
February 27, 2023. The Malingshan Station shows that these
600 seconds are the period of most intense geomagnetic fluc-
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FIGURE 1. Change trend chart of the magnetic field of the Malingshan
Observation Station in Shandong Peninsula of February 27, 2023.

tuations on the Shandong Peninsula. The focus is to calcu-
late GICs by developing a real three-dimensional Earth con-
ductivity model that considers coastal effects. Therefore, the
entire cycle including the initial phase, main phase, and recov-
ery phase was not studied, but rather a relatively strong geo-
magnetic fluctuation period was studied for GICs calculation.

3. THREE-DIMENSIONAL EARTH CONDUCTIVITY
MODELING CONSIDERING COASTAL EFFECTS
The Shandong Peninsula is primarily located between 34◦22′N
and 38◦24′N in latitude, and between 114◦47′E and 122◦42′E
in longitude. In this study, we employed the geological cross-
section diagram extending from Xiangshui, Jiangsu Province,
to Mandula, Inner Mongolia Province, published by the Insti-
tute of Geology, China Earthquake Administration. In addi-
tion, geological structure stratification and terrestrial conduc-
tivity data from Shandong, as well as parts of Jiangsu and
Hebei Provinces, were incorporated, as these regions may in-
fluence the induced geomagnetic field in the Shandong Penin-
sula. These datasets were used to construct terrestrial conduc-
tivity models. Fig. 2 presents the geological cross-section data
and corresponding terrestrial conductivity for the Xiangshui-
Si Shui in Jiangsu Province and Fucheng-Zibo in Shandong
Peninsula, as adopted in this study. As for the areas adjacent
to Shandong Peninsula, namely Henan and Anhui Provinces,
modeling was based on the geological cross-section data from
Fengxian, Shanghai, to Alashan, Inner Mongolia. In Fig. 2, the
vertical axis represents depth (in kilometers), and the horizon-
tal axis represents geographic location along the cross-section.
The Moho boundary, which separates the crust from the up-
per mantle, is marked. The numbers within each layer corre-
spond to the P-wave velocity (km/s), S-wave velocity (km/s),
and rock density (g/cm3). Green vertical curved line indicates
highly conductive layers (S/m).
Due to variations in geological structures, the thickness of

the Earth’s crust and themagnitude of conductivity differ across
various regions in Shandong. Additionally, factors such as soil
moisture, proximity to the sea, etc., are taken into account.
Shandong Peninsula’s terrestrial areas are classified into seven
geological zones: North Coastal Plain, East Hills, Southeast
Hills, Jiaolai Plain, East Unstable Crust, Central-South Hills,
and Southwest Coastal Plain. Using the Southwest Shandong
Coastal Plain as an example, geological conductivity model-
ing is conducted based on the surveyed physical characteristics
presented in Fig. 2.
The geological structure can be approximately divided into

the upper crust (0–10 km below the surface), middle crust (10–
25 km), lower crust (20–35 km), and lithospheric mantle (be-
low 35 km). For the same geological region, the difference in
Earth’s conductivity models across different depths is approx-
imately 0.1 S/m [18]. When modeling, it is practical to divide
it into multiple layers. The North Shandong Coastal Plain and
Southwest Shandong Coastal Plain have similar crustal struc-
tures, but due to different geographical locations, there is an
approximate difference of 0.05 S/m in the conductivity between
corresponding depths. However, as the regional span can reach
hundreds of kilometers, Dimmock et al.’s research shows that
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FIGURE 2. The 400 km vertical geological cross-section from Jiangsu Xiangshui to Shandong Sishui, and from Hebei Fucheng to Shandong Zibo.

regional variations in dB/dt and ground conductivity can have
a significant impact on the final calculation of the induced ge-
omagnetic field [19].
For modeling the conductivity in marine areas, we refer to

Grayver’s research and divided into two parts: seabed and sea-
water. The portion from sea level to a depth of 1 km is consid-
ered as seawater, and the part below 1 km is defined as seabed.
The seabed can be approximated as an extension of the coastal
terrestrial structure, using the conductivity structure of adjacent
regions for modeling [20].

4. GEOGRAPHICAL LOCATION OF SHANDONG
500 KV POWER GRID
Due to distinct geological structures, the Shandong Peninsula
is divided into 7 geological zones. Based on available infor-
mation, the Shandong 500 kV power grid comprises a total of
34 substations and 46 transmission lines. The geological re-
gions of the Shandong Peninsula and the geographical connec-
tions of the Shandong power grid are illustrated in Fig. 3. The
power grid in Shandong exhibits a pattern of transmitting power
from west to east, with the longest transmission line stretching
to 173.8 km.

5. THREE-DIMENSIONAL CALCULATION MODEL
The three-dimensional terrestrial conductivity model of Shan-
dong Peninsula and its surrounding areas, established based
on the above-mentioned method, is depicted in Fig. 4(a). The
model was developed using COMSOL Multiphysics and spans

730 km in the east-west direction, 460 km in the north-south
direction, and extends vertically to 650 km below the ground
surface. Due to the complex and relatively fast-changing dy-
namics of the solar wind-magnetosphere-ionosphere coupling
process, ground-based magnetic data is utilized as the excita-
tion for the model.
Building upon the terrestrial conductivity model shown in

Fig. 4(a), real-time monitored spatial weather parameters are
employed as additional stimuli. The influence of the solar wind
on the induced geomagnetic field is represented by enclosing
the three-dimensional terrestrial model of the Shandong Penin-
sula within a spherical air domain of 1000 km radius, as illus-
trated in Fig. 4(b).

6. THREE-DIMENSIONAL INDUCED GEOELECTRIC
FIELD SIMULATION BASED ON FINITE ELEMENT
METHOD
This article, in modeling and solving the induced geomagnetic
field generated by geomagnetic disturbances, considers the fol-
lowing two hypothetical conditions:

(1) Modeling and analysis are conducted in a rectangular co-
ordinate system, neglecting the Earth’s rotation and curva-
ture.

(2) It is assumed that the relativemagnetic permeability is uni-
formly set to 1 throughout the entire solution domain [21].

Initially, the finite element method is employed to parti-
tion the solution domain into a mesh. Subsequently, sub-
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FIGURE 4. Three-dimensional models. (a) Geoelectric conductivity model of the shandong Peninsula. (b) Induced geoelectric field model.

elements are delineated based on the physical and medium
properties of the electromagnetic field, as well as boundary con-
straints. Mesh refinement is applied at interfaces with signifi-
cant conductivity variations, while regions with relatively uni-
form conductivity undergo sparse mesh partitioning. Based on
Maxwell’s equations, the fundamental equation for the three-
dimensional induced geomagnetic field is derived as follows:

1

µ0
∇×∇× A⃗+ σ

(
∂A⃗

∂t
+∇φ

)
= J⃗s (1)

∇ · σ

(
∂A⃗

∂t
+∇φ

)
= 0 (2)

E⃗ = −

(
∂A⃗

∂t
+∇φ

)
(3)

In the given equations, J⃗s denotes the spatial current source,
which is effectively derived from space weather parameters; A⃗

represents the vector magnetic potential at individual nodes; φ
stands for the scalar electric potential; operator ∇ is the stan-
dard gradient operator; µ0 signifies the magnetic permeability;
and σ denotes the electrical conductivity.
Considering the time-domain three-dimensional geomag-

netic field boundary value problem in practical scenarios,
solving Equations (1), (2), and (3) provides electric field E⃗
within the solution domain.
This study develops a time-domain transient model for the

distribution of induced geoelectric fields, incorporating spatial
weather parameters and accounting for electromagnetic wave
attenuation. The model incorporates the amplitude and di-
rection of the induced geoelectric field during the 600-second
interval of the February 27, 2023 geomagnetic storm. The
spatiotemporal distribution of the induced geoelectric field on
the Shandong Peninsula during this geomagnetic storm is il-
lustrated in Fig. 5. In Fig. 5, different colors are used to
represent the magnitude of the induced geoelectric field, and
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FIGURE 5. Electric fields in Shandong Peninsula and surrounding areas. (a) Electric fields at 100 s. (b) Electric fields at 200 s. (c) Electric fields at
300 s. (d) Electric fields at 400 s.

the arrows indicate the direction of the induced geoelectric
field. Figs. 5(a), (b), and (d) show that at 100 s, 200 s, and
400 s, the areas of the Southeast Shandong Hills geological
zone exhibit higher amplitudes of the induced geoelectric field.
The calculated results for the amplitude of the induced geo-
electric field show values that exceed approximately 1V/km.
In Fig. 5(c) at 300 s, areas with larger amplitudes of the in-
duced geoelectric field are located between the East Shandong
Hills geological zone and Southeast Shandong Hills geologi-
cal zone. It is evident that the amplitude of the induced geo-
electric field in coastal areas is significantly larger than that
in inland areas [10]. The maximum induced field strength is
mainly distributed in coastal bays, attributed to the more com-
plex geological-electrical structure variations in coastal regions
and the impact of coastal effects.
In inland areas of the Shandong Peninsula, larger induced

geomagnetic fields are distributed in various regions within
the central part of Shandong, often near the boundaries of ar-
eas with different geological structures. In summary, regions
with larger induced geomagnetic fields are located at interfaces
where the conductivity values on both sides differ significantly.
The conductivity across these interfaces may differ by tens
to hundreds of times. A larger conductivity contrast leads to
stronger induced geomagnetic fields at those locations [22, 23].
At calculation moment of 100 s, 200 s, and 300 s, the direc-

tion of the induced geomagnetic field in coastal areas is mostly
from inland towards the ocean. However, at 400 s, the direc-
tion of the induced geomagnetic field in coastal areas reverses,
pointing from the ocean towards inland. Compared to the direc-
tion of the induced geomagnetic field at 100 s, there is a signif-
icant reversal in the direction of the induced geomagnetic field
in most areas. In general, during this geomagnetic storm pe-
riod, there is a noticeable change in the direction of the induced
geomagnetic field in most areas of the Shandong Peninsula.

7. RESULTS

By incorporating geomagnetic field data, the calculation of
GICs in the Shandong Peninsula 500 kV power grid using the
Node Admittance Method reveals GICs values for each substa-
tion within 500 seconds [24]. At the 422nd second of the geo-
magnetic storm, the sum of the magnitudes of the GICs across
all 34 transformers reaches its maximum. At this moment, all
transformers reach their maximum reactive power loss. The
entire 500 kV transmission system experiences the most severe
voltage fluctuations, creating the highest risk of voltage insta-
bility.
Additionally, the maximum GIC values calculated for each

station are depicted in Fig. 6(a), and the size and color of the
circles together represent the size of the GICs at the substa-
tions. It can be observed that the maximum magnitude of GICs
for substations in the Shandong 500 kV power grid ranges be-
tween 0.01A and 41.44A. Two substations, Qixia and Mup-
ing, located in coastal areas, exceed the allowable value of
30A specified by the “High Impedance Grounding Device for
HVDC Ground Electrode Systems”. Their GICs magnitudes
are 37.25A and 41.44A. Both Qixia and Muping substations
are located exactly in this coastal zone. Because of the sharp
conductivity contrast between seawater and continental crust,
the induced field intensity is locally enhanced. This configura-
tion results in larger grounding potential differences, amplify-
ing the GIC inflow. The GICs values exceeding the permissible
limit at these substations may lead to potential risks of trans-
former vibration, temperature rise, insulation aging, and other
damages.
For the instantaneous values and the trend of GICs through-

out the entire calculation period, the results for the maximum
GICs value at Muping substation are presented in Fig. 6(b).
Upon the observation of Fig. 6(b), the GICs values at Mup-
ing substation initially rise transiently from the initial state of
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(a)

(b)

(c)

FIGURE 6. Shandong 500 kV power grid calculated GICs-related val-
ues. (a) Maximum GICs values of each substation. (b) GICs instanta-
neous values at Muping substation. (c) MaximumGICs values of each
transmission line.

17.38A to briefly exceed 20A, followed by a gradual decrease.
Subsequently, the trend of GICs exhibits periodic variations
resembling a sine wave. The minimum GIC value occurs at
the 67th second of the calculation, with a magnitude of 0.31A,
while the maximum value occurs at the 404th second, reaching
41.44A.
In the calculation of GICs on transmission lines, the magni-

tudes of each component of the induced electric field are taken
as the average values across various points along the line. The
maximum GICs values for each transmission line in the Shan-
dong 500 kV power grid are shown in Fig. 6(c). The max-
imum GICs values for most transmission lines in the Shan-
dong Peninsula 500 kV power grid are predominantly below
50A. However, there are five transmission lines with GICs
exceeding 50A: Zouxian-Luzhou, Luzhou-Mizhou, Jiaodong-
Langya, Laoshan-Laiyang, and Guangzhou-Qixia mostly dis-
tributed in coastal regions. At the 476th second of the geo-
magnetic storm, the Zouxian-Luzhou transmission line reaches
its maximum GICs magnitude of 141.7A. At this moment, the
risk of reduced measurement accuracy increases, and the like-

lihood of relay protection misoperation that could trigger chain
reactions reaches its peak. This line is located in the hilly geo-
logical area of central and southern Shandong Province, with a
complex geographical structure. The large GICs are the result
of the combined effects of the direction and magnitude of the
induced geoelectric field and established power grid structure.
Wang et al. assumed an induced electric field of 1V/km.

Among the 34 substations, 11 exhibited GICs exceeding 100A,
with 2 substations reaching GICs as high as approximately
200A [3]. As shown in Fig. 5 of this study, regions with an
induced geoelectric field greater than 1V/km are extremely
scarce. Consequently, the calculated values in this work are
lower than those reported by Wang et al.

8. CONCLUSIONS
By referencing the geological cross-sectional data provided by
the Geological Cloud website for Jiangsu Xiangshui, through
Shandong to Inner Mongolia Mandula, and considering the in-
fluence of coastal effects, a three-dimensional terrestrial con-
ductivity model for the Shandong Peninsula is established
based on the actual geological structure and measured electrical
conductivity data.
Throughout the entire period of the geomagnetic storm, the

maximum amplitude of the induced geomagnetic field on trans-
mission lines in the Shandong Peninsula reaches 4.32V/km,
and the direction of the induced geomagnetic field undergoes
a noticeable reversal, indicating significant changes. The max-
imum value of GICs in the substation is 41.44A, with two trans-
formers exceeding the allowable safety value. The maximum
value of GICs on transmission lines reaches 141.7A. The Shan-
dong Peninsula faces operational risks such as voltage fluctu-
ations or instability, transformer damage, and misoperation of
relay protection.
The regions with larger amplitudes of the induced geomag-

netic field in the Shandong Peninsula are mainly located in
the coastal areas of Southeast Shandong, where the complex
variations in geological-electrical structures and the impact of
coastal effects on field strength are evident. In most instances,
the amplitude of the induced geomagnetic field in the coastal
area south of Southeast Shandong is greater than that in the
coastal area north of Northeast Shandong. It indicates that the
different geological regions with varying terrestrial conductiv-
ity and the shape of the coastline in coastal areas also have a
significant impact on the distribution of induced geomagnetic
fields and GICs.
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