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Abstract 14 

Based on finite element method, we develop a model of the induced geoelectric field (IGF) 15 

occurring in land-sea boundary regions during large geomagnetic field disturbances. The model 16 

is used first to study the effects of the changes in the lithospheric conductivity, ionospheric 17 

current, and ocean depth on the distribution of IGF in a typical land-sea boundary region. The 18 

results show that the changes in the lithospheric conductivity and ionospheric current (frequency, 19 

magnitude and direction) have major effects and ocean depth has minor effect on IGF in coastal 20 

areas. Then by incorporating a realistic 3-D conductivity variation of Jiaodong Peninsula (JDP) 21 

in China obtained from measured data, the model is used to simulate the IGF variation in JDP 22 

covering its land-sea boundaries for east-west and north-south ionospheric currents. The results 23 

show a new aspect that extremely large IGF development on the land side of the coastal bay 24 

areas perpendicular to the currnet compared to plane coastal areas. The results can stimulate 25 

detailed investigations of IGF (and GIC, geomagnetically induced current) in coastal areas. 26 

27 
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Key Points: 28 

 Finite element method is used to model the effects on IGF of the changes in coastal 29 

conductivity, ionospheric current and ocean depth. 30 

 The changes in the conductivity and ionospheric current and frequency are found to be 31 

the major factors affecting IGF in coastal areas. 32 

 The IGF modeled using the observed conductivity values in coastal bay areas are over 33 

twice as strong as in plane areas. 34 

35 

Plain Language Summary 36 

During space weather, the high-energy solar wind with frozen-in magnetic field interact with the 37 

Earth’s magnetosphere-ionosphere system, causing violent fluctuations in the geomagnetic field 38 

and induced geoelectric field (IGF) and geomagnetically induced current (GIC) in ground-based 39 

systems especially in coastline areas. IGF and GIC increase the reactive power loss of power 40 

transmission systems and even cause transformer failure. It has therefore been important to 41 

investigate the effects on IGF of the changes in coastal conductivity, ionospheric current 42 

frequency and strength, and ocean depth in sea-land boundaries. In this paper, using a newly 43 

developed conductivity model we first investigate the effects of these changes on IGF in a 44 

typical sea-land boundary and then study the IGF variation in the coastal area of Jiaodong 45 

Peninsula in China using observed conductivities. The results show a new aspect that IGF in bay 46 

boundaries are over twice as strong as in plane boundaries.  47 

1 Introduction 48 

Large geomagnetic disturbances caused by solar storms such as ICMEs (interplanetary 49 

coronal mass ejections) are known to produce induced geoelectric field (IGF) in the earth, ocean 50 

and other conducting media. IGF causes geomagnetically induced current (GIC) flow in the 51 

electrical loop formed by the utility systems such as electric power grids, telecommunication 52 

networks, etc. and the earth. The systems get damaged when GIC exceeds their tolerance limit 53 

(Wang, 2003; Kappaenman, 1996, 2003;Wang et al., 2021). 54 

GIC is generally strong at high latitudes due to the strong geomagnetic field there 55 

undergoing large and violent changes during space weather events. Many GIC related utility 56 
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system damages happened in the high latitude regions such as Northern Europe and North 57 

America during severe space weather events. For example, the event on 13 March 1989 damaged 58 

the Quebec power transformer causing power outage for over five million people for over nine 59 

hours (Kappaenman & Albertson, 1990; Pulkkinen et al., 2005). In recent years, China, 60 

Australia, New Zealand, Japan and other countries in middle and low latitudes have also 61 

experienced GIC infringements in power grids (Cui et al., 2010; Wu & Liu., 2013; Liu et al., 62 

2016; Marshall et al., 2013; Clilverd et al., 2020; Shigeru et al., 2018). Studies also found that 63 

coastal areas are more prone to GIC impacts than inland areas. For example, in December 2006, 64 

significant levels of GIC were detected in the Guangdong Lingao and Jiangsu Shanghe 65 

substations in China. Comparative studies during the event showed that the GIC level in the 66 

lower latitude substation (Guangdong Lingao) was larger than that in the higher latitude 67 

substation (Jiangsu Shanghe) (Liu et al., 2009) due to the "coast effect". That is, the electrical 68 

conductivity in coastal areas (Guangdong Lingao) are stronger and more complex than in inland 69 

areas (Jiangsu Shanghe) (Fernberg et al., 2007). 70 

Though the main cause of IGF is solar storms such as ICMEs, the distribution of IGF in the 71 

earth depends on the electrical properties of the earth. Studying the influence of the electrical 72 

structure of the earth on the distribution of IGF is therefore the key to assess the GIC level in 73 

power grids, which have been undertaken by many scientific groups. In the earlier calculations of 74 

IGF distribution, scientists have used the plane wave method (Viljanen et al., 2006) and complex 75 

image method (Pulkkinen et al., 2007). These methods considered the earth as a horizontally 76 

layered one-dimensional structure and ignored the lateral changes of earth’s conductivity. The 77 

methods therefore are not suitable for calculating the IGF distribution in coastal areas having 78 

large lateral conductivity changes.  79 

Recently, scientists have used two-dimensional earth conductivity models to calculate the 80 

IGF generated in coastal areas. It is found that IGF has increased greatly in the land area up to 81 

about 50km away from the sea-land interface. This has been explained in terms of the coastal 82 

effect, that is, the distribution of IGF is greatly affected by the lateral change of the earth's 83 

conductivity (Olsen & Kuvshinov, 2004; Gilbert, 2005). Liu et al. (2016; 2017) developed an 84 

one-dimensional (1-D) and three-dimensional (3-D) geodetic conductivity models for the local 85 

area along the coast of Guangdong Lingao, and calculated the IGF during the super the 86 

geomagnetic storm on November 9, 2004. The accuracy of the GIC value calculated by the 3D 87 
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model of IGF is 18% higher than that by the 1D model. But there is still a gap of 12% compared 88 

with the measured data (Liu et al., 2016; 2017). The reason for the difference between the 3D 89 

model and data may be due to the insufficient fitting of the Earth’s electrical structure. 90 

In this article, we use an effective numerical calculation method - the finite element method  91 

- to develop a 3D earth conductivity model in the sea-land boundary region and calculate the 92 

geomagnetic field and IGF. The finite element method has a very wide range of applications in 93 

successfully reflecting the structural relationship of complex materials and calculations in the 94 

field of electromagnetic fields. It has better performance than other numerical calculation 95 

methods in dealing with complex free boundary conditions. Since the complex geodetic 96 

conductivity model involves the connections of many boundaries of different conductivity 97 

regions, the free boundary conditions are very complicated. The finite element method can well 98 

solve the problem of handling these free boundary conditions. The 3D model is used first to 99 

study the effects of lithospheric conductivity, ionospheric current (frequency, magnitude and 100 

direction), and ocean depth on the distribution of IGF in a typical land-sea boundary region. 101 

Then the 3D model is extended to construct a conductivity model for the land-sea boundary area 102 

of the Jiaodong Peninsula (JDP) in China by using the measured data of the geological 103 

environment of Jiaodong Peninsula (JDP). The 3D model is uded to simulate the distribution of 104 

IGF in JDP under east-west and north-south currents. 105 

2 Mathematical model of IGF 106 

As mentioned above, we use the finite element method to develop a mathematical model of 107 

the induced geoelectric field (IGF). Two assumptions (Honkonen et al., 2018) are used in the 108 

model. (1) Rotation and curvature of the earth are ignored and modeling and analysis are 109 

performed in Cartesian coordinate system. (2) The magnetic permeability in all solution domains 110 

is assumed to be the vacuum magnetic permeability μ0 (= 4π×10-7H/m). The assumptions are 111 

valid for calculating IGF especially in local areas such as JDP. 112 

Js

σ0 μ0

Ω1Γ

Ω2

σ μ0

en

113 
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Figure 1. Mathematical model of induced geoelectric field (IGF) 114 

Figure 1 illustrates the IGF mathematical model. The whole solution domain Ω is divided 115 

into the conductor area Ω1, non-conductor area Ω2, and interface Γ. The conductor area Ω1 is 116 

composed of the conductive earth, sea water and other geological structures. The non- conductor 117 

area Ω2 is composed of air and ionospheric current source Js. The interface Γ between Ω1 and Ω2118 

is the surface of the earth shown by the horizontal line. en is a unit vector normal to the interface 119 

Γ directed from Ω1 to Ω2. Based on the physical properties of the electromagnetic field, 120 

properties of the medium and boundary constraints, the finite element method is used first to 121 

mesh the solution domain, that is, divide the domain into sub-units. Then, refine the mesh at the 122 

interface where the electrical conductivity changes greatly, and coarsen the mesh at the areas 123 

where the electrical conductivity is uniform.  124 

In order to simplify the calculation of the three-dimensional geoelectric field, the vector 125 

magnetic potential  and scalar magnetic potential  are used as the functions to be calculated at 126 

each node of the sub-unit. The geomagnetic field  and the geoelectric field  are expressed as: 127 

(1) 128 

(2) 129 

The basic equation of the three-dimensional IGF mathematical model is (Ma, 2016):  130 

(3) 131 

(4) 132 

where  is the conductivity of the conductive medium. 133 

The interface conditions of different conductivity regions are:  134 

(5) 135 

(6) 136 

(7) 137 

(8)   138 

 and  are the conductivities,  and  are the vector magnetic potentials, and  and  are 139 

the scalar magnetic potentials of the land and sea, respectively. 140 

The boundary of the earth conductor area satisfies the first boundary condition: 141 
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(9)         142 

The boundary of the air area satisfies the second boundary condition: 143 

(10) 144 

Equation 10 specifies the tangent component of the geomagnetic field as the boundary 145 

condition and applies in the form of surface current density . The ground serves as the 146 

interface between the earth conductor and the air area (Figure 1). According to current continuity 147 

at the interface, there is 148 

(11) 149 

Equations (3) to (11) are the basic equations and boundary conditions of the 3-D geoelectric 150 

field boundary value problem in time domain. When the specific forms of the current source Js in 151 

Ω2 and the conductivity distribution in Ω1 are given, the  and  of each node of any sub-unit in 152 

the field can be obtained. Then when all the sub-units are combined, the  and  in the solution 153 

domain are obtained from formulas (1) and (2). We use the AC/DC module in the COMSOL AB 154 

Multiphysics®v.5.4. software developed at Stockholm in Sweden and available at 155 

cn.comsol.com to calculate and simulate the ground conductivity and IGF distribution.  156 
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3 Model setup 157 

158 

Figure 2. (a) Typical earth conductivity model of the land-sea boundary area, the ionospheric current Js is 159 

perpendicular to the sea-land boundary, lithospheric conductivity is 0.01 S/m, current density is 100 160 

A/m2, current frequency is 0.003 Hz, and ocean depth is 4 km. (b) and (c) display the underground 161 

magnetic field and IGF in X-Z plane (Y=0), and (d) and (e) display the surface magnetic field and IGF in 162 

the X-Y plane (Z=0).163 

In the modeling procedure, the conductivity of land and seabed is set to a typical value of 164 

0.01 S/m up to 100km below the surface since both land and seabed belong to the lithosphere. 165 

Taking into account the skin effect of the electromagnetic field, the skin depth is calculated for a 166 

surface current of frequency of 0.003 Hz and current density 100 A/m2 in the ground with a 167 

conductivity of 0.01 S/m. The calculation results show that the electromagnetic field at a depth 168 

of 400km is ~1% of the surface electromagnetic field. Therefore, the lower boundary of the 169 

model is set at a depth of 400km. In order to avoid the influence of the lateral boundary 170 

conditions on the IGF, the left and right boundaries are set at 500km from the center. At the 171 
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lateral tion boundaries, the electromagnetic wave is complteley absorbed though theoretically the 172 

boundary can extend to infinity. 173 

The ocean depth is set at 4 km considering the average global ocean depth of 3688 m, and 174 

the ocean conductivity is set at 4 S/m, the average conductivity of sea water. Since geomagnetic 175 

disturbances arise mainly from the changes in the storm-time ionospheric current, these 176 

disturbances are simulated by assuming the current. Following Pulkkinen et al. (2007), the 177 

current is considered as a thin uniform current sheet at a height of 100 km above the earth's 178 

surface. Assuming that the ionospheric current frequency is 0.003 Hz, the surface current density 179 

is set at 100 A/m2. The surface current in the model starts from the boundary on one side to the 180 

boundary on the corresponding side, which is a continuous current that runs through the entire 181 

model. The ionospheric current generates magnetic waves propagating down to the earth and 182 

induces the geoelectric field. To simulate the attenuation effect of air on the waves, the 183 

atmospheric conductivity is set at 1.8×10-4 S/m in the region between the ionospheric current and 184 

earth surface. The upper boundary of the model is set 50km above the sheet current, and 185 

electromagnetic waves are completely absorbed at the boundary. Figure 2(a) shows the ground 186 

conductivity model of the land-sea boundary area. Figures 2(b) and 2(c) display the calculated 187 

underground (X-Z plane with Y=0) magnetic field and IGF, and Figures 2(d) and 2(e) display the 188 

calculated surface (X-Y plane with Z=0) magnetic field and IGF, respectively. 189 

As shown by Figures 2b and 2d, the magnetic field in the ocean area is concentrated on the 190 

ocean surface (reddish-yellow strip in Figure 2b) and does not extend much below the surface; 191 

the magnetic field in the land area, though weak at the surface, extends well below the surface. 192 

The IGF (Figures 2c and 2e) is concentrated within a small distance on the land side of the land-193 

sea interface, with amplitude up to 115 mV/km at the center of the interface; beyond the small 194 

distance, IGF gradually decreases to nearly uniform value laterally. In the  sea side there is 195 

almost no IGF. The main point in Figure 2 is the illustration of the ‘coastal effect’. That is, IGF 196 

gets concentrated within a small area on the land side of the land-sea interface. The coastal effect 197 

therefore should be considered seriously in GIC risk assessment.  198 
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199 

Figure 3. (a) The distribution of IGF calculated by Liu et al. (2017) under the conditions of earth 200 

conductivity 0.01S/m, sea water conductivity 4S/m, ocean depth 5km, sheet current 1A/m, and frequency 201 

0.001Hz. (b) is the same as Figure 2 (c), and the interface area in both (a) and (b) are enlarged in the inset 202 

for clarity.  203 

Comparing (a) and (b), it can be found that the distribution of IGF in the two figures is 204 

basically the same without considering the size and frequency of the sheet current. It shows that 205 

using this model to analyze the distribution of IGF is effective.206 

3.1 Effects of different factors on IGF207 

As mentioned in section 1, IGF is affected by many factors such as conductivity, 208 

ionospheric current (frequency, magnitude and direction), ocean depth, etc. The effects of these 209 

factors on IGF are investigated in this section.  210 

3.1.1 Effect of conductivity211 
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212 

Figure 4. (a), (b), (c), (d) and (e), (f), (g), (h) show the distribution of surface IGF (X-Y plane with Z=0) and 213 

underground IGF  (X-Z plane with Y=0), respectively, when the lithospheric conductivity is 0.0001, 0.001, 0.01 and 214 

0.1 S/m (top to bottom). All other conditions are same as in the model (Figure 2a).215 

The conductivity of slate in common sedimentary rocks and metamorphic rocks are found 216 

to be in ~0.001-0.1 S/m range and quartzite in magmatic rocks and metamorphic rocks are in 217 

~0.0001-0.01 S/m range. To cover these ranges, in the model (Figure 2a), we use the lithospheric 218 

conductivity in ~0.0001-0.1 S/m range. Other conditions are same as in the model. As shown in 219 

Figures 4-5, when the conductivity increases from 0.0001 to 0.1 S/m, in the land side the 220 

maximum IGF (IGFmax) at the center of the land-sea interface decreases from 368.3 mV/km to 221 

24 mV/km. For all conductivity values, IGF decreases rapidly within a short distance and 222 

stabilizes gradually at a long distance from the interface (Figure 5). The stars indicate the 223 

distances (~20-30 km) where IGF becomes 50% of IGFmax and dots indicate the distances 224 

(~150-90 km) where IGF nearly stabilizes when conductivity increases from 0.0001 to 0.01 S/m. 225 

In the sea side, IGF suddenly decreases to a value of zero for all conductivities.   226 
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227 

Figure 5. Variation of surface IGF with distance away from the interface for different lithospheric conductivity 228 

(0.0001-0.1 S/m). Stars and dots indicate the distance where IGF becomes 50% of IGFmax and IGF nearly 229 

stabilizes, respectively, for 0.0001-0.01 S/m. Inset shows the variation of IGFmax (blue) and IGF at 50 km (red) 230 

away from the interface with lithospheric conductivity. 231 

The fact that IGFmax decreases from high to low values (368 mV/km to 24 mV/km) with 232 

the increase of lithospheric conductivity (0.0001 to 0.01 S/m) indicates that the conductivity is a 233 

major factor influencing the IGF in coastal areas. The greater the difference in electrical 234 

conductivity between land and ocean, the greater the magnitude of IGF generated in the land-sea 235 

boundary area, and the more severe the impact of the coastal effect.  236 

3.1.2 Effects of ionospheric current 237 

The ionospheric current during geomagnetic storms can affect IGF through changes in 238 

frequency, magnitude and direction. The effects of these aspects are studied here. The storm-time 239 

ionospheric current is found to have periodic variations with periods ~100-1000s (Xu, 2000). We 240 

use current of frequency 0.001-0.01 Hz; all other conditions remain the same as in the model 241 

(Figure 2a).   242 
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243 

Figure 6. (a), (b), (c) and (d), (e), (f) show the distribution of surface IGF and underground IGF, respectively, when 244 

the ionospheric current frequency is 0.002 Hz, 0.006 Hz and 0.01 Hz (top to bottom). All other conditions are same 245 

as in the model (Figure 2a). 246 

247 

Figure 7. Variation surface IGF with distance away from the interface for different ionospheric current frequency 248 

(0.001-0.01HZ). The inset in RHS shows variation of IGFmax (blue) and IGF at 50 km (red) away from the 249 

interface with ionospheric current frequency.  250 
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The simulation results (Figures 6-7) show that IGFmax decreases rapidly from 153 mV/km 251 

to 52 mV/km when the current frequency increases from 0.001 Hz to 0.01 Hz. The decrease of 252 

IGF with distance from the interface (Figure 7) is similar to that for the conductivity (Figure 5) 253 

though IGFmax for the current case is only about half. Stars and dots indicate the distance where 254 

IGF becomes 50% of IGFmax (~25-65 km) and nearly stabilizes (~125-60 km), respectively, for 255 

frequency 0.001-0.006 Hz.  Like conductivity, the ionospheric current frequency is a major 256 

factor influencing the strength IGF in coastal areas. 257 

258 

Figure 8. (a), (b) and (c) show the variation of surface IGF (X-Y plane, Z = 0) for current density 50A/m2, 100A/m2259 

and 200A/m2. (d) is similar to (b) but current density100 A/m2 is parallel to the interface. All other conditions are 260 

same as in the model (Figure 2a).261 

The effect of ionospheric current density on IGF is shown in Figure 8; (a), (b) and (c) are 262 

surface IGF for current density 50 A/m2, 100 A/m2 and 200 A/m2 with all other conditions same 263 

as in the model (Figure 2a). As shown, magnitude of IGFmax at the interface is nearly equal to 264 

that of current density indicting that the severity of IGF (and GIC) depends directly on the 265 

severity of storm-time ionospheric current. To study the effect of ionospheric current direction, 266 

the current (100 A/m2) is changed to be parallel to the land-sea interface; all other conditions are 267 

same as for Figure 8b. In this case (Figure 8d), there is no IGF at the interface and IGF in inland 268 

areas is slightly decreased compared to when the current is perpendicular to the interface (Figure 269 

8b). The results (Figure 8) indicate that IGF (and GIC) are strong in coastal areas where the 270 

current is perpendicular to the sea-land interface. 271 

3.1.3 Effect of ocean depth272 
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The ocean is generally considered to have two parts, the sea and ocean. The ocean is the 273 

main body which has a depth of ~3-100 km and sea is the shallow ocean-land boundary having 274 

depth up to 3 km. The coastal area includes the coastal land area and the adjacent sea-ocean 275 

boundary area. Considering that there is rarely any deep ocean in the sea-land boundary area, the 276 

ocean depth is set to vary from 1 to 3 km. All other conditions remain the same as in the model 277 

(Figure 2a). There is only a small change in IGF (Figure 9) when ocean depth increases from 1 to 278 

3 km. 279 

280 

Figure 9. (a), (b) and (c) and (d) show the distribution of surface IGF and underground IGF, respectively, for ocean 281 

depth 1 km and 3 km respectively. All other conditions are same as in the model (Figure 2a). 282 

The corresponding IGFmax at the interface is found to decrease by a small amount from 283 

139.2 mV/km to 100 mV/km. With distance from the interface, the IGF rapidly decreases and 284 

becomes nearly constant at ~50 km away from the interface for all ocean depths (line curves not 285 

shown). The results indicate that the ocean depth has only a minor effect on IGF. 286 
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4 Modeling the IGF in Jiaodong Peninsula 287 

288 

Figure 10. (a) Shows the electrical conductivity map of Jiaodong Peninsula (JDP) of China with list of the 3-D 289 

conductivity values. (b) and (c), and (d) and (e) are the distribution of the surface magnetic field and surface IGF 290 

simulated for eastward (top) and northward (bottom) ionospheric currents, respectively, in Jiaodong Peninsula 291 

(JDP). The results are found to be the same when the current directions are reversed. 292 
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Jiaodong Peninsula (JDP, Figure 10a) is located in the north-eastern coastal area of China at 293 

(34.4ᵒ-38.4ᵒN, 114.3ᵒ-122.7ᵒE). In order to protect the power grids of JDP from getting damaged 294 

due to large GIC, it is necessary to analyze the distribution of IGF in JDP. As discussed in 295 

section 3, lithospheric conductivity has strong impacts on IGF distribution in coastal areas. We 296 

obtain a realistic conductivity model in JDP covering its land-sea boundaries and simulate the 297 

distribution of IGF in JDP.298 

The electrical conductivity distribution map of JDP (Figure 10a) is obtained from China's 299 

deep geological section data set surveyed by the Institute of Geology (China Earthquake 300 

Administrator) and the China Environmental Geology zoning map drawn by the Institute of 301 

Hydrogeology and Environmental Geology (IHEG) of the Chinese Academy of Geological 302 

Sciences.  The inset Table in Figure 10a lists the electrical conductivity distribution at different 303 

depths obtained for zones 1, 2 and 3. By using the listed conductivity distribution (Figure 10a), 304 

we simulate the distribution of IGF in JDP for both east-west and north-south ionospheric 305 

currents. The other parameters used are same as those in model Figure 2a (ionospheric current 306 

density 100 A/m2 and current frequency 0.003Hz) which seem to correspond to large 307 

geomagnetic disturbances. 308 

Figures (10b-c) show the simulated ground magnetic field and IGF in JDP for eastward 309 

currents and Figures (10d-e) show the same for northward currents, respectively. The east-west 310 

and north-south ionospheric currents have generated strong geomagnetic field in the sea-land 311 

boundary areas especially on the south and north sides and east side (Figure 10b-d), respectively; 312 

the field in eastern boundary area (Figure 10b) and inland area are significantly weak. IGF 313 

amplitude for east-west ionospheric current (Figure 10c) is larger on the southern side of the 314 

western land-sea boundary and a small part of the northern land-sea boundary. IGF on the south 315 

side is significantly greater (up to 540 mV/km) than that on the north side (up to 327 mV/km); 316 

and IGF at the land-sea boundary on the east side and most of the north side is small. Under the 317 

north-south ionospheric current (Figure 9e), large-amplitude IGF is generated at the land-sea 318 

boundary area on the north and south sides of the eastern part of JDP; IGF on the south side is 319 

significantly larger (up to 506 mV/km) than that on the north side (up to 175 mV/km). In 320 

particular, IGF is extremely large on bay sea-land boundaries than on non-bay boundaries. The 321 

maximum IGF in bay boundaries is up to 540 mV/km compared to the maximum IGF of 270 322 

mV/km in non-bay boundaries. The areas of larger IGF amplitudes (or coastal effect) are within 323 
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the range of a few tens of kilometers along the coast and IGF in inland areas are significantly 324 

small, discussed in section 5. 325 

5 Discussion 326 

As introduced in section 1, the variation of induced geoelectric field (IGF) in coastal areas 327 

have been studied earlier using different methods (Liu et al., 2009; Olsen & Kuvshinov, 2004; 328 

Gilbert, 2005). For example, Liu et al. (2009) and Liu and Wang (2016) used a plane wave 329 

model and finite element 3-D conductivity model, respectively, to calculate the IGF variation in 330 

Guangdong (China) during the extreme geomagnetic storm in 09 November 2004. The 3-D 331 

model was found to have 18% better agreement with the measured data than the 1-D model. 332 

Honkonen and Kuvshinov (2018) developed a global 3-D conductivity model and calculated the 333 

distribution of IGF on a global scale under the action of the equivalent ionospheric current 334 

source computed by Pulkkinen et al. (2007). The results have shown that the IGF in mid and 335 

high latitude coastal areas is much larger compared to low latitudes. The maximum IGF in high 336 

latitudes can reach 2.5 V/km and extends hundreds of kilometers inland.  337 

In this paper we have developed a 3-D conductivity model based on the efficient finite 338 

element numerical calculation method (section 2). The model was used first (section 3) to show 339 

that the changes in lithospheric conductivity and ionospheric current (frequency, magnitude and 340 

direction) and ocean depth have major and minor effects, respectively, on IGF in coastal areas at 341 

mid latitudes. In coastal areas, IGF develops on the land side with maximum at the interface 342 

(IGFmax) due to the accumulation of electric charge on the less conductive land side. With 343 

conductivity increasing from 0.0001 to 0.1 S/m (Figure 3 and Figure 4), IGFmax decreases from 344 

a high of ~385 mV/km to a low of 24 mV/km, and IGF rapidly decreases to ~50% of IGFmax at 345 

~25-75 km and gradually stabilizes at a distances of ~130-25 km from the interface. Earlier, 346 

Santosh et al. (2018) reported IGF stabilizing at a short distance of 15 km from the interface; 347 

this seems to be due to the use of huge current (1 MA) and finite difference time domain method. 348 

With ionospheric current frequency increasing from 0.002 Hz to 0.01 Hz, IGFmax decreases 349 

from ~150 mV/km to 50 mV/km (Figure 5 and Figure 6). With ionospheric current, magnitude 350 

of IGFmax is nearly equal to that of the current density, and IGFmax becomes strongest when 351 

the current is perpendicular to the sea-land interface (Figure 8). Earlier, by using an ionospheric 352 

current of frequency 0.001Hz and density 1 A/m, Liu et al. (2017) obtained a much higher 353 

IGFmax of 2783 mV/km; they used land and ocean conductivities of 0.01 S/m and 4 S/m, 354 
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respectively. With ocean depth, IGFmax decreases by a comparatively small amount (~140 to 355 

100 mV/km) when the depth increases from 1 km to 5 km (Figure 9).  356 

Then a realistic 3-D conductivity model of Jiaodong Peninsula (JDP) in China is 357 

constructed from measured data (Figure 10a), which is used to simulate the distribution of IGF in 358 

JDP under east-west and north-south ionospheric currents (section 4). The results (Figures 10b 359 

and 10e) indicate an important new aspect, that is, very strong coastal effect in bay areas. The 360 

maximum IGF in bay boundaries is up to 540 mV/km compared to the maximum IGF of 270 361 

mV/km in non-bay boundaries. This is due to the electric charge accumulating all around the 362 

curved low conducting landside of the bay. The IGF on the south coastal area of JDP, especially 363 

in bay areas, is generally stronger than that on the north (Figures 10b and 10e). This may be 364 

because the topographic structure of the coastal area on the south side is more complicated than 365 

that on the north side. The sea-land boundary on the north side of the JDP is relatively smooth 366 

with no mountains and valleys, while the sea-land boundary on the south side is uneven. The 367 

electrical conductivity has multiple lateral abrupt changes in the uneven land-sea boundary, 368 

which has caused larger IGF in the coastal areas on the south side of the JDP compared to the 369 

north side. It is also found that the east-west and north-south ionospheric currents have different 370 

effects on the eastern and western coastal areas of JDP. This is because the sea-land boundary is 371 

perpendicular to the current. The land and sea boundaries in the western part of JDP are mostly 372 

north-south, and are greatly affected by the east-west ionospheric current. The eastern sea-land 373 

boundary is mostly east-west, and is greatly affected by the north-south ionospheric current.374 

6 Conclusions 375 

By developing an earth electrical conductivity model based on finite element method we 376 

first modeled the effects of the factors affecting the induced geoelectric field (IGF) in a typical 377 

land-sea boundary region. The model has simulated the effects of the changes in lithospheric 378 

conductivity (0.0001-0.1S/m), ionospheric current (frequency 0.001-0.01 Hz, density 50-200 379 

A/m2 and direction), and ocean depth (1-5 km) on IGF generation in a typical mid latitude 380 

coastal area. The results show that the conductivity, ionospheric current frequency and current 381 

density have major effects and ocean depth has minor effect on IGF; and perpendicular current 382 

has greater effect than parallel current. The IGF develops on the land side of the interface. The 383 

IGF decreases rapidly from IGFmax at the interface to 50% of IGFmax at ~25 km and then 384 

gradually decreases and stabilizes at ~125 km inland.  385 
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Then by using measured data, we constructed a realistic 3-D conductivity model of China’s 386 

Jiaodong Peninsula (JDP) and simulated the IGF variation under east-west and north-south 387 

ionospheric currents. The results show that geomagnetic field disturbances have greater impacts 388 

on the coastal area on the south side of the JDP than on the north side. The east-west ionospheric 389 

current has greater impact on the western coastal areas and north-south ionospheric current has 390 

greater impact on the eastern coastal areas. An important new aspect is the development of 391 

extremely large IGF in coastal bay areas. The results can provide a theoretical basis for the GIC 392 

risk assessment of JGP and other coastal areas during severe space weather events.393 
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Figure 1. Mathematical model of induced geoelectric field (IGF). 479 

Figure 2. (a) Typical earth conductivity model of the land-sea boundary area, the ionospheric 480 

current Js is perpendicular to the sea-land boundary, the lithospheric conductivity is 0.01 S/m, 481 

the current density is 100 A/m2, the current frequency is 0.003 Hz, and the ocean depth is 4 km. 482 

(b) and (c) display the underground magnetic field and IGF in X-Z plane (Y=0), and (d) and (e) 483 

display the surface magnetic field and IGF in the X-Y plane (Z=0).  484 
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Figure 3. (a) The distribution of IGF calculated by Liu et al. (2017) under the conditions of earth 485 

conductivity 0.01S/m, sea water conductivity 4S/m, ocean depth 5km, sheet current 1A/m, and frequency 486 

0.001Hz. (b) is the same as Figure 2 (c), and the interface area in both (a) and (b) are enlarged in the inset 487 

for clarity.488 

Figure 4. (a), (b), (c), (d) and (e), (f), (g), (h) show the distribution of surface IGF (X-Y plane 489 

with Z=0) and underground IGF  (X-Z plane with Y=0), respectively, when the lithospheric 490 

conductivity is 0.0001, 0.001, 0.01 and 0.1 S/m (top to bottom). All other conditions are same as 491 

in the model (Figure 2a). 492 

Figure 5. Variation of surface IGF with distance away from the interface for different 493 

lithospheric conductivity (0.0001-0.1 S/m). Stars and dots indicate the distance where IGF 494 

becomes 50% of IGFmax and IGF nearly stabilizes, respectively, for 0.0001-0.01 S/m. Inset 495 

shows the variation of IGFmax (blue) and IGF at 50 km (red) away from the interface with 496 

lithospheric conductivity.497 

Figure 6. (a), (b), (c) and (d), (e), (f) show the distribution of surface IGF and underground IGF, 498 

respectively, when the ionospheric current frequency is 0.002 Hz, 0.006 Hz and 0.01 Hz (top to 499 

bottom). All other conditions are same as in the model (Figure 2a). 500 

Figure 7. Variation surface IGF with distance away from the interface for different ionospheric 501 

current frequency (0.001-0.01HZ). The inset in RHS shows variation of IGFmax (blue) and IGF 502 

at 50 km (red) away from the interface with ionospheric current frequency. 503 

Figure 8. (a), (b) and (c) show the variation of surface IGF (X-Y plane, Z = 0) for current 504 

density 50A/m2, 100A/m2 and 200A/m2. (d) is similar to (b) but current density100 A/m2 is 505 

parallel to the interface. All other conditions are same as in the model (Figure 2a). 506 

Figure 9. (a), (b) and (c) and (d) show the distribution of surface IGF and underground IGF, 507 

respectively, for ocean depth 1 km and 3 km respectively. All other conditions are same as in the 508 

model (Figure 2a). 509 

Figure 10. (a) Shows the electrical conductivity map of Jiaodong Peninsula (JDP) of China with 510 

list of the 3-D conductivity values. (b) and (c), and (d) and (e) are the distribution of the surface 511 

magnetic field and surface IGF simulated for eastward (top) and northward (bottom) ionospheric 512 

currents, respectively, in Jiaodong Peninsula (JDP). The results are found to be the same when 513 

the current directions are reversed.514 
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