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Abstract: Geomagnetically induced currents (GIC) are currents induced in conductive materials on
the Earth’s surface due to Earth’s magnetic field variations. GICs have the potential to cause severe
damage to manufactured infrastructure, including power grids, oil and gas pipelines, and high-speed
railways, resulting in adverse consequences such as power system failures, communication disruptions,
and damage to electronic equipment, ultimately affecting the stability and functionality of these systems.
The significance of studying GIC lies in understanding their generation mechanisms and influencing

factors, thereby providing a scientific foundation for developing effective prevention and mitigation
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strategies. Based on an in-depth review of the progress in GIC research, this paper elaborates on the
mechanisms of GIC generation and the influencing factors, encompassing the impacts of space weather,
Earth’s environmental conditions, and the power system on GIC. It provides an overview of the current
state of GIC research, offering integrated assessments from space physics, geophysics, and electrical
engineering. Furthermore, the paper provides a detailed description of the steps involved in estimating
GIC, including using geomagnetic field data and modeling., along with calculating electric fields and GIC
within conductors. It emphasizes analyzing how various geophysical parameters affect GIC estimates and
their interrelationships. In conclusion, the paper discusses the challenges in GIC research, highlights the

potential contributions of geophysics in addressing related issues, and provides a perspective on the

future of GIC research.

Key words: geomagnetically induced

geomagnetic disaster

=
Ju

il

IR PR B2 1) J] Bl A 58 ¢ i o AL 45 4 B 4
o BB AT FUORE AR, K B B 4 X ] R Y 7S [ 34 05
A2 LR B IO T R BH T 8l & A 0 M DS AR A
SR . YK BHIE 3h 5| & K BH 5 H Bk 22 8] 23 ) 2R 5T Y
02 kA T I, 43 78 M Bk 2 1 K R g8 b @O
AR 9 T FL U MR AE 0.000 1~0.01 Hz Z[)),
Bl Hi @5 8% B B i ( geomagnetically induced
currents, GIO™ . GIC ¥ 43 {55 | 45 5 3% #5 0,
S REO R TEE, HE 5] & A . GIC S
LR S A IR BUE M C & . GIC
Xt HL ) 2R G5 0 5 ) B A R E E e L ) R SR AR
JE 28 b SR WY i AR R A R Bl s R U B —
2% L[] J8% 5 9% 2078 o B T R 2 S SOG4 A, DT
S HL ) R G AR L AR 1 R T RE S B )
T R R

1948 4F , Barlow %1% % 3 GIC %38 5 B 4R %
IS . Bl . Boteler™ W22 5| M MR AL 2 & 5 5
R T T = RS R AR B b,
Allison 2 58 % B, GIC K WI4E FH T <4 18
S0 E L R A R RS bl AL 1989 4R 3 H, K
Gorky £k % 015 5 2 il R 48 N &% 2] GIC B9 5 i 1fif
HELE .

GIC XL ) R G40 F e o % 4 1 2 00 307
1989 4F 3 A& R 748 . i, GIC 1Y 5 &
OB TR AR B R AR R GRS, T 2R
Ak 5 2 B 55 TRl o A 300 45 B 30 K T B4 L
FAPFURS . B 21 thL ) MOk SR
S 11 i L R Ge R BE  RE . Bi . 2001 4F 11 H 6

currents;

earth ” s magnetic field; magnetotellurics;

H A B0 74 22 i R S B UE S 5 GIC M
2003 4F 9—10 H BRI 24 5 10 7428 F 0 K 0 1) 5
& (E GIC™ 52003 4F 10 A 29—31 H Fi i & /K 2R
PR A S B R 2R B — 4% 130 kV £k
W TR Y, 29 5 7 ATE RS R 1 hY

FIAY GIC 1 32 22 kA 7 o 47 B M X0 B
HHIRGEM RGN RS H 7 EH, — L lg
AL AZ 3 GIC sgm Y, tan s B A GRK
FIE A

AN AE T b 1 B 30 ke B85 5 5 Ak i A% 8 K
T BB A L T 2 b o5 R TR O T LU, PR R
25K HLRE K ) Sl R RO E L v R S UG R
] 25 N J7 ol & 3, OF 5 28 KR o R Al S BOR
SIZHE, A T RE S ) 2% A B4R 0T 2 B
GIC WHHEE .

AT AT GIC X ) R 48 /s ma L, FR A
Xof [ A AN G SRR 2R AT 1 Wt 4 B B, 3 0l A2 ] )
FE R P E ST RE 3 A4 ME R [ P Ah GIC
DI 5% BRI 5 0 A 20 5 1 000 3ty i A 28 4145 1Y)
s 47 0 BRI b Bk 3R T Hb PR 35 DA KR AR GIC By 3R
W THIAL 5 [F] Ao X AN [] b 25K ) B 2 00 GIC ik 58 45
P52 M R AT VR 40 038 5 IF X GIC WF 5% 18 I 9 Bk 6%
b 3R ) 3L R DG 0] S fige e o 1) WS AE BT R DA B R R R
KT,
1 GICFANERYWEZE
GIC F=HE K IE
HhERFTH TR R G AR GIC W B s
] ) B | M Bk B R H ST AR 3 A4 38 R B GS
G, W1 TR, K BHE 877 A ek AR 5

1.1



56 B g ARG BR OB 2 D o5 54 %
FETCRE Hat I 52 W0 R B 5 b Bk 22 ) A 245 () PR 5E, E T M PR 5 S A OG i B R S 4 T i i

ST L BR ) B V2 R R S R 2% T R 3 e s (] RO
TR RAERHER R . MG B R B RURE AL S T
WA R A G R M W 77 HE 8l OF AR M 3
TR P 37 0 M R AR B AT A S A g L B
S50 R 0 Ay PR £ B I T A S RSB RE RY AR B
GIC,

R 33 Eh A K BH S
K BH XFICME S5 1 1 3748
i )2 R HL 8 )2 LR AR AL

HoxKkTs 3%

it
KA 5

CME. H &% Fbht .
1 GICF4£FRE
Fig.1 Generation principle of GIC

1.2 GICH&MmEZX

HL R GIC (/= Ak BE 4 D7 T 55 8 25 [A] L b Bk
IEEFE ) REEIX 3 AR, BEAS PR 1Y R AE T AR
s GIC, Uk, MLLF 3 /4N J7 H 43 A GIC 1 52 i
1.2.1 FHZR GIC 8%

KA 2 — R #2, 7 — R A K
BH 3G 3 o, #E B AT H % 4 BT I 4 (coronal mass
ejection, CME) JE i I ZUHY . CME J2&175 % it 42 1Y
FZWE L FE LUK A IE X 1017 2 PR 2s AL .
24 IR BH XA 4 3] 1 BR BT B 5 R O SR M R
RAEMEAERY, S ERE R, LmAERE 5172
SR AR B XY 25 B L BE AT B PR G S R [l o
A, LG B B HOY R ( R S A S B
R AT B B S BRI 8K, T b G 7 1 5 el R 2
R (EL 1% 2 1) 5 5 AN 2 B — S B iR D 1
ZASHALFEE SR,
1.2.2 MR F B GIC 89 %R

AHER PR A B2 L 52 GIC iR 3R 3%
kg i BR A b 3 BELATC R M X A 26 B . M 3 B BT R T

Hb 2R B E G R AE O R AR AR R R [
JE 5 2R AT R b Eh B 23R AR AR S 47 O[] ) 4 2 4] 4
AL 4G4 5] KM A AY | — 4 bR A A | — A AT )
T 52 24 1 = 2 v B R ABE AR (R B %6 A 25 ) S =
He oA = YRR R B — B T e A —
Y, HLRETE Ry LS M R e b A A SR 25 5L L
W R AR 2 T R A T K 22 L GIC Y
W AR 2 BB 8 R 4k

55 A 3 T — UK s e P o S ) IX (4 55 i AS T
SRR IR M K. — A LK GIC
AR AR B I L 35 T M X A b b o A e LX)
A FE Ok T ) AR T T P A 2 XA M
T 375 5 v 45 g Ml DCAS [, o {1 255 B i DX 2R VG 1) )
T 3 He A AL ) 1 M R 37 T i
1.2.3 ® A &%t GIC 9%k

MHL F7 3R GE f B L ] R BR — AR AR
TR AT B GIC, XS )7 kT E i )
W 26 S50, AN AR R 2 (A8 R A8 800 e R A5 9 SR A1 R
PU M B B T A ) | E 4R (R PR R SR
LR R 2R B BH TS L& AL CR LB B R
FO GRA LB AF ) DL K A% e sl U 8 RO B 2 Y 8K
P

FL O 1) S 2 R R A L PR R I DL R MR R G
A3 ey A 12 07 OB B E GIC (48 42 L 52 i GIC
T HL P o A . R IR L 5 b R 3 e T
AT 119 1 i £ BB 8 4K A5 B ORI 4% B 4 L, B 7T B R
GIC MBUH . WSO8 & M R4, GIC I IE
[ERUN o N VAR R B BrA R St 1O @) (O L=/
FE i HLR SR b 2 R A i R S R S iR A A A
iR N - - RO (X S R NS IR
Y

LA BE A4S BB R X GIC B9 5% i 3F % & B, 1
W LB S X GIC 7= A BEASE L BR 1 GIC Jiad %
FHIRE S7, NI AR GIC A% 4% F0 9 B, 8 1Y
BHCKF 30 GIC AR ™ Az B8 K I H R B L 5% e L
3% 205 fL Pt &% GIC WL & r= AR, |
PUAT DL H R Bl L 2, LR S X GIC = AR BT, B#
AL R 5, o 25 00 P] BB 5 30 GIC Jo i Uik 3 1 7
WA AR HE I 2 T 280 R T L S i & AR e
PEFIIE #5817 .



513

&AL BRI LR £ A B 3 SR A I T 57

2 GIC ZEEHHRIR

2.1 FiEYEOE
R BIE 5 R BH T 2l %) b 35K 1) 5 v, 2% 6] il 2 & 5
TRBMER b, WS G S A G R Bl L G
IR FHAFNAT B o 1 373 1) 52 Wil 5 2R 3 Bt DK BH 355 20 )
B S e | g N7 AR AR R AT AR M A B T R
Hofr, 3 F K MM HBRZE X LA (solar and
heliospheric observatory, SOHO) W % #5 , & B
R BA R 7 A 5 B3 %% U0 A &5, Burlaga S0
R = WARAE G = X b 380 75 Ji5 2 wF 5% b 1
FIBAE ; B 57 Wang %5 & I 2 5 #E = (9 17 16, 1)
KIbHES) T XF B bW JF 0 AF5E . Zhang 25
SEHT T 1996—2005 4F 1% 2% B HL VI8 BB/ 1 Hb g
Ff A RANER T KA IS PR S T A&
T FAEXF R CME S50 L K AT B BR R FHRUES 1

K A9 2l 38 2k oK H XU I 2 A% 7 3 b 3R L B
e W ER G 2 A0 S 2 B HL AR R L X 5] R b
s EER RS, BE GIC WAL & & 1A W
PR AN A AR R R G Y GIC, 1) 2 s >
GIC X H AR E T 9 S . 1 27 v 55 DA 22 4 5 T XoF
IR FHAER AT H 54T B PR BB AU AR T RS R
SEULLOF RES T =4 H0E TR OB R AR RO
P Lucas 89 A28 T Wl A A 34 A% S0 5k
Sl e P 7 S A R TN AR — 38 ) A i 1 R
B, SR 5 il Bk B B A i R 48 (spherical
elementary current systems, SECS) i {H #3715
TS5 Y 3 R 4 R . Zhang 480 @ ST
T 20124 7 A 23 H BRI Bk b [ AR
A4 (18 P, T e A AR AT Y 3R WY A I L TR A T AR R
WUARE . =AW AN BG T 2 AR5 SECS %k
ARG s ) P I e O 0 5 4 B v o 2 L R )R
) S8 AR R . Zheng ZEM0T 25 ] B9 HL AR &R
LA T TS A T AR B DX 3
SEAEAL 55 B PR T IR O3 il O v A AN [R) 45
Hb DR FHAS 18] J8 2X A H U4 28 T AR & b e 37 Y
R .
2.2 MBIk IR i

23 18] L, I 14 2% 1 742 Bk 23 5 | i 2 0 7 AR Uk
IOl 37 . R T M 3 1 DR/ U 3R A1, K b HL BH
ARG AR A 5 W BN M L KN R R Z
THIHb HL 37 09 % 2 0 1 2 P T v AR T s
3 TR 5 DX IR ST AR /N B IX 084 45 R =2 8] Y

FRE R IE R IE O, SIS 7 R R R 22,
it DR ) L, 2 3 AT SR S 4R R T B AR R LR
PRI T IR PR AR A o ) RGBT L AR S
e 558 1 350 T 1 v R, i, L S A 7R S R B — 4 22 AR
F, BEL A8 55 48] X A 1] H, BFL 3 78 A ] Ak 2 W% 53X 5 52 bR
SO M PR G5 R R AF L 01 B 6 K RS L i) M v 37 1
SR, 3K o AT Ab 0 — 4k 2R 25 4 23 5 R O AT Z 0 Y
W2,

SRy A B T 042 0 52 R 1 O b H BE R AR A AN /D
2 A T A AR Jo R A e S AR ) BSU{E 0 B g s
Chn Ay B e vk A B 22 4 4D g A Bk SR, R
R SR AT BR o0 v 1T 4 A H e B R L R
A 53 ARG B0 o AR, 78 A RN AR 72 vh, %o K b 2%
A 1) B R S A5 R R AT 22 T TRT Ak R AR AL 2, AT
e T BB AL Z K SE PR A MRS A rh i — S8 S 4, Al
RRA T INAF 5 52 2% 70 Ak 1Y) B S b B IR B, R
FHA BRIC: N T G215 LR 52 4 b ST 4540 1) = 4k
HiHL I 7 AR, S UE T ik R AT . ARR
FRUT I Ny T G e v BH A L R 5T r BH R AR A
AFF 53 R B 238 7 8 ) 58 A8 1) R MBS AL v E Bl AR R H
A Al XoF A5 AU 1) 52 i, I 4 L N 5 R 5 2800 R H R
t GIC 52

B 7 A BRI 3 A ] BR 22 43 vk 0 o B
BERYJEAT IE 3 1145 DA A5 M Hl 3R Dk B 4, 4R )5 R A%
6 R B Y . Gannon 55 43 BRI FH — 4
=2 H BH AR AAG B8ORS b X Y GIC, 25 R
7R — 24 W BH AR A B RE O ME B LS GIC, 3
TCE R W H BH 28 58 A8 1 52 ), T = 4 L BH S8 RS g
564 il PIZ ), A B 8 AR A A T Bt A
M HL 37 5 3 AT DL A0 K b fRL % S0 R Bt B s
LY . Lucas 585 F) R R Hb Ha 2 52 D BH BT 2088
I — 4 1 B AR R 15 GIC, TA S 52 0 £ s AE
I b B2 Wb 2548 ) &2 24 M . Marshall 461 43
it 2255 2 225 [ o BHL R ABE Y | 20K H BH A 7Y | = 4
F, BEL A& AR A R A b H, % 52 I BEL T 9% kR 11 GIC,
I3 = LA Gt S8 5 4 s RS G M RE L 25 2R
ST, = 4 v BH 325 AU RN K Ml F, 97 S 00 BH 40 £k 40 Y
W R T i AL o 0 E O DU Ry = A > 5
— YRR > JFOIR A AL > 1 57 2 73 (] o BH B AR A
23 BRIESE

TEH S R IER, WF5Y GIC Wbl R B A
2 UR R R TR IR AR . T G 2 T 1
FL 37 78 A SR AR AR TR EL R A3 AT . S50 L4



58 B g ARG BR OB 2 D

5% 54 &

K A F A AT R A GIC, W ] S0Ks AR 45 30 &2 2% .
FE LR A3 BT FAE T 43 A o s BT SR A R ) 2 SR 7Y
WAFTE 22 5 T B4 M LA % i, X 43 3 R3S i
JFRH R 3 R 2 1 P I S RO AL SR L ) R A ST
Y

—J7 AR R FE A 90 58 B 1 SRR, L
AT BE HE A A B GIC, Pirjola™ ¥ 748 Hy 35 ¥ 0
— AN DA A 2 BT R X A — A LR AR )
R X AT A R . Ol T BORS I b o3 AT, 95 D A R
BA Z A B BL A 3E AT A 55, R $2 HC GIC-
benchmark” ¥y 5 6, B 5 &0 XK F < GIC-
benchmark” 1 BN 53 H7 28 He 25 25 4 Fl g 20 20 65
% F) GIC BHIBTAE B £ 45 2% 0 52 i L 32 0
TINAF A S PR ) 4 s A ) O A5 R
ST S RN 22 o TR AE G R R Y GIC, A R
] H RS 5 1) GIC &M B RE . 3 26 4F 53y I
AR H N5 GIC )¢ R 4L T & 2 py 3R 4017

Iy —J5 T WS B ATAALEC] TR AR
BASHNRENMHEEIER, &K FKEMRK GIC
fEEMABERL. BN GIC Xt HL 71 R 58 19 52
Ah, B R B R GIC f& 0 2 R k.
Kappenman 551" $ H 2R FH ef B Ha 258 25 B 7 GIC 1)
J5 vk IS B R, Pirjolat™ ik — 25 #F 5% 8 i
A 3 2 RS B GIC 7= A i R sh 3, A3 8 m il T
78 A 2 R B4 . Pirjola™™ 4l 8 IUAE A R
b 2 BRI R B LI R GIC P, & SR IE
B2 7 VDS AT . SRR BT 1 O T R R GIC
X RGBT F R T A S NS E 5 G
N

3 GICHESE

WK 2 firzs, GIC B35 3 250 5 A4S0
TSR R B 3 1 ER 43 5 1 b 3K SR T % M
%t 4 7 MR B B R0 M BR e BE 2R &5 A i
B B ok [ HL B 2 R G2 G T DA A b 0
D35t 0 R 25 v (1) TR 00 S A9 3] 5 Bl F 3 ] Dl A i
ARG . HhER Y ELES A o6 4 5 O S Ak i
HER R TR, i 25
GIC, AT LA 38 3 i FH A 5] 1) 01 38 F I 46 398 1
IERACE: 2 Eibiianan:

3.1 HEHEIREIRE

BEARICE 2 B H g 3 K AT AR IO b

oo — I ER A Bl R ORI 2 L AR IBCRE A Hh

MR . AKX S5, 456 2k =
2k B AR 77 2% (magneto hydrodynamics, MHD)
b BR WG 2 Je v 2 2 1 Y A AR A AR R T b
Y .

HUR
Hili
" T

R b v BEL A
R

HbRE IR
LT

B2 GICIHHEKEE
Fig.2 Calculation flow chart of GIC
3.1.1 WA ABIN L HE{E A0 &
FT T R ORI s 3 A 5k B B EL A T e
M DX, TCVE 58 4 I I A A3 8] 1Y B 3 o A s oL
I AT 3 e 8040 A 7 9 R K R b R L Y
Y53 A
25 WL (12 2 — & SECSET, i 3l i A H
b TR D SRR S v A T Y A 0 H AR R L
B 2 HL W
MR 5m BE RT3 AN SE o B RN .l
T MGG 230 sk 3 A M 43 B BRI WE JER N 5 B K
o aE By R F DRGNS R R A B
A DA ST — 23 o) A AR AR 2R, DU s A8 O
FE S x RG],y LRI ], 2 A E T I,
TERXA AR B R, Oxy TR KT . S 2%
SRR B AT AR Byl B (18 3) .
JH SECS ¥ #5525 [a] i, i 5 ) 238 =0 a0 F
TI =B, (D
b T AR SR S AR bR T L R ST AR
PRA s 1 AR LB 2 B SRR R IR &
4G Helmholtz EF BB ZHRIK R J U
GY TG ik T FITEHE Sy 3t J o &
Jr)=J.r) +Julr), (2)
Frbor AL R R TGRE 23 O RN 3 L 37 TG R
Wi, i SECS #9350 J5 #a] LURTE , T 50 ok o 1k
52 ) by T % L0 3 5 P S ) . HL VAR R Y TCHCY
AR AR R R N



&AL BRI LR £ A B 3 SR A I T 59

I
J(r):megco (3

s T AT AT H R B B IR B s e, W TT IR @
ARIE NSNS 8

X
B
Bifm—————35 5
/1
/]
B,/ |
) L >
| B
|
//
_- B
///
|

3 MHEERERESRE

Fig.3 Decomposition diagram of geomagnetic field intensity

vector

LA B 0 R e 1 B K R
¥

Bzﬂol{(1%je,, +—" e
dnr Jrt Rt ST FRT
€Y

e b R IR R AL bR B BE s o S HLBR WG S R
e, ve. AR r x5 LA R,
3.1.2 bR HALAE D

MHD J& —Fi 4 & i M ) 25 07 e 0 22 e i 45 07
R, AT LA TR A i iR R . W WL
MHD #& #! {3 §fi: Open
Circulation Model™ . Lyon-Fedder-Mobarry #
Il Block Adaptive Tree Solarwind Roe Upwind
Scheme #& 1Y Grand Unified Magnetosphere-
Ionosphere Coupling Simulation #%02
3.2 HiEFITE

PRI BRI T LA — 2D O i 3
Tea) 34, TR A2 47 P P 0 3 Ay - T 9B o I 0 [ 38 A ] Ak
AR, AR TR T S E R RN A R e A R R,
MG 5 R b BT Y e S BRUE 2t 2 b v 37 1 3

Geospace General

E7iS W
3.2.1 — AR

— Y35 5] 20 2 a) L BH R AR A (1 BE BT eR g dn
TR

Z(w) =/p,wp €7, (5

K w NHEBEHAWE; o HHEHAE, 7T LIWE
B, AE —HE 34 57 2 25 (0] H B AR A v B AT 5 R
BH 2R 1EAH G , 55 MR Bt 20 i) £ 4323 1E A O

55— Y3 5] 2 25 6] B B R BRUAE L, — 4k 45 2
P, B AR R B A A 1 BR 0 S5 R RRAE . Al 4 TR
B X ¥ A 2 A5 [R] L B R Y i, AT DL AR R
AR B (01200 sesp,) FIEE (hysho.
Byt sh, =) HIEK,

! p=0 M T
TTTTT >
},y
P1 I
P2 /13
h
p” n
v
Y oo
4 —H(SEXRHEREEERRE

Fig.4  One-dimensional layered geodetic conductivity model

map

T T B APE R — 4 70 J= A B R A T AT 38
JERBLAT Z, T R 3 UH o R AT

17 r, e 2kmhm

Zm =1 . ] (6)
lwp ko, (147, e nny
/\':P ’
ZIN
1—k, 2
Ch %)
Lk, 2
lwp

K. p HHES R b, =Viwpo,  HE m ZHLRE
WECo, NEm ZHHEFHE); b, HEm JZWE
. 5 on 2R E, TN
g
Z, = L
DA b — 2 43 2 A5 3 X6 107 %) BEL

€))
T2 e BT 2, .



60 B g ARG BR OB 2 D

5% 54 &

Pk il LRy

Z*O Z,
D = 7. 0"

S IERGE B NTTPRINART L ESE W

€D

E. :iBy Zos (10)
Mo
1
E,=—— B, Z,. (1D
Mo

K EE 050 ey TTEEEIIERE; B, B,
OF R ey 5 1) R O 5
3.22 =/ZfpumEHRA

— YA Y[R LR 5 1 A A SR T 1 A
177 N, b L 37 3 B e AR B BT SR %
I8 220 W R i H B 25 7 A 1) L B 78 A B T X A
ARAEAE M TR A PF T AR RR UL . AEWT 5 R 0 B i S
IR A A i M /96 30 5B 52 2% 3 B L SR
17 1 B — 2 v BH A A58 R0 R AT 20 B AT RE 22 51 AN AT 2
MR ZE . FERXLENTOLT . 508 e =48 R
B A Y 2 BN

TR i FL B AR R ) £ 3 pR R

E, 11 0 Z.||B.
el )
TE AL b R B BB IR R AR M ZoT R ol 0, 9E
XF IR A,
= Y v BH A () B BT 5K SR R AN .
E. 11Z.. Z.,||B.
o el Al
Horpr BT AT DAk F = 4 K M A, B 32 485 AL (9 1F 8 3
SR T A R B R R (4 5 M, R F B R AT L
Z R I g 1y ) B a0 o RS 5 ey T o
e ST 07N NS v L | 28 K8 B S SN S e o S S
FER A DT R A,
3.2.3 Kb gk 55 P4 KR
7T Ho B 238 452 78 T Y 155 b 3% BE He A s
I FH A% 356 pR ST 550 M 36 W 375, 346 AT 4 R H BT A R
B8 1) R b F 0 S0 BEL A0 Al A AT R B, Xk
S BH BT £ PR 38 o K M A % (magnetotelluric,
MTOCRERF] . MT J7 k2 —Fh g 20 m) H B2k ) 22
oy, FEH T 5 KRk i, S350 < 0™
L, AR B 5 A
wmE 5 pras, L E A9 SinoProbe — 01 W H N
(IS N ER VAT A7 W | W N | S i
A b DX R B H R A o I, SR AR S A RN K ]

12

(13

MT %4 AL4G W 37 08 B o (B, L E ) FiE 3 9 i
Sy (H, H, H.) ., Rifr it 5, | ek R
B8 14 LG S B TR T 90 BN % A 00 8L 4R O R
Robust i 717 Fl 3z 2 2 1000 45 F AR Ak 35 4 3 BH T 5K
ORI E R,

100°E 110° 130°E
=i /m

=8 000 —4 000 0

90°E

140°E

4 000 8 000

3wkl 64 B84,
B 5 SinoProbe - 01 I B X i 8 # 4% 7 XY
Magnetotelluric standard network of Project SinoProbe —

01

Fig.5

A5 PR v T 000 5 M r 7 I 7 O R
B 32 Jr 0 S SO B W ) e 0T U R
JH % G2 R O M R 0 s DA AR A B e 1 5 T 3
RNl 4 {ELAS 10 2
3.2.4 AR Sl de w3 H T S GIC

B 7 M A 38 ok RO B e 3 FRATTIE T DL
F A H 200 3tb v 3 B SR TS GIC, Wi 6 sl
3 3 S I kv 3 B T 5 GIC 1 — i AR

1) 5 3 7 2 A7 L FGRS Lk v a] R B 1 2
7 F R R A 00 5 Bl S M 2 1) S A (] Y R

2) AR v 37 Y D K Hl o A M e = Y I ]
TI TR P WSO T DX PN Y R 3 M 0 0 5 I o8 WS 4 3]
F1%) 3t VR, 37 KA R AT AL B 5 25 MR L B AL IE A
A R B30 o i

IR AR A b A A AL d 2 s I . BT AR BES BY
i FR 7 BN B R ) A i £ R L 3k ] LA
Ao Xk L S 0 A AT AR T O AR AT



551 3]

&AL BRI LR £ A B 3 SR A I T 61

OB AR GIC, JETEHL i KA
Do AR TF A5 AR B U ) GIC, X JOK L
T R GIC, % fE H I B R 2 A D 45 DL R AR
CINIY P 2

Horg 37 (0] 51
HLR T s S

¢ 3B 37 I E] P B 28 B 220 5 ¢ o1, b EEL 37 6 (]S B0 B DL AR STk
(681

6 HiERIF M MEIE GIC i EIREE
Fig.6 GIC calculation flow chart of geoelectric field

monitoring data

SRR IRk 25, AR B GIC
KOs IF R W R A ARSI — I 200 GIC, HEH
AW AR BRIV

6 I AL R Kt B S R GIC 45 R
T S M AN R, AL IS 22 50 BT A S 1
3.3 B#&HGICHE

AR A i R JR N M R 5 1 BRE T LU
B ER AR GIC, fE# A GIC B, SRR AL 3=
ST RDR d B e € R N BUEES s o 7 N N T
A0 2R 3K P Rl (A A R (1 A S A
3.3.1 B FIHK

GIC BB FE B 2 — A~ 3 2 119 2 I 1A
KAE AR S R AT B WOGE S, W 7 T
5 HL P S R B IR AR . GIC 4 7 L 2k

6 A e i P ) R R Ml 22 AL A [l i, K
b F 52 R © 28 (A BT v 0 v A S S A B R
T LR R T A O M R ) B A

1 g

1 s

Ry W R R 50 W R Z () A 2 B8 A B D LB 5 Z e . 1905 R SRR
ML BH s Zo IR SRR Vi BB STE T R e 52
[i) i HL 2 L AR R SE R B s T, W R R ARG Ti Y
R AKRHAIR T ki ZIA LI .
7 BEMP GIC HREHEa
Fig.7 DC equivalent model of GIC in power grid

B i P 2k O R AR ) = AR . U T
Hh— 2R R B T GIC, I — A B i B R 45 &38R
B v R G L BB T i e 2k B ) A R R I
1] B R

XA T g 75 B B AN [R] HL TR 45 22 [ A AR
SEMR T DIR T Ay OB R AT L. AR I
T 72 F uly v 4% v T A 00 R R R P R
T ST R AR TR i 2 B R R R 1 A L SE A
BEE g B ST B . R R R AT A A
SR — AL R

HIE 7 AT 45 .

"k
V/“' :JE . dlo

X E Wi hmd im0 o Bl .
SHEMHYUERE R 2 JF R Y TR N

14

Y :—R%j,i 7
] (15)
Yij :2 Rij’l —Jo
AT 452 SR A R GIC "k T .
I=0+Y2)"'J, (16)

e J ot RN AE T M4 R 8 H L o
E)

Vie Vi
],,,:ZR””*;IT (17

o
iFm m

4 F AR
T LB B BOR B0 i GIC, AT 56 2 i

3.3.2



62 B g ARG BR OB 2 D

5% 54 &

SAEIE GES RGO I GIC, WK 8 Bk, HHL K
(g 422 3 2 AS T i A I A K M oh L R
7] 0 25 24 b RE . Wang 25" $8 H— B 1] FH 43 45 U
LR BT AT GIC [ 7 ¥ T
AR 2 A /N BE L A B L L B H A
37 B T LA R A 3 T GIC 1% 5% A
SBFST IR AT I R 4R GIC 4241 T A A B A

G
b, | | Ly
O @@
| |
: 2 17 N 1
| |
| |
x=0 R s ST

U;. BRI BB Z . BEES; Y, . B T
9.,
8 HERZKH GICHERHEE
Fig.8 Equivalent model of GIC in pipeline system

U S LEERIMTF .

o dE

FE A (s
d* I; )

dile—)’z I;:—Y,Eo (19)

ﬁp’j’}ﬂ: Z. Y, ,
4 WROH

G2 5 R B GIC W58 I8 7 25 8] ) 357 | M Bk
Py B R ST 2 55 2 A 2 B S, B A 24 B X
GIC SR BE e % = G ZM/E M . Bk &,
23 [H) 4 B2 0 b BR G 7 100 o A, M Bk o PR
SO TR ST MR AR S A AR R T R TR
A A0 R B L N B4

AT ) B 9T 2 B L A ST L BR B b 4 R I S
K FH Mt 15 3l W D 5 B0 ke 52 2 ) A A R M
UERTRESI AR IR 2EH . Rk, M Bk B RE S A h B
S Hi 2 e ER B AR I L RR O v A i 3l R B R 1 S8
ST AE GIC AG 5] LI AE B 2

SR o M HL PR 235 0 1) B 2% 1 e — P ik L L
N7 3B H T BRI S XA R M R SO AT R
T, H MR ) S ST A R R A L
MR L PESE R B GIC A B Fa e Ml R R
RS

P2 ROk R A S BT AS [ M 32 9% BH TR T X GIC
SR AL
4.1 AE4EBPEEERI GIC MM

P50 19— 4 v B 38 B TR {35 Ml A ST 1Y) FL BHL 3R
PRAFIEAE , DT ] A T 58 3k 78 O i AR AR 1) PR AR
B o XA AR Ty A T 5 100 R X T B A e
X sk, (H S GIC fF 7 Hi DX A £ i 5 17 00 &2 2%
BRI T3 5 ok TR 200 b s e Fi M 285 4, — 48 53 )28 F B
RERVGE R Tz R T, B 2 S M R S A8 e TR
J7 1) b B 43 J2 e TN O SE PR AR O . BE 6% 4R L TE RS
iy 1) LA e o

SR, B A 4 3K FL 07 5 SR04 18 o R e, Do KA 7
PR JRE GIC B B 28 Joik i /L 75K . Rl i o
SR HL TG B0 L 27 F AR T — 4 4 X 4 B B
A H R S5 R4 2 X B IR T AN
[F] P Pl BEL %6, ok o A5S  R A0% 35 7 B A 5 2% 1) i I 1
0 5 T T 1R — 2 FL BEL R AR v i S g

Bif 5 K b P ) PR B R 1 B A L 4T L
7 = 2 H B SRR AT GIC AR . = 4 FH
G % [ b T 45 4 19 = 4k 5 4 ML RE g 4R A T L
S GIC 43 A . B BB Ml B IR 5 52 2% 1 b o A 45
A o B 55 SN 1 L 37 1 25 ) 43 2 ) B g s e i
Je 0 Hb S5 45 A 6F GIC 520 o b Qg B 0 - J 4B
LR XX GIC Al B4 BE 7 A= 52 i 1) b T
S5 K J& — 2 L B SR T T AR B
4.2 AEEEBEMHFAIT GIC BN

H AT B 5T rh VR 220 B R T Kb
g S BRLBT AT GIC BYAG L ik 6 52 0 BH Bt £
TR A VS A R R T A T R L =
2 J R AT BE AT ORI A5 AR 25 . SR, K Ml H
N A5 A BRI SR B TN 45 B o T L X 0 1] B 0 A
— B MR s Z B A Z R R A 52, XA T TA
BEA A = 1 RAS

J3 A1 3 T e BH F AL [ 1E JE B BT A K T
i e i B RO R, A M 4% A I 5 g
R0 Rk RE A R TR AT [ Hb T SR T Y
HLREAT R s 5 IR T S92 00 50 40 14 Jmg R M . L L SR 55 AR
A DL 5 5 2 I b 25 0 L A 46 AN TR OR E R IX 8
R R AR Ak, SR L AR R A o A T R R AR T T R
) e JH A TR (405 B 1 R P R B SR A TR (9
T P 32 3 3 22 3R Y 52 1) G K vR R 00 A 1Y BT
IR B AR B WE BT 1k A M 1 A

25 TR 7 R Hb R R0 A A DX il R



513

&AL BRI LR £ A B 3 SR A I T 63

Hby F, 7% 5 D0 BELBC £R 40 R 06 4 4L T v A A O M A
T A5 ) DX sl R TR R v R T Bt
O Wb 2% U BEL 40 Bk s S i A% 3 R IO T B GICHT
4.3 HIBIFHHF I GIC I

Wil 5 [ 58 0T Ml 0 5 SR AL AR B I AN v, 2
by £ e N7 b R U0 S 3K Sl P UL I 328 8 1 4% 10
DXl ™ Az 1) b F 37 32BN 2 G B 5 R b L
SIS A . O X LBk 7 A R S5 R R AT AR
ST SE N b L 7 BT AL T AT ) R b A AR R] Y
FL b 2 A B VR b T R A B 5 | A R AL L i
bEt A BV P D Y AR B SR o e = S N L N A
P BUE 5 07 A 8 GIC, B3l 1] Mo v 37 K s
R A% 0 2 2 = GIC A5 53 1OKS B R SR T,

SR, 1l B AL 5 0 B 358 46 A1 22 178 I 1 1 75 il v
G2 ok iz m B i T, X R B 2
DX G AR A S B . A B I A A b T, K
fiE 38 o A (8 7 2 A M e 37 L AN TR A 2 AR
2. MIWZ N BBk i B R IE M se g )z N
FRWE A GIC A 5F b, B, 76 Jm 5 A 55 b f
b A, 37 S DU S0 B 8 AR 15 T 4 9 45 R (HZE AR 5 T
DX RT3 R o Sl Al P 8802 B 1 iR AT R i

5 REERE

AT T GIC # A= s pL ] | v 7 16 3 LU
B A8 SAEREXE LB 5T 0 52w AT S T & 2R
G GIC FFE 9E e . GIC WY sl & =5 18] 4
T iR A FR RN R ST AR =] 88 S B A 1 il
AR, X 3 AU R AR 3 N E AR Y
), B GIC 1 7000 (23 () 4 3 400 3800 L GIC 19 8 ff Al
BB BR ) FAT B DL K GIC (R E B #5 O R T/
GO . BHXT GIC /Y 52 me B2 B2 T 5, bk 4 A
Bl Tk e ok B

Hp, £ MY O F 2 B RO # T 5% %
(1% b 0 15 3 X5 FH 1 K 300 S5 e 3 i O 0 )
s Ak, 5D R B s A L L S AR HE RE S T N &
ST T A b, Sz W b R 3, B ARG GIC Ak B304 6 B2 119
W, AR TRESR RE NS, — R
L ST N PR 2 B0 DR A AN AR L TR I 32 S B X
GIC (52 M B 1 2 o

BT Y/PL I SN S S N TR e d (AN S
BELAE o 1 25 PR 3R, B R A 00 00 B 5 4 L 3 T 2R
P A B[R] RN 28 55 AR . IFSE N DL R A
FF R R LR H P 45 0, R RO By 0 B

FBHPCHEIS B s A 3 i T % b T B PR 2 i R i A
S ST L, L R AEE AN E . Kb
PELE A 5 22 27, TCie SR FAAM R 0 vk R E DL 58 4 A
LB S AF O, 5 S50 R 4 B P R R AR KRR B L R
E GIC B HE B .

DRt A S0 25 o B OA T i ER 9 B 24 B AE GIC F
FEPIVE . 1% 2 B A R Y 2 B B R B R AR
Y AN [R) 24 1) R B 6 455 0 B A% B2 4 AS R ORS BE Y
GIC fh 5 (H . & J it 72 I W) A — 4k Ha, [ S8 45 7Y 5]
P4 ) = 4 v BHL R A A, GIC B A5 3K 8 L 7E A iy
PR, XA AR T A Y O B R R, LR K
b F R DU R VR S T IR EER e B GIC R s T
HEN TTER .

Aok Bl L R GRS R R, GIC BFoeH4 1
e 37 4 RT3 o A I A FH S Bl A0 R W
TET AT e B 5 A X e it R 5 %) WA T R I L Ay e
B T6 0 D AL A% 1 e 1 BSF(R] . 81 A0 SR AL 2 2
SRV T3 e AR 43 Fr K e b e 55080 A A BE 9% 3 8%
P o BT BH H R 2 1 300 2 5 T0I AT R 1 5 0 5 A
233 [ RS T AT ARE 78 SFe AL A BH XU A b 3R B 37 22 [1] 17
AHEAEFH S T b R R 1) 22 5 )R R s T )
BR WG 37 W A8 Ak a0 T 0 00 e e 5 S S DR L
ST Y 1) H R S 15 B OB 2 M TN GIC 1 4 A
SR BE A Bl T O L ) 2R G R AR AP RTINS I
AT RGN LY H 258 2% B o B 3 3)
W RE S| & ™ e R, FRATT 6200 R O A 2R K
Hi L PESS R L N R A BT A5 I . B LA
% S84 A R R e 5 AR A BT AR OGN 5L B
fift ANl e GIC W] BB Ok 1 f& 5

2 % L #k (References) ;

[1] Koen J,Gaunt T.Geomagnetically Induced Currents in

the Southern African Electricity Transmission
Network [ CJ//2003 IEEE Bologna Power Tech
Conference Proceedings.[ S.1.]:IEEE,2003:1 - 7.

[2] Barlow W H, Barlow P, Culley R S. On the

Spontaneous Electrical Currents Observed in the Wires

of the Telegraph [ J J. Philosophical

Transactions of the Royal Society of London, 1849,

139:61 - 72.

Electric

[3] Boteler D H.The Super Storms of August/September
1859 and Their Effects on the Telegraph System[]].
Advances in Space Research,2006,38(2):159 - 172,

[4] Allison N J, Huddleston W E. Extraneous Currents



64

BOMK R o RO BR B 2 O %554 %

L6]

[7]

(8]

(9]

[10]

[11]

[12]

(13]

[14]

[15]

Noted on Large Transmission Pipe Line System[] ].
Corrosion,1952,8(1) . 1.
Eroshenko E A,Belov A V,Boteler D, et al. Effects of
Strong Geomagnetic Storms on Northern Railways in
RussialJ]. Advances in Space Research,2010,46(9):
1102 - 1110.
Allen J,Sauer H,Frank L, et al. Effects of the March
1989 Solar Activity [ ] ]. Eos, Transactions American
Geophysical Union,1989,70(46) :1479 — 1488.
Béland ], Small K. Space Weather Effects on Power
Transmission Systems: The Cases of Hydro-Québec
and Transpower New ZealandLL.td[C]//Nato Advanced
Research Workshop on Effects of Space Weather on
Technology Infrastructure. Miami: [ s.n.], 2004 : 287 —
299.
Heyns M J, Lotz S I, Gaunt C T. Geomagnetic
Pulsations Driving Geomagnetically Induced Currents
[J].Space Weather,2021,19(2) : e2020SW002557.
Pulkkinen A,Lindahl S, Viljanen A,et al. Geomagnetic
Storm of 29 - 31 October 2003: Geomagnetically
Induced Currents and Their Relation to Problems in
the Swedish High-Voltage
System[ ] ].Space Weather,2005,3(8) :S08C03.
Zhang S M, Liu L. G. A Mitigation Method Based on
the Principle of GIC-Even Distribution in Whole
Power Grids [ ] ]. IEEE Access, 2020, 8: 65096 —
650103.

Power Transmission

Torta ] M, Serrano L, Regué ] R, et al
Geomagnetically Induced Currents in a Power Grid of
Northeastern Spain[ J . Space Weather, 2012, 10(6) :
S06002.

Ning X, Liu Q, Cui X, et al. Research on Optimal
Placement for GIC Mitigation with Blocking Device
[J 1. IOP Conference Series: Materials Science and
Engineering,2019,533(1):012042.

Watari S. Estimation of Geomagnetically Induced
Currents Based on the Measurement Data of a
Transformer in a Japanese Power Network and
Geoelectric Field Observations[ ] ]. Earth, Planets and
Space,2015,67(1):77.

Marshall R A, Kelly A, Van Der Walt T, et al.
Modeling Induced
Australian Power Networks[ ] ].Space Weather,2017,
15(7):895 - 916.

Nazir M, Burkes K, Enslin J] H R. Converter-Based
System DC in

Transmission and Distribution Networks [ J ]. IEEE

Geomagnetic Currents  in

Power Protection  Against

[16]

[17]

[18]

[19]

(20]

[21]

[22]

[23]

[24]

Transactions on Power Electronics, 2020,35(7):6701 —
6704.

I I L B S R A Ik A RS B R AR R E
SERERVT LT M A A . 2014(11) 18 - 23,
Huhemandula, Ji Wenhui, Yang Hongtao, et al.
Discussion on the Establishment of Biot-Savart Law
[J].Physics Bulletin,2014(11):18 — 23.

Snyder C W, Neugebauer M, Rao U R. The Solar
Wind Velocity and Its Correlation with Cosmic-Ray
Variations and with Solar and Geomagnetic Activity
[J].Journal of Geophysical Research,1963,68(24)
6361 —6370.

Fairfield D H,Cahill L. J.Transition Region Magnetic
Field and Polar Magnetic Disturbances[ J].Journal of
Geophysical Research,1966,71(1):155 —169.

Shi Y, Xu Y, Yang B, et al. Lithospheric Conductors
Shed Light on the Non-Uniform Destruction of North
China Craton[ ] ]. Journal of Geophysical Research:
Solid Earth,2022,127(3) :e2021]JB022587.
WRIEE AT A3, JH v 45 I A8 o vk 2R AR R I
T AR Ll L] 35 bk K 2 2 4R R B2 D 5 2022,
52(3):744 - 753.

Xu Zhengyu, Fu Nengyi,Zhou Jie,et al. Comparison of
Nonlinear Optimization Inversion Algorithms of
Transient Electromagnetic Method[J].Journal of Jilin
University ( Earth Science Edition), 2022, 52 (3):
744 - 733.

Orynski S, Jozwiak W, Nowozynski K, et al.
Comparison of 3D, 2D, and 1D Magnetotelluric
Inversion Results on the Example of Data from Fore-
Monocline [ J ]. International Journal of
Geophysics,2022,2022:1 - 19.

B ZER AR, SRR T, = 4 TR R Ok I AR
BB L) ] 75 bR OR 27 2 i B BR A2 10D . 2021, 51 (2)
543 - 551.

Sudetic

Luo Yongchao, Li Tonglin, Zhang Rongzhe. Local
Smooth Inversion of 3D Gravity Gradient[ ]J].Journal
of Jilin University (Earth Science Edition),2021,51
(2):543 - 551.

Wang X, Liu C M, Boteler D, et al. The Influence of
the Geomagnetically Induced
Currents: A Modeling Study[ C]//2021 IEEE Power
&. Energy Society General Meeting (PESGM).[S.1.]:
IEEE.2021:1 - 5.

Wawrzaszek A, Gil A, Modzelewska R, et al. Analysis

Coast  Effect on

of Large Geomagnetically Induced Currents During

the 7 — 8 September 2017 Storm: Geoelectric Field



513

&AL BRI LR £ A B 3 SR A I T 65

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Mapping [ J ]. Space Weather, 2023, 21 (3):
€2022SW003383.

XSG o S A T L I T A T XU 2 e PR 3R BT 9 4
WLIT R Y FR 24 . 2014,57(6) 11709 - 1710.

Liu Lianguang, Wu Weili. Review of the Influential
Factors of the Power System Disaster Risk Due to
Geomagnetic  Storm [ ] ]. Chinese
Geophysics,2014,57 (6):1709 - 1719.

Marshall R A, Wang L, Paskos G A, et al. Modeling

Journal of

Geomagnetically Induced Currents in Australian
Different Conductivity
Models[ J].Space Weather,2019,17(5) :727 - 756.

Gil A, Berendt-Marchel M, Modzelewska R, et al.

the

Power Networks Using

Evaluating Relationship  Between — Strong
Geomagnetic Storms and Electric Grid Failures in
Poland Using the Geoelectric Field as a GIC Proxy
[J].J Space Weather Space Clim,2021,11:30.

Liu C M, Liu L G,Pirjola R.Geomagnetically Induced
Currents in the High-Voltage Power Grid in China
[J1.IEEE Transactions on Power Delivery, 2009, 24
(4):2368 —2374.

Sun R.Balch C.Comparison Between 1 =D and 3 - D
Field Methods to
Geomagnetically Induced Currents: A Case Study[]].
IEEE Transactions on Power Delivery, 2019,34(6) .
2163 -2172.

Zirker J B. Coronal Holes and High-Speed Wind
Streams[ ] ]. Reviews of Geophysics, 1977, 15 (3):

257 —269.

Geoelectric Calculate

Burlaga L, Sittler E, Mariani F, et al. Magnetic Loop
Behind an Interplanetary Shock: Voyager, Helios,and
IMP 8 Observations [ ] ]. Journal of Geophysical
Research:Space Physics,1981,86(A8) :6673 —6684.
Wang Y M, Wang S, Ye P Z. Multiple Magnetic
Clouds in Interplanetary Space [ ] ]. Solar Physics,
2002,211(1) :333 — 344.

Zhang ], Richardson I G, Webb D F, et al.Solar and
Interplanetary Sources of Major Geomagnetic Storms
(Dst<<—100 nT) During 1996 — 2005 J].Journal of
Geophysical Research: Space Physics, 2007, 112
(A10):A10103.

Maltsev Y P.Points of Controversy in the Study of
Magnetic Storms[ ] ]. Space Science Reviews, 2004,
110(3) :227 - 267.

2 A Bl Bl K XU B SR AT B B it 7R
SYEBAE AT R HER LT ). B R s ERRE %, 2011, 41
(1):1-28.

[36]

[37]

[38]

[39]

[40]

[41]

(42]

[43]

[44]

Feng Xueshang, Xiang Changqing, Zhong Dingkun.
The State-of-Art of Three-Dimensional Numerical
Study for Corona-Interplanetary Process of Solar
Storms [ ] ]. Science China: Earth Sciences, 2011, 41
(1):1-28.

02 IR L B R AT R B A P XU ) B A U
WEFELT ] A2 MR A2, 2013.43(6) : 912 - 933,
Feng Xueshang, Xiang Changqing. Zhong Dingkun.
Numerical Study of Interplanetary Solar Storms []J].
Science China: Earth Sciences, 2013, 43 (6): 912 -
933.

Lucas G M, Love J J,Kelbert A,et al. A 100 — Year
Geoelectric Hazard Analysis for the U S High-
Voltage Power Grid[J].Space Weather,2020,18(2):
e2019SW002329.

Zhang J J.Yu Y Q,Chen W Q, et al. Simulation of
Geomagnetically Induced Currents in a Low-Latitude
500 kV Power Network During a Solar Superstorm
[J].Space Weather,2022,20(4) :e2021SW003005.
SR X S B T b W A Y b AR R R
T L PR B 9 R B F S [0 ). 2 ) B 2 2 4, 2013, 33
(6):617 - 623.

Wu Weili, Liu Lianguang. Calculation Method for
Geoelectric Field in Mid- and Low-Latitude Area
Based on Sparse Geomagnetic Data [ J ]. Chinese
Journal of Space Science,2013,33 (6):617 —623.
Zheng K, Pirjola R ], Boteler D H, et al. Geoelectric
Fields Due to Small-Scale and Large-Scale Source
Currents[ ] J.IEEE Transactions on Power Delivery,
2013,28(1) :442 — 449.

Bank R J. Mathematical Methods for Geo-
Electromagnetic Induction [ J ]. Geophysical Journal
International ,1994,119(2) : 686.

Boteler D H,Pirjola R J.The Complex-Image Method
for Calculating the Magnetic and Electric Fields
Produced at the Surface of the Earth by the Auroral
Electrojet[ ] ].Geophysical Journal International,1998,
132(1):31 - 40.

Viljanen A,Pirjola R, Amm O.Magnetotelluric Source
Effect Due to 3D lonospheric Current Systems Using
the Complex Image Method for 1D Conductivity
Structures[ ] ].Earth, Planets and Space,1999,51(9)
933 - 945.

Pirjola R, Viljanen A,Boteler D.Series Expansions for
the Electric and Magnetic Fields Produced by a Line
or Sheet Current Source Above a Layered Earth[ ] ].

Radio Science.1999,34(2):269 — 280.



66

BOMK R o RO BR B 2 O %554 %

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

i R B i A% RN 1) b L U F 5T 5 E B LD R AR
A k7, 2012,

Shang Kangliang.Research and Calculation of Telluric
Current Induced by Magnetic Storm [ D]. Baoding:
North China Electric Power University,2012,

TP 1 LT 2 4 0T 25 4 = 4 b R U A BR T
3 A LD AR E AR AL J3 K, 2015,

Dong Bo. Analysis on Three-Dimensional Geoelectric
Field Induced in Complicated Conductivity Structure
During Geomagnetic Storm by Finite Element Method
[D].Baoding : North China Electric Power University,
2015,

MR O 3t v, 5 A 1] A2 1 X % 5% % b He 3 110 5
M i 5 (DAL - At s gy K4, 2016.

Lin Chenxiang. Effect of Conductivity Lateral Change
on Induced Geo-Electric Field During Magnetic
Storms [ D ]. Beijing: North China Electric Power
University,2016.

Gannon ] L, Birchfield A B, Shetye K S, et al. A
Comparison of Peak Electric Fields and GICs in the
Pacific Northwest Using 1 - D and 3 - D Conductivity
[J].Space Weather,2017,15(11):1535 - 1547.

Lucas G M, Love J J, Kelbert A. Calculation of
Power Transmission Lines

Voltages in Electric

During  Historic ~ Geomagnetic ~ Storms:  An
Investigation Using Realistic Earth Impedances[ ] ].
Space Weather,2018,16(2) ;185 - 195.

Pirjola R. Review on the Calculation of Surface
Electric and Magnetic Fields and of Geomagnetically
Induced Currents in Ground-Based Technological
Systems[ ] ].Surveys in Geophysics,2002,23(1):71 -
90.

Horton R,Boteler D H,Overbye T,et al. A Test Case
for the Calculation of Geomagnetically Induced
Currents[ J |.IEEE Transactions on Power Delivery,
2012,27(4):2368 - 2373.

B 5E , X% Y, David H Boteler, 5. 22 B 1 25 2 L W) (1)
GIC-Benchmark @ #8751 [T . v [ f #L T2 2% 4,
2013,33(16) :179 - 186.

Zheng Kuan, Liu Lianguang. Boteler H D, et al.
Modelling Geomagnetically Induced Currents in

Levels of a Power System
Illustrated Using the GIC-Benchmark Case [ ] J.
Proceedings of the CSEE,2013,33 (16):179 — 186.

XSG, SR BRI, A B T 2 AR R = m
o s e 7 oL TG LT . A R, 2014, 38 (7))

1946 - 1952.

Multiple Voltage

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Liu Lianguang,Guo Shixiao, Wei Kai, et al.Calculation
Induced
Interconnected North China-Central China-East China
Power Grid Based on Full-Node GIC Model[ J |.Power
System Technology,2014,38 (7):1946 —1952.

Kappenman ] G, Radasky W A, Gilbert ] L, et al.

of Geomagnetically Currents in

Advanced Geomagnetic Storm Forecasting: A Risk

Management Tool for Electric Power System

Operations [ J J. IEEE Transactions on Plasma
Science,2000,28(6) :2114 —2121.
Pirjola of Geomagnetically Induced

Currents (GIC) in the Finnish 400 kV Electric Power

R. Averages

Transmission System and the Effect of Neutral Point
Reactors on GIC [J]. Journal of Atmospheric and
Solar-Terrestrial Physics,2005,67(7):701 — 708.
Pirjola R.Effects of Space Weather on High-Latitude
Ground Systems [ J]. Advances in Space Research,
2005,36(12) :2231 — 2240.
Amm O, Viljanen A. Ionospheric Disturbance
Magnetic Field Continuation from the Ground to the
Ionosphere Using Spherical Elementary Current
Systems[ J . Earth, Planets and Space, 1999,51(6):
431 - 440,

Fukushima N. Generalized Theorem for no Ground
Magnetic Effect of Vertical Currents Connected with
Pedersen Currents in the Uniform-Conductivity
Tonosphere [ ] ]. Report of Ionosphere and Space
Research in Japan,1976,30:35 —40.

Raeder J, Wang Y, Fuller-Rowell T J. Geomagnetic
Storm Simulation with a Coupled Magnetosphere-
Tonosphere-Thermosphere Model [ M ]. [ S.1.]: Space
Weather,2001:377 — 384.

Lyon ] G, Fedder ] A, Mobarry C M. The Lyon-
Fedder-Mobarry ( LFM ) Global MHD
Magnetospheric Simulation Code [ J ]. Journal of
Atmospheric and Solar-Terrestrial Physics, 2004, 66
(15):1333 - 1350.

Powell K G, Roe P L, Linde T J, et al. A Solution-
Adaptive Upwind Scheme for Ideal
Magnetohydrodynamics[ ] ]. Journal of Computational
Physics,1999,154(2) ;284 — 309.

Palmroth M, Pulkkinen T 1, Janhunen P, et al.
Stormtime Energy Transfer in Global MHD
Simulation[ J].Journal of Geophysical Research: Space
Physics,2003,108(A1).doi:10.1029/2002J A009446.
Viljanen A,Pirjola R J, Wik M, et al.Continental Scale

Modelling of Geomagnetically Induced Currents[]].



513

&AL BRI LR £ A B 3 SR A I T 67

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Journal of Space Weather and Space Climate, 2012, 2
(A17):11.

BROCTE 4 M, o R 0, L T I OR R A B M 2
FITIF 5T - KBl B 0 5 580 B o )7 5 80592 38 (SinoProbe —
0D [J]. Hb i 241t ,2010,84(6) : 788 — 800.

Wei Wenbo, Jin Sheng, Ye Gaofeng, et al. On the
Conductive — Structure of Chinese Continental
Lithosphere: Experiment on “ Standard Monitoring
Network” of Continental EM Parameters (SinoProbe —
01)[J].Acta Geologica Sinica,2010,84(6) ;788 — 800.
Egbert G D. Booker ] R. Robust

Geomagnetic

Estimation of
Transfer-Functions [ J ]. Geophysical
Journal of the Royal Astronomical Society, 1986, 87
(1):173 - 194.

Gamble T D,Clarke J,Goubau W M.Magnetotellurics
with a Remote Magnetic Reference[ J]. Geophysics,
1979,44(1) :53 — 68.

Cordell D, Unsworth M J,Lee B,et al. Estimating the
Geoelectric Field and Electric Power Transmission

Line Voltage During a Geomagnetic Storm in

Alberta, Canada Using Measured Magnetotelluric
Impedance Data: The Influence of Three-Dimensional
Electrical Structures in the Lithosphere [ ]J]. Space
Weather,2021,19(10) :e2021SW002803.

XUFEG, EFF L, B4 45 T i H 3 5 0 B Y )
AR R ) M RN W A (T W i, 2015, 36
(12):102 - 107.

Liu Lianguang, Wang Kairang, Wei Kai, et al. GIC
Calculation of Guangdong Power Grid Based on
Field L1
Construction,2015,36(12) :102 - 107.

Wang X, Boteler D H, Pirjola R J.Distributed-Source

Geoelectric Data Electric  Power

Transmission Line Theory for Modeling the Coast
Effect on Geoelectric Fields[ ] ].IEEE Transactions on
Power Delivery,2023,38(5) :3541 - 3550.

XUFEG TR ME 6, B AL A BT K R A B A
AU AE ) g 5 T PRI O vk [ s A
2015,39(6):1556 — 1561.

Liu Lianguang, Zhang Pengfei, Wang Kairang, et al.
Assessment of Geomagnetic Induction in Pipeline

Based on Layered-Earth Conductivity Model [ ] ].

[71]

[72]

(73]

[74]

[75]

[76]

[77]

Power System Technology,2015,39 (6):1556 —1561.
A BE M K G L T A R RN R Y SRR LT .
HiER 517 R HIR T, 2022,53(1) 153 - 65,

Bu Wanye,Zhang Huiqgian, Huang Qinghua.Review of
Geomagnetically Induced Currents [ ] ]. Reviews of
Geophysics and Planetary Physics,2022,53 (1):53 —
65.

Murphy B S, Lucas

G M, J J, et al

Hazard

Love
Magnetotelluric Sampling and Geoelectric
Estimation: Are National-Scale Surveys Sufficient?
[17.2021,19(7) :e2020SW002693.

Rosenqgvist L, Fristedt T, Dimmock A P, et al. 3D
Modeling of Geomagnetically Induced Currents in
Sweden: Validation and Extreme Event Analysis[]J].
2022,20(3) :e2021SW002988.

Dong B.Wang Z Z,Liu L. G,et al.Proximity Effect on
the Induced Geoelectric Field at the Lateral Interface
of Different  Conductivity  Structures  During
LT
Geophysics,2015,58(1) :32 - 40.

Espinosa K V, Padilha A L, Alves L R, et al.

Geomagnetic  Storms Chinese Journal of

Estimating Geomagnetically Induced Currents in
Southern Brazil Using 3 — D Earth Resistivity Model
[J].Space Weather,2023,21(4) :e2022SW003166.
R AR ARERE . John Booker, 45, Ml i, il Bk = 4 32
B RAEAT BR 22 0 B B0 LT ] 3th BR 4 B0 24 42, 2003,
46(5):705 - 711.

Tan Handong, Yu Qinfan, Booker J, et al.
Magnetotelluric Three-Dimensional Modeling Using
the Staggered-Grid Finite Difference Method [ ] J.
Chinese Journal of Geophysics, 2003, 46 (5): 705 —
711.

EHE, S I R A e, SR K b H R 3 TR] BH T Al
SERERE TR 0 K b 3 [T ] b 2R 4 #2424 . 2020, 63
(7):2658 —2670.

Wang Hui, Ma Fangyuan, Cheng Jiulong, et al.
Synthesizing Geomagnetic Induction Electric Field
(GIE) Using Magnetotelluric Quasi-Impedance and
Geomagnetic Field[J].Chinese Journal of Geophysics,

2020,63 (7):2658 —2670.



