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xqp�\��'jH-$$��TS$%L�
�Æ�-9��p�8i�� (V8iTG) ��
N��$��, ()l��$�p�$ CME) F*NpJg� K/�!��)_��L~S${Y_��a CME �Jg�am1����xu	$�x'j�JgH-�,��B9`8iKji-�ljZ-$�
����T_Æ�F8�T{YX�i-�x)_vu�T{Y�>3�T{{u��{gZ�)�C}K��{!�8B9`$�Tiw�8i��8fKji- [1−3], �C}K��{!�>�Z[g�1�ETG� CME 3��)_��℄${Y_Y�3pÆ$B9`8i�v'$tBQ/�u����T_Æ� CME 3��%*{YO_��F8f}���{!$�EKi-�v�&{h�*x4P�<�i2;�{YF3iw8iX�h�&Y�
iw�3�&E)\��lzp���Tu'&p��'�'G������F3�aX��{h�&q [4−7], uH2�^�D<h�^	��=X�"��u��
GIC D
F�C2YE�k��Z2YE,��C�=O���Z�2YER{$�|?�<eAFt4�&p��a-B [8]. Tu�Z&W2YEJ-e'��YX�2YE�sE�,�[g??&p�)�8f!���[?
�=3'�'G��a;�3{ GIC e8��I���R�

GIC 8&W�^��%�73 1940,���	��~/3%	�%0�l|1�W=;���&p6� GIC �s�%��YA8fde �>%6$w$�>���W����X&�xoQ GIC 8���^�u��	��e ��MF�;pu�}l|1��
8&pL'���a� GIC �BgP [4], >N�Jg$�H-8K GIC �s�B^\O
 [9−11]. xJl
;6nx GIC fi&p��RW�3�l|1�W���<{l&Y�&%L�����'&p���?�3}�|1��
n�/��d GIC �%&p��s [6]. ��;f�JO�W~�a�|1���<{��
&,6�a�Zp�|����Æ,Dw�3��^%L'&�^a��d�_� GIC P��s [12−14]. t��� 500 kV &p���Ax���-zw�*
��W6&� 1 000 kV NlY&p�6&p'& �
~&��;W� 500 kV  u� 1/2, >O'&%Ly^ (2 300 km) �w���y� (Zea�), 2YEM

"2YE��� (ytz�$), JgH-$$���%�vF.8�3�&py��ZeFwy���tz�C�{!$ GIC �s�
f�b*�T=D� CME, 
x8� CME. 
Hi� CME L-Jgq*%LQ/���T}/D�F
�)p.qi�j3Jgiw�Y\x�jJg�Fw`� 120◦ � CME 
x.v CME, 
�jFw�� 360◦ �
xa.v CME.�
3,z
aO
℄�� CME 0�a.v CME. H��xHI CME"������T�N1��.}tzDrF
$ GIC �s�(3Z����Jg$��s8�T8i����%3�`}w��dq2℄����.u
Zhang � [15] 8� CME X���{! Dst (Disturbance Storm Time) U/ <-100 nT�Jg$B9`$W�℄�� Kataoka � [16] S
 Stockwell 2B�GCxXD GIC �s$aQ~��e�<�>e*d CME $�t"5

WZ-� GIC �s�W�E���3,�a��
xv�h?$a1NK8.v CME �BOI���81):�.v
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CME �8�1�)����~�
$��BrI.v CME �81� GIC �K1�"�EO
�D[I<�.v CME Z-� GIC �sE℄rD"[�xdy��e* GIC�s�E℄��
S
.A2B8��B8<O
�3HQ�
℄�O
dD[I<�.v CME BZ-��K� GIC �s����{!� GIC �s0�JgH-8�T���%�8��xdy�qIe*�{!$ GIC �sQi�����
A8�{Y<�i�2;y� GIC K1Qi����BdM}�oh GIC �s8���^�u�A��K1��.xTjO�i���Bx�aAM}dD[K1$jO�i� GIC �sr��
y�
2 eFI�=�K0.,�BO
� CME �/�D$�JgTpTT�H (SOHO) ��!|O
pÆu
(LASCO) C2 $ C3 ��
	P|g� GIC /�D$�MFG,℄�B (FMI) $6%&W�T� LASCO xJB}��O5y	P�d�_� CME �s�8X2Np! 23 JgH-i�Bd	P��
� CDAW Data Center �G� CME /�aD�d� 1998 ,� 2005,>i$��B��a.v CME, ��� 329 p�v��$��i�e*d�a� 63 pa.v CME[15] � 35 p GIC �s"����MFu�l|1�W�% GIC ��%.}[g�MFG,℄�B� 1998 ,�-�3�TB�'G��agP GIC, [�"R��/��>Y�p�*h�G��TBgP#~�%| 60◦, ,� 25◦, gP/���iO5yx 10 s. �
℄�� GIC �sZe� 1998 , 1 * 1 p� 2005 , 12 * 31 p��i6�<{��
&,'�a�Zp�|�QrxT���&pw��?-�6%&W�Txd℄� GIC 8^%L���'2&�^�u��n� 2004 ,-�3�,m�#&A�2YEa�B GIC gP��iO5yx 1 s. �,m�~�%| 22◦, ,� 114◦. ;f|1.}����w�gP�d*K�
GIC, ��3�Sx 75.5 A[13].ohxd℄��{Y� GIC �sQi�����
AO
d�{!$~��TB
J 40 km u/�>m>zgP���{Y�/����%L�TB� GIC gP#}Æ��~4x
/�>m>zgP���{Y�/���TB� GIC /�
"�O
�x���{!$ GIC �"����3uN GIC /����
M
.A2BY+��x.A2B��z�i��GAO
$z8y��v^℄UpO
Qi�3��$8�[�"�\���JE℄�F�qp�E��8x�v�8 8y�D[�2BhN3�i��-)�℄i�)
�8�8fOM
kve<��i�MiI^�8l8fO;M
kv����i�I^�x��1yl�℄_b�1��S
.A2B�HqNE��
)��z�℄�8,�m|��>exO
�4x��b2�>O
r�
h;_� GIC �s3D[�6�K1�.�



12 U � V  53 (.A2B�"S*���8�qp�iNh�/ f(t), �/ [17]

Wf (a, b) =
1√
a

∫ +∞

−∞

f(t)ϕ∗

(

t− b

a

)

dt (1)
x f(t) �.A2B�HQ t ��i� a $ b 0�"��i_k�\/��a a > 0, �O
2B���m1��.�8y"�� a .8��l8� a �8���8Æ b x9tN/�8�{O
�T�C��i��/ ϕ(t) Y\xq9G4P�/�V
∫ +∞

−∞

|ϕ(t)|2dt <∞ , (2)x ϕ(t) �℄Up2B ψ(ω) ��Ws
∫ |ψ(ω)|2

ω
dω <∞, (3);
 ϕ(t) xqpN,.AL.A��/�HQ ω �8y�>
 (3) �x.A�/�4tEWs� (1) �a� ϕ∗(t) x ϕ(t) �\���/�� (1) �*��.A2B8���J|y<�� Wf (a, b) +8S�9G� P (a, b) =

|Wf (a, b)|2, "��a�|y<;� P (a, b) 3�i�}�,S P (a) = 1
N

∑N
n=1 P (a, n) =

1
N

∑N
n=1 |Wf (a, n)|2, �a N �8���s�Mi�/�= P (a) ���Su8�� a S
x�iNh�/ f(t) ��nEi>�I8"S��R� ϕ(t) Fx (1) �a�?�r��>[�N/ a $ b "��S�Hi� ϕ(t) 
x.A��/�~.A�.A��/�
e3�Q~qp4xX�~.A�$�/�=~.A;�.A��/9tL�K (L℄G0�) ����d"��s"S(t��,�3O
8 ��8 a�l8fO8���a�:2fO�8HqJO8 �BO
��jV���O5yj��x��:2fO2;�iio5�Jj�=88��O5y;4x�
K<�
f�H���8O
xn�u3l86�~[��~"E�8 a��8fOrr��2JO��BO
��s8y��O5yjl�=�i��O5y;4x�
K<�[�O
�a78yn�t��8u�m1�~ a �

�x ϕ(t) N,.A
���a )��ϕ( t

a
) )<�3D[m1��.A�jO�i< a e�=<<�V1;� √

a fE.o.��A�?v�jD2�
 a2.����	PFw2>��8�	PFw2<�=	P�a78y*l8ut-ÆEQ�
 a 2�����	PFw2<�8��	PFw2>�O
�a78yFw*�8ut-��f�.A2B�N#4x�-��H27	�`�Jj�f=�>D�m'�/04x

.A2B�N,.A ϕ(t), m'2B0/L�3E2BL��`|���E2BDq*0�3�8.A2B=`�BM
�.A/L��B��4tEWs (3) ��E2BL�3�H��xu�wP Wf (a, b), �
4xY�
Wf (a, b) Ed��"�/ f(t)[17]:

f(t) =
1

cϕ

∫ ∞

0

da

a2

∫ ∞

∞

Wf (a, b)
1√
a
ϕ

(

t− b

a

)

db , (4)
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0xr��_5��B� }j�(s`℄_� 13�a cϕ =
∫ |ψ(ω)|2

ω
dω. 4qj�~��|��Ws�f� cϕ < ∞. = cϕ < ∞ 1�8

ϕ(t)Qr�4tEWs (3)���4tEWs4xg7r�)

N,.A ϕ(t) ��/�Y~/L�� ψ(ω = 0) = 0.Y~��
w�4xS
.A2BDO
 GIC /�d�3S
.A2BCuN"S� GIC/���ljO
 GIC 3D[���K1�.�q�M
�� Morlet.A [18−19].F�qp\�/����8℄�0"�*����E�\
�8 �O�T�8O
a�F$F�℄Up2B"�u�?��
ϕ(τ) = e

−τ
2

2 eiδ0τ , (5)

ψ(δ) =
√

2πe
−(δ−δ0)2

2 , (6)�a τ ��_k��i�δ $ δ0 ��_k�8y����
�� ψ(δ = 0) 6= 0, =Ox (6)��v (3) ��0�B\:Q/��
������z��V (3) �jV�4tEWs>D���
 (5) ���/D�B.A2B52�2�'�D���� ψ(δ) ,�3 δ 7L
δ0 ��G2o�*:�
 δ0 ≥ 5 �� ψ(δ = 0) ≈ 0, 4xÆ5�� (3) ��*�4tEWs��~3�`z
aq�Wj℄ δ0 ≥ 5 �4xd [17]. 3,z
a��
�*℄ δ0 = 6.3HeR=��.A2Bm1 a �℄Upi> T Qi"�Hi���� T = 1.03a[18].

3 eF�KD7
3.1 GIC bA"�{WN/jxdd� GIC 8���^8f�%�8yFw��
S:d 2004 , 11 * 10 p��3�TB$m�� GIC �s�8�/��B:8℄Up2B����8<OG (u

1 B�). 
 1(a) ����3�,m�#&A2YEagP�� GIC �℄Up2B����
 1(b) ����8MF'G��agP�� GIC �B:8℄Up2B/����8.
 1(a) $
 1(b) ����4x/rF
�lj8yFw� 1∼10 mHz. H4� GIC 8��p��^��A&p$'�'Gp�^��%�I5���~O
3�TBgP�� GIC, F8�
℄� GIC 3��&pa4)X��u�"�gj�N0fS�3z
8yx 50 Hz �{q&�^a� GIC "
�qpzRq�F32YEaX�Rq7{�,�32YEa�CJ->??2YE�
3.2 �� CME *%��9 GIC bA"�t�
O
dB"R�� 329 pa.v CME, �a� 63 pa.v CME Z-d 48 p
Dst U/.��� -100 nT ��{! [16]. �
v��{!����i�3 FMI �G�/�|gaTW GIC �s��H 48 p�{!�s8���>O3 GIC /�9a�^v��� 35 p GIC �s���
p� GIC �s�4)�� 2 pL 3 p.v CME �[Z-
(/�81:� CME g}J��� CME), 8��;p.v CME Z-� GIC �s��
℄�a81�:�.v CME 
xZ-$�BO
��/j�Cr|����
AJjenH2 CME0���3Jgb*�T�q��=D�(L�T�q����JgT{Y$�L~SpM�TFX��T{Y�2;�
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Zhang � [15] O
dÆ�*#gP�9 WIND $ Advanced Composition Explorer (ACE)�JgT�L~S${Y	PuE3Æ�8igP��{Y�JgTT8�L~.1�N/�2;/��v�H2N/���b2���T{Y�2;�B.8�4xe*Æ�8igP��/���T{YQi������ ACE$ WIND 	P��/�� CME$�/3B9`8iv?dq*��iL+�"���4xv�H℄p�9gP��{Y�JgTT8�L~.1�N/��b2��i�`XDJgH-�$�$�[��S
 SOHO/LASCO 8 CME �	P�4x�P CME $���i$81��=)�g:r�v?��T��i�x CME v?��T��i� WIND $ ACE ℄�9gP��N/��b2��i�B.8��
�4xe*~�$�� CME�b*�TD��V8� CME.

d 1 5n�&�UCmR�� GIC 1 � FFT =Q���
 (a) n�� (b) �UC
Fig. 1 The fast Fourier transform of GIC data obtained at Ling’ao (a) and Mantsala (b), respectivelye*dH2 CME b*�T--�NKQ/��
xB"R��B��{!�s$

GIC �s�K1<"�.v CME �81�2;3
 2 �-rD�D[�W �8Z-
p�{!$ GIC �s� CME �p/�
 2(a) ��{!K1� CME 81Qi����
 2(b) � GIC K1� CME 81Qi�����
a4x/r/�#�OG.}�z�N,}/Dr�{!$ GIC �K1� CME �81������Z���~�/jx�
"R��H2 CME �EF
�q2	PNK�BOI�x1�
�℄�$��y�e�y"�I8E��E CME 3 LASCO/C2 �C3!Ya�?v��
x	P��a.v CME Oxka8
< (Symmetric, S <�u
 3(a)B�) �a1D8
< (Brightness Asymmetric, BA<�u
 3(b) B�) xTh?D8
< (Outline Asymmetric, OA <�u
 3(c) B�)[20].�
xO:8�H 3 I CME Z-� GIC �s�reE℄T�� CME 81����BO
$℄��
3.2.1 D[� CME �81��{!$ GIC K1����
$�3
 4aur�{!K1$ GICK1< S< CME81�2;����
a
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0xr��_5��B� }j�(s`℄_� 154x/r�{!�GIC�K1� S< CME�81"�L\��� E���"��/O:�� 0.85$ 0.88. 4x���{!�K1� CME �81���x −Dst=0.099v+130.87,= GIC K1� CME 81���4x*��8-x IGIC=0.021v+0.14, �a v � CME�81�
~� km/s (�[), 2_ −Dst $ IGIC O:8��{!$ GIC �K1�
~O:� nT $ A (�[).

d 2 (a) -{Æ#S��D� }#�u�M3�$�0x CME 93���� (b) -{Æ#S��D�� GICM3�$�0x CME 93���
Fig. 2 Geomagnetic storm strengths (a) and GIC intensities (b) collected for studies in the present work

versus velocities of the associated halo CMEs

d 3 3 K$�F℄�RPM�
0xr��_5�
 (a) m
:e>� (b) 
3F:e>� (c) jAF:e>
Fig. 3 Three kinds of full halo CMEs with different observational characteristics. Symmetric (a),

brightness asymmetric (b), outline asymmetric (c)
 5 urd�{!$ GIC K1� OA < CME 81�����a4x/r�{!�
GIC �K1� OA < CME �81of"�}��"�E��"��/O:�� 0.65 $
0.68, �{!�K1� CME �81���x −Dst=0.072v+67.25, = GIC K1�He.
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d 4 (a)  }#M3� S > CME 93���� (b) GIC M3� S > CME 93���
Fig. 4 Variations of geomagnetic storm strengths (a) and GIC intensities (b) versus speeds of the

associated S-CMEsv CME 81���x IGIC=0.018v-11.02.�{!�GIC �K1� BA< CME81�"�Eu
 6B��4x/r"�ED�J����z1�2��"��/O:x 0.33$ 0.47. �a�{!�K1� CME �81���x −Dst=0.354v-157.31, GICK1� CME81���4��� IGIC=0.035v-19.38D�-�}-"�EO
B���N/n38 1 
ahr�~N0.}��x}r
a�

(a) 4x/r�{!�K1� BA < CME ����x
N���?G�"����2�z����`��/��{!�� BA < CME Z-��=O�{!8 BA < CME �x�h�3"[�81��� BA <.v CME Z-��{!�K1������� BA< CME �81��{!K1�"����2�z��~S
O
B�� E����
CME �81Dg:�{!�K1�������4814)7��oqG���
n��� S<$ OA< CMEZ-��{!�s;f3/_}Du BA< CMEZ-��{!�s;���F
�81��{!�K1"�}��"�E�BxS
}- E����H℄eI< CME �81Dg:$!P�{!K1�`"�}l�481�O

 4 � 5 � 6 a�
 (b), �
4x/r< CME �81<^�:� GIC K1[i���3� BA < CME Z-� GIC �sa�� BA <.v CME Z-� GIC �s�K1OGFw.}��>O�qJO�8� BA < CME �YZ-d}K� GIC �s���
z�� BA < CME �81DgP GIC �K1�>���3}��De*E��~8HI CME ��� GIC �℄�8�
�fd}��V��3�
O
℄�� 35 p GIC �sa��K GIC �s�&qx 57 A, �� S < CMEZ-��"8=`�� OA < CME Z-� GIC �s�K1}y��JO�s�K1OG3 5∼30 A Qi�=� BA <$ S <Z-� GIC �sK1;O:3 5∼50 A $ 5∼60 A
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d 5 (a)  }#M3� OA > CME 93���� (b) GIC M3� OA > CME 93���
Fig. 5 Variations of geomagnetic storm strengths (a) and GIC intensities (b) versus speeds of the

associated OA-CMEs

d 6 (a)  }#M3� BA > CME 93���� (b) GIC M3� BA > CME 93���
Fig. 6 Variations of geomagnetic storm strengths (a) and GIC intensities (b) versus speeds of the

associated BA-CMEs
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Table 1 Comparison of linear fitting parameters

Relation Slope Intercept Correlation coefficient

S-GIC 0.021 0.14 0.88

BA-GIC 0.035 −19.38 0.47

OA-GIC 0.018 −11.02 0.68

S-Dst 0.099 130.87 0.85

BA-Dst 0.354 −157.31 0.33

OA-Dst 0.072 67.25 0.65

3.2.2 S
.A2B8 GIC �s�B8<O
xd�qI℄��D[I<�.v CME Z-� GIC �s�E℄��
8B�3�TB$m�#&AgP�� GIC �s�d.A2BO
�3S
.A2BuN�S�iNh��F3.A|y<�C�4$�.4r�}�	W�VB���%y1��u3HpW�(��d���D41���~��8Æq�D+M# [18−19]. xdo.�%y1�88<O
����%��
x GIC �s�C��i�x GIC -�r�A-J
2 h, dV�ix GIC A-�./� 2 h.3
 7 � (1) � (2) � (3) 3 V
a?�����
O
�� GIC �saSr�8
3 p.}$<�K1}�� GIC �s�O
���
 7(1) ?���8 2003 , 10 * 29p$�� S < CME Z-� GIC �s�O
���Hp�s�I	xV3MF�'G��
alP���K� GIC �s�
 7(2) ?���8 2001 , 3 * 31 p$�� BA <
CME Z-� GIC �s�O
���=
 7(3) ?��;�8 2001 , 9 * 25 p$��
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Fig. 7 Results of applying the transform of the Morlet wavelet to the original data [see the curves in

column (a)] of three typical GIC events [displayed in rows (1), (2) and (3)]: (b) the wavelet power

spectrum, (c) the global power spectrum. Here, the maximum of each curve in (c) determines the

significant period of the relevant event8}- 35 p GIC �s�O
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Fig. 8 Probabilities of various significant periods
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Table 2 Comparison of GIC peak data at Ling’ao and Mantsala

Time Dst(nT) Ling’ao Peak GIC(A) Mantsala Peak GIC(A)

2004-11-07T10:30∼11-08T12:30 −373 47.2 35.36

2004-11-09T18:30∼11-10T22:30 −289 75.5 42.82

2005-01-21T17:00∼01-23T0030 −105 17.9 27.44

2005-05-15T02:30∼05-16T19:30 −263 27.9 37.15(Estimated value)

2005-05-29T20:30∼05-31T00:30 −138 5.6 4.6(Estimated value)

2005-08-24T06:00∼08-25T21:30 −216 19.1 13.2

2005-08-31T06:30∼09-01T18:30 −131 5.7 4.7(Estimated value)

d 9 ℄r }j�(s�u5^ hRD�1 �:���
Fig. 9 Correlation of GIC data obtained at Ling’ao to those at Mantsala
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Fig. 10 The heliographic distribution of driven sources on the solar disk. Various colors of each asterisk

are for the intensity of the corresponding GIC event, and other different symbols are for the strength of the
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Fig. 11 The schematic description of the force imposed on (a) the slow and (b) the fast CME propagating

in the interplanetary medium (the original template is from Wang et al.[21])

d 12 GIC M3� }#M3���
 (a) �UC� (b) n�
Fig. 12 Relation between GIC intensity and geomagnetic storm strength. (a) Mantsala, (b) Ling’ao
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Fig. 13 Correlations of GIC intensities to (a) dBx/dt and (b) dBy/dt, respectively

3.4 GIC bA,_"3N�XY)9�w`?	?"5o
GIC 8���^�u���K1$jO�i���GIC�s�K1)��jO�i)^�8���^�u�)���~�
A�qIO
d3MF�TB	P�� 35 pD[K1$D[jO�i� GIC �sr��
y�D[K1� GIC �sr��
yu


14(a)B��
aD[�a{8�D[�W� GIC�s�H2�W,x GIC�s�K1��^\���
4x/r�`� 60% � GIC �s�K1OG3 4∼20 A �FwQa�<{K1�<�����
ykv2.�D[jO�i� GIC �sr��
yu
 14(b)



1 ? o.h�
�: 
0xr��_5��B� }j�(s`℄_� 25B���a4x/r`� 70% � GIC �s�jO�iu� 0.15∼100 min Qi�W�~/� GIC �sjO�i`�d 100 min. ����.
y GIC �s�u�E}���
8H2�sy�u�oO�0w�=K1}.�jO�i}5���}x8D� GIC �s���HP1�nF8���^8fu���~V�3��}K GIC �s���R=��nJj*>8���^�BlT$z4�
2%

6%

14%

16%

30%

32%

(a) 4~10 A
(b) 10~20 A
(c) 20~30 A
(d) 30~40 A
(e) 40~50 A
(f) 50~60 A

(a)

(c)

(d)(b)

(f)
(e)

8.57%

17.14%

20%

54.29%

(a) 0.15~50 min
(b) 50~100 min
(c) 100~200 min
(d) 200~500 min

(a)

(c)

(d)

(b)

d 14 (a) GIC �uM3�d{QH� (b) GIC �ux lQÆk�d{QH
Fig. 14 The probability distributions of GIC events on the basis of (a) the intensity and (b) duration
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Statistical Studies on Geomagnetically Induced Current
Events Driven by Earth-directed Full Halo Coronal

Mass Ejections

WANG Kai-rang1,2 LIN Jun1 LIU Lian-guang3 LIU Chun-ming3
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(1 National Astronomical Observatories/Yunnan Astronomical Observatory, Chinese Academy of Science,

Kunming 650011)

(2 Graduate University of Chinese Academy of Sciences, Beijing 100049)

(3 North China Electric Power University, Beijing 102206)

ABSTRACT Solar activities and eruptions can cause the power transmission system to

be an abnormal condition, especially for an extra-long distance electric power transmission

system. We analyzed the coronal mass ejection (CME) data from SOHO/LASCO (Solar

and Heliospheric Observatory/Large Angle and Spectrometric Coronagraph), and the geo-

magnetically induced current data and the geomagnetic storm data from North China Elec-

tric Power University and Finnish Meteorological Institute, respectively. After classifying

the observed halo CMEs into three types according to their symmetry: complete symmet-

ric, brightness asymmetric, and outline asymmetric. The geomagnetically induced current

events that are driven by three different types of halo CMEs have different characteristics

in intensity, duration and period. We found that the brightness asymmetric halo CMEs are

most likely to cause the major damage to the transmission system. The geomagnetically

induced current also has a good correlation to the time variation of the geomagnetic field.

Key words sun: coronal mass ejections, solar-terrestrial relations


