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Electromagentic Phenomena Associated with Earthquakes 

 

Masashi Hayakawa 

 

Abstract 
 

There have been accumulated a lot of evidences on the presences of electromagnetic phenomena 

associated with earthquakes. This report reviews these seismo-electromagnetic phenomena 

taking place not only in the lithosphere, but also in the atmosphere and ionosphere. 

Observational results and also theoretical hypotheses are presented, and we finally suggest the 

importance of a new science field, “Lithosphere-atmosphere-ionosphre coupling”. 
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Table 1 Classification of observation methods of seismo - electromagnetic phenomena 
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Fig.1 Temporal evolution of LF radio noise (81kHz) associated with an earthquake. 
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Table 2 Summary of ULF emissions accosicated with large earthquakes. 
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Fig.2  Temporal evolution of ULF emissions (0.01Hz) for the Loma-Prieta earthquake. 
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Fig.3 Temporal evolution of ULF activity and geomagnetic activity for the Guam earthquake. 
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Fig. 4 Temporal evolution of ULF polarization (Z/H) 

(at 0.01Hz)for the Guam earthquake. 

PB%_��%������'% � èm);��,BM	nG� ü w x \�a*8�W!% 9R� =_(�O('�§�5�üÎ�+R?����.$'
I�ÍE1-)*ÅYKNM�n(���)�N��Í�ñ-V��-[�ª_È�É�K M���S�ý�­	��æ�l � ý�������Í-)*Å�K MBO
�&ø���V?�nä', S ª?n � KNM�,m[]\	U-)�ý!/¥¤�¤�. : / e / Ä fU%
��=�c 0 [+* ��� .$' ÂqÃ
Ì�� Ä 1�¤�O)���)�]�BÍ�O_� � X�Q-R!^Bö��pª�È�ÉÎ�UQ-M�,�['V�r S Q�O |�#�£TªZ��}Òª %
, ��V /¥·»·½¼�¾ ��� y�M�,�[ S ª V�J�² KNM�,m[?%!¤BO!R�,�^pª � Ü K M�,m[N\YK ^pK]ý
--Ô %/� 9�� =_(�O�»�È�.��_?�¤B%'Ã�2���?	%+|�#-^pX S %?���m)*Å�K M�n ��Í è�Ë�ÍBñ
V ù�ú �_Q�M�,m[-ª�È�É�KNM�,m[]\Åq-)�ý0/��)1B�)2�3�æ�ç�É	%54�6 X O87
9�:(7m%?�BÍ
ª!KNM�%������_ñ ù�ú )�n]����KNM�,m[N\-K ^LKUrN,B^�;=<�;$v	ÝL·¨4 7	V=>	R�,�\Hì�ö
M�ý?�����_ï�ð�O'�nä�R�����% Õ ) Û�÷�øp[+¨�©�l	V�ú!,�%�¤�r ��Ã�Ä�|�#�V�����%���}
ÊÎÌN¤ ã o;Q�M�,�Q���r�P S ¤�%������Uñ�­�´	V�ÙÎÌ_Ç�s?QL[N\
W	Y	%¨è�Ë�Í ï�ð�%'�!è ��@BA )�� ü w x \0CB�YXN%�DFE����m)*Å!øp[_­�´-ýHG�I�X %FJ

K Ð � ���	¤�%¨è�Ë�Í ñ�%+­�´	V ç ñ�­�´ �R� ,BM ã o;Q�ý ��Í�5 è�Ë�Í ñ	%�����V/� � X�Q
M�,m[]\�LFMÒX OONQP��½þRN�­®ê&SUT»©�¯®±�ì�ñ ü�Ò�­WV�ò°¯�ü°ëÓü�ò�ì ê»ü�ë�ó��&X�Y[Z�\�][^(_a`�b�c=dFefZ5g�h�i
jlkQmon�paq�r�s�t)u)q+v)w�x�y8zf{F|5}B~ _�� r=�)�)��y������(� � r5� _ s�t)u)q+v)w
x��5��� Z |5��� Z }f�=� i��fZ)��� |)~ i ��� ZF_F�W�W�W������� r5���)�a���)  dFe�Z
g ��| _ ����¡�r£¢!¤�¥�¦§jlkQmon�paq�y8��~�| _ �)¨ª©8«(¬F­�®Fw�x�¯�~ª°o±���~(²B³=w
x�y�}B~ _8´Fµa�(¶�· j¸kQmº¹�r5»�¼
y ´ ©�½ Z ��|�~ i �8¾ _F¿=À�b rÂÁÄÃUÅÆÁÄÇUÈWÉ ` v�p�Ê
¯8r(ËFÌ ZaÍ�ÎÐÏ[Ñ r5Ò)Ó�¥�Ô(Ò�Õ�Ö5×5 �Ø���Ù�ÙaÚ i �



Û�Ü
���

�

�

�

�

Ý�Þßr�à)á�â5ãBr�¯Fä�å(¡=æ)ç�Ø?�B|�~ i�è�é r dFe�¶�·)êFë r+ aì(í�îf«�ïBðòñôó)õ�ö
r=÷)ø Z5g ��|�«=�)ù�¡�Ú i ��úüû�ý�þ�r5ÿ�¹ é���� ¡�r5¹�ø�r� BìFí�î Z «����a¡ ^��
~F���a�	��« dFe r ¶ r e�
	�
� ¡�r���Ì�÷�� Z�� °�������� ñ����fu ¿ s�t)u����=p)ö
ZaÍ)i �"! ì�­ ñ$# Ø ��b	%�&�' r�(�)�ö Z5\�]+* û�ý�þ?¹�r� Bìfy8æ-, ���=��ä=r5ù�.
«�/ é r�u�t	0=u�r(ì)­ ZaÍ)i �"!�1	2��
3�4�êFë r65�~�÷)ø ñ87:9�;)û�ý�þ�ö+y < ´ �
° i Ö=r�¡�Ú i ��¾ _ ä5r�í�î�«6/ * r"=->
?�@ Z6ACB�iED .
y�F�G
�ª���[Ö(r)¡�Ú i �
H	I ZF� r�J
K�L�M c y�N"O�� Í °o�
dFe rQPSR �"T�UB_ß¶�Z)�ai ¯SV�W�Ø?�a| ^ �X��Ì���Ú iXY�Z y\[]9 i ä�¯�¯ �ai �Fä

r"^ _ ���C> Z / é rBu�t	0=u ñ�_ 2 öF�� aì h�i � � r�¯ ^ ú\� � ù�. �:`+ZaÍ�Îa�"!
ì�­a�
b�ä Î�_dc v	e
f�r � õB�� Bì � _0� ��©8r c v	e � õar è ) Z�Í�Îg� ¹a��h�i�Ø
� i ��z�j Z «�u�t	0(uFr é �6k ��~"l Ø8¡�ì�­ Ø?� _�mon _�mqp r Í ° �srut-v ½
© �
t-vF¶ ��w�¡�r�x r r 3�Z�y"U-z"{ �
b
ä i � � r5��ú u�t	0=uFr
|��	M�«X} ^~*8�ai � _
� ¹�h�i�¯���|�«����"� h�i � � ��| _0é�� ¶
Í�Î «�u�t	0=uFr"|"�	M�r z"{ �=ù ^(_ x
� r y�U	z�{ ¯ ��i ���fr�í�îª¯��8|�« _��������������������������������������������������"��� ���¡���������£¢ �
4 ø)Ì-¤�¥
¦&í�î Ö�æ)ç�Ø?�B|�~ i �
§ zBZ�¨�© �5¤B¥�ª�?Br6«�¬ A�Í 2 û�ý�þ=«)r� Bì~J"K�L�M c r�­�® _=e�
 ½
© d�z�_

[	¯
°�±Br�²�³ Z�´=h
i ­�®	¥
«�¬fy µ�) h
i ¯ _ ¶�· û�ý�þ?¹�r=��¶��f«�·Br Í ° Z6¸
¹ ¡ ^�i �-_�~�|�«aä��B�
º�»ar dFe-¼�½ ÒBÕBr5æ)ç Z Ö8Ù � � i ¡�Ú�å
°o�
ñ r ö�à)á�â5ã�¾ �a_\¿ r�À�Á ñ¸ä�ä�¡�« _�Â-Ã r)ÊatXM��F¹�Ä�Å-Æ6À�Á ñ ��Ç��:` ö�öf¯
r=®�È�Ò�ã��
É ¸ ¡�Ú i � _�� � Z «6/�­�®�Ê)¥ Z�\�]+*gË ¹)w�x ñ87:9";CÌÎÍ~ÏFö�� ^
��{F|(�)�a¡�Ú i ��w���� �ai ²B³=w�xBãBr�×�  Ö É ¸ ¡�Ú i �
ñ � ö�jlkQm �
3 h�i[r"Ð v ¥F÷"� Z�´ ��|�« _�r ÙBr�¶"Ñ�¥ �Xc q(p % ��Ú i �XÒ£�5ú ¹ P
Ó ��¶aZÔrÕUQÖ r y"U	z"{ ��Ú Î�_�� r5�����
����| é�� ¶�Í[Îg×�2�z"{�h�i ��� ZF_0é
Ð vF¶aZ�Ø	z"{ y8� h ��ä5r c q=p % « � r=��rF~ * Ù�½�r d�e ñÚÙ b u dFe ö Z=g ��|
Ö6¾ � ¡�Ú i ä�¯8��Û ´ ��|�~ i �
ñ ¢Wö�jlkQmº¹�r6Ü�Ý�rXÞ�²�ß~à�« _ ¤�¥�¦ Í�Îár �W�ãâSä�T�U ¯Î«£9f©0� i �f��½�� _æå	ç��
¹�rXÞ)²�yXè"é ¯ h�i ²B³=w�x��6}�ª�¡�Ú i �
ñ8êlö ¼6ë Ø?� i8d�e r"� ` L���ì5pîí y ê Ð�¦ Z |6¶�Ô�¡ ^F� ~�� _6ï��:* ¯(Ö§j¸kQm�¹
«X} ^F�(dFe ñ�� ` L��~ì5pîíXð § z r(ö Z5g �8|�ñ U � Í ~�ä�¯ ò B «�« ��^�Îôó 9 i �

õ ö�÷õ ö�÷õ ö�÷õ ö�÷ùø�ú�û ü ú�ûø�ú�û ü ú�ûø�ú�û ü ú�ûø�ú�û ü ú�ûdý"þ�ÿ��ý"þ�ÿ��ý"þ�ÿ��ý"þ�ÿ��
¶�¨ ��� �fZF_�� kQm��WkWm � ¹ ´�� r	��
-¥	��
[« r����W�ß� r�� ������������� ©�rX®�� Z Ø8½�r

� i äa¯+��¡ ^Bi � � r(� Ö�� Z �f� Z"A ~�|�/ * r������(} � �(��|�~ i � ä�ä=¡B«
� kQm��WkQm r+¤�¥ D .[rF~ * Ù�½�rX7�y�N"Oª� Í °o�
 "!"# ¤%$"&%�'
�(�¯SÜF²�µ�)"�'
%(�¯+r�)C¾*�'
B¡�« _ ´�+�d Ò�¡�r è�é r+¤�¥�¦ Z

A ~�|�, b�- pFv b	%X&�' ñ/.�Ø ¢ �W�10"�W�W��ä ö Z�Í�i ��Z y+¥�Ô �8|�~ i � ä=r%2)p À
%)` q��BÊBy8��~�� b�%�&�' « d43 ¡�r65�ó �"Z y Þ)² h�i ¯æ«£9f©0� i ��ú87 3 ¡�r �
¹ Z5g ��|�Ö:9�;�ù�. ZaÍ�Î ñ U y�Ö8Ù ¯=<B�=� i �Fä���«5±���~
Þ�²�ã�¡�Ú i � _ ?�@
¥'> b	%�&�' r=��¶��
y ´ ©�½�> h�i äB¯(Ö�?-w(� i �8@O©�r	A�»ar�¤�¥ D .[r�B�ÊC> Í
i ¯ _ Å�D1EÐr dFe >�«�½ � Î r	F U ¡ _ Å�D ð?r _ ��½�Ö*G( [½FÙ'H'> � ~ dFe ¡�« Í�Î ¯
~�F U ¡ � kQmJI �
3�K r6L�Ý���¤�¥ Ø?�a|�~ i �



Û�Ü
���

�

�

�

�

¾ � r � kQm��WkWm:I�¡�r �"3 h�i)¤�¥B�	M�} ` vBp�Ê�> Í=� |	N B ©0�a|�~ i �%O�P�Q�R
S dFe > g ��|[Ö kQm:IBr6L�Ý � ¹a� ¶�· ¥'>+ Bì ��|�~ i ¯T��� �8|�~ i ����> _"���
« � kQmJI�r5¹�Ufy+®"V h�i ä�¯�> Í�Î 7 � > Í)i Ö=r)½ _ dFe > � °+Ö=r)½By Û���� Í °
¯ h�i=W�X y�} ��� |)~ i ��±���~(ÒZY�¯��8|�["\[¡ ^�i �
]�kQm	I � ¹�y8�B~�|�^CÆ
}%_ ` v�p�Ê ñ ê ¼ 3 S }�öa«���>�> ê � Ó ( T�U r+¤�¥�¦�y

î�`�� _ }'aBr+¤B¥�n�paq�y�V�WO�8|�~ i �cb6� %ed ÿ�¹ é ñ �W� ¢gfih�öC>)|6Þ)²�j ylk�I
� > h�i ä�¯�> Í[Î�\�m ¥'>�«on��UÉJp[y�q�®4> z�rBi ä�¯�>�É�¦�y	s ^=_ ��½[Ö 3�Z ¢ ­
®ar+¤�¥fy�} ��� |�~ i �ut'vF­�® ¯xwaóF­�®�¯8r g p��
É ¸B�6y'z y*{ � |�~ i ��ä5r
¦B« ¶�¨ ���ªjlkQmº¹�r�¤�¥ ¯�¾Z|=< ë > \�] ~�|�~ i �
7:9"; _�r���� E � rÄ� � r�����}��
r��)  dFe > � °']�kQmJL�Ý �:` / é r����B��Ú i �
·C>(ú +%~ } ` v�p�Ê�¯ 3 S } ` v�p�Ê�>(Ù�~�| ¨�©�Í °o� +�~ }%� K�` v�p�Ê�«���>

é ¦�¡�r � kQm��'I � ²a³�r	�%N)¤�¥B½
© Ò)ÓB¥�Ôòñ 3�Z � ­�®c> Í)i�� L"�	J(paq5ã�ö+y
}B~ _ßdFe > � ° � kQm�L-Ý
¯Î} 4�êFë > � ° � kWm�L�Ý
¯8r=®�Èfy Öx� �8|�~ i � 3 S } `
v�p�Ê�Ö 3*�%� ¤B¥�¦C> A ~�| è�é r%b
� %ed ÿ�¹ é ¡�r�Ò���y�} � |�~ i � Ò)Ó�¥�ÔB«
±���~(ÒZYf¯���|�����¯(Ö�} � ° ©[^ Ö(r)¡�Ú i �
� � _ � % í ` v�p�Ê�«�� Ñ ¯8r�)~¾*��
 ¯���| d43 ñ�, b�- pFv�ö b	%�&�' ¯T7 3Fb
%�&�' ¯8r�¾
Ð	���4> Í�Î dFe > � ° � kQmº¹[r	�4��y Öx��h ¯�~ª°oÒZY��5��Ø?� i � ª�?�ú
d43Fb	%�&�' > y�* Þ�²�Ø?��ú�7 3Fb	%�&�' ¡�«�Þ)²�¡ ^F� ~ K )a�"/ *�� Ù�½ � |�~ i �
D ®�¯���| � kQm���kQm	I�r �
3 h�if« _ jlkWm h�i Í�Î Ö�ÿ�¹ é �"¯�~�r�¡6� � ¯x���4>8 

ì h�i ¯Î«£9[©0� _ ~ � ���6} 4�3 >��=�~; _S� È�°�� } d�� ¹��c> Í�Î ½ � Î���� È�y
²�³ h�i ¯�~ª° ¶�Ñ�y�Ö8Ù���¾ _ dFe�¶�· ¯��8| dFe r é Ð vF¶ ½
© r Ó �"T�U�¶ w�¡�>
 Bì h�i ����½�� _ ä���©�r � kQm��WkWm:I �
3 h�iZ> ´ ��|�« _  aì(í�î��6q�®c>�«8w ´ Ø
�B|�~ � ~ ¯�~ª°T �¡�¦���Ú i ��ú"«£9f©0� i J
K�L�M c >�« §'¢ r Í ° � Ö(r���Ú i �
ñ r ö d�e r6b
ä i8¶ > _=e�
-� ¡�r����fr å #
��� �:` > Í[Î?_ jlkWm�h�ifr Í °�>Fó6£
¥'>�h�i�Ø?� i �
ñ � ö"�B~ d"� ¡	¤�Ì[��¥�}�� _(e�¦ ½ ©ÎÈ��a���B~ d�� r d 9�§�¨ � ¡[Ö å #"��� �:`
�� Bì ��| �
3 ¹�y h�i h�i �
ñ ¢Wö�ñ r ö6w���« ñ � öFr�©�ª X ¡�h4�[Ø?�a�at í %l« > Í)i � È�Ä !-�6¬'­ �67 3 >�hZ�
Ø?� _�dFe�¶ >	7 � y*®)  h�i �
ñ8êlö%¯�°C> Í)i8d�� õa����±fr�����yl®� ª�8| dFe �� Bì h�i �
ñ²E�ö ¶"³ r6Ü%´ �:` ¡�7 � �6¥:9 i ¯�¯FÖ6> _ ( 3 ¥ �%µ�¶ �6·'¸"°'IC>	¥�t�y�Ö=�
©
� _�dFe yl®)  h
i �
¹%º « _ ñ � ö�w���« ñ ¢�ö�r+í�î�� � Ö�è"é)�[�"¯�~ ¯Î«£9(|�~ i � � kQm��WkQm �
3 h�i[r+ 
ì(í�îZ> ´=h�i «�¬�«�»���¼�è6½�¡�Ú i �(Ö�° r ÙBr% �¡a¦B« _ß¶�· ¡�Ú i ä�¯+«�¾�~��
� ~ ¯���|�Ö _�� r+ aì K (�y�¿FÔ�¡ ^��-B �~; dFe-¼"½ >�«��]9 � ~�ä�¯�¡�Ú i �

õ ö�õõ ö�õõ ö�õõ ö�õÁÀZÂ�ÃZÄ%ÀZÂÀZÂ�ÃZÄ%ÀZÂÀZÂ�ÃZÄ%ÀZÂÀZÂ�ÃZÄ%ÀZÂ ý"þ�ÿ��ý"þ�ÿ��ý"þ�ÿ��ý"þ�ÿ��
·C> _ Ø�©*>6¯Fÿ�¹ ñÅf�m¸öFr ��� ¡�r ¶�·)ê�ë y�� � °o�=Ù * ;)r�í�Æ�$"&%�'
%( ` v

p�Ê�« d ¢ÈÇ ��ä�A�Í 2 Ç ä > ��É y*Ê B �5¤�¥ À e &Bc y�Ë � �(��ä��[« d 9 �+* r�À�Á
ylÌ B�i:Í ¡ _ d 9�¯Îw�ó ����É~v r%Ï�Ð�GC>=õ�� i �"! ÷)ø�r�°E��¯Fÿ�¹�­�®fy�Ê)¥ h
i Ö=r)¡�Ú i � r����W�ß� E � ½
©�r=¥�Ô�¡ _ ¤B¥�¦ Í�Î ¹ é'Ñ�âSä § >�>8 Bì ��� �ÎÒ r



Û�Ü
���

�

�

�

�

Å �ÔÓ êßr dFe > g ��| ¶�· L�Ý=²B³�y�Õ"Öª���(�"@O©�r D .�y6w
¯�{ i ¯ _
ñ r ö�ä���©�r×f�m�h�i�« dFe r£¢ 0 ê � >8 Bì � _�rE� ¶ ½
© Ø	z"{ y8� h �
ñ � ö�f�m�h�i�y � ° dFe r
� ` L���ì5pîí�«Qê § z ¡ _ ¤�¥�¦�½ ©dñ U ��Ú i�e�¦ w�¡�r
� È�«ØE �ãâSä�T�U ¡�Ú i �
¶c> _�Ù Ö ñ � öBr
ª�?�« dFe  Bì K (�r�¾(ÔC>�« É {F| y'z r�Ú i ª�?�¡�Ú�å
°o� ä

rÚf�m:I�r �
3�4 ÷)ø�r� BìC> ´ ��|�« _)dFe r ¶ 
%Û�Ü'>�h ��êFë �Fì%� i r)¡�« � ~
½�¯���|�~ i ��ä=r�Ý4Þ�« _ ���[r����fr"^ _ h�i���ß�àB��hZ�È� � È � _5� �c> � ° h
� �Fìá|�� Í ¯Î«:9[©�� i �
�F� «âf�m _�� f�mJI�r � ¹�À�Áar=¥�Ô��
/ * r�í ´ >�|�ãf{f©0�a|�~ i �(ÖB¯(ÖB¯+«�ä�å

æ �=æ-, ��� � Ü �xç mWÅæh�è)¹�rXÞ)²�> ´ ���8| _�� r5ÿ�¹ é ¡�r�À-Á�f�éfy*ê�ë h�i
ä�¯��
É ¸B�
& p�� ¯ ��� � Í ¡�Ú i �6ì6í-} _ ����î"} _=+ M-¤�ï�} _ � Ü�} �:` r `
v�p�Ê�¡�Ú i �

õ öñðõ öñðõ öñðõ öñðóò�ú�û ü�ô ú�û ü�ø�ú�ûò�ú�û ü�ô ú�û ü�ø�ú�ûò�ú�û ü�ô ú�û ü�ø�ú�ûò�ú�û ü�ô ú�û ü�ø�ú�û�õõõõ�öööö	÷Cø6ù�ú÷Cø6ù�ú÷Cø6ù�ú÷Cø6ù�ú
dFe�¶�· r �
3 h�i[��û�ü�¡�ÖEÞ)²�Ø�� i ¯�~ª°J���fy r������ß� > ¿=À�b r ` v�p�Ê��

zf{F|5} ��� | § » _ s�t % e
Ä b JþýæK �:` r ` v�p�Ê�� � ��ÿF��r�û�ü�¹�ø�n�paq�y
��~�|��'
 ���=� ä5r(®��Br � � rX�a���Fr��'
ar�>���y�N"Oª� Í °o�

�� ������� ���	��
���	��
���	��
���	��

� ö� ö� ö� ö�õ��"ù�ú����õ��"ù�ú����õ��"ù�ú����õ��"ù�ú����

Fig. 5 Result of wave observation over Japan. An upward arrow indicates the position of the 

earthquake epicenter. 
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Fig.6 Relationship between the earthquake time and observationtime of anomalous radio 

emissions. 
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Fig. 8 (a) Relative location of VLF transmitter (at Tsushima) and a receiving point (Inubo). 

The epicenter is givin by a cross. (b) Sequential plot of the diurnal variation of phase 

at Inubo. Seismic effect appears as significant changes in terminator times. 
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Fig. 9 Network of VLF receivers in Japan (7 observing stations). At each station we observe 

3 VLF transmitters (from China, Hawaii and Australia) and 1 LF transmitter (JJY). 
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Fig.10 Schematic illustration of possible channels of the lithosphere – atmosphere – 

ionosphere coupling. 
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