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Direction Finding of ELF Emissions in Auroral Zone 

Natsuo SATO* and Kanji HAYASHI* 

Abstract: The observation of arrival direction for elliptically 
polarized ELF and VLF electromagnetic waves, based on a new method 
developed by TSURUDA and HAYASHI (1975), was carried out at Syowa 
Station in Antarctica from March, 1974 to January, 1975. Some prelim
inary results are described concerning the arrival direction of daytime 
ELF emissions at the frequency of 0.75 kHz from December 24, 1974 to 
January 31, 1975. Statistically, the arrival direction depends on local 
time. The emission is mostly incident from north in the early morning, 
from south in the late morning, from south-west in the afternoon, and 
from north-west in the evening. In individual cases, it was often found 
that the arrival direction remained almost unchanged for several hours, 
or shifted gradually. The polarization of the emission is generally 
right-handed and is highly elliptical. 
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Fig. l(a). Relation among electric field (E), 

magnetic field (B) propagation vector (k), 

incident angle (O) and azimuthal angle (<fa) in 
TE mode wave. In this mode, electric field 

is parallel to XY plane. 
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Fig. J(b). Relation in TM mode wave. In this 

mode, magnetic field is parallel to XY plane. 



4 
�� 2 nit :B-"t:' � 0 {!) 1: -:. ;h, I? {!) nit :B-K. '0 I. ' -C tt § -t 0 . �� K., ;tf F3 i@ ¥&: L -CI. ' 0 �{5-vc 'i: �nlt:B-til:i'fBffi cfrrts: TE -c- f'(!)j}[�i@r&:nlt:B- (� la) c��nlt:B-til:i'fBffi cffits: TM -c 
- r O)j}[�fir&:nlt:B- (� lb) vc:B-M"t:-� 0. �u['i:�vqi TE -i:- - r titB" i nti:1., {!)--C:, * Sf�� nlt:B-q:i {!) TE -1:- - F' nlt:B-{!)*4-� ts: < -t Q -:. C tit--c: � nvi' TM -1:- - r vc '0 \, \ L ¥&: {!) 1Affi« fl r }V k �*oti 0-:. c ti\WH�"t:-� 0. TE -i:- - Fi&:{!)*4-vitlrvc1Zn-"{0 .t 5 ts:ff'ff• ts:ft�it.vc .t v:, -c� < -:. c tit--c: � 0. BzMi&:tilff;fl:-t 0 �ir"t:' t IA] C .t 5 vc�x. 0-:. c tit "t:'� 0 {!)"t:', -:. -:. "t:'v:t.$.iji{!)f-:.oovcBzMr&:vi�ffi.-t Q. 

2.1. TE =E - J: i8l TE -i:- - r' ¥&: {!) 3 nit :B-

c tJ:. 0 (� la). 

(Ez=O Bx=BTE cos() cos</> cos (wt+a) By=BTM cos fJ sin</> cos (wt+a) 
t.:.t.!. L, BTE; TE -i:- - f'i&:(!)��ffi$i{!)�:X-f{l 

f} ; 7( rn: jEJ 

<P ; jJ fft 1El w; jEjffii!J� a; TM -i:- - F c (!)f}JW}fftffi�"t:'� IJ, mF3fi¥&:(!)ffi¥&:$��-t. 
2.2. TM =E- t: ;JJl. 
TM -i:- - F ¥&: {!) 3 nit :B-

c ts: 0 (� lb). 

(Ez=ETM sin f} cos w. t Bx=-BTM sin</> cos wt By=B™ cos <P cos wt 
kt.!. L, E™; TM -c - f'¥&:(!)'i:�ffi$j{!)�:X-f{@: BTM; TM -1:- - F'i&:{!)���$j{!)�)(-f{f. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

�a:tU� ;h Q 'i:�¥&:vi TE .:f:- - F' C TM .:f:- - F' {!)]lthifi- y-lt--C: � Q ird?, {X{!) J: ? vC�--lt 
�-



No. 55. 1976) 5 

(7) (Bz)observed =Bz
=BTE cos() cos 'P cos (wt+a)-BTM sin 'P cos wt =B cos (wt+a)-C cos wt 

(8) (B11)observed =B11
=BTE cos(} sin <p cos (wt+a)+BTM cos <p cos wt =D cos (wt+a)+E cos wt 

t.::. t.!. L, A =E™ sin () B=BTE cos() cos 'P C=B™ sin <p D=BTE cos() sin <p E =BTM cos 'P 

(9) 

(10) 

A A A �tt,0�ffl"�ht-:. 3 ijlt7}0)fil"%tC."?l."-C-t"tL-ttL&ffi� tr/2 �&0t.::. t O)� E,, Bz, B11 c�-t 

c, 

\ �=-A sin wt Bz
=-B sin (wt +a)+C sin wt A B11
= -D sin (wt+a)-E sin wt A A A (E,, Bz, B11) 3 ffltJ} c (Ez, Bz, B11) 3 ffltJ} c O)rsi"C'?XO)�-�fi?. A A 

\ Ez·Bz-Ez·Bz
=-AB sin a 

· A A Ez·B11-E,·B11
=- AD sin a A A Bz·B11

-Bz·B11
=(BE+CD) sin a 

A A Ez•Bz-Ez •Bz A A Bz·B11-Bz·B11 A A Ez·B11-Ez·B11 A A Bz·B11-Bz·B11 

-ETM B sin () cos <p TM 
-ETM . () . 

,I,. B Sill Sill r 
TM 

J:O) 2 "?O)"Avc.J: 9, TE -=c:- F'�O)ffi�1lHtmtt,-c1.,tJ::1.,. -"jj, Maxwell O);j"�"A 
v::.. J: �, (17), (18) "Af1, A A Ez·Bz-Ez·Bz A A Bz·B11-Bz·B11 

sin O cos <p=kz 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(17)' 



6 
A A 

Ez•By-Ez•By 
A A 

Bx•By-Bx•By 
sin 8 sin </>=ky (18)' 

(17)', (18)' vi -l-:h..f .ttf�ffi-"' .:J r 1v O)Jj( fliX:Jt:f.-0) t O)"t:'S :;). L kiJL:> -c, (17)', (18)' 0) 
�-�fi '.3 .:. J.: vc J: 9, � O)JU*1:YJPJ�>.i<67J Q .:. J.: il�'"t: � � �"t:'S �. t..: ti L, (17)', (18)' 0) 
�-�fi '.3 �' Jt£3:iJ�·-t±' i:i vctt. Q �15-vcv:t, .:. O)fi?JlU1:Yi*� fflt,, G.:. J.: tJ��AJtl§vctJ: Q. 7t 

£3:tJ�-t:t i:i vc ts: Q J.: � 0)¥1J3'.8'9�*vi, (16) tJ\ G §}j G tJ� tJ: J: '.3 vc, o tJ� 90 �vc�-0 < , -t-ts:n 
'b7.K 312 Jdttvc�1.., ,�15- J.:, a il�-tt i:i vc�-0 <, -t-ts:n 'b @�fi�vc�-0 < �it J.: "t:'S 9 , :t 

0) J.: �ft?JlU��vi::k � < tJ: Q O)'"t:i±.���-t-�. 
4-i""C:'O)�jlvi, Ez, Bx , By 0) 3 *�r13,0):tlflifftffl��-li'P J.: L-Cfi-:,k.. Lil� L, 3 * 

Mc�:s'z:O)ft?JlU�� ffl1..,,-c��O)ft?JlU�fi '.3 t..:67J,. �-�fi '.3 lVJO) 3 JiX:7tFl3ivcw:ffl�· vtJ�j=:_ C 
-ci., Q AJtl§'l:itJ�s Q. -l-.:. "t:', tm.iu��vc J: Q fftffl�- v�!3"ts�, J:!cO)��'"t: c· O)��O) 
��tJ�1:-f Q tJ� �>.i<67J Q �,�tJ�s Q. 

A,, Bx ,By il�Ez cftiU�vcJ: 9W:ffif3-f:h-CV,f-:c-t'�. t.::.t-:L, Bx c By vilA]�tJ:ft 
iu�'"t: s � t..:67Jfftffi�- v vi tt. v, t 0) c -t- Q. .:. O)�, (7),...,,(9), (11),...,,(13) 5;\vi, ( Ez

=A COS (wt+(3) 

Bx
=B cos (wt+a)-C cos wt 

By
=D cos (wt+a)+E cos wt 

A ( Ez
= -A sin (wt+(3) 

�=-B sin (wt+a)+C sin wt 

By
= -D sin (wt+a)-E sin wt 

A A 
Ez •Bx -Ez·Bx 

A A 
Bx •By-Bx•By 

A A Ez•By -Ez•By A A Bx•By-Bx•By 

sin 8 cos <ft sin (a-(3) + B™ tan 8 sin</> sin (3 
k/ 

sin a B™ sin a 

sin 8 sin <fa sin (a-(3) 
sin a 

BTM tan 8 cos <fa sin /3 k , 
B™ sin a Y 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

(26), (27) 5;\VC J: 9, �!J�vt J:. O)�ffi� .:J r ;v kx', k/ J.: �0):1(]Ji� (8) J.: 1:Jfft.� (</J) J.: 0)'*1 
1* vi {X 0) J: '.3 vc�-it Q. 

\ 
sin 8 -V(K+a)2 +b2 --J(K-a)2 +b2 

2a 
tan ¢=tan (</J' +r) 

(28) 

(29) 



No. 55. 1976) 
t::. t.!. L., 

a=sin (a-/3)/sin a b=B™ sin /3/BTE sin a K= -Vk'i+k',l=sin o' 
,/,.' k 1/k I tan'I'= Y a: 

tan r=b/a cos() 

7 

4-@ O)fjJJlll V 7' 7 A '"t:'7� � ti, o {, O){@:�i 3 $:0) 1 ::z =J 1 -if- '"t:'ffii"tJt, 0.75 kHz '"t:'f-J 3 

�"C'� o. .:t.:. "C', (28), (29) �vc:tovt o o', <P' c o, <P c O)MJ1*� /3=3 It, BTM!BTE= l 
c L.' -Ctt.L.t.:�*tJt� 2, � 3 "C'�G. S:.O)�*J:: 9, o' vcM)V-C, a=5°, 15° , 25° O)� 

:itP3fi�vc){lL.'t, AO)�JJifiJ o tJt 50, 65, 10 .!ltJ.rO)��vqt o' O){witJt o vc,rr"'· 1J& 

fiJ <P vcM)L.-C�t, o ftr-rftt�t,J-.� <, a tJt 10 .!ltJ.J::O)ffP3fi�O)�vc��iJt,}� <t.s:Q. 

J;J.J::O).:. ciJ:.I?, a»f, '"t:'�tL�i, ��O),J"�"'::r.f�&lUiJtAJ�§'"t:'�o c �.:z..G, tX:$:'1!ffi 

i"tJt, {i�$a O)*��tFii.llf{i:81JlllL.-C"'GO)"C'1Jlll���O)§�vct.tG, t.i::to, {ftffl;;(v 

vc J:: o ��J;J.7'}vc, *-�O) j(,1 -r � 'Y !l v :/ �;,jt�"'t.:6bvC, �•mnc J:: 9 � t.G t O);,jt 

�Q. 

8(oEGREE 

80 

60 

40 

/j =30 

�=1 BTE 

20 40 60 BO 8 (DEGREE) 

� 2 m�c��c O)&t1::1x v 13=3 f.!f.--c-, B™IBTE= 1 0) c �. JtO)::Rm� o (�$th) c, 
J!tJ�H" J::O):;RJJ{� O' (iE$ih) c O)�f*�, mi1Et� a iJ• 5, 15, 25 fjf_t('.'..'0\,,"(�-t. 

Fig. 2. Corrections for the incident angle (O') due to errors in phase angle of the receiving 
system. 
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Fig. 3. Corrections for the azimuthal angle ('1</>) due to errors in phase angle of the 

receiving system. 
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Fig. 4. Block diagram of the receiving system. 
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%--C:x{fij�O)*� ii� 8 m, i:p,C,,iJ:. G 36 *O)ffi��5l lJ ct(' G Lt.:. .:::. O)* 1 ,;, 7
°

7 YT :r 

O)�m?e:l:viH.fili--C 39.9 pF --es7.>. 71(3:JZ-m� 2 JiX:7.t��mi'" 7.> 7 �T:rviW!:3ti'" 7.> iv-

7
0

7 YT :r--C-, ��O)*�ii� 20m, ��ii� 10m O)�fiJ%"t::' 2 pt-YLf-:..:r.v/. Y r--C-S 

7.>. :l:lf!m�O)Jjffgg:1.f!P]vC5l-:, f-:.:r. v /. Y r � B:i: ]iX:7.tvC.., m°�l:1.f l1iJvC..5l-:, f-:.:r. v /. Y r � By 

JiX:7.t c Lt.:. .:::. 0) 2 "? 0) 1v - 7
° 

7 YT :r 0) �;t}J ffiffl 200 m2 , 1 Y !ii' !I pt Y 7' 230 µH, w[vft 

gm o.3 n "(:· s 7.>. 

3.3. ,( ::J 7,( if-� 

mmrBl 0)-�JiX:7.tii� E --C-S 7.> ��, �w[-�JiX:7.t (E,) ��mi'" 7.> * � l, ��?e:I: Ca 0) 

�w[7 YT:rvi, IE, O)*� ���"?mine. Ca �W17U Lk@J�c�frffi--CS7.>. Jv-77 � 

. T:rvc..J:: IJ �mi'"7.>7.K3¥-m�nx:7.tvi, 1 Y !I
+ !I pt� 7' La, wrvftg:m: ra, m${mEE Vi �W17U 

vc.. Lk@J�c�frffi--C-S7.>. Vi O){jvi, mmrBlO)-�JiX:7.t� E, 7 YT:rO)�;t,bffifl(� Sa, 

J'f;J!� Vo c i'" 7.> C, 

Vi=-jw(Sa/Vo) •E 

ct.r:.7.> . 

.:::. 0) �Wi 7 YT :r c 1v -7 7 YT :r O)�{lffi@J�O) �t,, �, 1 ::z '7 1 -tf -vc.. J:: IJ 3 nx:?trl39 0) 

�$&Jt, &ffl�ii�7 YT:r--C-�m--t7.>l;J_iW c� L < ts:.7.> J::? vc..rmlE--to. 

4-@0)�iJluvc..fflt, ,t-=. 7 YT :r *�1!i lvt!. 1 ::z =J 1 -tf- @�0)�$&, &ffl!r!fttO)tt•{l� 
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@ s, 6 vcffi-t. -:. O)@vc�nk��O)*ffBf.h;t, 1'v - 7'7  './7'" -r*O)AJJ r =J './ ;qc l 9 

� G Q .  � O)�, 7 './T -r* c 7 Y 7 './ 7 c O)��O)���A 0 kffB� t �0 . 

0.1 

egJ 5 1 :2 '7 1 -lf  -@Jn\Mc. :to vt 0 Ez 
llx,l\Y 

c B:,;, By O)}hHi�M:. 
Fig. 5. Frequency-amplitude response Ez 

of the equalization systems (Ez, Bx 

and By) to incident waves. 
0.0 1 

0.1 kliz 1.0 FREQUENCY 

i 8 0  

6 0  

40 

20  

0 

-20 

egJ 6 1 :2 7 1 -lf -@] � �c. :to vt 0 Bx,y 
EIS C B:,;, By O){ft;t§�M:. - 4 0  

Fig. 6. Frequency-phase response 
of the equalization systems to -so 
incident waves. 0.1 kl!z 10  

FREQUENCY 

3.4. �lJfi (analog calculator) 

�-:SO) 7'' P ,y !I @�@ 7 vcffi Lt-:iJ�, 3 nx;J}O) v f-r 1'v v:t�:tl=J�vc. l 9 ,  Ez nx;�v:t 45 

OC (E/) , B:,; nx;�V;t 45 OC (B/) c 1 35 OC (Bz"), By nx;�v:t 1 35 OC (B/') �;h,..f ;h,{ftffiiJt� 

;h, 0 .  ;:. 0) v Jl�-j- J'v v:t (E/) X (B/'), (E/) x (B/'), (B/) x (B/') �O)ffl.;1Jtfibht-:�, P -

,,.::.7-- 7 --r 1'v ?" - �jm 0 .  ;:. O) @J�0)�•� 2 •0)ta%�ffl\t , -- c:1t < c , m•�vc 1 9 , 

(E/) x (B/') = - A: {sin (2wt+a)-sin a} + A2C sin 2wt 
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(E/) x (B/') � A: sin a 

c ts:. IJ , (14),_,(16) � c lm�tda*vct.t Q .  � G vc -:.  (!) lB:iJ�:t!U-�vc J: IJ ,  (17)', (18)' � 
c IAj�ts:. kz, k11 � sin a iJ{� G ;rt,Q . 

Kx 

Kv 

p 

� 7 �-@ (analog calculator) @J 
� (7_)  7• p 'Y ?' �. 

Fig. 7. Schematic illustratlon of 
the analog calculator. 

PHASE Sl!fflER J!lJLTIPLIER LOW l'ASS FIIl.rER DIVIDER 

4. � � *5 * 
0.75 kHz /� :/ r' -c·(J) ELF :[&t,t(!)JU*n[A)vc-01.t ,--c 40 S rai(!)fftJr*s*iJ;� Gh,k.. lli:W 

vc, event 1¥]ts:.�lfc�ffe L, tJ(VCm!EHasts:.111J(�Jffi�Q .  
sin e 

0.2 

s i n« 
0.5 

D I R E C T I O N  A N G L E  D E C . 3 1 , 1 97 4  s 

r

7 5 0 HZ I N T E N S I T Y  
N 

R P O L A R I Z A T I O N  

L 
0 BhU T D 7 0 8 0 9  I D  I I  1 2  1 3  

h 
I 4 U T  

� 8 J:f&i.JtJU*n JPJ (7_) ::Rffl� sin o c n{ftftl </> � 10 :B--"¥� 1,; tdf. i:pf&i.Jt O. 75 kHz "Jfr. 
M5$l!t, Tf&i.Jti@fBU$ sin a -c, R tt.;:tilil IJ ffia�, L �t.tclil IJ i@�. t. (7_)��t, 08h 
- 13h 'i -C, JU*nJPJi.JlViUt-;E-Cci;GfJU-Cci; Q .  

Fig. 8. The upper pannel shows 10 minute average values of arrival direction of 0.75 kHz 
ELF emissions. The middle pannel shows the emission intensity and lower pannel 
shows polarization angle. R, sin a=l, and sin a=O denote right handed polariza
tion, circular polarization, and linear polarization, respectively. Arrival directions 
between 08h UT-llh UT on December 31, 1974 are almost unchanged. 
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-Dec. 31, 1974 event (I&] 8)-

� s vi , 0.75 kHz ,,� � F' ELF :t&MO)JU:�E::151PJ'-a:' J:f&vc,  5.!it!!t'-a:'i:f:tf&vc,  f,;�$'-a:'Tf&vc 

�-t. ¥U*1JIP]vi1J&� </> (:Lfum�O)wJiJ� G JIHCIPJh� ? �) c xJJi� 0 (xJJih� G :Lfu:il2�1JIPJ 

O)�'-a:' O c L, sin O --C-�jf-) '-a:' 10 7tFai3¥:!$J Lt.:. m[--C-jf- Lf.:.. tJ:::to, !3B%0£:Lfu"f0) :Lfum� 0) 

WHi :Lfu�l¥JwJ J: 9 � 45 OC* vc� G . .: 0) B 0) ELF t&M (;f- - 7 ::z - 7 .7,) vi 05h 50m 

UT (,_,MLT) si=Hc5j < tJ:: 9 �a&'.:> -Ct'-* 14h 20m UT s& i "t:'� 8 ll=tj,Fa1�'.){:f§ � ht.:.. ¥U*1J 

IP]vi, 06h,-,Q7h vC vixJJivCJlr\, ,�t1Jh� G ¥U* L-Cl., , 7.:J . 07h 10m s&VCvi, XJJi'-a:'Ji 9 m*1J 

IPJ-"-f$ G . 07h 10m,_,08h 00m i "t:' ,  1J&�viwI*1JIPJ c �1t Lt.tv,;ot ,  xJJi�;o�j( �  < tJ:: 
Q .  08h,-,13h 'i '°('O) 5 ll=tj,Fa1, 1J{ft�, xJJi�;o�vi ff-;E"C'� 7-:i . .: 0) J: ? VC:Rll=tj,Fa1-JE1J 

1PJiJ� G ¥U*-tQ O) vi ,  t&MO)�;o� 5 1l=tj=Fa1� 9 ,  :Lfuf:;!( c "corotation" L -c 1., , Q  c � x. G h  

7-:i . 13h,_,14h O)t&t,f5j!Jt;ot�§ 'i Q ll=tj,O)JU*1JfPJvi ,  wJ*il� G wJiz!l-"- c iz!l-OlU""'-f$i!J-t Q . � 

O)rf&vif:f$Ji¥JtJ:fi�$ sin a '-a:'�-tht, m:1J�O)jjlP]vC:i(-j L -C::fi� 9 vc@J�-t Q �'-a:' R, 

ti:� 9 vc@J�-tG �'-a:' L c Lt.:.. .: O) �iJ� G ,  ELF :t&Mvif,;�$ a ;at 30 OCt'-rO)::fi� 9 

vctf P3{,;� Lt.:.�"f � G . 

-Jan. 30, 1975 event (� 9)-

05h UT,_, 19h UT i "t:' ELF t&Mh�iwG < . 05h,-,Q6h UT 0) Fa1, wJ1J;o� G !IJ* L -C 1., ,  t,:;ot, 

06h 10m s&vC.5$/Jt;ot�§ i G · �OC5$0CO)� Lk 06h 30m s&O)JIJ*1ffPJvit'-lru c vi�1JIPJO)�t 

11--c-, h� tJ:: 9 xJJivc.Jli1., , .  09h 40m s&, :t&M5iOCil� � G vc�.nll-tG vc Lt-:iJt t, , ,  ¥1J*1JfPJ vi 

sin e 

0.8 

Q6 

0,4 

0.2 

0 

0.2 
7 50 Hz I N T £  NS I T  Y 

0 6hU T O 7 0 8 Q 9 1 0 1 1 1 2 

J A N . 3 0 ,  1 9 7 5  

1 3  1 4  1 5  1 6  1 7  

� 9 0.75 kHz 1£zMO)J1J*JffPJ c :l&M5$JJU:: O)Mf*. t. O) �vi, 10h - 11h30m "i --z:vt¥1J 
*1rfPJiJ•ViU1-5E--z: 2t> I) ,  11h30m- 15h30m "i --z:viJ,iftjqiJ!fU1-5E--z: 2t> Q iJ!, 7( 

]J{jq iJ•�1t L --c 1., ,  Q {y]J--z: 2t> Q .  

Fig. 9. Arrival direction and emission intensity on January 30, 1975. 
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mJtn:::.;r$fJrtQ . 10h 20m,-,l lh 30m i '"'t:' , vi Vit'm*151PJvC..�5£ � h  ""( \,  \ G ;a� , l lh 30m tl 

f& 14h 30m �i '"t5·�ffiJ:EJ;o� L-t.:1. \ vc..:lt11Jll�iw'Ht, 14h 00m vqt:ttg.s:iz.•vc..�--::> < .  :15w.J£J vi 

.::. O)raivc.., L-t.:1. \ vcm�:¥$ib-t 0 .  14h 30m tl*;a\ G:WcM%t�O)�� i  Q 19h �i '"'t:'O)Fai, � 

ffiJ:EJ;a��p l-il:;o� G ,  :15w.J:EJ t °ffl;o\ G gg� c. :¥$ibi" G .  

-Dec. 29, 1974 event (jg} 10)-

.::. 0) �'"t:'vilU*:15 IPl� 4 73-Faif:ieyfil[-Cffi L-""C � Q. !19:vc..tt § -t« � .::. c. vi, 09h UT fir* 

O)ma --e � Q .  09h tl fiJO)mavc..M L-""C vi, :azM%i�;o�it11Jll�fraoo Q 08h tom � O)JU*:151P1 

;o� vi v'.(�i¥1'"t:'� '? f-:.O);o�, �rai c. c. t vc.."iffi:1J��ib l-, 09h vqi, Vit: VitJlfiffi;o\ G JU*-t Q .  

o9h tlf&vi ,  m*vc..�n � ,  �a"iffi� c. :¥$ib-tQ .  .::. O)JU*n1PJ O):¥$iJJ-tGmavi{XO) J: , 

vc..m�--e� Q ,  ELF O):a!(Af�;o�&l3<tll!O)��ffi#�O),.;(l.,f-:. 2 ,�VC..�5:E � h  ""( \, \ ""( ,  :ttg3* 

(fi?llll,�O ;ij� EJ �r:. J: 9 :W(Af�O)r�Jij@-tG kobVC.. , lU*:151PJiJ�*Z}\ t) gg�:¥$ibi" G ,  

S J  N B  . 
0.4 

0.2 

0 . 2  

DE C . 2 9 . 1 9 7 4  

D I R E C T I O N  A N G L E  

� 10 0.75 kHz �MO)JIJ*nrtJ t �M�i.!U: O)IMJf*. 08h10m-09h � J: 'Cf, 09h- 10h 

t('.'..�1,\  't,  JIJ*nrtJi.Jl�F1c1i t t t tC@sA.�tbi"" G 17U"C a; G . 
Fig. JO. Same as for Fig. 9, except for the data on December 29, 1974. 

-Jan. 23, 1975 event (jg} 11)-

10 7}�3¥:iey l,k�*nlPJ c. ,  :azMn�, fi�*� � t t Kffi-t . .:: O)�--ett § -t« �m• 

vi , :WcM��;o�it11Jll-tG 10h 30m iJ\ G �P-tQ 14h �i '"t:' O)Faivc.., lU*nlPlb�"m*��m 

��t*�m5-5� c �ilrtQ . .::_ O) J: ? tJ:¥1J*:1JfPJ;o�mJrn 11t (7  � �-· A -cn:v,) O) S G v9) 

'? < � c �ibi""G m•� "convective" � -1 7' c.!1¥� .::. t_ vc..-tQ . -15, 05h 30m,-,07h --eO) 

¥U*:1JIPJO)iJJ � f;t 10h 30m,-,14h O)lfj� c J:tt(i""G c 7 � �-· A --es Q .  07h,-,10h O)JU*nfPJ 

vi vlvf-5:E--e� � ,  Dec. 31, '74 O),WU c ��tJ: "corotative" � -1' 7-C� G . fi�$vi 06h,_, 
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si n e  
0.6 

0.4 

0.2 

0.2 

0,4 

i 
s i n �  R 

0.5 

L 

J a n . 2 3 , 1 9 7 5  

7 5 0 Hz I N T  E N S  I T Y  

P O L A R I Z A T I O N  

0 9 I 0 I I  I 2 1 3  

� 1 1  :fill:MstJ!U: jljj*jJ!P]�5f-'t". jiJ*n rPJiJlt,p "? < l? �llfJ l, '"( \, , Q O) /}tlif.l GiJ�t,dffU. 
Fig. 11. Same as for Fig. 8 except for the data on January 23, 1975. In this event, it is 

clear that the arrival direction displaces slowly during 09h UT-14h UT. 

JAN.23, 1975 S 

12h.2'°-1 3h1 2111ur 

-1--1--1--1-�--!..---l--,,.d..---l-_,,...I..-.J.._,w 

I&! 12 � 12 O)t7ij-C:, 12h24m"' 13hl2m tC.:}5 1, ,  Si ne 

't 4 5Hal¥ ;r(;J L ts: JI] *n rPJ . 
Fig. 12. The locus of 4 minute average values of 

arrival direction between 12h24m UT"' 
13h12m UT on January 23, 1975. 

N 

06h 30m vcm: t ::k �  < t.r. 7.:> iJ\ Dec. 31, '74 O)ffeU c !A.1*-*vc, 30 �tJ-TO):;t"}@ IJ m P3ffi\i7Bt�S 

7.J .  tgJ 12vi, tgJ 11 O)tj:t �!M:vcJIJ*1ffPJ O)f$1JJn� §J'I � n�--z::,s Q 12h 24m,_,13h 12m O) Fsj� 4 

0-Fsl¥:Jey L t-:JU*1f fPJ��-t-

-Jan. 28, 1975 event (� 13)-

tM:vcflj *1f fPJ O) f$ IJJiJ� §J'i � 'IJ � t.r. "convective" !J 1 7° 0),WLJ--Z::', 10h,-,15h 't:'O)flj*1f[PJ� 10 

0-FsHZ:Jey L tdwf��-t. 

-®'ftt*s!lJ!-

Dec. 23, 1974,-,Jan, 31, 1975 0) 40 B Fsj , 05h 00m UT,-,18h 00m UT vc 0.75 kHz .,{ -:/ r' ""c' 
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l&I 13 �tc flJ*7JiPJ ll) f$i/JiJ,lj):j G iJ�t.dYIJ--C-, 
10h ,.., 15h UT tc:;to\, , --C  10 '.B-Fl'l,f� L 

t::. JJJ *]J [PJ. 
Fig. 13. The locus of JO minute average values 

of arrival direction between JOh UT-15h 
UT on January 28, 1975. 

M l  N 

1000 

600 N O RTH  

MI N 

J&I 14 40 13 rl'!,17) 05h "' 19h UT Fl'!i vc'.3l:{B Lt::. 
m �t:1J [PJ 17) irrfEitMl=*--c-, -'fr 1 �rl'!, � --c, 17) *!*we 
�rl'l,�51'-t. 0To- 11h vc.:to \, , --c , m tJ� G ll) 
fJJ*iJ•¥� L --C\, ,  Q ll)iJ, r!JJ G iJ� .  

Fig. 14. Local time distribution of  arrival 
direction of ELF emissions in the north-south 
component for 40 days from December 23, 
1974. 

J A N. 2 8, 1 9 7 5  

1 o
h
oo-1 s

h
oo UT 

8 00 

600 

400 

200 

:-:-:• 

Sout h 

S i n 8  

N 

E AS T  

5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 U T  

400 

800 

800 
W E S T  

M l  N 

1 5  

J&I 15 *[ffi7J[PJ VC�-j- G JIJ*7J[P]ll)irrfEg-tM/*. 
12h tJJ&, "fffiiJ� G 17) JIJ*iJl ,EE{j!Ja9 tc � < ts:. 

Q ,  
Fig. 15. Local time distribution of arrival 

direction of ELF emissions in the east-west 
component for 40 days from December 23, 
1974. 

'.:¥l:m Lt.: ELF 1£zMO)JU*:15fPJ O)mfEtt�fi '? t.:. mfEHvi*ftswJitO)� )j[P]�lj-(·0) *1*�1fJJr13,'.a' 

UT (,......,MLT) �rW:.fi '? t.:. :lig�� O)i¥Jit:15fPJiJ� G O)JU*vc'*l--t Q mfEtt*a=':vi � 14 vc, *gs 

15fPJ O)MEH*5=':vt � 1 5 vc.$--r. � 14 vc J: nvf, osh,....,07h UT 0)�15, ;t; - =J ::z - =J 7-, tJ� 
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�Fa � :hJ{rft 0 U-} f13j7ff"c'vi�t1fh� G O)JU*h;l)[�-t 0 .  07h t,Jf;&, 17h UT i --C' ,  1¥f1ih� G 

O) JU*h;�t1ih� G O) JIJ* J:: 9 t EEf:¥Usjvc� < t.r. '6 .  17h,-,19h UT 0) !;'jjvevt, *!*ma{ff13jvifil 

\., , i]; ,  11}rf�t1fh� G O) JU*h;wJ1f J:: 9 � <  t.r.. '6 . � 17 O)]fU§jjjPJ O)irrfcHt t�HC J:: .tHf, 12h 

UT t,J fiJ--C'v;i*Esh� G fA.l�IrO)ilJtr --C'J?U*-t 0 7];, 1 2h UT t.J1:&r:.tJ: 0 c EsiJ� G O)jij*iJ;fEf:¥U 

1¥:nc� < t.r. '6 .  t.J J:O)irrfcHM*iJ� G , ELF 1£zMO)JIJ*1ifPJvCvt:1:!J21fa{f�ff·liiJ;fftE-t '6 t. 

l iJ; §R G h � vc tJ: 0 t.::. . 

A,@JO)ffl/JlU vi,  ;ITT Lt ,ffliJlU '/ .A T A VC J:: '6 t O) "('S Q 7]� G '  m ;ffr "c' 14 G ;h, k 0.75 kHz 

ELF 1£zM O)Jlj*1f jPJ 0)*5*� '  A,�O) ffli'JlU*a* c Jt� L-C � '6  �1�7J; S 0 . TAYLAR and 
GURNETT (1968), OLIVEN and. GURNETT (1968), RussELL and HOLZER (1970) ��c J:: 9 , AI 

ffi £ --c:'){:{§" L k. ELF, VLF tizM 0) ¥81=. il�, :1:!J21fa{j: f13jjrJ --c-0) ){:{B;/P]OC 0) irrfcHM *iJ;� G ;h, 

-c t , 0  0) --c-,  5E'tfsjvevtrfB�£:l:!J2--c-'Jl:Fa � h 0 1£zM O)JU*1f fPJ 0)1ft$h;;:1< i 0 .  t. t. --c-vt , 

� 16 tC:5:G Lt-: TAYLAR and GURNETT (1968) '/J; Injun 3 ffi£ "c'/JlU5E LkM* c .It t( L -C � 

'6 . t. O)iwCH vc:t-ovt '6 tiz:!ff O) � 1 7
°

vi, ELF t. .7- '/J; 92 %, ::i - =J .7- '/J; 52 %, VLF t. .7- iJ; 

37 % '"c' s '6 .  t. 0) � J:: 9 ' ELF t. .A� ::J - 7 .A vil@!.f13j 0) m� "c'' 07h,-, 12h LT vc t.° - :1 � 

ff1? , HAYASHI and KOKUBUN (1972) O)aBfrJ£:l:!J2--c''Jl:fB Lk;f- - =J ::i - 7 .7, 0)irrfcrrM* c Vil 

1 7  

l9 

16  

15  

14 

\ \ 

13  
1 2  

20.0 % < llllllll!I < 30.0 % - � 7 

I I  

10 

1 5 .0 % < Bl < 20.0 % � 
10.0 % < tm1I < 15 .0 % - i== 60 20 / 5.0% < � < 10.0 % :5 

O T }:tl :-
22,  / 2 

23 
O 

MAGNETIC LOCAL T I M E  

9 

4 

3 

7 

� 16 Injun 3 ftrJiHc. l � ELF, VLF 

1tc !H (}) >t m ?JiJ! ft 5} "iffJ (TAYLOR and 
GURNETT, 1968) 

Fig. 16. The occurrence frequency of 
ELF emissions with Injun 3 (TA YLOR 
and GURNETT, 1968). 
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Fig. 17. The left pannel indecates arrival direction, emission intensity and polarization angle at 0.75 kHz. 
The right pannel shows emission intensity in Bx (N-S) and By (E-W) components corresponding to 
the interval of A, B, and C in the left pannel. 
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vf'�!z-t Q . agf!]£:t'!g 0) ��r:$1:!t (invariant latitude) vi 66. 7 flt 't:' 2b I) , � 16  vc l ;rUi, '.xE 
111.1¥.Jvc, 08h LT U 1Wvi�tJJiJ" G ¥U* L, 08h LT,-,1 3h LT vi:Rffl�ffiJJ't:', 13h LT U��tf 

�tJJiJ'-G ¥U*-t° ?dii$h::k� < t.i:: '6 .  --t c.  't:', � 14 vc� Lkffi�tJJfAJ vC'*1-t Q®1Eit1¥J¥U* 
JJfAJ�J:ti::O)� 1 6  c JtiIDt-t-0 c ,  '.xE11.1¥Jvevi�Iz L-c 1. , 0 c d,l.t.i::--1t 0 .  � 15  O)JRi!sJJfAJ 
0)@1Eit1¥J¥U*JJfAJO)if,a*'t:', 12h LT u�, i!sJJ7J" G O)JU*h:!fi.�-t '6 O) vi ,  ELF :l&Af0)95 
1:�n: 07h,_,12h LT vc�i:f:i L -c i. ,  '6 k'cso<!cb '6 c M�--c-� '6 .  

A,@O)JJ��fl:vc J: '6 *5* c ,  ::l =- :n- ,1. � 3r �vcf!J�-t'6iH�} 2 n\t5J-0)5jflitJtvc 1 '6 JJ{ft 
fi=J c ltiIDCL -C d,l- 0 .  � l? vi , tcvc 0.75 kHz t&MO)JJ{ftfi=J, 1&M5lnOC, ffli&:$�� L ,  �� 
vc , A, B, C O)"*tll't:'O)  0.75 kHz 1&M5£n0CO) Ba: (ffi�tJJfAJO)��), Bv Olti!sJJfAJ) nlt53-� 
�-t. C. O)"*, ��iJtvc J: IJ AA��;fl,Q )JfA}vi,  A '"c' �UtJR, B '"c'vSHf' ffi}f!, C vi�t--C'cb 
Q .  A,@O)JJ��fl:vc l hvi, ffli&:$vi , A, B J: IJ c 't:'lU1�fflilzvcili < ,  ¥1J*JJfA10)3(ffl 
JEJvi ,  A, B, C O)JIW{'t:':k � i. , . JJ{ftfijvi , A 't:'JR�tJR, B '"c' v'l vifi!§, C vi�t<!cb '6 .  Lt-:iJ: 
0 -C , mi*iffli&:vcili < -c,  :RfflfijtJ::k� 1. ,1&Mvcv::>1. , -c vi ,  JJ��fl:O)*a* c :::t =- :n-- ,1.  � 3r 
i* c iJ:'.xE·[i.a")vc:;f �O) t.I:: 1.  ,*5*�� L -c i. , '6 c. c iJ:niJ" '6 .  

t-J-J:O) c. c vi , A,@O)� Li. ,a!U'.xEJJ�vc J: 0 ffl:�YlzO)JU*:nfAlWiUvi ,  '.xE'ii.B"JvcviPt.i:: < 
C 'lb A,"!  '"(:'O) § �ffl:i&:WiUiJ" G;JW��;h, '6  cb 0) C .lt« -C v'l vf':;r�O)f.I::\, ,if,a*�� L -c i. , Q 'lb 
O) c § x. l  5 .  

m:�vc , A,@O)Wiuvc J: IJ ,  A,f�cY{�-t« � ,� c  L -C ,  (1) 1 ::z '7 1 -t:' � './ 3 :,;��ffivc 
-t Q ,  (2) �-$0)moc� J:vf '6 ,  (3) )Wjtlz�O)�fR� EI EB vc <! � '6 J: 5 vc-t 0 ,  (4) tc�JJ 
�O)cY{�, (5) �ocO) fAJJ:, t.i:: t:'tJ:s 0. Ln" L, 11  ?xWiu�vcto 1. , -c, (1), (3) vi��h: 
t.i:: � .n (2), (4), (5) veto 1. ,  -c cb ,  n "  t.i:: IJ cY{�iJ: t.i:: � .n -c 1, , '6 .  � G vc v::>vt1Jox..nvi, c. 0) :n� 
�fl:�c� L -c t ,  �ffl:O)ftr,l�i. ,iJ,. vcJ& IJ � < n�h:A,f�vc�� .nk.:i:�t.i::��'t:-s '6 .  

t.i::to, A,@O)Mtfr*a*vc v::> 1.  , -c, AA�� .n '6 ?iti� O)* � � vcxt-t '6 ffl:�O) J:tn:,J\ � i. ,ffifAJ vc 
s 0 .  c. 0) ,���ll-t Q c ,  :Rfflfi:In:A,@ O)Mtfr{IBI J: IJ * � < t.i:: '6 .  L t�iJL? -c,  4-�ffl:�to 
J: u�� O) 7 :,;7 :r*vctovt '6 *5xta"Jt.i::�oc�lE�rr 5 &::,�n:s '6 c. c �#!c L -c to < .  

� � 
A,@JO)JJ��fi!O)�iU�nfiHcst-=. IJ , �' t�� c �-�jJ�l.- ,t-=. ti � "i Lt-:� 1 5  ?xWiU�O) 

��. �fi!�fp=pvc �-t���l.- , t-=. ti�  "i Lk*:k�EH!IDt�1iJf5em0)fi�B3tf±, to J: U*:id� 
�$ffl �:t'tgfl4?o�M5enfri�O)��vc)J < �WO)Jl�� L "i -t. 
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