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Abstract Based on the theory of local acceleration by chorus mode wave, AE index is selected

as a good indicator for both source electron flux and flux anisotropy, and Dst index is selected as

a good indicator for relativistic electron loss. By use of AE and Dst indices as input parameters, a

prediction model for relativistic electrons at GEO orbit has been established on the basis of linear

filter technology. The results are as follows. The total Prediction Efficiency (PE) of our model for the

2018-01-19 ����, 2018-07-10 ��Æ��
E-mail: zhongqz@nssc.ac.cn



����: GEO ��� !"#$%&'()Æ*+,- 19

data from 2000 to 2009 is 0.818. The highest PE is about 0.856, which occurred in 2009. The lowest

PE is about 0.663, which occurred in 2003. The prediction accuracy of the model is significantly

better than that of the persistence model and is slightly less than the model developed by the same

method but taking the solar wind as the input parameters. Furthermore, the model is improved

by taking solar wind speed as an additional input parameter. The values of PE from 2000 to 2009

increase every year. The PE of 2005 is increased by 9.5%. The total prediction efficiency from 2000

to 2009 increased to 0.848. The linear correlation coefficient between forecasts and observations is

0.918, and the root mean square error is 0.422.

Key words Geostationary orbit, Local acceleration by chorus mode wave, AE index,

Solar wind speed, Relativistic electron forecast
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A#8�.=$-8�1*>2A<9<;<�3/
�"�&!"6:#!95-!9"+/B#. ?"
0, Summers5 [6]:Horne5 [7]:Thorne5 [8]5 Gao

5 [9] =1:;<@;@;&!"5>A?.@".
#���!+�"�&!8�"&-3:1*. @;
@$�"AB<3/9&!/=B(A#" [10,11].

/>C2C>, (B<3/, 9?/=6���,B
.CBD keV "&! [12−14]. $>+�&!")�
,>)47�"�&!")�,>=? 1∼3 (. C
2E>, (9<;<�3/, >+/!%#B<D-
".#9)�"�&!)�,>*F&<?@5"
/ Æ-D+ [15].

���!� ��EC309" 'A#EÆ
FA. GH>Æ50?"���!&!"GB8�
1*,9I+!DE����!� �"�&!)
�J/<C. 1990 * Baker[16] F@DKFHE,F
LÆ@GGJ2� 6.6Re I"�"�&!)�. Li
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" ULF @8�1*, F@ Pi 1 , Pi 2 �9@-.
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G HE�""?/E"30.,M=�, J/L3
(�"�&!)�. Ling 5 [21] M@NP)C6J
DKK, L-4 10 ("MN&!)�,-4 7 ("
,E Kp 2E.,.,M=, =? 1∼3 (J/�!
� 6" 2MeV"�"�&!)�. Wang5 [22] F
@QO;�1+R��!� �"�&!!)J/
OS. !P<M@C"M=HE$&.,3N, /"
DKFHE, 3""9)+-HE. 9)+-HEP
O�9+-HE,9) ��P!"305.

�9B<D-;�"�&!)�FH�+.B(
:;@". Æ--)"9&!)�59&!Q#
7;3L, '$. -);B<D-FH�+. 9&
!)�5Q#7;3L-#",%98%Q�8�,

FA�"�&!"A#. +0, �9 AE 2E$&.
,�"�&!A#I"2J. " 2010 *J>R3/
�"�&!)�,%!) [23] .R(%, 9<%#"
��!GB�8&!.;SHQ*.@. +0, T4
Dst 2E.,BR� �"�&!20I2J+!.

$T?":;@Q�8�1*, T4�9B< AE 2
E, Dst 2E.,J/+!,"���!� �"�
&!)�J/(6',D<,UK(DKFL0+�
"�&!J/"SSH�, =9J/1MI.

1�TU

(EV',,J/D<&-+, �"�&!)
�EVM@NL GOES *W '2�"��6
" 2MeV "&!EM.)�. $>XOEVH9"
NASA "9/3:EVY, GTO"!UP. GOES

*W 'NO"*PGB, EV"�NHUV. E 1

Q1� GOES-10, GOES-11 , GOES-12  'C2
EV"+/RV5SEV(E.

ZQR[ '"EV"�&5EV"-4L,

1999−2005 *T4 GOES-10  'EV, 2006 *T
4 GOES-12  'EV, 2007−2009 *T4 GOES-

11  'EV. GB '"C2KGH/TSU. A
" GOES-10  'C2NO"+/\#%>, $T
& GOES-10  ' 2006 $ 2009 *"EV,J1,

" GOES-11 , GOES-12  '"C2EV)&HF
LT@(6I:.

W 1(a) Q1� 2006 * GOES-10 , GOES-12

 'EV8W, UUVF"T@VC,

y = − 44.035 571+ 18.277 778x−
2.233 022 8x2 + 0.095 456 205x3,

2 1 1999−2009 3 GOES-10, GOES-11 4 GOES-12 5678978:7
Table 1 Bad data days for GOES-10, GOES-11 and GOES-12 satellites from 1999 to 2009

GOES-10 GOES-11 GOES-12
�W

X�]X� �^ X�]X� �^ X�]X� �^

1999 10 0.027 − − − −
2000 8 0.022 − − − −
2001 1 0.003 − − − −
2002 1 0.003 − − − −
2003 4 0.011 − − 243 0.666

2004 2 0.005 − − 2 0.005

2005 4 0.011 − − 1 0.003

2006 86 0.236 182 0.498 1 0.003

2007 69 0.189 3 0.008 14 0.038

2008 44 0.120 1 0.003 21 0.057

2009 33 0.090 1 0.003 100 0.274

. V�XY�YW���].
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T@# CHISQ, 9.255 692 3. W 1(b)Q1� 2007−
2009 * GOES-10 , GOES-11  'EV8W, UU
VF"T@VC,

y =12.240 431− 3.579 168 6x+ 0.551 173 35x2−
0.021 897 278x3,

T@# CHISQ , 18.175803. W 2 Q1� 2006−
2009 * GOES-10, GOES-11 , GOES-12  'C
2"6" 2MeV "�"�&!)�,T@=")
�. 9&!)�M@""_� ' NOAA15 C2

EV. NOAA15 YX"+�"!Z2A$&Z2 >

30keV, > 100keV5 > 300keV "&!)�. Z2A
H. Z[, / Z[2;(Z, W�/ Z[2;
;?/ Z[2;[:. NOAA15 2�" L > 2 "
EV?\"+!\��EV,$>�%"9KI;;
�&./"4#"#"[:. +0$&7,2;(
ZZ[2�""/)4"# 0◦ "&!, ;.[:Z
[2�""/)4"# 90◦ "&!.

�9 AE 2E, Dst 2EM@E\`Z6O�
9EV+Y (World Data Center for Geomagnetism,

] 1 ]��W GOES-10 � GOES-12 (a) a GOES-10 � GOES-11 (b) ^��[��]
Fig. 1 Observations of GOES-10, GOES-12 (a) and GOES-10, GOES-11 (b) from 2006 to 2009

] 2 2006−2009 � GOES ^�[���� 2MeV ��������X�\���
Fig. 2 Flux of relativistic electrons with energies greater than 2MeV obtained by GOES and

fitting method from 2006 to 2009



22 Chin. J. Space Sci. �����Æ 2019, 39(1)
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2�^T]_

2.1 ;< AE /=01>2?@A�B
B(:;@". Æ--)"9&!)�&5

9&!Q#"7;3L. 89',.R�9 AE 2
E;9&!"�+L. �9 AE 2EM@E5IZ,

9&!��, 30∼100keV. ,�M_(GB9<-
)7,`RV�?\^O7 ��!�%, M@ L

, 2∼8 �%"E5IM.)�. L > 8 �%"9&
!)�>8, "KGB_YHFA, +0G,= L Z
`!�%")�.

W 3 Q1� 2003 *�9 AE 2E;9&!)

�"+*. +,3<("ECJ7`%1=a"�
+L, +0(.RD<+M@"""EZ. aW 3

$&b1,9&!)�"�9B<"A[YH+/\
b, 'ZFL�+*E1\b+/D3L30, %a
E""1 27 (D3. $"A"[b0("DKF!
�\SH1 27 (D3, +0DKF!�\]-7"
�9D-&5A00("9&!)�NSH1 27(
D3.

W 4Q1� 2005*�9 AE 2E;9&!)�
7;3L"�++*. $T@ 0◦ /)4&!)� F0

; 90◦ /)4&!)� F90 "7Z F0/F90 E]9&
!)�7;3L"-#.

AW 5 $&b1, �9 AE 2E;9&!)�
5-7;3LH=%"FL�+L. 2003 * AE 2
E;9&!)�"�+*E%!, % 0.9253; 2009*

] 3 2003 �������	
 AE ���^cYd (a) a��� (b)

Fig. 3 Distribution (a) and correlation analysis (b) of source electron flux and AE in for 2003

] 4 2005 �������������	
 AE ���^cYd (a) a��� (b)

Fig. 4 Distribution (a) and correlation analysis (b) of the source electron flux anisotropy and AE index in 2005
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] 5 	
 AE ��e�����a�����
�����
����

Fig. 5 Linear correlation coefficient between

the logarithm of source electron flux, the source

electron flux anisotropy and AE index

%8, , 0.7818. 2005 * AE 2E;9&!)�
7;3L"�+*E%!, % 0.8310; 2009 *%8,

, 0.617.

?&".R(/Rb>�9 AE 2E;B(:
;@". -)–––9&!)�,)�.;7;3L
./FH�+.+0$&F@�9 AE 2E.,9&
!)�,:;@Q�8�1*"2J.

2.2 GEO FGHIJ>2KL0;< AE /=
MNOPQ=?�B
�"�&!)�;�9 AE 2E,DKFHE

./"+*.V"[ GEO � �"�&!)�J
/".NM=HE. W 6 Q1�GBR=+/7, �
9 AE 2E:DKF�#;�"�&!)�&5�
"�&!)�S_"FL�++*. aW 6 $&b
1, 1T+/\>, �+L,><8. �"�&!)
�R=/("S�+*E% 0.8&!, $;9<cB
<&=���!�"�&!)�)4�cO=>+
/FH�+. +0, (>Æ6S<C+, �"�&!
)�MNZ"Æ-"M=HE. DKF�#;�"
�&!)�"FL�+L7�9 AE 2E"�+L
%, ( Baker "<C [16] ,?;@8<C+ [17] IM
@DKFHE.,J/+!.

U!dP,�9 AE 2E;�"�&!)�"�
+L7-;DKFHE"�+L`. =A"�9 AE

2E"�&C2KG, EV"�eTZ-4$c, *
�d�d^9&!"30,;B(:;@"-)FH

] 6 �����e	
 AE ��� GEO �������
��_a�������Va���
�����

Fig. 6 Linear correlation coefficients between solar wind

speed, AE index and GEO flux with different lag days,

and self-correlation coefficients of GEO flux

with different lag days

�+,+0F@�9 AE 2E+R�"�&!J/D
<50>H`a.

3�bfbcefecf

3.1 W3;<XY/=?4Z[\
�"�&!)� J(n)4;"?/(�"�&!

)� J(n− 1):�"�&!)�,8� Js &520
� JL, !

J(n) = J(n− 1) + Js − JL. (1)

�9 AE 2E;9&!)�&59&!)�"
7;3LIH>%"�+L. $Tg,8�Ef,
�9 AE 2E"gE. aW 6 $&bC, ?B("
�9 AE 2E;�"�&!)�SH=a"�+L.

+0, T4Æ("�9 AE 2E.,M=, $TT4
? 9 ("�9 AE 2E.,J/M=. Js E%C,

lgJs =

9∑

i=1

ailg(IAEi). (2)

9<3/ Dst gdH[".#9)�"�&!
)�7<"/ &-+g. $Tg20� JL Ef,
�9 Dst 2E"gE, -E%C,

lgJL = a10lgfDst + a11lg(100− IDst ). (3)

-+, fDst Ef?/( Dst 2E"5I@--#, ,
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`IJ"L�e. h+ Dst 2EUZ"5I,T
& 24, hCRh+"5IZ.

K@C (1)∼(3) hC"J/gE,

lgJ(n) = a0lgJ(n− 1) +

9∑

i=1

ailgIAE i−

a10lgfDst − a11lg(100− IDst ). (4)

-+, a0∼a11 ,FLÆ@A*E, IAEi , IDst .V
SE AE, Dst 2E. �"�&!)�hHDKD
-D30, dHiR30,jfhD330. ,�L
%$>30i],M@i-ekilIJT@FLÆ
@A*E,!(RjJ2?ZÆfT@Hjhf"*
E. $TT4"ekil" 175 (. ,�"7.R,

kk<M, Model-1.

Model-1 M=EVa 1999 * 7 g+:, -4+
R� 2000−2009*BR� �"�&!)�J/O
S. 89L Model-1 ;O4<M(6"7. O4<M
"g?/(C2Z.,l(J/Z"mN<M. E 2

W1�GB*P"J/HI. aE 2+bC, Model-1

2000−2009 *"J/HI7O4<MHGB-#"
=!. -+ 2003 , 2005 *J/HI=!=Æ, .
V=9� 28.1% , 35.4%; 2000 , 2009 *J/HI
=!=g, GC 6%. W 7 Q1� 2000−2009 *�
9 AE 2E"EZ;9&!)�"EZ:)�7;
3L"EZ"FL�+L&5 Model-1 J/HI"
=!7I. AW 7 $&b1, B-VF"30hÆ?
\/#, 2003, 2005* Model-1J/HI=9%Æ,

�9 AE 2E"EZ;9&!)�"EZ5)�7
;3L"EZ"FL�+L`%1. lZ. 2000

, 2009 *!PFL�+L=8, Model-1 J/HI
=9Hj, $Nb>�9 AE 2E"HH"�"�
&!J/HE.

J/HI (Tamn Pe) E%i7:

Pe = 1−

n∑

i=1

(Fi − fi)
2

n∑

i=1

(Fi − F̄ )2
. (5)

-+, fi ,J/Z, f̄ ,h\ dHJ/Z"5IZ,

Fi ,k2Z, F̄ ,h\ dHk2Z"5IZ. J/
HId^�J/Z;k2Z"#"-#. jR J/
Z fiZ;"["k2Z Fi �5,=J/HI Pe = 1.

] 7 Model-1 ���

���
����^, AE ��
��������������������������

Fig. 7 Pe increase rate between Model-1 and

persistence model, the linear correlation coefficient

between the logarithm of source electron flux and

AE index, the linear correlation coefficient

between the logarithm of source electron flux

anisotropy and AE index

jdHJ/Z fi Z5"2�Z5IZ F̄ , = Pe =0,

<MYHJ/HI. J/HIi!, E><M"J/
�ni%. $T fi, f̄ , Fi, F̄ Z"�"�&!)�"
"EZ.

3.2 [\]^_`abc
DKF�#;�"�&!SH>a"�+L,

( Baker "<C [16] ,?;@8<C [17] +ZLD
KF�#.,Æ-"M=HE. $TgDKF�#
8= Model-1 <M+, ZmJ/HI"30. LGB
(E AE 2E,GB(EDKF5I�#"d@.
,M=, (%M=? 3 ( AE 2E,? 2 (DKF
5I�#"J/HG%o. %eJ/<MgEi7:

lgJ(n) = a0lgJ(n− 1) +
3∑

i=1

ailgIAEi+

5∑

i=4

aivsw − a6lgfDst − a7lg(100− IDst ).

(6)

LC (6) SE"J/<Mk, Model-2. $T,�
2� Model-2 "J/�n, F@�BEV, Hj Ba-

ker[16] "D<lm, !&DKF�#,M=, F@F
LÆ@ADE/ Nn"J/<M, k, REFM <
M. E 2 Q1� Model-1, REFM 5 Model-2 <M"
,*J/HI. aE 2 $&bC, Model-1 "J/H
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Ik8" REFM<M,Np"b, !K(LgDKF
EV"lq7, F@�9 AE 2E,�9 Dst 2E
N�hC=a"J/HG. ,8DKF�#H�=,

�"" REFM <M, Model-2 J/HI,*=9, -
+ 2003 , 2005 *"J/HI=9%Æ, .V%C
� 7.5% , 9.5%, 2000−2009 *"0J/HI,8
C 0.848.

W 8Q1� 2000−2009*J/Z;k2Z"8
W.;. 3<�+*E, 0.918, FLT@"J1S
U, 0.38, IIooU, 0.422. W 9 Q1�J/H
I=8" 2003 *,J/HI%!" 2009 *�"�
&!)�C2Z,J/Z"30. AW 9 $&bC,

(DKD-8* 2009 *, �"�&!"D3L30
7=>a,' 2003*�"�&!"30H4<k. $
>+gFA�J/HI.

F@ Model-2 <MN+R�=? 2 (, 3 (
"�"�&!J/OS. =? 3 ("J/HIW"
E 3. AE 3 $&bC, 1T+/=?�,8, J/
HI,><8.

4�fl

?":;@Q�8�lm, g�9 AE 2E.,
8�+!:Dst 2E.,20+!, F@i-il

2 2 fghieREFM hieModel-1 4
Model-2 j5klmno

Table 2 P e comparison between persistence

model, REFM model, Model-1 and Model-2

�W ��
�

��

 REFM Model-1 Model-2

2000 0.615 0.702 0.647 0.715

2001 0.554 0.646 0.650 0.667

2002 0.635 0.741 0.715 0.768

2003 0.494 0.644 0.633 0.692

2004 0.680 0.774 0.725 0.781

2005 0.506 0.683 0.685 0.748

2006 0.616 0.764 0.757 0.801

2007 0.611 0.761 0.721 0.771

2008 0.689 0.822 0.803 0.831

2009 0.816 0.852 0.856 0.863

2000−2009 0.755 0.832 0.818 0.848

FLÆ@AIJ, DE���!� 6" 2MeV �
"�&!"J/<M. 0<M3:?nJp, EO
8CmN, J/�nra. F@dDE"<M+R
� 2000−2009*"���!� 6" 2MeV�"�
&!)�J/OS, 4h�ra"J/HG. 2000−
2009 "J/HI, 0.818. -+: 2009 *"J/HI

] 8 2000−2009 ��� 2MeV �����[��
�����m
X������

Fig. 8 Logarithm of electron flux observations and

predictions one day ahead which energy is greater

than 2MeV from 2000 to 2009

2 3 Model-2 hipq 1∼3 :rns
t6uv5klw

Table 3 Relativistic electron flux

prediction efficiency of 1∼3 days in

advance using Model-2

�W ��
�

�m 1 X �m 2 X �m 3 X

2000 0.715 0.544 0.354

2001 0.667 0.552 0.410

2002 0.768 0.653 0.463

2003 0.692 0.516 0.306

2004 0.781 0.664 0.509

2005 0.748 0.558 0.294

2006 0.801 0.683 0.520

2007 0.771 0.585 0.345

2008 0.831 0.702 0.550

2009 0.863 0.753 0.623

2000−2009 0.848 0.758 0.641
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] 9 2003 � 2009 � Model-2 ��s��[����
Fig. 9 Predictions of Model-2 and observations of 2003 and 2009

%!,% 0.856; 2003*J/HI%8,, 0.633. \q
<M"J/KG;O4<M�7H>6=!, k8"
F@DKFHE.,M=" REFM <MJ/HG.

50KGE>, "" GEO� �"�&!)�J/,

�9+-2E"DKFH�>a"SSHE, 'Z�
9+-2EHS�&C2, EV-4La, eT$c,

`mj4.

GEO� �"�&!)�J/<C"M=HE
$&.,.N: /"DKFHE, 3"9)+-HE.

9)+-2EPO�9+-2E59) ��P!
"30. l<MM=HE+,8DKF�#, !U@
ZQDKF"9)+-"]-n,9)S_+-%
#+, <MJ/HI(/R=9. 2000−2009 *"
0J/HI,8C 0.848, 2003 , 2005 *"J/H
I; REFM <M�7=9%Æ, .V%C� 7.5%
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