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ÆB� 30�A�#<Rv��:,�? (#1wLR�u��Iu�ri) T��� ��>�
v��bpO6t�H�7�-E�_M} (Extreme Ultra-Violet, EUV) Qf�#<RLRm/�lb�`/�#Z�<%�%P�A�_h�+J/K�
��+J/K�rV
YK��Bo�LrV<,�+J�,/Æd�+:K��|Y�U�<`:+J/Ed
X�7�M-��D7JD���po�}N
Y���T�bV#<R<%v�6	<�MiMIOn
"Z(\I��>��(\/�1N(�v|YMi���o�
"/SjT�
-E5+6	�uRK+�rEo��yO�b��>4T�LEpz7�M-��D7JD���po�^R�%�#<R��
D7)\sE (GPS) ~Mi ��
iE`
z-D7 GPS}NPT�#� 3008iD7JD��N GPS �7+J/Sn (International GPS Service for

Geodynamics, IGS) h
�o��>4�o��zQ
.���U
X�U^={P�b�^+i GPS m�=��lbMi1���:#<R[NsE

y'�H���it#<R?����7�
 (Low Earth Orbit, LEO) ℄���zLf�U�� 12 i [1] �*j�7q�O��D7JD��dt1J6_�#`m/Z
q� *}N�� (X_M (UV) %2QfNO)[2] �����f7qMi-%[r��M-��D7Va���po�^R�%�#<R���"(pzD7#<RB,
��5�L�#<RRp (computerized ionospheric tomography, CIT) I� [3] �h#`�O (total electron content, TEC) gfI� [4] T���.�>�
���/E�%VBA�� TEC }N�L�#<RV/4O (X#`m/9t1h#`�O�o)
�~��N�E�fr ^#<Rl?Æd�z9|:R }&��J

1995 ��h��S(\<%L* (National Space Weather Program, NSWP) 3$�L*E�<T��6	�g/#<R4&�VE
g/�<`m/B�	%�R4,rV NSWP�MIz8.M
 1999 ��h��HG�D7#<R��B,)V 12 if��/lx6	

(Multidisciplinary University Research Initiative, MURI) L*.M
 MURI �z,eRNi�rK6J<.F>�D7#<RB,v�
J<~}UCT�5�/ (University of Southern

California, USC) �Æ%L|pB� (Jet Propulsion Laboratory, JPL) lb�K6�VEo'F�/ (Utah State University � USU) lb�K6
'j6	j�#<R��B,I��8JtdFD7#<RB,v� (Global Assimilative Ionospheric Model, GAIM) [5,6] �D7B,#<RNO (Global Assimilative Ionospheric Measurement, GAIM) [7,8] ��Ni#<RB,v�-dF
Mi"o\4,�D7#<R��<`R+J/v�:o^�Ji�X4J
(Four-dimensional Variational, 4DVAR) B,I�9�;d`�I��|$j�9�po9�po}N\T�B,
�~�'j
�:�I�\}^~BMG�
,bMIu
 USC/JPL�>�D7#<RB,v��VE'j���kEJpq��Bo7 USC � GAIM v�LqR_��u

��B,I�~l�?bv��}N���rJo�

%
^���B,T�pmRHn�
NO\TAÆB,ÆdU��?bv�<�uv�w���(�
�n?u�4<%}& (Numerical Weather Prediction, NWP) vwnU�H
9�t<%�%�B,vw (t��}&�X�%V/K��#1`/Z��(Z�PZ�) �#<RB,v�Nbt��}&
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2 USC/JPL � GAIM uGVwJ<zNiEou
 USC/JPL � GAIM sE
�x����B,�r?vwrÆ
GAIM �
r[d�I'u
 GAIM �jip�v-

2.1 GAIM �6;�}z-� GAIM �
rz8~7qpo9�po#<R4%�2�}& (1h∼1d) 
Mi��B,D���MIOn#1� 1) ��}r?�;O+:� 2) ��B,�#1L�#`m/Z� '#<R4O (#1<%�%PZ� E × B ��P�+J/K�) � 3) ��ELJp� 4) }&wMi��B,D��kvZ

2.1.1 KDT>F

GAIM �hLI:%**�Mr/��itj�9��#<R}N��
; 1 lm%q
GAIM ui�#<R}N���vV;
%r��}N����x-
℄�Æ}r?�2C��%��`bK4�h��j�7d���;O
EX��o�m�� GPS ℄���<�9fO%VL�℄���o�.\� TEC 

��}r?o3��myOB(℄���>6n�pz��;O+:
0)I|$BBR#.\��X�7��|$)8V�%���nsE�V

,b<�Wh%r7q���-T�ÆkE���r?�;O+:�>lm���
�}NoV
x 1 GAIM �'��&��12Q$:" Q Q ��Wb X/ / |/S$ (M+)%>T2*S �I�q� NmF2 � HmF2 �I DISS, SHIN�< GPS n�> �qn�>� GPS _� �I / >| / F9 TENET, CORS

TEC*< GPS n�> { LEO � GPS ��� TEC >| / F9 GPS/MET, CHAMP,

SAC/C, IOX, COSMICX1 EUV �Q O+ �>'Ian1�q _����q LORAAS, SSUSI"	We EUV ℄s >'Ia� O+ n1�q� F9 GUVI, SSUSI�Lku_�r�QQ� r�%an1	%\�B�	 F9 (>_��� SSIES, SSJ/4kA2Q$ Ia`i r��Q)j�%�: {_���q���� TEC >| C/NOFSgiB,� GAIM <���9��Ilmv�4O (EX#`m/) �}NO(\�gf

sE+:?b<���gf+aV}N�`
EX�z�HN)� GPS ℄���o�
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��}r?q�'�gi TECNOO�%;yV (tk, yk, Hk) � < tk ~}No\� yk ~NO4� Hk ~}N�`

2.1.2 KDLBXJAT<!I GAIM sE~M-B5�JD�r?}N����~���Jp9B,�~
o\^VD��#w
$
A℄VHi
oVMiD�
����B,ÆdI℄��x��7#<R+J/K�
��8�#<R+J/K�1me�<`m/�4,_
℄w�VR�w((+J/K��/+CijJ^�o\D�5[N#<R�4,
XH 1 %y�
gMi��B,D���vo3�#<R�V/~n-MD��<\o&AÆ(AL���
-MD��wM!�JD��
�D��+�yui�BoUY�JD�}N��
z-�7\h�#<R��B,Ji�~ 4DVAR B,I�
AÆz)o\\h�JD��� (EX 4 h) �|$#<R+J/K�VE��B,D�kvo&#<RV/�xL
�iÆdu�v�}&4wNO4~�nR�

��B,D�<o\3�B'u�+J/K��#<RV/�xL<tf)
AÆ#<R�:,l?v��%VMLNOo\3.'�#<RV/�Yk 2h #<R}& (z- GAIM 7 ^2��}&) 
Ji 4DVAR B,I�V'��%V ^NDI}%�v�K�xLg9
�LxLI�~Civ�Ed�}%,���#<RK��ELl,xL
℄I���L4&B)Iq|�O�}N��
Ji�LxLI�|$��B,%VpzM0JD���M0|$M-���Jp�℄E�L℄w+aVM-��B,E�


I 1 ���C-E�F�zZI
2.1.3 WHEVb+,��;O+:ui�MIo�~ELJp
�LxLE�ÆX�;d`��uyO6t}NoV�sEv�oV�`_Wh
Ci��Wh��LxLE�Vv�4O_(�`_JD7q�H�}&
Whv�4O~BB(\JD�<`m/�>4T-#<Rv��}NsE�EL`_�Æ%VL�<`m/_(��S4
AÆ_(ELO�[N�%V^BELWh�XH%
y���B,I�B�7l?v��}NlmuH�ELWh���8�4JE�-�t��9�
#7��E��)IdFMiEL,���v�_(��BE
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I 2 ���C-w �NJm
HK
2.2.1 URIPA?GQ=KIP:,��B,v����~(Av� [9] 
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 8#<Rv�-�7ui�M9� O+ <`v��94Bt�O�$Ed
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I 3 GAIM � 3D {*g!��4t9Z�=��vK~���v}~���v�0Ke [9]

USC/JPL � GAIM <�#<R(Av�~MiD7��"o\4,�[Xv�� <MIv�4O~<`m/
VRuL�_�,� GAIM �z- ,QI~�M (O+) <`�#<Rv��
�z
3f s8Yw:t;O�$�+O�$Ed
s8s.�XH 3 %y
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f)��*%*#`m/~(�
(Av�uiRMsV�Bv�)[�+J/K�
℄V#<Rv�A℄~w(\%%�|��AÆ�?�K�,%Vz(\%%)�<��+J/K���<
K�,�z�~��L�+J/K��*j��|�o�̀ bl,�O�X�
EX�rV#<R+J/
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�<`:t1�P (E×B �P)�%ViuZZ/�8O��|$K�,
/+RY�~�%r+J/K��kv4�VEv��kvV/-~z%%vw<���
℄w(Av�:,^~Mi%%v�
�~�
℄6mJiR�BK�rVvw
Y4��u:tEd4�_���~B�%*Edl~.��b*��z9bVv�q��MIoV5�
EX��<`:��P�/�
vw<~z)���~pN^*~"#`m/�`/4,9_4
JiN'�.�Edl|$#<Rv��z-
?b�I�^0rM)�0~

2.2.2 KD>F��r?`sEZ�:,���}r?�#16nK4��X��
℄sELYkM�UPGJ
*#1H)���JDo\�L�m�=w>f=�\9�VEL�gi��JD �}N�`��
��r?`sE�MinBI�p�~�dFMiit}N��JD��vv�
}Nv��ri~dF#<R4O (EX#`�<`m/) w1NR#�
mO.\�Mm
EX L1 � L2 �_� GPS NO���\Uo\9f�*~�7#<R�<%�%R��f9Yk�
#<R}Nv�dFR����\Uo\9fw<℄��m�=.\�}^ TEC�Ls
Mi��}Nv�/+�s<}NO�r?��<%�|
��V�e+�I'3$�XEK��(T-�V
n'�}Nv�0IXvgi}NO���oV� <#1R#oV�NOoV�[�X�sEoV�
n}Nv�xL���NO4�oV��fitl,sE�i5�#BBv�4O�((g/

2.2.3 SBYOM(Av�Cin��#<RV/�+J/K��L�wMo&#<RV/�I'i}N�`L�wMo&}&}N���7�"p}N��V'�f}&}N��w*|$-l
*j.\�V+aV_(�O (innovation vector)
l,`sEZ�&'v�4O�+J/K��4�un_(�O���}&}NOnm�pN}NO
 GAIM z-(
 ^�hL�j�l,E�#1� 4DVAR B,I���LxLI� (EX�;d`�9�[�;d`�) 
�LxLI�m�_(�Ot��}&�Xo(#`m/Z4,�n
ELxL��B�t��((+J/K��9 4DVAR B,I�%VAÆ#<R+J/Ed�
((#`m/Z�Bo��+J/K��n
EVxL
�IL%V ^��N�I�q�"5��xi�;d`�x�kv#`m/Z��i 4DVAR B,I�x�+J/K��>7wMi��B,D�qm}&
AÆ_(�O�?b�EV�%w�B�EV�%�-l�%V((oVEL�r
m�(Av�VE_(O�9�=\�Yt/.\�n?C#�l,`sEL�_(O
��C#�M
℄�~j�oV�EL�r� <#1v��}NoV
oVEL�r7v�4O�+J/K��On��e� �
Mi}o��EV3
8��}o�t
��
2.2.4 �MC�Nwo�T�3bELJpZ
#VE
itM-[NEL�r�XH%
nt#<RV/�"4�EX#`m/�<`m/�RR~B%�1m����ELJpZ
#�x[NELWhw_(�O}NEL�M8%
7t��8���LxLI��X�}%,~)���94v��}N�"=oVWh~h���Æ%V1m��_(�O��EV�%
_(�O�?b�EV�%��B�EV�%.\�-lf7oVEL�rYk/I�((
Cib�EL (}NOEL) ��BEL�V\��ELqb�|b~oV�(Hdv
(Av��+J/K�v����r?`sE�q�#bMiN'�#<R}Nv�s
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Mi%!�v�sE%VbVB*��B,E��I℄rX4�o�
pN^�
MsV�}NsEv�pB (Observation System Simulation Experiment, OSSE)<��iv�sET�itB*#<R��B,���[d
℄sEL%Vit�xz(\<%H
1N7������9�7�H(\<%D7[N�}&�0
e�

3 ��PuGx�qC

OSSE ~Mi}Nv�pB�
v�%6	�"pV/K�<���UYj�9���j�I'|$B,�^B#<R��9��B,E����
 OSSE Ji GPS ℄��D7
GPS m�PrV}NsE�Ji 4DVAR B,I��B,v��: GPS/TEC}N���L��Z�=� E ×B �P�<%4, [9] 
i�EoVb4O�8�wG����� E×B %%�P�K+|$K�,

v�<�i�P�/�K+4Ykv�}N
#`m/��P�/�kv4z%%v�<7�
kEq�yy� 4DVAR 4JB,I��bp�x�m(H�K+�>Bolm_|�#`m/L�4
H 4 yy�~h
 E ×B �P�/�L�E`
�%%
?};yn%%v�lm��V�EoVb4O��P�/�xB4
�<%
?}~�7tK+��P�/�
 OSSE <kbv�� TEC }N��
�x�
?}�;y� GAIMJi 4DVAR B,I�B,v�}N������P�/
zH 4 <%a�x�
?}w�<%
?}R�����
q�0;u�zui�: GPS/TEC}N��Æ%Vx�h
 E ×B�P�_|#<R<%v�
|t OSSE � 4DVAR B,�n�v�rÆ�6Kab{ [9] 


I 4 �iÆ E ×B �Q�0�y [9]

4 GAIM D.s
�C+b{ [5] Ci|��;d`�I��f 2002 � 3 � 22—24 RD7 98 i GPS �o��
TEC}N��B,� GAIMsE��f GAIM�B,Jpq�J<wD7#<RH (global

ionospheric maps, GIM) � TOPEX NO|$-l
GIM ~M�gfI��*�#<RWhV 450 km d/r�$$v� [4] �=X�7of +z)
-Eus8Y^�f�� TEC



� 3 � 1����� GAIM $=SC-FA}� 243�NO4gf�<(#<R� VTEC 
 GIM CiR�Em�r`� (square root information

filter, SRIF) I��5L�f VTEC 
 SRIF ��t�;d`���~i��EV��Em_|�%�
� (n�wn
4&4.\�-4) �℄9rCtf)L�4
GIM BuiO�+J/v��ND��t}N��

fr���={� GIM O6to\�M-%�7� VTEC �t
���DNd (X TOPEX) NO%V��℄��
Vw� VTEC [10] �*%VrVM�.F��r��^BJ�
H 5 ;y 2002� 3 � 22—24 R�%r TOPEX

I 5 2002 � 3 � 22—24 S TOPEX 8�� VTEC K=x GAIM &&�Kq� GIM /℄ VTEC W�2FI [5]
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7�� VTEC J<w GAIM %%}& (H (a) � (d) � (g)) � GAIM Jp (H (b) �
(e) � (h)) � GIM(H (c) � (f) � (i)) .\ VTEC V�1EH
; 2 ~1EH�EL
 3< GAIM Jpw TOPEX .\ VTEC �V�8XV σGAIM/A−TOPEX =5.2 TECU(1 TECU

= 1016 e/m2) �*uy�t GAIM %% (σGAIM/C−TOPEX =13.8 TECU) � IRI v� (�NK #<Rv�) (σIRI−TOPEX =9.6 TECU) �aU�t GIM(σGIM−TOPEX =5.6 TECU) 
�7t TOPEX � GAIM Jp� GIM -�
 1∼2 TECU 
nt TOPEX ℄�~
 1 330 km d/�9 GPS ℄�~
 20 000 km d/�℄w�V~
 TOPEX �oVx�V�
��8��: GPS/TEC }N~
℄�^7���9 TOPEX � VTEC z
�D^��< GPS }NP���
�~�kE�^Bq�yy GAIM �B,q��yO�_| IRI v�q��(Av����%%Jpq�
"Zy'�D^�#<R}N�� (X GPS ?�}N) UY� GAIM sE��S�|ME_|B,q�
x 2 2002 � 3 5 22—24 !� GAIM  
 (GAIM/C) � GAIM �- (GAIM/A) �
GIM 	 IRI �y4 TOPEX � VTEC |�)�

TECUT � L Q i� ��5 :YX p�5 p�5 �G5
(2002 �)

3 � 24 T GAIM/A-TOPEX 3901 −1.3 4.4 −28.6 36 4.6

3 � 23 T GAIM/A-TOPEX 4102 −1.7 6.1 −30.4 35.1 6.3

3 � 22 T GAIM/A-TOPEX 3763 −2 4.9 −35 41.7 5.3

3 � 24 T GIM-TOPEX 3901 −1 5.9 −36.7 36 6

3 � 23 T GIM-TOPEX 4102 −1.2 5.7 −35 29.3 5.8

3 � 22 T GIM-TOPEX 3763 −0.6 5.2 −30.7 28 5.2

3 � 24 T GAIM/C-TOPEX 3901 6.4 14.2 −35 63.9 15.6

3 � 23 T GAIM/C-TOPEX 4102 1.6 15.3 −45.5 55.8 15.4

3 � 22 T GAIM/C-TOPEX 3763 2.3 10.8 −32 49.2 11

3 � 24 T IRI-TOPEX 3901 3.3 8.8 −39.5 38.1 9.4

3 � 23 T IRI-TOPEX 4102 2.2 11.1 −48.2 56.4 11.3

3 � 22 T IRI-TOPEX 3763 0.8 8.3 −38.2 −32.5 8.3

5 �q)H�2 GAIM x!o'F�/�GAIMv�~VMiVD7#<R��<`Rv� (Ionosohere-Plasmasphere

Model, IPM) [11] ��;d`�I�V:o�B,j�po9�po�}N\T [7] 
z-v�#1 5 �<`� O+
2 � N+

2 � NO+ � O+ � H+ �Va<��Z/
 GAIM Nb.'�*f7qD7�={9�G (25 km×25 km) (\f ^�4%�}&
GAIM nk�
m~Miz 90 km � 35 000 km M-JD�[X#`m/Bu�#<R+J/K� (<%�%P�m/�uR�h
^�#Z�#`_hvw) �BoL
m 'UPK��#1 F2 R� E R#`m/�O4w�
�d/ NmF2 �HmF2 �NmE �HmE ��� TEC v��t1 TEC 
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Progress in the Study on GAIM Assimilative Ionospheric Method
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Abstract: Ionosphere is a complex and dynamic space medium which is dominated by solar

activity level, earth magnetic field factor etc. With the demand of the space technique develop-

ment, the ionospheric weather change is now becoming a significant branch of the space weather

forecast. Scientists have made much progress in ionosphere researches via the satellite technique

in the past decade. Especially, the maturation and development of the global ground-based GPS

observation networks and the spaceborne GPS radio occultation technique have provided abun-

dant ionospheric measurements for study of the ionospheric dynamical model, which will become

a foundation for the ionospheric forecast. Nowadays, the ionospheric weather forecast is becoming

a prospective research aspect, and ionospheric data assimilation forms a main topic in the iono-

spheric weather forecast. This paper introduces the international trend of these aspects in detail.

The main attention is paid to the Global Assimilative Ionospheric Model developed by a joint

team of University of Southern California and Jet Propulsion Laboratory and that by Utah State

University respectively, the progress in the study on the global ionospheric data assimilation, and

the preliminary results in application of ionospheric weather forecast.

Key words: astrometry; ionosphere; review; data assimilation; 4DVAR; Kalman filter


