
� r 27 '�r 3 � h���B���� Vol.27, � No.3 ��� 2009 w 9 ~ PROGRESS IN ASTRONOMY Sep., 2009 ��	�Hd�1000-8349(2009)03-0270-10

XsOV��_sk�℄�[#'" 1,2 �$%! 1 � �& 2

(1 
��,D1ZC�$C{�o�� 211101 � 2 
��gk�$G�W���� 100029)���#�B�yW�&N	�wJ3[6iFf��Æ�2IOn Abel !X�	dRi�
�y%�On Abel !X
M�	
Gjw7a�;�i��r)
d�N��r)
M	�UQGj?mw�931i4 IRI2007 /J 1000 ,J3:}�diitJ#f COSMIC �33Fi[g06J#
�8��kS
)�
A�8N��
R�N��r)
M	io*:��,V/JNQ!w7;L VTEC(Vertical Total Electron Content) �R?i_�s���Q
���r)
M	i�[/F�i�#�8N[℄�b l R�J3iF� Abel !X���r)� VTEC; IRI2007; COSMIC��^qd�P352.7, P171.3 ��� 	�J�v�A
1 �e��H��vI2hE (Radio Occultation 	xB RO hE) < 20 8o 60 v[_>z
t�/Q> (JPL) H Stanford Y�xE�72Y
Hv?8�-�hZ-Q� (Limb) Z5hE��� 20 8o 60 v[	 Fishbuch(1965) [1] H Lusignan(1969) [2] !��-hE�7MZ\�
1993v_> UCAR(University Cooperation for Atmospheric Research)*{M GPS/MET(GPS

Meteorology) hE�jT	(r 1995 v 4 } 3 ��'M�ÆqZ3irE�I2hEh
MicroLab-1n</Q�2 (Low Earth Orbit, LEO)�uNmh�2U5���vZ6�=XZ5k����	GPSI2Z5%n�~(�P �#Y(��Æ*� &kls [3] �TPx�Z.-
�7hE�	>l"�n�'M Orsted � Sunsat �CHAMP � SAC-C �GRACEH COSMIC k�2`2E [10] �Z�
8�	v?8M�v6`~`~h U��<O��'	FiÆ�Bq(_ea�L	�<47h [3] 	_<�v?8n8v6M�`~Y	`YTCx0Vv?z�/Y0�� �a}|�2008-10-13 � �h}|�2008-12-16



� 3 � U�P
l�w�9iJ3��r)
M	 271�e. (��I / �℄.5) hh �-$ �oÆHd Appleton-Hartree +:	d"�HYhoR���Chv?8�|.	Æ�Bq(!+<M=iM	�L	�4rW��Y
;	+r\=/lfihV� [4] 	�Z.h
;��&g�m,
8�
;4X 100% [5] �xMz'Æ�Bq(
�h
;	Z,��bIMZ,$��� [6∼15] 	�Æi�Æ TEC p<b2v?8M� U1��iv?88�	�`h3<|H�L�iS�hI295�L	�:"<^ev?8M� U1�k��Nmh Abel  W�Lv?8`~:�.	+0Xv6`~M�`~hh hqz	�D5�P v6:KxZ�Kh�b���1iv?8�?q( (Separability hypothesis) 	Fi�Æ TECp (/5�L) Hv?8h3 (hs�L) b2hv?8M� U1�� Abel  W�L�7<�	_$�v?8I2�L���q 2 �Æ%
� VTEC $!h Abel  W�L��	g�?q(�L��q 3 �FihsI295I"<wQ�-�L���q 4 �	Fi COSMIC 95I"�L		LP5℄95	��7��	?P	��?q(�L��h	��7\Z�
2 ��As*ÆN
v?8�?q( [12,13] qz�Zz�x (�ExI2�L�x) qhv6`~ Ne(λ, φ, h)xP v6:K V TEC(λ, φ) H6EI F (h) hE
EI	gÆ

Ne(λ, φ, h) = V TEC(λ, φ) · F (h) , (1)�+ λ \"?�+lh207u=�4x�o.v`�~	 φ x|~	 h x(~�P v6:K V TEC(λ, φ) 4_b2v6`~hM�`~	6EI F (h) 	e\v6`~hP �,
8��v?8hSUh5�	Fi�?q(	4_�Nmh Abel  W�Lv6`~:��7$�	$!�CM�v6`~`~hh 	�yC42{p 1 �Nmh Abel W�Lv6`~:�x��3�7[;jR	
STEC(pi) = 2 · lii · Ne(pi) +

i−1
∑

j=1

2 · lij · Ne(pj) , (2)[��?q(P		n	
STEC(pi) = 2 · lii · V TEC(λii, φii) · F (pi)+

i−1
∑

j=1

lij ·
[

V TEC(λij , φi,j) + V TEC
(

λ
′

ij , φ
′

ij

)]

· F (pj)
(3)�+ i, j �'xp 1 +v?8h�f8h+08S�u�fhv*W��sh�G	Vv?8u8'q8\T
Y� pi, pj �'x�f�Gx i, j �sKho0&� STEC(pi) <I2s~r i 8h-" TEC; lii , lij �'xI2s~rq i 8hv*W�"�Gx i h�s'I2shA~��G j h�s'�Gx j + 1 h�shA~� Ne(pi), Ne(pj) �'x�Gx i, jh�sKhv6`~� V TEC(λii, φii) xq i 8I2soÆoh�|~x (λii, φii) sKhP
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ij , φ
′

ij) �'xI2s~rq i 8h STEC W�"I24�Gx j h�s (oÆoh�|~x (λij , φij)) ��f�I24 (λ
′

ij , φ
′

ij) hP TEC; F (pi),

F (pj) �'x�Gx i, j h�sKh6EI�

q 1 ���r)
M	7aq [12]

3 �juK$ÆN(jhs?Q	Fi IRI2007 h3	4_b2�Æ*s (1◦ × 1◦) "hv?8v6`~:�hsI"	(zh.vx 2007v 6 } 21 �	UT x 12 h 	(~x 50∼1000 km 	�X((!xl�"� IRI2007 x?��,h>lv?820h3	<\"YK+l℄	�v?8h95K9Leahv?8 {�Qh3	h3�~� IRI2001k �nVb(�hs�2<d(~(zx 800 km 	I29|?nsx 60 km 	I2s4� (−90◦ ∼ 90◦ N, − 180◦ ∼ 180◦ E)�wqTbo?� 1000 s	��|~�,p�p 2 V6	�Æ�,��*��p+^Zs[&ZTI29|	�fhI2�
xÆ
"oh�"Tbh�
��
h(~�wx IRI2007(zh 50 ∼1000 km 	p��wx −30◦ ∼ 30◦ 	^ 1◦ xZ+*s	�fh*s"hv6`~

q 2 1000 ,itiJ3t�}��-q
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x�Æ�,b2CZ20��I2sx (−12.21◦N, − 105.92◦E) KhI29|	i�?q(�L��H Abel  W�L��hshI29|�7+H��	�v*W�oÆoh�Qx���"	�I29|h�
HW�{p 3 	p+ND$xp 1 +h rLEO u+0� r5 hp�	℄~x (◦) �

q 3 (−12.21◦N, − 105.92◦E) LitiJ3�d7aq<D$x(~	℄~x km � 0◦ Kh �xI2s (−12.21◦N,−105.92◦E) Kh(~:�	
800 km KhsT�xI2<d	��xhshI29|hW��	p+v6`~℄~xv6I /cm3 �Vp+4_/I	SI29|�-rv6`~M�`~�Yho��Fih3b2h�
*s:�I"jRI-*s"h V TEC "	Cx�?q(�Lh
V TEC �Q>��hsW�h TEC >O�7 Abel  W�L�H�?q(�L�eahv6`~:�H/lhh3:�Orp 4 �p+sT�x Abel  W�Leahv6`~:�	/

q 4 �q 3 ,iitJ3,I
M
Aq7
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;x −8.7% 	�Fi�?q(�L�eah�"��
;�x −1.07% ��"��
; (%) ≡
Ne,i − Ne,r

Ne,r

× 100% , (4)�+ Ne,i x�Lh F2 8v6`~�"	 Ne,r x/lh F2 8v6`~�"�hsh 1000+TbI29|�"G�L��Leahmj	�2{p 5 H& 1 �p 5 .IM F2 8�"v6`~�L"uh3"h��	p 5a H 5b �'< Abel  W�L��H�?q(�L�h	�	ND$x�"v6`~hh3"	<D$x�"v6`~h�L	��Vp+4_/I	�?q(�Lh�"`~uh3"�790(�& 1 x F2 8�"v6`~�L"uh3"h
;mj	��V& 1 hmj	�</	1i�?q(�L�	�"v6`~�L
;u Abel  W�L���nY�~z'�&g�v?8M�`~Y.�?q(�L�� Abel  W�L�h�L)�F�

q 5 Abel !X
M	I��r)
M	fbi F2 9w7a��#vi4#�� (^�� 106
· cm−3)

(a) Abel "Y�O��Og
jb��$wk5$�8�Lz 0.9903;

(b) �Bt+�O���Og
jb��$wk5�8�Lz 0.9984K 1 F2 N`�W�wY\���x��U
P�im
��Æ< (%) )�Æ< / x8L · cm−3�O�� �+$ %4< �+$ %4<
Abel "Y�O�� 2.5 12.0 −699.3111 34795.8�Bt+�O� −0.060 2.27 −244.4497 13653.5



� 3 � U�P
l�w�9iJ3��r)
M	 275�
4 COSMIC 17K$ÆN

COSMICv?8I295I"%nI24H�I24I"	��L:�h��<$� TECh Abel  W�L� [13] � COSMIC h Abel  W�L	�V CDAAC(COSMIC Data Analysis

and Archive Center)v�"����Æ TEC p*sI"V IGS(International GPS Serves)v�"���v?85(℄ (P5℄) I"V SPIDR(The Space Physics Interactive Data Resource)v�"����?q(�L+=iah-.5s"I2�
h V TEC I"x�Æ TEC *s�.v��|~"h:"	��q(�I29|�-hCF+ V TEC + �I2I"HP5℄I"h|x��<	A�?��s�|~~rI2s�|~h ±2◦ �wqhP5℄I"	��I"�.v"h:"	<|x�fhI2I"�I".v?� 2007 vhq 173 fh COSMICI2I" (4 1535>I") 	�fh�Æ TEC p*sI" (13 >	^J'.Z>) 	�fh�s F2 8hI" (34 +�s	Q
�Y f0 I"	n Ne = f2
0/80.6) 	�|x��|xPea 18>I"	�p 6 V6�p 6 A&6ZfI29|�-h�Æ�,p	p+V6h^Z+ ‘+’ [&ZTI29|	4_/I`fhI29|�n|~o���d+	�(|~���D	�~"�,��*�	p 6 p&6hI29|H�sh|xp	p+V6h^Z+ ‘∆’ [&Z+�s	�.�h ‘+’ [&h<�s|xh�fI29|�|xah 18 >I"h�L	�
;mj{& 2 �& 2 &6I2�Leah�"`~1WhQ
�Y f0 uP5℄Z5	�h
;mj	�	�r�J-�L��	�?q(�L	�h�*"~;� Abel  W�L	�h�*"~;V'	_J�$3;�`�K 2 ���\� F2 NUtnzu�QM��Mm
U
P�i

f0 ��Æ< (%) f0 )�Æ< /MHz�O�� �+$ %4< �+$ %4<
Abel "Y�O�� 3.77 13.55 0.21258 0.63337�Bt+�O� 1.71 17.96 0.15227 0.74714

q 6 �[gJ3t���-q (B) I�tJ3t}yq (q)
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�Æ
"hoh�p 7(a) �p&6�L	�HP5℄/5"h��	s�x Abel  W�L	�	/�x�?q(�L	�	sT�xP5℄5K"	p 7(b) >l	p+ V TEC h℄~x TECU �p 7(a) +
Abel  W�L�ea F2 8h f0 h	���?q(hV; (Abel  W�L�h f0 ��
; 8.5246% 	�?q(h f0 ��
;x 3.1095%) 	�p 7(b) + Abel  W�L�ea f0h	���?q(hVF (Abel  W�L�h f0 ��
;x −1.9417% 	�?q(h f0��
;x −4.73%) �V:h|xI"�L	�/<	 Abel  Wu�?q(�L��P5℄h~;�`	��?q(�L�$�l;	&gM Abel  WH�?q(�L�h/l479�

q 7 �06J#
M
AIQ6^[6
A��,I#rz�gK4u�t�� TEC rj�)��rz�O+BK��r=V%Ih<	P5℄I"�,W�Zzh5K
;	v?8�,XW�Zz6vH.vG~"h!� U_9 (n.4X 30%)[10] 	bS	�uP5℄I"��	&ri<�J-�L��h429�7wQ	MpwQn-�L��h�~0(�xM&�J-�L��h�+:�"h~?F~	
��*(�~;H�*��~;J+KÆ�*(�~; ≡
1

m · n

m
∑

i=1

n
∑

j=1

(

Ne,s − Ne,a

(

i, j
))

, (5)�*��~; ≡
1

m

m
∑

i=1

1

ni

ni
∑

j=1

(Ne,s(i, j) − Ne,a(i, j)

Ne,a(i, j)

)

, (6)�+ Ne,s(i, j), Ne,a(i, j) �'xq i +I29|"	(~>Oq j +s"h�?q(�L
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M	 277�"H Abel  W�L"� m xI29|:I	S.x 1535; ni xq i +I29|(~>O+I�Tu	��fh 1535 >I"�7�L	jRI Abel  W�LH�?q(�L�vh�*(�~;H�*��~;	mj	�{& 3 �K 3 �M�o� Abel Ig\�Ze^rj~\�ZTSU Ne 
fyP�i�+$ %4<�+)��< / x8L · cm−3 132.9345 10321�+���< (%) 0.70 151.74V& 3 4_/I�YT℄|nvh 2007 v	 Abel  W�L�H�?q(�L�	�:d"���� (�*(�H�*��~;�*"') 	_<0��L	�~;��Y ($3;"�Y) �p 8&6�v?8M�`~Yho�	Abel  WH�?q(�Lh	�~;�Y�p
8 "&6hJ+I29|��
�fh�Æ TEC p"h~(
8	��2KxI2s	MC��2h �xI29|h�
	p 8(�) &6h<"phJ+I29|�'i Abel  W�L�H�?q(�L��Leah)�p�Vp 8 (") ApJp+4_/II29|~rk

q 8 �J3t�s)w�9N�a��i Abel !XI��r)
M*A��,I"�`dh0~	�fh�
hv?8M�`~Y	V"�hhsI"�/5I"HCZ��4ea Abel  W�LhÆ�Bq(�v?8M�`~Y�x+=z	�?q(�L�	�nZzh$����L+�i�?q(�L�	� VTEC�Q>4_Vv?8h3 (� IRI2007)`V
IGS v�"�,h TEC �Æp�z���hsjR+ih<h3jRh"	� COSMIC/5I"�L0�ih< IGS v�"��h TEC �ÆpI"�
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Separability Hypothesis Inversion Method of

Ionospheric Occultation

LIU Zhao-lin1,2, SUN Xue-jin1, FU Yang2

(1. Institute of Meteorology, PLA University of Science and Technology, Nanjing 211101, China; 2. Beijing Insti-

tute of Applied Meteorology, Beijing 100029, China)

Abstract: With the increasing number of Global Positioning System (GPS) applications, the

knowledge of the elements that affect their radio signals has become an important field of study.

One of the most important effects on ionosphere monitoring is the ionospheric radio occultation,

IRO. Using IRO, the monitoring data of ionosphere has been richer. How to inverse these data

to the Electric Density Profile, EDP, is the important problem of ionospheric occultation. On

traditional, base on the assumption of (local) spherical symmetry, Abel inversion has been applied

to solve the problem. In ill-suited condition of the assumption, the error from using Abel inversion

is very large, and the result is unauthentic. How to improve the problem of Abel inversion becomes

the focus research of ionospheric occultation.

The purpose of this paper is to improve the problem of Abel inversion. First, briefly introduce

the radio occultation sounding technology and developing situation. Separability hypothesis of

EDP and its inversion method has been introduced for improving the problem of using Abel

inversion. Then using 1 000 sections simulative cases from International Reference Ionosphere

2007(IRI2007) model and one day’s real ionospheric observed data from COSMIC, the validity

of Separability hypothesis inversion method has been confirmed. Third, the way to get the pre-

VTEC(Vertical Total Electron Content) field has been pointed out. In the end, the development

orientation of the Separability hypothesis inversion method in future has been probed.

Key words: Occultation technology, Abel inversion, Separability hypothesis, VTEC, IRI2007,

COSMIC


