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( 2011 c 12 � 23 FÂ�; 2012 c 3 � 19 FÂ�?Uv )

3$é6�, DÚ�4��ªN´E¤���&ÒJlØ�. m��ªÏLSÜ½	Ü�ª�Ø�Ê]�N
� (navigation data modulation, NDM) é�í�ü�K�, U
O(/¡E&Ò�� . SÜÚ	Ü�ª�«O´,

cöÏL&Ò��æ��S3éX£Ø NDM, �ö|^¥(�Ê �êâ?1?n. ÏLSÜÚ	Üü«�ª?
n COSMIC (constellation observing system for meteorology, ionosphere and climate) ù(êâ, |^�Ì�ü�{¼�
��, ÏL Abel È©C�O�ò�Ç. COSMIC ù(�Y©ÛL², 3$é6�, SÜ�ª�U¬��&Ò��
±ay�, lE¤�ü�ò�ÇÑyØ�. ©O^þãü«�ªé 2007 c1 71 U� 73 U�� 3130 � COSMIC

ù(m�êâ?1?n. òò�Ç�ü(J� ECMWF(european centre for medium-range weather forecasts) ©Û|]
�?1ÚO'�, (Jw«: 	Ü?n�ª�&ÿ�Ý'SÜ�ª$ 100 —200 m. 39�� 3 km ±e, SÜ�ªä
k'	Ü�ª���ò�ÇK �. Ïd,	Ü�ªU
��'SÜ�ªÑ`��ü(J.

'�c: Ã�>ù(, m��ª, SÜ�ª,	Ü�ª

PACS: 92.60.Fm, 92.60.hv

1 Ú ó

|^ GPS/LEO(global position system/low earth

orbit) Ã�>ù(Eâ�±O(/�ü/¥�í
ëê. GPS/MET(METeorology), CHAMP (challeng-

ing minisatellite payload), SAC-C(Satelite de Aplica-

ciones Cientificas-C, GRACE(gravity recovery and cli-

mate experiment) Ú COSMIC (constellation observ-

ing system for meteorology, ionosphere and climate)

� ù ( O y � ¤ õ ¢ � � y 
 GPS/LEO ù (
E â � � 1 5 [1]. � ´, Ã� > ù ( E â � �
3X�
(J. GPS/LEO ù(¢�L², �íõ
´»�A!�ò��AÚ4�JlØ�¬��

$�é6��ü�ò�ÇÑyXÚK �. ù
« ò � Ç K   � y � 3 Ø Ó �¥( ê â ¥ Ñ
Q�uy, X GPS/MET[1], CHAMP Ú SAC-C[2,3],

COSMIC[4,5]. |^�«Ã�>ù(�E�{�
±3�½§Ýþ�f�íõ´»�A�K� [4].

3 GPS �ÂÅ¥æ^m��ª�±)û4�Jl
¤E¤�Ø� [2].

DÚ�4��ª´���±�lÑ\&Ò�
 �gÄ��XÚ. 4��ª¥^uüª=���
 �.ÏLc����� 	���. 3$é6
�, �í�¹C�E,, ÏL	����� �.
N´�¹Ø�, �ù«Ø�¬��mØä\\, �
ª�U¬��&ÒØ�^½�£ [6]. �, |^4
��ªJ±�lþ,ù(�$é6�Ü© (� 10
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km ±e). ¦^m��ª�±k�/�Ñ4��ª
�Û� [6].

2001 c, Sokolovskiy JÑ3®��í� �
. � c J e, � Ï L m � � ª )û � í J l¯
K [7]. 2005 c, �
U3 COSMIC ¥(þ¦^m
��ª, JPL (jet propulsion laboratory) Ägòm�
�ª3 SAC-C ¥(þ?1ÿÁ [8]. ��, m��
ª3 COSMIC ¥(þ?1�ÖzA^. m��ª
æ^�� �.ÏL�½��í���.±9
;�� �Ú�Ýêâ��, ù�4��ª¥� 
�.�¼��ªØÓ. 3$�é6�, ù�A:Ø
¬E¤JlØ��*�. m��ª¥�7Lk£Ø
�Ê]�N� (navigation data modulation, NDM) �
L§. NDM ò GPS¥(�Ê&E\131Å&Ò
¥, lK�&Ò�� êâ, L\±£Ø�âU
?\�Y��ü6§. Sokolovskiy JÑ�|^S
Ü (internal) Ú	Ü (external) ü«�ª�Ø NDM

�K� [9]. SÜ�ªæ^&Òü��æ�:m�S
3éX�Ø NDM �K�,	Ü�ªÏL GPS¥(
�Ê �, = gpsBit êâ�Ø NDM �K�. gpsBit

êâÏL/¡�ÂÅé�ù¥(?1*ÿ�� [6].

m��ªØ=UO(/¡E&Ò�� , �UÓ
�?nþ,Úeüù(, lJp
$é6�ù(
*ÿ��þÚêþ [10].

Ao �34��ªe?n CHAMP ù(êâ,

3m��ªe?n SAC-C ù(êâ, ¿òüö�
ò�Ç�ü(J?1'�. uym��ªäk�r
�&ÿUå, U
¼��õ$é6��êâ. 39
�� 2 km �m, m��ªU&ÿ� 80%�ù(ê
â, éA�4��ª� 50%. � SAC-C ù(êâ�
ü�ò�Ç�',CHAMP êâ3 3 km ±e�3X
ÚK � [8]. Sokolovskiy ÏLé COSMIC êâ?
1�üÚÚO�uy,	Ü�ª�ò�Ç�ü°Ý
`uSÜ�ª [6].

,	, | ^ m � � ª e � ù ( ê â U 
 ¼
� � � [ � $ é 6 � (c Ù ´ C / ¡ ?) � �
íëê&E, ù�ïÄ�í>.�Jø
�B.

Sokolovskiy |^ SAC-C m��ªe�ù(]�é
�í>.��pÝ!þÝ�ëê?1
µ�, ¿�
éA� ECMWF(european centre for medium-range

weather forecasts) ©Û|]�?1'�, uyüö
ÎÜ��Ð [11]. Guo �|^�c� COSMIC ù(

m�êâé�í>.�þÝ39�Úæ9��©
ÙA5?1
©Û [12]. Ïd, m��ªO\
�í
$é6��&E, \�
<�éC/¡UíÚíÿ
CzL§�@£Ún).

2 m��ª

3 GPS �ÂÅ¥, m�Ú4��ª´�p?1
�, 3 10 km ±þæ^DÚ�4��ª, 3 10 km

±eæ^m��ª. 3�©¥, ò4��ª=��
m��ª�:¡�m4�=�:. 3m��ªe,

du GPS �ÂÅØUÓ��lü�ªã�&Ò,

Ïd�P¹ L1 �&Ò [13]. 3m��ª¥, |^®
��� �.Ú gpsBit êâ, ÏLüª=�!£
Ø NDM Úë���� �Ú½ÅÚ��&Ò��
 êâ, e¡Òé��Ú½?1`².

2.1 ���   ���...999üüüªªª===���

�
£Ø NDM �K�, ÄkIò&Ò?1ü
ª=�. b� GPS �ÂÅ¼��&Ò� uout(t),

uout(t) = Aout(t) exp[iΦout(t)], (1)

Ù¥ i L«Jêü , t L«�m, Φout L«�
 ,Aout L«�Ì. ,�?1�e=� [7]:

u(t) =Aout(t) exp[i(Φout(t) − Φppm(t))]

=I(t) + iQ(t), (2)

Ù¥ I(t) Ú Q(t) ©OL«&Ò u(t) �¢ÜÚJ
Ü, Φppm L«�í� �., §´ÏL®���í
���.±9¥(;�Ú�Ý¼��. �í� 
�.��±?1?�Ú�N�, ±Jp�ü°Ý.

ÏLüª=����&Ò u(t) ¥��) NDM, I
�\±£Ø.

2.2 NDM ���£££ØØØ

| ^ & Ò u(t) ü � � æ � : � S 3 é X
½ gpsBit êâ�±£Ø NDM. cö�¡�SÜ
�ª, �ö�¡�	Ü�ª [9]. 	Ü�ªØ
|
^ u(t) �&E	, ��|^ gpsBit êâ.

2.2.1 SÜ�ª
SÜ�ªÏL&Ò I(t) Ú Q(t) ��æ�:�

m�S3éX�Ø NDM �K�. �±O�ü��
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æ� i Ú i + 1 m�� Y�:

β = arccos

[
IiIi+1 + QiQi+1√

(I2
i + Q2

i )
√

(I2
i+1 + Q2

i+1)

]
. (3)

b��í½D(Úå�� �ÝCz�u π/2,

� β ���L π/2 �, Ò`²&ÒÉ�
 NDM �
K�, I�òÙ�Ø, =ò ui+1 ¦± −1, Xã 1 ¤
«. �´, ��í½D(Úå��ÝCz�u π/2

�, SÜ�ªN´u)�Ø, �)�±ay�. ù�,

|^	Ü�ª?1� N�ò�\O(.�� � � � � � � � �� �� �
ã 1 |^��æ�m�SÜéX�Ø NDM

2.2.2 	Ü�ª
	Ü � ª / Ï gpsBit ê â � Ø NDM �

K �. COSMIC 3 � ¥ Ù � 
 � X � � GPS

� Â Å. � u ) ù ( �, ù 
 � Â Å Ó � �
l � ù GPS ¥(, P ¹ T¥( � NDM & E,

= gpsBit ê â. gpsBit ê â � Ï L COSMIC �
Õ http://www.cosmic.ucar.edu/e 1. 	Ü � ª Ï
L gpsBit êâ¥ NDM &E�ä&Ò� �a
C�¹¿\±?E [6]. 	Ü�ª�·^��´�í
½D(Úå�� �ÝCz�u π, ��u π �,

	Ü�ª���&ÒN´u)±ay�.

3^SÜ½	Ü�ª�Ø NDM �K���,

ÏLXeúª��� :

Φ̃(t) = arctan2[Q(t), I(t)], (4)

�  Φ̃(t) ¥��¹X±ay�, 7L\±�Ø.

2.3 ���ØØØ±±±aaa

�
 � Ø Φ̃(t) ¥ � ± a, ò � � � � � �
  Φ̃i �c�����  Φ̃i−1 ?1��, ¿� Φ′

i =

min
{
|Φ̃i − Φ̃i−1 + 2π|, |Φ̃i − Φ̃i−1 − 2π|

}
. ��é

�  Φ′
i ?1\\, =����ª�� êâ. ?E

��� êâ���^u�Y��íëê�ü.

3 COSMIC �Y?n

m��ª¥SÜÚ	Ü�ª���«O´,	
Ü�ªI� gpsBit êâ. �´du/n ���
�, �k� 70%� COSMIC ù(kéA� gpsBit ê
â. �
'�SÜÚ	Ü�ª, ]ÀkéA gpsBit

êâ� COSMIC ù(, ÏLþãü«�ªé&Ò?
1?n, ^�Ì�ü�{O��í�� [14], |^
Vª��|Ü�Ø>l��K�, ��ÏL Abel

È©C�¦�ò�Ç [15].

3.1 ���ÌÌÌÚÚÚõõõÊÊÊVVVªªª£££

]À 2007 c1 72 Ú 73 U�ü� COSMIC ù
(, Xã 2 ¤«. ã 2(a) Ú (c) L«&Ò��Ì, Ù
¥î�IL«ù(�m, p�IL«�Ì. ã 2(b)

Ú (d) L«�ü�õÊVª£, ã¥kn^o�, l
e þ�g��©&Ò�õÊVª£!|^SÜ
�ª¼��õÊVª£Ú|^	Ü�ª���õ
ÊVª£. �
'���B, ®²òn«êâ©O
²£ 0 Hz, 100 Hz, 200 Hz. ã¥ç¢�L«m4
�=�:éA��m, ã 2(a) ¥�� 79 s, �¤p
Ý�� 9 km; ã 2(c) ¥� 52 s, =��pÝ�� 14

km. çy�L«m©¦^&Ò��m, ü�ù(þ
�üù(.

lã 2(a) Ú (c) ¥wÑ, 3m4�=�:�c,

&Ò��Ì�����², ^4��ª?nØ¬
u)Ø�. 3m4�=�:��, �í�¹E,, �
íõ´»!�ò�!Ñ��A±9D(��3N
´��&Ò�ÌÅìC�, ^4��ª?1�l¬
�����Ø�, $�¬�£, I�^m��ª?
1?n. lã 2(b) Ú (d) ¥�±wÑ, 3m4�=�
:�c, �©&Ò�õÊVª£CqÑÙ3�^�
�þ, 3=�:��, õÊVª£©OÑÙ3Cq
²1�o^��þ. ù`²�©&Ò�õÊVkª
���±aÚ±ay�, lÃ{ÏL�Y��ü
¼������ëê. |^	Ü�ªØ¬Ñy�
±aÚ±ay�, SÜ�ª¼��õÊVª£�
�U�3X�±ay�, ù��l�Y�ò�Ç�
ü(JwÑ.
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� � � � � � � � � � � � � ��� � �� � �� � �
� � � � � � � � � � � � � ��� � �� � �� � �

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

振
幅

�� ����
振
幅

�� ���� � � � �
� � � �

� �  � !  �" #
� � � � � � � � � � � � � ��� � �� � �� � �� � �� � � � � $  � � � � 
 � � � � 
 � � 	 
 � � 
 % � 
 � � � � � � � � 	 � � � � � &  �" #

ã 2 COSMIC ù(��ÌÚõÊVª£ (a), (c) �Ì;(b), (d) õÊVª£

3.2 òòò���ÇÇÇ���üüü

|^SÜ½	Ü�ª?nL�� êâ, ÏL
Ã�>�E�{, Ò�±�ü���í��. �

©¥æ^�Ì�ü�{O���Ú-Eëê, Ï
L Abel È©C�O�ò�Ç, ¿�éA� ECMWF

©Û|]�?1'�.

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

� � � � � 
 � � � � 
 � � 	 
 � � 
 � � 
 � � � � � � � � 	 � � � ��� ��� � � �  ! "� �  ! " � # �
ã 3 |^SÜ½	Ü�ª?n�O��ò�Ç

ã 3 ¥(/lÑ:L« 21 �� ECMWF ©
Û|]��ò�Ç, y�Ú¢�©OL«^SÜ
Ú	Ü�ª?n�O��ò�Ç. ã 3(a) ¥, SÜ

�ª��$pÝ� 2.4 km, 	Ü�ªU�� 1.2

km. ã 3(b) `²SÜÚ	Üü«�ª¼��ò�
Ç3 4 km ±þÚ ECMWF ]��ò�Ç���C,
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3 4 km ±e, 	Ü�ª¼��ò�Ç'SÜ��
Cu ECMWF ]�. ù´duSÜÚ	Üü«�ª
�ØÓ?E�ªE¤�. l 2.2 !�?Ø��, �ü
æ��� Y� (=ã 1 ¥� β) �u π/2 �, SÜ
�ª¬g1?1?E. �3�í�$é6�, ü&
Òæ��� Y��U¬�u π/2, SÜ�ªòÙ
?1?E, lN´Ñy�±ay�. lã 2(b) ¥
wÑ, 3m4�=�:��, SÜ�ª���õÊ
Vª£��wå5�'	Ü�ª��[, ù´
Ï�SÜ�ª�¹
�±aØ�E¤� [10].

4 ÚO'�

Ø
�Y©Û, é COSMIC ù(]�?1Ú
O©Û��±wÑm��ª¥SÜÚ	Üü«?
n�ª�A:. �d, e1 2007 c1 71 � 73 U

� 4434 � COSMIC ù(êâ, ¿òvk gpsBit ê
â�ù(GØ, �e 3130 |ù(êâ. ÏLSÜÚ
	Ü�ª?n COSMIC ù(êâ, éü«�ª�&
ÿ�Ý9ò�Ç��éØ�?1ÚO, ©Û'�

ü«ØÓ?n�ª�A:.

4.1 &&&ÿÿÿ���ÝÝÝ

�ü��$pÝ, =&ÿ�Ý, ´µdSÜÚ
	Ü�ª�k�å». ^þãü«�ªé&Ò?1
?n, ¿O�&ÿ�Ý.

ã 4(a) L«SÜ�ª?n���&ÿ�Ý�
�Ý©Ù��¹, ã 4(b) ´	Ü�ª?n�(J.

î�IL«�Ý, p�IL«&ÿ�Ý. lã¥w
Ñ, SÜÚ	Ü�ª?n��ù(&ÿ�Ý�Ü©
ÑU�� 2 km ±e. lþ�wÑ,	Ü���&ÿ
�Ý'SÜ�$ 100—200 m.

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

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

ã 4 SÜÚ	Ü?n�ª��$pÝ (a) SÜ�ª; (b)	Ü�ª

4.2 òòò���ÇÇÇ������éééØØØ���

� �, ò S Ü Ú	Ü � ª ? n � � � �
ò � Ç � ü ( J � � A � ECMWF ©Û| ]
� ? 1 Ú O ' �. ' � « � U�Ý ©�: H
� ¥ (30◦S—90◦S)! 9 � (30◦S—30◦N) 9 � �
¥ (30◦N—90◦N). êâ��¤À��Ú�� 1 km.

ÚOL§¥, �éØ�½Â�

∆fN =
NC − NE

N̄
× 100%, (5)

Ù¥, NC L«é COSMIC ù(*ÿêâ?1�ü
����ò�Ç; NE L«|^ ECMWF ©Û|]
�O��ò�Ç; N̄ � NC � NE �²þ�.

þ�O�úªXe:

x̄ =

n∑
i=1

xi

n
, (6)

þ��O�úªXe:

σ =

√√√√√ n∑
i=1

(xi − x̄)2

n − 1
, (7)

Ù¥, xi�1 i �êâ, n�êâ�ê.

ã 5 L« 2007 c1 71 � 73 U COSMIC ù(
]��ü�ò�Ç�éA ECMWF ©Û|]��
ÚO'�(J. ã¥lþ e�g���¥!9�
ÚH�¥, p�IL«pÝ, ùp�'� 15 km ±
e�êâ, î�Il��m©O�ò�Ç�éØ�
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�þ�!þ��Úù(�ê. ¢��L	Ü�ª
� ECMWF ©Û|]��'�(J, y��LSÜ
�ª.

lã 5 ¥wÑ:

1) 3m��ªe, �Ì�ü�{��ü°Ý
�p. 3��¥, Ù�ü�ò�Ç��éØ��þ

��u −0.4%, 3H�¥�u −1%, 39����
�� −1.5%. �ò�Ç3 2 km ±eÊH�3K 
�y�. Ù39��ü°Ý�eü±9ò�ÇK
 �y��9�¥Yð¹þ��, N´u)�ò
�k' [11]. �,, ò�Ç�K ��k�U´d
u ECMWF ©Û|]��R�©EÇØpE¤�.

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


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

� � � � � � � � � � � ���� �� � � � � � � � � � � � �� � � � � � � � � � � � �
ã 5 ò�Ç�éØ��²þ �Úþ��

2) lSÜÚ	Üü�ªþw, 3��¥ÚH�
¥üö�(J�OØ�. 39�� 3 km ±e, SÜ
�ªäk'	Ü�ª���K �. üö�O��
3 300 m �m, SÜ�ª�� −1.58% �m, 	Ü
�ª�� −1.23%, üö� 0.35%.

5 ( Ø

3®��í���.�cJe, m��ªÏ
Lüª=�!£Ø NDM Úë���� �Ú½
ÅÚ��&Ò�� êâ. £Ø NDM ��ªkü

«: SÜ�ªÏL&Ò��æ��m�S3éX�
Ø NDM, 	Ü�ªKIk gpsBit êâ�cJe
âU?1?n.

ÏLm��ª¥�SÜ½	Üü«�ª?n 2

� COSMIC ù(, é&Ò�õÊVª£?1'�
©Û, uySÜ�ª¼��&Ò�U¬u)�±
ay�, l��$é6�¥�ü�ò�Çu)Ø
�. |^þãü«�ª?n 2007 c1 71 � 73 U
� 3130 � COSMIC ù(êâ, ¿^�Ì�ü�{
O���, ��ÏL Abel È©C�¼�ò�Ç.

ÚO'�
SÜÚ	Ü�ª���&ÿ�Ý9ò
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Abstract

In the moist lower troposphere, traditional phase-locked loop tracking of GPS (Global Position System) signal will introduce

errors in the retrieved results. Both internal and external method can be used to remove navigation data modulation (NDM) and

accurately recover the phase of GPS signals recorded in open-loop mode. The internal method removes the NDM using relationship

between adjacent samples, while the external method removes the NDM using the externally recorded NDM bit data. Both above-

mentioned methods are used to process the constellation observing system for meteorology, ionosphere and climate (COSMIC) radio

occultation data. COSMIC case study shows that internal method may include half-cycle slip in the recovered phase, which will lead

to error in the retrieved refractivity. About 3130 COSMIC radio occultation soundings recorded in open-loop mode are processed by

the internal and external method, and statistical comparison results of retrieved refractivity with that from the European Centre for

medium-range weather forecasts (ECMWF) analyses show that the external method has a better penetration ability than the internal

method in the lower moist troposphere. The mean of fractional difference in refractivity retrieved by external method is smaller than

that by internal method below about 3 km.
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