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Æ0"��&ÿì/Phobos-Grunt0( q¡/Phobos-Soil0) Ì�?Ö´� »(¥(4Ù

d§�¤Xº§æ8è1�¬¿ò�¬$x£/¥?1?�ÚïÄ¶¥�&ÿì/D»�Ò

(YinHuo-1§ �� YH-1)0�Ì�?Ö´é»(?1¤�&ÿÚé»(�m�¸?1&ÿ¶

Ó�¥�V�òmÐéÜ�Æù(Á�"&ÿ»(­å|´YH-1 Oy�o�Ì��Æ8I

��"

�d§�©Ò»(­å|�.�uÐ?1
Nï§Äk31 2 ÙÚ1 3 Ùé»(­å

|&ÿ�{¤!�k'&ÿì�;�A�Ú¼��]��¹�
£�§Ù¥Mars Global

Surveyor(MGS)[1] Oy��¤õ§Ïd�©éMGS �8��¹�
��[�0�"1 4 Ù

é(½»(­å|�.L§¥�k'¯K�
0�§�)ÄåÆ�.!nN�Ä¯K!��

1ØÚ�í{å�.�"­:0�
Ù¥�k�^�Ú¦)­å|��{§�öÌ�0�


GSFC æ^����¦Úk��å�{9Ùêâ½�ÚØ��O�²�"1 5 Ù�é»(­

å|(J�
©Û§0�
­å|�//Æ�'�©Û"1 6 Ùé»(­å|��C5k'

�&ÿ�ïÄó���
���[�?Ø"1 7 Ùé»(­å|&ÿyG¥�3�Ì�¯K

Ú�ÏÑ�
?Ø§��é·I1��»(&ÿì/D»�Ò0é»(­å|ïÄ��U�
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2 »(­å|�.uÐ£�ÚMGS �8{0

�@é»(�þÚAÇ?1ÿþ�´ Mariner-4 ¥(§
é»(�¥­å|�ïÄ©

u Mariner-9 Ò (M9)§�´�� 20 ­V 90 c�â��'�[��­å|�.GMM1 Ú

Mars50C"ùü�­å|�.þ´|^M9 Ú Viking �1ì (VO1 Ú VO2) �êâ)��

�� [2,3]"

|^ Viking �;�]����¥�¼ê�gl 6 � 12 Ø��$©EÇ­å|"du

M9 Ú Viking 3ü4/«�p;�Ú;�êâ��m©ÙØþ!§¦�¼�p©EÇ�­å

|�.C��©(J [2,3]§¤±MGS OyA$
)"

MGS &ÿì3 1996 c 11 � 6 Fu�§�8ýÏ�1 1 »(c= 687 d§�¢Só��

2006 c 11 � 2 F (du>³ÚO�Å¯K)"3 1997 c 9 � 17 Fm©¿\»(;�"C»

:pÝ� 110 km"Ù�MGS &ÿìm©�1Oy?Ö§Ì��) 5 ��ã [1]µ

(1) ;�á��ã (Aerobraking Phase§AB1)"l 1997 c 11 � 7 F� 1998 c 3 � 38

F§8�´ò&ÿì3C»:pÝ�� 120 km ?�;�±Ïl 35.4 h ü� 11.5 h§�»:

pÝl 45 000 km ü� 18 000 km"

(2) �Æó��ã (Science Phasing Orbit Phase§{¡ SPO-1 9 SPO-2)"m©u 1998

c 3 � 28 F§Ïm�)� 1 ������®Ü�ã (4 � 28 F� 6 � 3 F)§Ùm/ – » –

F�Ý�u 10◦"

(3) AB2 l 1998 c 9 �.� 1999 c 2 �Ð§ÏmMGS �;�±Ïü� 2.0 h§�»:

pÝ�� 450 km"
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(4) 1999 c 2 � 4 FMGS 2gC;§òC»:pÝJ,� 380 km§3±��� 3 �(

Ïm©
'��A^=­åÿþó��;� (Gravity Calibration Orbit§{¡ GCO)§3d

ÏmMGS ¼�
p�þ�;��l]�"

(5) 1999 c 3 � 29 F§MGS m©±ãÿþó� (Mapping Phase§{¡MP)§Ùþ�p

OÃU� (HGA) ¤õÐm§3 1 �±Ï� 2 h �Cq4;��/;�þ$1§Ù¥�)�

Ï 1 ���±ã;�=��ã (Mapping Transition Phase§MTP)"

3MGS ¤õ�ØÈ§2001!2005c NASA q©Ou�
ü�»(&ÿì§OdysseyÚ

Mars Reconnaissance Orbiter(MRO)"Odyssey u 2002 c� 1 ���»(§MRO u 2006

c 8 �.m©D£êâ"¦��;�A��MGS aq§�´� %Ç�4;¥("ØÓ�

´§Odyssey 3ÙÐmMP ó�Ïm§C»:pÝ�� 390 km(ù�pÝ'MGS �MP �

ãp 20 km)§�»:pÝ�� 455 km[4]"MRO �;�pÝ��MGS!Odyssey�$§C»

:pÝ� 255 km§�»:3 320 km �m [5]"

$^ M9!Viking Ú MGS ØÓ?Ö�ã�êâ��
 GMM-1[2]!GMM-2B[6]!

MARS50C[3]!MGS75D[1]!MGS95J[4]!MRO110B[5] �­å|�."ùÙ¥�L5��

.k GMM-2B!MGS75D!MGS95J!MRO110B �"GMM-2B ´�!g� 80 �¥�¼ê

�.§§´d Goddard Space Flight Center(GSFC) )����"MGS75D!MGS95J Ú

MRO110B ©O´�� 75!95 Ú 110 �!g��.§§�Ñ´d Jet Propulsion Labora-

tory(JPL) )����"JPLÚ GSFC Jø�X��.�Ì�ØÓ3u¦�æ^
ØÓ�]

�!»(���.Ú­å|)��{µJPL X�lMGS95J m©æ^�»(���.´¦

�gC3 Pathfinder Oy¥¼�¿æ^L��.§
GSFC ��^�´ IAU �»(½��

.¶JPL X��.Ì�æ^�´õÊV]��ÿå]�§
GSFC � GMM-2B Ø
õÊV

]��|^
Mars Orbiter Laser Altimeter(MOLA) �êâ�å)�»(­å|"

du�8c��§MGS X��.´�¤õ��ä�L5�­å|�.��§�©ò±

§�~é»(­å|�)�ó�?1{��©Û"

3 êâ{09;�A�

��/§3éù
�1ìÿ½;�§Ñ¬|^ÿå]��õÊV]�§Ï�{LØO¬

�ÿåêâ�5XÚ�§¤±­å|)��Ì��´^õÊV]�§
ÿåêâ��3;�

½O��^5�#{L¥»(� �"Ïd�©éÿå]�Ø�0�"

3.1 S Åã;�êâ

3MGS �8�c¼��Ñ´ S Åã�êâ"XM9!VO1!VO2 �;�êâÑ´dV

§ (2-way)S Åã (2.1 GHz Ú 2.3 GHz) õÊV]�
¼�§Ïd@ÏGSFC � GMM-1[2]

Ú JPL �MARS50C[3] �­å|�.´dù
êâ)����"M9Ú Viking 3ó�Ïm

�� %Ç;�AO´&ÿìC»:NC¼��;�êâ§é­å|©EÇ�JpAO´é

)ûp�¥�¼ê�· y�Ekd�"
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L 1 MGS �?Ö�ã�¹VA

Ì��ã �m�� ;�A�

;�á��ã (AB1) 19971107–199803028

3Cÿ:pÝ�� 120 km?�;�

±Ïl 35.4 h ü� 11.5 h§²þC

ÿ:pÝ� 120 km§�ÿ:pÝl

45 000 km ü� 18000 km"

�Æó�;�

(SPO-1 9 SPO-2)

1998 c 3 � 28 F� 1998 c 9 �

.§Ïm�)� 1�� (4� 28F�

6 � 3 F) ����®Ü�ã§Ùm

/ - » - F�Ý�u 10◦

Cÿ:pÝ�� 170 km§��

93.78◦

§ %Ç 0.713 3§;�±Ï

�� 11.63 h"

;�á��ã (AB2) 1998 c 9 �.� 1999 c 2 �Ð
ò;�±Ïü�� 2 h§�ÿ:pÝ

�� 450 km"

­åÿþ;� (GCO)

1999 c 2 � 4 Fm©§��ó�


3 (Ï§Ù�?1�Ï 1 ���±ã

;�=��ã (MTP)

Cÿ:pÝ�� 380 km§��

92.92◦

§ %Ç 0.006 0§3��±

Ï� 2 h �Cq�/4;þ$1"

±ãÿþó�

(MAPPING)

1999c 3 � 29 Fm©§�Oy?Ö

(å§Ù�m©*Ð?Ö

Cÿ:pÝ�� 370 km§��

92.94◦

§ %Ç 0.008 4§;�±Ï

� 1.96 h"

±þ»(&ÿì�;�ÿþÌ�´d NASA ��&ÿ�ä (Deep Space Network§

{¡ DSN) �¤�"DSN �õÊVêâ°Ý��� 1 mm/s(1 min �È©±Ï) ½��

0.3 mm/s(10 min �È©±Ï)"

DSN ��¬Jø2Â�éØò´DÂÚ/¥>l�!é6�ò�K����&E"�


�Ø/¥é6��K�§DSNæ^
G!5²þé6����ª±~�Ùé 2 �õÊV

êâ�K�">l��K�ÏLBENT �ª [1] ?1��"���¹e§���lfN�K

�Ø�¶3��AO¹�Ú SEP(Sun-Earth-Probe) ��©���¹e§�lfN�K�â

é²w"�
;�vk�[���lfNé;�&ÿ�K�¤E¤�­å| �§3)�

MGS75D �.� VO1!VO2��k 3.5 ���êâvk�æB§Ù� SEP ��u 10◦"

3.2 X Åãêâ

MGS �89±��»(&ÿ�8� X Åãêâ3»(­å|�.¥u�
Ì��^"

�éu S Åãêâ§X ÅãêâU
Jp;��ÿþ°Ý§Ó�~�0��K�"3)�

MGS75D �§MGS � AB-1!AB-2 �ã�êâvk�æB§ù´Ï�3&ÿì^�ª�N

�L§¥�N
Ã�>&Ò3C»:NCêâ�¼�§
��du�í{åÚí?ì:»L

§¥�)�;��ÄJ±�["Ó�du SEP ��u 10◦§3��¬ÜÏm�êâ�üØ3

MGS75D �.	"

���Ï 4 ��� SPO-1 Ú SPO-2 ?ÖÏm§3�4/«¼��;�êâé�4/«

­å|4Ùkd�"ù
êâ3C»:pÝ�� 170 km§C»:�Ý3�� 65◦
∼85◦ �m

Cz§Ó�é²Ý�k'�Ð�CX"3MP!MTP ÚGCO �ã§MGSÑÂ8
$pÝ;
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3.3 ;�A�Ï�

M9 Ú VO1!VO2Ñ´� %Ç�;�"M9�;�±Ï�� 12 h§��� 64◦§ %Ç

�� 0.6§C»:pÝ��� 1 500 km"VO1!VO2 �;�±Ï�� 24 h"VO1 �;���

3Ù��?ÖÏmÑ� 39◦§ØLC»:pÝl 1 500 km C� 300 km§�A� %Ç�l

0.75 �mC�� 0.81"VO2 3�� 1 500 km �C»:pÝþ���3 55◦
∼75◦ ���SC

z
éõg§3 80◦ ���ÏmC�
êgC»:pÝ§©O´ 650!710!770!950 km§�

� 1977 c 10 � 23 F§C»:pÝC� 290 km"

�â©Û [1,2,3,7]§VO1 Ú VO2 3 300 km pÝ;�©Oé 50 �Ú 30 �±S�­å|

¥�¼êXêJø
kd��êâ§ép���K��X;�C»:�,p
~�"VO2�

800 km pÝ;�êâé 18 �±S��¯a§
VO1 ÚM9 � 1 500 km pÝ;�êâ==

é 11 �±S�êâk�z"

l;�Cz]�)�­å|¥�¼êXê§Ø=�6u�$�C»:pÝ��C»:�

 �k'"XJC»:�C»�/«§;�é­å|�÷/��K�'�¯a§3ü4/«

Ké$���K�'�²w [1]"

,��¡§du»(�±Ïg=$Ä (24.623 h)§»(­å|é&ÿì�;��ÄkN

�½���^ [1]§���±Ïl 1∼100 d Ø�"éViking 
ó§��Ì�5g­å|�$g

�¶éM9 5`KÌ�5góg�¶éMGS§3 SPO-1 Ú SPO-2 �ãÌ�´é�é�$�

óg�Ú'�AÏ�Ûg� (17 Ú 19) kK�"�kÙ¦��Ä�A�éMGS �;��)

K�§~X§3GCO ÚMP �ã§­å|Xê¥gêm � 38!50!63 ���3��
�)


���;��Ä§
3 SPO �ãgêm l 21 � 38 ��½�);����Ä"eæ^l

�áu 4 d �êâ§l�Ï��¥ÒØU¼�p�­å|&E§�duþã�áÏ��y�§

¦��±ÏLù
;���6Ä¼�p�­å|&E"

4 ­å|�.�(½

GSFC mu
�@ GEODYN/SOLVE ^�^u©Û1(;�êâ§XGMM-1[2]§Ó

��^u?n�X�/¥­å|�. (Goddard Earth gravitation Models, {¡ GEM)§X

GEM-9§GEM-12 �"GEODYN Jø
;�(½Úÿ/Æëêÿ½�õU"ÙåÆ�.¥

ò��!/¥!��ÚÙ¦1(±�:L«§Ó��)
d¥�¼êÐm�­å|�.§�

í{å!��1Ø����)3S"GEODYNÏL���¦{ÑÑØ�©ÛÚëê�O�

©�"SOLVE §S]Àd GEODYN �)�{�§)¤­å|Xê�)ÚÙ¦�.ëê§

2ò���­å|ëê�.Ñ\GEODYN �±�?�Ú��.í�©Û"


 JPL �k¦�gCïu�1(&ÿì½;^�ODP[8]§æ^í�²��&EÈÅì

(SRIF[9]) é�)­å|Xê3S���ëê?1\����¦)�"
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»(���.´Jp»(­å|)��J�7L­:�Ä�Ï���"±MGS75D

�~§;�êâ3±»(�%�¥%!J2000.0 �/¥²»�ÚS©:½Â�.5�IX

¥L«§Ó�æ^
 IERS � ICRF93 U¥ë�eÚ ITRF93 /�ë�e"»��IXd

IAU1991 �.½Â§��!��Ú1(�{Læ^�´ JPL DE405 {L§»¥�!��{L

æ^�´ JPL MARS033 {L"

4.1 åÆ�.

éu�¥/�»(§ÙÚå³U�±^¥�¼ê3�A�N��IXeÐmL« [10,11]µ

U (r, ϕ, λ) =
GM

r
+

GM

r

∞
∑

l=1

l
∑

m=0

(ae

r

)l

P lm(sinϕ)
[

Clm cosmλ + Slm sinmλ
]

, (1)

C lm =

[

(l − m)!(2l + 1)(2 − δ0m)

(l + m)!

]1/2

Clm ,

Slm =

[

(l − m)!(2l + 1)(2 − δ0m)

(l + m)!

]1/2

Slm ,

Ù¥§Clm!Slm =­å|�.¥���¥�¼êXê§®²LAÏ�8�z?n§P lm �

��ë�V4�Xê§ae �»(²þ»��»§r!ϕ!λ ©O�&ÿì�»�ål!�Ý!

²Ý"

é¥�¼êXêæ^þãAÏ�8�z?n´�
¦XêØL©/�6um§=éÓ�

� l§ØÓgm Xê��m��Ø¬�]Ï"Ï~ò�I�:���»(�%§¤±Ù¥�

¼ê 1 ��� 0"

du¥(Ônëê���É�ÃXnN�Ä¯K!��1ØÚ�í{å��K�§¤±

3äNïá­å|�.�L§¥���Äù
¯K�K�"

(1) énN¯K�Ä�?nÏ~æ^Úî�:�.§O���!�1(Ú»(�¥(�

é�1ì;���Ä�z"�±ònN�Ä¯K©¤üÜ©µ�����A§́ �ÄN��

é;�ì�K�¶�´m��A§́ d�ÄNé»(�%�K��¤"3¥(��(e:�§

���AÓ|�/ ¶�ÃØÛ�§m��AÑòK��;�ì��1"

(2) d��!/¥!»(!7(Úå�2Â�éØ�Ä�A�I��Ä"

(3) ��1ØÚ�í{å�K��¥(�^�9Ù�Ý�����'§Ó��I�¥(

�N (¹��UÊ�)�ó§&EÚg=&E"��1Øé¥(�K��©�üÜ©µ���

�1Ë���é¥(�K�§��»(L¡é��1Ë����±9»(9åÆË�é¥(

� (m�) K�"���A�O����Xêk'§§������ 1∼2§Ì�d;�ìL¡

á��1Æ5�û½§Ï~3z��;�lãÑéù
Xê?1)�¶m��A�O��±

ÏL¥�¼ê�.��§ù�Ü©�[SN�ë�©z [12]"Ï�»(�í'�D�§�í

{åÄ��é;�pÝ�u 800 km �lãkK� [1]"�O���1Ø����Aaq§�

í{å�O��{åXêCD k'§Ï~3z��;�lã©O��CD§�,��±k�

½��k��§~X§éM9 &ÿÏm�;�§Balmino�< [13] b�Ù� 2.14"

(4) �1ì�
C;½N�^�
?1��»ÚÄþÓ�13½;¢�¥´���~(
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J
'��¯Kµ�´;�ØëYØ|u�lã½;Ú­å|)�¶�´¢�þ~~"�þ

ãÄ��ó§&E¶n´=¦k¿©�ó§&E§�J±°(�["

(5) ,	§���Äd��Ú»¥Úå�»(�N�"3)�MGS75D �.�§�»(

�N�N��âÅêK2 = 0.14[1]§�,��±òK2 \\�)ëêÝ
Ó��å)�"

4.2 k��å

3½;ó�½|^;�]�ïÄ­å|�§Ï~I���ë���¥­å|&E��Ð

©�."±MGS75D �~§§æ^MGS75B ��Ð��."
¼�MGS 3 GCO Ú MP

�ã�êâ�c§Ï�M9!VO1!VO2 ±9MGS � AB �ã�c�êâvkJø���

�mCX9�A­å|&E§�
¼�p�g­å|�.ÒØ�ØA^k��å"Ï~A^

Kaula OK [10]§r��åz�¥�¼êXê0u 0 Ú�Ø½þ�m"A^k�^��å�±

é3ë�¥¡ (r = ae) þ�»�\�Ý9Ù°Ý�Ñ�O
[3]"

3ë�¥¡ (r = ae) þ§é1 l �Xê§»�\�Ý (al) �µ

al =
GM

a2
e

(l + 1)

l
∑

m=0

P lm(sinϕ)
[

C lm cosmλ + Slm sinmλ
]

. (2)

�
�N��g­å|é�1ì\�Ý��z§�±�	3��¥¡þ\�Ý al �õÇÌµ

(al)
2

rms =

[

GM

a2
e

(l + 1)

]2
1

4π

∫ 2π

0

∫ π/2

−π/2

[

l
∑

m=0

P lm(sinϕ)(C lm cosmλ + Slm sinmλ)

]2

dϕdλ .

(3)

|^¥�¼ê���5§kµ

(al)
2

rms =

[

GM

a2
e

(l + 1)

]2 l
∑

m=0

[

C
2

lm + S
2

lm

]

. (4)

A^ Kaula OK§=�¦













l
∑

m=0

(C
2

lm + S
2

lm )

2l + 1













1/2

= K/l2 , (5)

Ù¥§éu»(§K 3ØÓ©z¥��ÑkØÓ"3©z [13] ¥§�K = 13 × 10−5[13]"

� l ≫ l �kµ

(al)rms =
GM

a2
e

K
√

2/l . (6)

é»(�µ

(al)rms = 68.35/
√

l .

þª=3Kaula OKe§3»(L¡þ�\�Ý/&Ò0(�éuD(
ó�)�­å|Xê

�g� (©�) 'X"
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�¤þ¡�ó��§2UY3»(L¡þ�	\�Ý a �°Ý (½ö`Ø�) �­å|

Xê�g�'X§½=Ø�'u�g�©��¹"

l1 2 �1 l �­å|Xêé\�ÝØ��o�z�±L«�µ

σ(a2,l) =
∂aT

2,l

∂G2,l

COV (G2,l)
∂a2,l

∂G2,l

, (7)

Ù¥ G2,l ´d�ê [2, l] �¤k­å|Xê¤L«��¥þ§COV (G2,l) ´§��A���

�Ý
§�±ò§n)�µé,��vk�\�å�­å|�.¤kXê (o��ê� n§X

75!95 � (§�u l)) ����Ý
���f8"¥¡þ�/�\�Ý�éu1 l �1m g

Xê� �ê´��'u²ÝÚ�Ý�¼ê§äN�±L«�µ














∂a2,l

∂C lm

=
GM

a2
e

(l + 1)P lm(sinϕ) cosmλ

∂a2,l

∂Slm

=
GM

a2
e

(l + 1)P lm(sinϕ) sinmλ

, (8)

1 l �­å|Xêé\�Ý a �Ø��z σ(al)§�±L«� [2, l] �¤kØ�Ú

�[2, l − 1]�¤kØ�Ú��§=µ

σ(al) = σ(a2,l) − σ(a2,l−1) . (9)

­å|�å^��Ä��n´µ�­å|�.���ê� n§�­å|�/DÑ0�L/&

Ò0�§Òr�ù
/DÑ0Ü© aD,n(=pu½�u,��D ±þ�¤k (lD � n) ¥�

Xê�é\�Ý a ��z) ªCu 0§�#N§�k�½�Ø�§=Ù��±3T°Ý��

S2Ä§
ù����Cq�uýÏ�3 (½nØþATäk) � [D, n] �¤k¥�Xêé

\�Ý a ��zµ

aD,n =
GM

a2
e

n
∑

l=D

l
∑

m=0

(l + 1)P lm(sinϕ)(C lm cosmλ + Slm sinmλ) . (10)

þ¡ù��å��ué­å|�.�[�)��*ÿS�"Ù�5*ÿ�§�µ

zi = Aix + vi , (11)

zi ´�*ÿþ�nØO��Ú*ÿ���§Ù¥§*ÿ�®��å��� 0§
nØ�´l

,�½­å|Ð��.�½��Xê�\ª (10) O����I¡�"x´��Oëê (=�

éu­å|Ð��.¥k'Xê�U�) ¤L«�¥þ"vi ´*ÿØ�"Ai = aD,n �éu

�Xê� �êµ

Ai =
∂aD,n

∂G
, (12)

Ù¥§G ´¤k�)­å|Xê|¤�¥þ"Ï�T�å?Ø��Æ´�élD � n ��

­å|Xê§��Xê��ê�uD �§- Ai �u 0§
��ê� [D, n] � Ai ��dª

(12) (½"
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,�§Ò�±|^Householder C�òù
d�å�)�J[�*ÿ\\Ù§�\�å

�­å|²��&E (square root information)§���å�­å|�OÝ
 x§

x = [COV (G)−1 + AT WA]−1[COV (G)−1xnoap + AT Wz] , (13)

COV (G) ´�\�å^��­å|Xê���Ý
¶A´ �êÝ
§�1��*ÿþ¶W

´d�¼ê|¤�é��Ý
¶xnoap ´�\�å���­å|XêO��¶z Ò´þãª

(11) �)��[*ÿ¥þ"#��å���Ý
P �µP = [COV (G)−1 + AT WA]−1"

4.3 )�­å|��{

3¢S)�­å|�.L§¥§nÜ�lã*ÿ�é­å|Xê� �êÝ
§3k

�^���åe§?1­å|Xê�)�"8c§GSFC Ú JPL ©Oæ^ü«ØÓ��{

(½»(­å|§cö (X GMM X��.) æ^U?��\k��å����¦{§�ö

JPL(XMGS75D)æ^.�KF¼ê�{"e¡0�cö��{§
�öäN�� [1]©z"

4.3.1 ���¦{Úk��å

§ò&ÒÚ²L�å�D(ÏLØÓ��­ÏféX3�å�	§2²L���¦{¦

)§Ïd§¢�þ´�«U?.����¦�{§=-/&Ò0Ú/DÑ0�Ú��z [14]µ

Q =
∑

l,m

C
2

lm + S
2

lm

σ2
l

+
∑

i

∑

obsi

r 2
ik

σ2
k

fk , (14)

�ªm>1�¦Ú�¥�©f´&Ò�§Ù¥C lm!Slm ´�)þ"ëê σl = 13 × 10−5/l2

´1 l �Xê� rms§= 4.2 !¥ª (5) �K/l2"1�¦Ú�¥�©f rik =D(�§§´1

k �;�êâ8 (XØÓ�1ì�]�!ØÓ*ÿlã�]�!ØÓ*ÿa. (Xü/V/n§

Doppler!ÿå!VLBI ÿ��) �]�) �1 i �*ÿ��*ÿí�"σk ´1 k �;�êâ

8�*ÿí�� rms§��§§���ukcÏL�å�½�êâk�°Ý"fk ´�
Ö�

1 k �;�êâ8S���.z�Ø��A
���aq�Ïf��OXê§ÏL§�±²

ïØÓ«a!ØÓlã*ÿêâ�m��­§n��¹e§eXDÑK fk = 1¶��§ÃD(

�=@�®�Ü�.z
§K fk = 0"Ï~��{´���OnÜ��­=wk = fk/σ2
k"

,�é±þ�Q $^���¦{§){�§Nx̂ = R"Ù¥§x̂ ´�¦�)§N ´{Ý


§R ´dí�|¤�¥þ"�� - ���Ý
²L�­U���/ª�µ

V = N−1 , N =
∑

wkNk , (15)

Ù¥§Nk ´{Ý
¥d1 k �;�êâ8|¤�Ü©"e k = 0§éAu�\
Kaula k�

Xê�å�@Ü©{Ý
N0§�A��­ w0 �� 1"

ª (14) ¦­å|Xê²LKaula OK�å?n��&ÒÜ©Ú\�?nL�DÑÜ©

�Ú��z§T?n�{q��/��0{ (collocation) ½/­#©�0"������¦{

�´¦DÑ��z§�3d©?Ø)�­å|�Ï��p��'5
Ã{©lp�Xê¶


�p�XêJ±)��§T�{��ÙªCu 0"
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4.3.2 êâ��ÚØ��O

4.3.1 ¥ª (14–15) ���ÚØ��O´ÏLf8) (subset solution) �±¢y� [15,16]§

´��S�L§"ò����) C ¥���Ì�êâ8 k GØ���f8) Ck§§��

­ wk ÏLé w′

k =
wk

K2
k

ªS�(½��#�½�ª��­w′

k§��Kk Âñ�ÙnØ�=

1(é¤k� k)"ù�Kk =eª�Ø��OÏfµ

‖∆Ck‖ = Kkσ(∆Ck) , (16)

Ù¥§

‖∆Ck‖ =
{

∑

(C − Ck)
2
}1/2

, σ(∆Ck) =
{

∑

(σ − σk)
2
}1/2

. (17)

þª¥§σ2
k Ú σ2 ©O´1 k �f8)Ú�)���§¦ÚÒ´é¤k¥�Xê�"Ï

�ª (15) ¥�Ø����==´��Cq§¤±éØ�
ó�OÏfKk ´7I�"

XJü�)´d��Õá�êâ���§Ké,ü��Xêëê§ü�)÷vµ

E(C − C)2 = σ2 + σ2 ; (18)

��/§XJêâ�f8)��i\u�)¥§=��ØÕá§Kµ

E(C − C)2 = σ2 − σ2 . (19)

5 ­å|Ú//�'�©Û

ÏLé­å|Ú/L//Æ?1'�ÚïÄ§�±�\/
)1(SÜ(�"~X§Ï

Ll//¥�lÚå&Ò§�±
)1(SÜ (��L�ñ��)��ÝÉ~§Ó��±�N

L¡//�åÆÖ�Å�§Jø1(ñ��AåÚåÆ�A�&E"

l(1-1pÝO (MOLA) ÿþêâ�±�Ñ»(//�.§X MOLA70SH �

.[17]´���g� 70 �»(//�.§§��þïÖ�§=b���»(�²þ�Ý�

3.95 g/cm3§
L��ÝÚ�� 2.9 g/cm3"

ÏLéæ^ GCO Ú MP êâ� MGS ­å|�.�//Æ�. MOLA70SH �'�

uy [1]§3$�Ú$g�G�ek�r�Uþ�A§ù`²»(//é­å|��ÅÜ©

´Ö��"­å|�.l 20 �m©ÚMOLA70SH k�r��'5§��­å&Ò3;�

&EpPfÚêâ· y�u)�âC�Ø²w"�=�Ä�pgm �� (l − m ≤ 10)

�§MGS75D �.¥�¤k�ê l $u 70 �¥�XêÑÚ//kér��'5"ù«�'

53$���ÅÄCzé�§Ù/¥Ôn�Ïé���\ïÄ"

MGS75D �.�//�B¼ê (topography admittance function§=^//CþIOz

�­åÚ//�p��) �éÙ§�.�X��O�
k²w�Cz"é¤k�. 4 � 13

��B¼êÑé�§̀ ²3//¥ù
Å��Uþ�õ"�¥²þ5�Airy Ö�3 100 �
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400 km �Ý´¥�Å�"���L 60 �§�¥5�//�B¼ê²wP~§L²­å|�

//�m"�r�'5§AO´ù
��$g�"

l�êÚUþ��'5©Û��§éuMGS75D �k�u 60 ���âé­å|�k�

^�¯a"

6 »(­å|��C5

±c�ªuL�»(­å|�.Ñ´·��"du»(�í¥�CO2 �XG!5�e

vÚ,u§u)�¥5��ºÝ�6§���í��/¡u)�þÚ�Äþ���"du´

�¥ºÝ�§§é­å|�K��Ì�8¥3�Å©þ=$��"

3/¥þ§Ø
÷»��Ý�u)��¥5�í�6�	§H�ü4þ���í��»

�/«©Ou)é6§=3H��¥��3���íÌ�"�dØÓ�´§3»(þ§�í

�¤©¥� 95% ´ CO2§�Xí§�±cCz§»(ü4XX�ev�,u�¦�»(�

íu)±cÌ�§�§Ì�´3H�ü4�m��¥5Ì�§
Ø�/¥þ�3ü��¥Ì

�"ù«�þ��?
¦»(­å|Ú»(g= (�)F�!4£!��ÚÙÄ)Ñ�)
G

!5�Cz"3»(þ�ù�A:¦�»(�íé­å|�±cCz�z�/¥þ�ØÓ§

�N3ØÓ���ÚX��Xêþ"

MGS 1�g��ÿ½
»($� (�Å�) ­å|Xê��C"Smith �< [18] |^

MOLA �-1ÿp]�uy»(H�ü4XX (���þÝ) �cÝCz´���§XXþ

Ý�Cz¥�5§
���Ý�O\
O\"

du MGS �8�^|(å§ÚMGS!MEX!Mars Odyssey!MRO �¥(;�ê

â��UA^§§��½;°ÝÑ3�?þe§ATU
�NÑù«�íé­å|

Cz��z"éù
]��O�L²§­å|��mCzùÜ©Úå¥(;��C

zþ(¢®��$��Léù
�1ì�;�(½°Ý§l
�±�*ÿ�§X§l

MGS[18,19,20]!MGS+Odyssey[4,21]!MGS+Odyssey ¦ MRO[5] ��l]��Ñ®��»(

­å|��mCzùÜ©�$����Xê"

ù
�C­å|�)®�¹kG!5�þCz�§§��»(�¥�íÌ�ê��.

(GCM) ÚÙ¦�¢� (X γ ��1Ì) ïÄ�(JU�Ð/��§�cö�°Ý�ØU
©

EÑØÓ�G!5 CO2 Ì��.�m��O"
»(�í�Ì��»(>l�!�m^|

��m�¸���'§�ö��´YH-1 Oy�­:ïÄSN"Ïd3 YH-1 ÿþ�ïÄ»

(>l�!�m^|��m�¸�Ó�§|^;�]�©Û­å|9Ù�C5�±�cöJ

øk¿Â�ë�Ú�å"

yk)�$����Xê�ó�Ì�kü«�{"�´���ê�){ (X GSFC)§=

©Ûz�lã�;�]�§�½�¥5�ëê§��)���$����Xê§l
��§

��lã�Cz [18,19]"�´aq6Ä©Û�{½ö`´�üO��{ (X JPL)[4,5,20]§=k

b��½���íÌ��.§�üO�Ñ§é»(­å|�6Ä§Ó�­#©ÛMGS �;
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��ê9Ù�ÏCz{¤ (X dΩ/dt§dω/dt§de/dt§dI/dt)§|^ù
;��ê��ÏCz§

�±)�Ñù
$����Xê [4,5,20]§Ï�é4;¥(§l/¥þw��;�õê´¡�

*ÿö§ù�Ò�N´½Ñ Ω̇",�Ò�±'�©Û�íÌ���z�­å|$����C

z�'X"�ù�����Ì�¯K´µù
)�Ñ�$����Xê�´�5|Ü��o

�A§½=Å�� (lumped)"

­å|¥Û��Úó����Xê��m�CzÌ�´du»(ü4XXcÝ��þ

CzÚå� [22]"­å|��Xê�Cz�±ÏL J2 Ú J3 �±ÏCz5�N
[4]µ

J2 = J2,0 +

4
∑

j=1

[

J2,Cj cos(j(l′ − l′0)) + J2,Sj cos(j(l′ − l′0))
]

, (20)

J3 = J3,0 +

4
∑

j=1

[

J3,Cj cos(j(l′ − l′0)) + J3,Sj cos(j(l′ − l′0))
]

, (21)

Ù¥ l′0 ´,Ð©ë�{��»(²?:�§X Konopliv[4] � 1999 c 1 � 1 F� l′0 =

187.83◦"3ù�{�e§S�¥ÓÌ�/ �±c (Ñ�»(c)�´ J3,S1§'�
ó§Ù§

�Xê�Òé�"lþª�±w� J2 �L
¤kóê���Xê§
 J3 �L
¤kÛê�

��Xê"

Konopliv[4] �Ñ§ó��Xê��ÏCz´Û��Cz�ü�§J2 LyÑ²w�cÝ

Ú�cÝCzª³"�k���Xêé�ÏCzkK�§
����Xê�éáÏ�kK

�"J3 �G!5Cz)�D(�VØ� J2 ��©��§§�ÑÌ�5g¥(ÄþÓ�1

(angular momentum desaturation§AMD) �Z6"J3 �G!5CzÌ�dH�4XX�þ

�ØÓ¤Úå§¤± J3 �G!5CzÌ�d���±c�û½"
 Kono pliv[5] �Ñ§Û�

����CzÌÝ'ó�����p 20%"

X��Xê�CzÌ�´Ï�XXÚ//�Øé¡©ÙE¤� [4]"C21 Ú S21 �G!C

z�N
Nõ²w��A§~X§ü4XX�þ�Øé¡©Ù!»(L¡½��éu^=¶

�Cz±9�
vk�[L��A§XµG!5�ìÇ�Øé¡Cz"C21 �cÝCz�±

��� 2 × 10−10§Ó��Ú J3 �3²w�'"J3 ����Ú C21 ����Ñu)3��

²Ý Ls = 180◦ NC"
 S21 ²w�u C21§Ù���3 Ls = 230◦ ?"4£±cCzéC21

Ú S21 �K������ 10∼30 mas[23]"�´du±c5�þ©Ù�K��4£Cz¤�

)�K��m�±Ü©-�§¦�*ÿ��C21 Ú S21 �CzÌ��N�´C41 Ú S41 �ó

êp��g�¤�L��þ�­#©Ù¤Úå��A"

,	§¥(ÄþÓ�1 (AMD) �AÚ�
�Äå��[O(�Äé�C­å|�ïÄ

k­��K�"Konopliv �< [4] ÚMarty �< [21] Ñ�Ñ§é���XêG!5Cz
ó§

ÃØéMGS �´ Odyssey§J2!J3 �G!5Cz�AMD �A��.Ñk²w��'"é

»(­å|�CA��kd��êâ´ 2001 c 9 ���MGS êâ§Ï� AMD l 1 U 4

g~�
 1 U 1 g"

,��é���XêG!5CzkK��Ï�´�í{å�A��[§Konopliv �

<[5]3)��í{åXêCd �§�~�Ð�� 2.0§ék����å�� 2.0§�´XJ�t



232 U © Æ ? Ð 30ò232 U © Æ ? Ð 30ò232 U © Æ ? Ð 30ò

ék����å§òk��å�� 4 �§��� J3 �G!5)ò¬O�±5 × 10−10"

Ó�§»(L¡�ìÇ (albedo) éX�� C21 Ú S21 �G!5Cz�)���'­

�[4]"¤±§3)�»(�C­å|�§I��\[��é�Ä�A��["

é�C­å|)��,��¯K´§J2 �G!5Cz)�(J°Ý' J3 $����Ï

´��VÅêK2 ��)cÝ��cÝ�±Ï5Cz
[4,21]§
ù�Cz� δC20 �Cz�U

Ó�§¤±�°(ÿ½ δC20 �Cz§7LÓ�)�K2 �Cz§ù� δC20 � K2 Cz��

'5�U��üö�)�°ÝÑC�"

7 �3�¯KÚéD»�Ò�Ð"

YH-1 Ò�Oy´3 2009 cuMi�d"~uã�u�|ÏL/Uº0$1»�u�

�»(§�´��Ï�Eâ�Ï��Oyí´� 2011 c 11 �"YH-1 ­ 115 kg§§ò��

Ûd Phobos- Grunt &ÿì�Ó� »("3?\»(Úå|��§�Phobos-Grunt ©l§

?\���7»(^=��ý�;�"Ù;��� 21.8◦ Ú 36.0◦(�üÏ§�Oy�u 5◦)§

;�±Ï� 72 h§�»:� 80 000 km§C»:� 800 km§ %Ç� 0.9"d�§YH-1 ò3

ù�;�þ$1 1 c§mÐo��¡��ÆïÄµ&ÿ»(�m^|!>l�Úâf©Ù9

ÙCz5Æ§&ÿ»(�ílf�<ºÇ§&ÿ»(//!/mÚâ��§&ÿ»(­å|"

lc¡�0���§yk�»(­å|�.Ì�5gMGS 9�þ�Ù§»(&ÿì

(M9!VO!MEX!Mars Odyssey ÚMRO �) �;�Úÿp]�"§�õê´4;�¥(=

���C 90◦§)��­å|p�����Ó�óê½Ó�Ûê�$����XêY,3�

å
J±©l§=¤¢�Å�y� (lumped)"le¡�éuC�!4;¥(�;�,�:�

²��ÏCz (dΩ/dt) L�ª¥�±wÑ [4]§

1

n

dΩ

dt
= − 3

2
cos i

∑

n=2,4,···

(

Re

a

)n

fnJn − 33e

8

∑

n=3,5,···

(

Re

a

)n

gnJn+

3

2

∑

n=2,4,···

(

Re

a

)n

gn1Cn1 sin(Ω − W ) − 3

2

∑

n=2,4,···

(

Re

a

)n

hn1Sn1 cos(Ω − W )

(22)

3�§�m>Ã�¥§���Xê J2(J3) �Ù§ó (Û) ����Xê�5|Ü¤��§

=l dΩ/dt )���� J2(J3) ���¹kÙ§ó (Û) �����&Ò"

Ïd§)ûù�Ï�ü�;�
Ñy�Å�¯K§�±ÏL\\,	ØÓ��!ØÓ 

%Ç�;�êâ"þ�!�J�§­å|�ó�����±lΩ ��ÏCzÿ½§
 e, ω �

�ÏCz��±^5ÿ½Û����"~X [4]§

1

n

dω

dt
= −3

4

∑

n=2,4,···

(

Re

a

)n

gnJn +
3

8e

∑

n=3,5,···

(

Re

a

)n

fnJn , (23)

l dω/dt �úª¥�±uy§éC�;� (e é�)§Û� Jn é ω̇ ��z'ó� Jn �éõ§

XMGS§e ≈ 0.01§J3 ��z��´ J2 � 60 � (b� Re ≈ a)"l
�±�p©l"
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,	§é�MGS �a�äkp��Ú� %Ç�;�§k [25]µ



















dΩ

dt
= −3

2
n cos i

(

R

a

)2

Ceven

dp

dt
+ iω0p = −3

2
n sin i

(

R

a

)2

f3Codd

, (24)

Ù¥§p = e × exp(−iω)§n ´¥(;�$Ä²þ��Ç§ω0 = 3n(R/a)2f3C20§a ´;��

�¶§R ´»(»��»"Xê fn d�� I û½§

Ceven = f2δJ2 + f4δJ4 + · · · ,

Codd = a/f3(f3δJ3 + f5δJ5 + · · · ) ,

f2 = 1 , f3 = 1 − 1.25x , f4 = 0.625(R/a)2(7x − 4) ,

f5 = −0.3125(R/a)2(8 − 28x + 21x2) ,

Ù¥ x = sin2 i"

�[O� [25] L²§Ø
MGS a.�;�	§e\\,����� 50◦ �m�;�]

�§�±Jpéó��Xê�¯a5§Ó�Ï� f4 ≈ 0§l
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�

�� 40◦!63◦!73◦ �m�;�éÛê�����m�©l�k²w��Ï"
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�U�6(þ����­½¬� (USO) �ü§õÊVÿþ"U{INASA � DSN �l

MGS�²�§XÅã (7.9 GHz)�V§½n§�õÊVÿþ°Ý���0.06 mm/s(10 sÈ©

±Ï)"
MGS �ÿå°Ýl 20 cm � 4 m Ø� (�/ - » - F�é �k')"@Ï§Yuan

�< [1] Ú Lemoine �< [6] (½MGS ;��SÜ°Ý (=lã­Uµ½{) 3»�!÷,

Ú;�{�n���þ=�©O�� 1 m!10 m Ú 3 m"²L]��È\§Konopliv�< [4]

|^C 9 a �MG S ]�§U?�. (Ì�´»(g=�.!ÄþÓ�1AMDs!¥(Ê��

��Ë�ØÚ�í{å�)Ú�{�§(½MGS ;��SÜ°Ý3»�!÷,Ú;�{�

n���þ©OJp� 15 cm!1.5 m Ú 1.6 m"

V§½n§õÊVÿþk/¡þp°ÝÚp­½Ý��¨|±§�´ü§õÊVÿþ�

U�6u(1USO �°ÝÚ­½Ý"
duUSO ����Ï¤£Ú9§�A§ü§õÊV

ÿþÏ~'V§½n§õÊVÿþ°Ý��ê�$� 1∼2 �êþ?"
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þ°U©�3 2010 c 3 �é YH-1 (1¬� A2 �
ÿÁ§3 100∼1 000 s �È©

�ãS§ÙªÇ­½Ý�� 1 × 10−12§�A/é X Åã&Òÿþ�Ø��� 8.4 mHz ½

0.3 mm/s§XJëYÿþ±Y 8 h ±þ§KªÇ­½Ýòeü��u 1 × 10−11§�A/é X

Åã&Òÿþ�Ø��� 3 mm/s[26]"
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On the Mars Gravity Field Models and Prospects of

“Yinhuo-1” Mission

HE Zhi-zhou1,2, HUANG Cheng-li1, ZHANG Mian1

(1. Shanghai Astronomical Observatory, Shanghai 20030, China; 2. Graduate University of Chinese

Academy of Sciences, Beijing 100049, China)

Abstract: The detecting history of the Mars gravity field, obtained data from various

spacecrafts around the Mars and their orbital characteristics are reviewed in this paper; in

particular the Mars Global Surveyor (MGS) mission, the most successful mission for the Mars

gravity field so far, is described. The related issues in the determination of the Mars gravity

field model are introduced. These include the dynamic model, three-body perturbation

problem, the solar radiation pressure model, and atmospheric drag model. The issues on a-

prior constraint, and the algorithms of solving the gravity field coefficients are introduced in

detail, including the methods of improved least square and a-prior constraint used by GSFC

as well as their experience in weighting and error validation. The results of the Mars gravity

field are further discussed, by comparing the Mars gravity field and the topography. The

attempts to detect and study the time variation of the Mars gravity field are also described.

Finally, some problems in the determination of the Mars gravity field are discussed. The

planned first Chinese Mars mission-“YinHuo-1” (YH-1) satellite, though failed at the time

of completion of the paper, is briefly introduced with emphasis on its contribution for the

study of the Mars gravity field.

Key words: Mars; gravity field; “Yinhuo-1”


