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ABSTRACT 

6SDFH� GHEULV� ORQJ�WHUP� RUELW� SURSDJDWLRQ� LV� RQH� RI� WKH�

PDLQ�SUREOHPV�IRU�WKH�VSDFH�GHEULV�HQYLURQPHQW�PRGHOV��

7KH�HYROXWLRQ�RI�VSDFH�GHEULV�LQ�ORZ�(DUWK�RUELW��/(2��

LV� GHWHUPLQHG� E\� D� FRPSOH[� LQWHUSOD\� RI� GLIIHUHQW�

SHUWXUEDWLRQV��7KH�DLP�RI�WKLV�SDSHU�LV�WR�LQYHVWLJDWH�WKH�

ORQJ�WHUP�HIIHFWV�RI�WKH�PRVW�GRPLQDWLQJ�SHUWXUEDWLRQV��

(DUWK� JHRSRWHQWLDO� HIIHFWV�� DWPRVSKHULF� GUDJ�� OXQL�VRODU�

SHUWXUEDWLRQV� DQG� VRODU� UDGLDWLRQ� SUHVVXUH�� 7KH�

DWPRVSKHULF� GUDJ� LV�WK H� PDMRU� QRQ�JUDYLWDWLRQDO�

SHUWXUEDWLRQ� LQ�/(2��7K LV� DUWLFOH�S URYLGHV� DQ� DYHUDJH�

PHWKRG� RI� QXPHULFDO� LQWHJUDWLRQ� RQ� RQH� UHYROXWLRQ� IRU�

URWDWLQJ� DQG� VWDWLRQDU\� DWPRVSKHUH�� DQG� WKHQ� RQH� FDQ�

PDNH� XVH� RI�YDULRX V� DWPRVSKHULF� GHQVLWLHV� WR� FDOFXODWH�

WKH� RUELWDO� HYROXWLRQ�� 8VLQJ� WKLV� PHWKRG�� ZH� KDYH�

DQDO\]HG� WKH� HIIHFWV� RI� URWDWLQJ� DQG� VWDWLRQDU\�

DWPRVSKHULF� GUDJ� SHUWXUEDWLRQ� RQ� RUELWDO� OLIHWLPH�� 7KH�

UHVXOWV� VKRZ�WK H� HIIHFWV�RI� VRODU� DFWLYLW\� DQG�

JHRPDJQHWLF�LQGH[�RQ�RUELWDO�HYROXWLRQ�DUH�REYLRXV��7KH�

OLIHWLPH� GLIIHUHQFH� LQ� URWDWLQJ� DWPRVSKHUH� LV� PRVWO\�

GHSHQGLQJ�RQ�LQFOLQDWLRQV�RI�VSDFH�GHEULV��

1 INTRODUCTION 

7KH�LQFUHDVLQJ�QXPEHU�RI�VSDFH�GHEULV�LQ�WKH�ORZ�(DUWK�

RUELW� �/(2�� UHJLRQ� UDLVHG� D� TXHVWLRQ� RQ� KRZ� WR� DYRLG�

WKH�ULVN�LPSRVHG�E\�WKH�REMHFWV��,W�LV�WKHUHIRUH�QHFHVVDU\�

WR�EXLOG�D�PRGHO� IRU�GHVFULELQJ� WKH�GHEULV�HQYLURQPHQW�

>�@��6SDFH�GHEULV� ORQJ�WHUP�RUELW�SURSDJDWLRQ� LV�RQH�RI�

IXQGDPHQWDO�SUREOHPV�IRU�PRGHOLQJ�WKH�HQYLURQPHQW�>�@��

7KH� RUELW� RI� VSDFH� GHEULV� LQ�WKH � (DUWK¶V� DWPRVSKHUH� LV�

DOVR� DIIHFWHG� E\� WKH� SHUWXUEDWLRQ� IURP� JHRSRWHQWLDO�

HIIHFWV�� DWPRVSKHULF� GUDJ�� OXQL�VRODU� SHUWXUEDWLRQV� DQG�

VRODU� UDGLDWLRQ� SUHVVXUH�� 7KH� (DUWK� JUDYLW\� KDUPRQLFV�

PDNH� WKH� VHPL�PDMRU� D[LV� DQG�HFFH QWULFLW\� YDULDWLRQ�

SHULRGLFDOO\�� DQG� WKH� ULJKW� DVFHQVLRQ� RI� WKH� DVFHQGLQJ�

QRGH� DQG� DUJXPHQW� RI� SHULJHH� DOWHUDWLRQ� V\PPHWULFDOO\�

>�@�� 7KH� OXQL�VRODU� JUDYLWDWLRQ� LV� UDWKHU� VPDOO� LQ� /(2�

DQG� UDGLDWLRQ� SUHVVXUH� HIIHFWV� PDNH� JUHDW� LQIOXHQFH� WR�

GHEULV�ZKLFK�KDV�KLJK�DUHD�WR�PDVV�UDWLRV�>���@���

7KH� RUELWDO� GHFD\� RI�VSDFH � GHEULV� LQ�WKH� /(2� DOPRVW�

HQWLUHO\� GHSHQGV� XSRQ� WKH� DWPRVSKHUH�� 7KH� LQWHUDFWLRQ�

EHWZHHQ� GHEULV� DQG� XSSHU� DWPRVSKHUH� LV�Y HU\�

FRPSOLFDWHG� DQG�L QVXIILFLHQWO\� VWXGLHG�� HVSHFLDOO\� WKH�

URWDWLQJ�HIIHFWV��7KH�LQWHQVLW\�RI�VRODU�UDGLDWLRQ�IOX[�DQG�

WKH� YDOXH� RI� WKH� JHRPDJQHWLF� LQGH[� DUH� DOO� LPSRUWDQW�

IDFWRUV� IRU� DFFXUDWHO\� HVWLPDWLQJ� WKH� SHUWXUEDWLRQ� RI�

DWPRVSKHUH� >�@��7K LV� SDSHU� SURYLGHV� DULWKPHWLF�IR U� WKH�

ORQJ�WHUP�RUELWDO�SURSDJDWLRQ�RI�VSDFH�GHEULV�LQ�/(2���

2 ORBITAL PERTURBATIONS 

7KH� FRPSRQHQWV� RI� WKH� SHUWXUELQJ� IRUFH� SHU� XQLW�PDVV�

DUH�GHQRWHG�E\�8 �� �DQG�: ��ZKHUH�8 �LV� DORQJ� WKH�

GLUHFWLRQ�RI� WKH�YHORFLW\�YHFWRU��1 �LV� SHUSHQGLFXODU� WR�

�DQG� LQ�WKH� RVFXODWLQJ� SODQH� RI�WKH� RUELW��: �LV�

QRUPDO� WR� WKH�RVFXODWLQJ�SODQH��7KH�RVFXODWLQJ�SODQH� LV�

GHILQHG� DV�W KH� SODQH� FRQWDLQLQJ� WKH� GHEULV¶V� YHORFLW\�

YHFWRU� DQG� SDVVLQJ� WKURXJK� WKH� (DUWK¶V� FHQWUH��7KH �

*DXVV� SODQHWDU\� H[SUHVVHV� WKH� UDWH� RI�F KDQJH� RI�W KH�

RUELWDO� HOHPHQWV� LQ� WHUPV� RI�WK H� FRPSRQHQWV� RI� WKH�

SHUWXUELQJ�IRUFH��7KHVH�HTXDWLRQV�DUH���
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:KHUH� �LV�VHPL�PDMRU�D[LV��H �LV�HFFHQWULFLW\�� L �LV� WKH�
LQFOLQDWLRQ��

D
: �LV�ULJKW�DVFHQVLRQ�RI�DVFHQGLQJ�QRGH��Z �

LV� DUJXPHQW� RI� SHULJHH�� 0 �LV� PHDQ� DQRPDO\��

�DQ P LV� RUELW� PHDQ� PRWLRQ�� P LV� (DUWK�

JUDYLWDWLRQDO� FRQVWDQW�� T �LV� WUXH� DQRPDO\�� ( �LV� WKH�

HFFHQWULF�DQRPDO\�� �LV�YHFWRU�OHQJWK�RI�SRVLWLRQ��U

2.1 Perturbations Due to atmospheric Drag 

:KHQ�WUDYHOLQJ�WKURXJK�WKH�DWPRVSKHUH�WKH�VSDFH�GHEULV�

H[SHULHQFH� D� GUDJ� IRUFH� LQ� D� GLUHFWLRQ� RSSRVLWH� WR� WKH�

YHORFLW\�YHFWRU��7KLV�GUDJ�IRUFH�DFFHOHUDWLRQ�LV�JLYHQ�E\�

WKH�H[SUHVVLRQ��>�@�
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:KHUH� '& �LV� WKH� GUDJ� FRHIILFLHQW�� $ �LV� VSDFH� GHEULV�

FURVV�VHFWLRQDO� DUHD� SHUSHQGLFXODU� WR� WKH� GLUHFWLRQ� RI�

PRWLRQ�� �LV� WKH�P DVV� RI�V SDFH� GHEULV��P U �LV� WKH�

DWPRVSKHULF�GHQVLW\�� �LV� WKH�VSHHG�YHFWRU�RI�

VSDFH� GHEULV� UHODWLYH� WR�WK H� DWPRVSKHUH�� Y �DQG�

D9 Y Y �
K
K K

K

DY
K

�DUH�

WKH� VSHHG� YHFWRU� RI� VSDFH� GHEULV� DQG� DWPRVSKHUH�

UHVSHFWLYHO\�� 7KH� HIIHFW� RI� �PD\EH� SRWHQWLDOO\�

VLJQLILFDQW� DQG� LQVXIILFLHQWO\� VWXGLHG�� WKLV� DUWLFOH�ZLOO�

LQYHVWLJDWH� WKH�LQ IOXHQFH� RI� VWDWLRQDU\� DQG� URWDWLQJ�

DWPRVSKHUH�FRQGLWLRQV�RQ�WKH�RUELWDO�OLIHWLPH���

DY
K

2.1.1 Perturbation Equation for Stationary 
Atmosphere 

)RU�VWDWLRQDU\�DWPRVSKHUH�� �DY  
K
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7KH� LQIOXHQFH� RI� VWDWLRQDU\� DWPRVSKHULF� GUDJ� RQ� WKH�

VHPL�PDMRU� D[LV�DQG�HFFH QWULFLW\� FDQ�EH � GHVFULEHG� DV�

IROORZ��
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:KHUH� '& $ PD  < � '& �LV� GUDJ�F RHIILFLHQW� $ �LV�

VSDFH� GHEULV� FURVV�VHFWLRQDO� DUHD�SH USHQGLFXODU� WR�WKH �

GLUHFWLRQ� RI� PRWLRQ��P �LV� PDVV� RI�V SDFH� GHEULV�� U �LV�

DWPRVSKHULF�GHQVLW\��

2.1.2 Perturbation Equation for Rotating 
Atmosphere 

)RU� DWPRVSKHULF� URWDWLQJ� FDVH��WK H� VLWXDWLRQ� LV�P RUH�

FRPSOH[��DFFRUGLQJ�WR�WKH�FKDQJH�RI�VDWHOOLWH�LQFOLQDWLRQ�

WR� PHDVXUH� WKH� DWPRVSKHUH� URWDWLQJ� VSHHG�� WKH�

DWPRVSKHUH�URWDWH�UDWH�QRW�RQO\�FKDQJHV�ZLWK�KHLJKW��DQG�

WKHUH�DUH�GLXUQDO�YDULDWLRQ�DQG�VHDVRQDO�FKDQJHV�>�@��)RU�

VLPSOLFLW\� WKLV� WHUP� LV�DVVXPHG� WR� EH�WK H� VDPH� DV�WK H�

HDUWK�URWDWLRQ�DQJXODU�YHORFLW\���
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2.2 Perturbations Due to Earth Oblateness  

(DUWK�KDUPRQLFV� DUH�GHULYHG� IURP� WKH� JUDYLW\� SRWHQWLDO�

WKURXJK� WKH� SRWHQWLDO� WKHRU\�� 7KRVH� KDUPRQLFV� DUH�W KH�

WHUPV� RI� D�P DWKHPDWLFDO� H[SDQVLRQ� WKURXJK� ZKLFK� WKH�

GHYLDWLRQV� IURP� D�VS KHUH� FDQ� EH� UHSUHVHQWHG�� 7KH�

FRPPRQO\� HQFRXQWHUHG� KDUPRQLF� LV� �� ZKLFK� LV�WK H�

ODUJHVW�WHUPV�RI�WKH�]RQDO�KDUPRQLFV�� �LV�UHVSRQVLEOH�

IRU�WKH�VHFXODU�UDWHV�RI�WKH�ULJKW�DVFHQVLRQ�RI�DVFHQGLQJ�

QRGH� DQG� WKH� DUJXPHQW� RI�SHULJHH��WKHVH�UDWHV�FDQ�EH �

FRPSXWHG�E\�WKH�IROORZLQJ�HTXDWLRQV�>�@��
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3 ARITHMETIC FOR PERTURBATION 
EQUATIONS 

7KH� HIIHFWV� RI� XSSHU� DWPRVSKHUH� GUDJ� DUH� YHU\�

FRPSOLFDWHG�� 7KH�F KDQJH� LQ� WKH� VHPL�PDMRU� D[LV� DQG�

HFFHQWULFLW\�LV�REWDLQLQJ�E\�LQWHJUDWLQJ�RYHU�D�FRPSOHWH�

UHYROXWLRQ�� 'XULQJ� RQH� UHYROXWLRQ�� WKH� LQIOXHQFHV� RI�

DWPRVSKHUH�GUDJ�EHFRPH��
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:KHUH� �DQG� �DUH� LQLWLDO� VHPL�PDMRU� D[LV� DQG�

HFFHQWULFLW\�� 'XULQJ� RQH� SHULRG� PRYLQJ�� DVVXPHG� WKH�

VHPL�PDMRU� D[LV� DQG�HFFH QWULFLW\� DUH�FRQVW DQW�� VR�

�D �H

D' �

DQG� H' �DUH�WKH�GHILQLWH�LQWHJUDWLRQ�RI�WUXH�DQRPDO\�T ��

4 UPPER ATMOSPHERE DENSITY 

$Q� DFFXUDWH� SUHGLFWLRQ� RI� WKH� OLIHWLPH� RI�V SDFH� GHEULV�

XQGHU� WKH� LQIOXHQFH� RI� GUDJ� UHTXLUHV� D� JRRG� GHQVLW\�

PRGHO� RI� WKH� XSSHU� DWPRVSKHUH�� 7KURXJK� ORQJ� WHUP�

UHVHDUFK�� YDULRXV� GHQVLW\� PRGHOV� KDYH� EHHQ� GHYHORSHG�

ZLWK�YDU\LQJ�GHJUHHV�RI�FRPSOH[LW\�DQG�ILGHOLW\��7KHVH�

PRGHOV� FRPPRQO\� WDNH� LQWR� DFFRXQW� WKH� GLXUQDO�

YDULDWLRQ��WKH����GD\�IOXFWXDWLRQ��VXQ¶V�URWDWLRQ�SHULRG���

WKH�DQQXDO�YDULDWLRQ��DQG����\HDU�VRODU�F\FOH��

�

)LJXUH���$YHUDJH�DWPRVSKHULF�GHQVLW\�RI�0(7�PRGHO�

IRU�GLIIHUHQW�)������$S ���

�

)LJXUH���7KH�DYHUDJH�DWPRVSKHULF�GHQVLW\�RI�0(7�

PRGHO�IRU�GLIIHUHQW�$S��)���� �����

7KH�1$6$�0DUVKDOO� HQJLQHHULQJ� WKHUPRVSKHUH� �0(7��

PRGHO�ZKLFK�KDV�EHHQ�XVHG�WR�GHVFULEH�WKH�SURSHUWLHG�RI�

WKH� QHXWUDO� DWPRVSKHUH� LV� EDVHG� RQ�-DFFKLD¶V� HPSLULFDO�

PRGHOV�>�@��7KH�LQWHQVLW\�RI�VRODU�UDGLDWLRQ�IOX[�)�����DQG�

WKH�YDOXH�RI�WKH�JHRPDJQHWLF�LQGH[�$S�DUH�DOO�LPSRUWDQW�

IDFWRUV�IRU�DFFXUDWHO\�HVWLPDWLQJ�WKH�SHUWXUEDWLRQ�HIIHFWV�

RI� DWPRVSKHUH� GUDJ�� *HRPDJQHWLF� VWRUPV� GULYHQ� E\�

VRODU�HUXSWLRQV�DUH�NQRZQ�WR�KDYH�VLJQLILFDQW�HIIHFWV�RQ�

WKH�WRWDO�GHQVLW\�RI�WKH�XSSHU�DWPRVSKHUH�LQ�WKH�DOWLWXGH�

UDQJH� ���a����NP�� )LJ�� �� DQG��� GHSLFW� WKH� DYHUDJH�

DWPRVSKHULF� GHQVLW\� RI�0 (7� PRGHO� EHWZHHQ� ���� DQG�

����NP�IRU�GLIIHUHQW�)�����DQG�$S��

5 LIFETIME OF SPACE DEBRIS 

,QLWLDO�RUELWDO�HOHPHQWV�RI�VSDFH�GHEULV��VHPL�PDMRU�D[LV�

D� �����NP��HFFHQWULFLW\�H� ������� LQFOLQDWLRQ�L� ���°��
WKH�UDWLR�RI�DUHD�WR �PDVV�$�P� �������P��NJ���)RXU�VRODU�

UDGLDWLRQ�IOX[�)����� �������������������ZLWK�DQ�DYHUDJH�

JHRPDJQHWLF�LQGH[�$S� ���DQG�WKUHH�JHRPDJQHWLF�LQGH[�

$S� ������������ZLWK�DQ�DYHUDJH�VRODU�UDGLDWLRQ�IOX[�)�����

 �����DUH�XVHG�IRU�DQDO\VLV�DQG�FRPSDULVRQ��)LJV����DQG�

�� LOOXVWUDWH� KRZ�WK H� VRODU� UDGLDWLRQ� DQG� JHRPDJQHWLF�

LQGH[�LQIOXHQFH�WKH�OLIHWLPH�RI�VSDFH�GHEULV��

�

�D��

�

�E��

)LJXUH���7KH�FKDQJHV�RI�'D�DQG�US�IRU�GLIIHUHQW�)�����
�$S ���URWDWLQJ�DWPRVSKHULF��

&RPSDUHG� SHUWXUEDWLRQ� HTXDWLRQV� IRU� VWDWLRQDU\� DQG�

URWDWLQJ� DWPRVSKHUH�� VKRZHG� E\� (TV�� ���� DQG� ����� WKH�

LQFOLQDWLRQ� LV� DQ� LPSRUWDQW� IDFWRU� HIIHFWLQJ�WK H� RUELWDO�

DWWHQXDWLRQ��)LJ����VKRZV�KRZ�WKH�LQFOLQDWLRQV�LQIOXHQFH�

WKH� OLIHWLPH� RI�V SDFH� GHEULV� ZLWK�V RODU� UDGLDWLRQ� IOX[�

)���� ���� DQG� JHRPDJQHWLF� LQGH[� $S�  � ��� :KHQ� WKH�

LQLWLDO� RUELWDO� HOHPHQWV� DUH�FHUWDLQ �� WKH� OLIHWLPH� LV�

LQYDULDEOH� IRU� VWDWLRQDU\� DWPRVSKHUH�� )RU� URWDWLQJ�

DWPRVSKHUH�� ZKHQ� � �ZKLFK� PHDQV� VSDFH�

GHEULV�LV�LQ�DQWHURJUDGH�RUELW��WKH�OLIHWLPH�LV�ORQJHU�WKDQ�

VWDWLRQDU\� DWPRVSKHUH�

�Lq d � q�

VLWXDWLRQ�� ZKHQ��� ����Lq � d q
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ZKLFK� LQGLFDWHV�VSDFH� GHEULV� LV� LQ�UHWURJUDGH� RUELW��WKH �

OLIHWLPH� LV� VKRUWHU� WKDQ� VWDWLRQDU\� DWPRVSKHUH� FDVH��

:KHQ� �� WKH� UHVXOW� LV�WK H� VDPH�DV�VWDWLR QDU\�

DWPRVSKHUH��

��L  q

�

�D��

�

�E��

)LJXUH���7KH�FKDQJHV�RI�'D�DQG�US�IRU�GLIIHUHQW�$S�
�)���� �����URWDWLQJ�DWPRVSKHULF��

�

)LJXUH���7KH�FKDQJHV�RI�OLIHWLPH�IRU�GLIIHUHQW�

LQFOLQDWLRQV�

6 SUMMARY 

$WPRVSKHUH� GUDJ� LV� DQ� LPSRUWDQW� IDFWRU� ZKLFK� HIIHFWV�

WKH�OLIHWLPH�RI�VSDFH�GHEULV�LQ�/(2��8VLQJ�SHUWXUEDWLRQ�

HTXDWLRQV� IRU� VWDWLRQDU\� DQG� URWDWLQJ� DWPRVSKHUH�� ZH�

KDYH� DQDO\VHG� WKH� OLIHWLPH� HIIHFWLQJ� E\� VRODU� UDGLDWLRQ�

IOX[�DQG�JHRPDJQHWLF� LQGH[�EDVHG�RQ�0(7�PRGHO��)RU�

DWPRVSKHUH� LV�UR WDWLQJ�� WKH� LQFOLQDWLRQ� LV� DQ� LPSRUWDQW�

HOHPHQW�ZKLFK�LQIOXHQFHV� WKH� RUELWDO�GHFD\��WKH�UHV XOWV�

VKRZ� WKDW�W KH� OLIHWLPH� LV� ORQJHU� WKDQ� VWDWLRQDU\�

DWPRVSKHUH� VLWXDWLRQ� ZKHQ� VSDFH� GHEULV� LV�L Q�

DQWHURJUDGH�RUELWV�� DQG� VKRUWHU�ZKHQ� VSDFH�GHEULV� LV� LQ�

UHWURJUDGH�RUELWV��
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