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7KLV� FKDSWHU� LV� FRQFHUQHG�ZLWK� WKH� GHWHFWDELOLW\� RI� VSDFH� GHEULV�� VSHFLILFDOO\�� WKHFRPELQHG� HIIHFW� WKDW� WLPH�YDU\LQJ� LOOXPLQDWLRQ� DQG� YDULDEOH� EDFNJURXQG� EULJKWQHVVFKDUDFWHULVWLFV� KDYH� RQ� WKH� DOWLWXGH�D]LPXWK� �³DOW�D]´�� SDWWHUQ� �D� ³VN\� SORW´�� LQ� WKHREVHUYHU¶V�VN\��DQG�VHHNV�WR�FKDUDFWHULVH�DQ\�SDWWHUQV� WKDW�DULVH�GXH� WR� WKHVH�HIIHFWV�7KH�UHDVRQ�IRU�GRLQJ�WKLV�LV�WZRIROG��� 'RHV�WKH�GHWHFWLRQ�UDWH�YDU\�DV�D�IXQFWLRQ�RI�WHOHVFRSH�SRLQWLQJ�GLUHFWLRQ"�� ,I� VR�� WU\� WR� LGHQWLI\� ³KRW� VSRWV´�ZKHUH�GHWHFWLRQ� UDWHV� FRXOG�EH�RSWLPLVHGIRU�JLYHQ�VFHQDULRV�RI�RUELW�VLWH�REVHUYDWLRQ�SHULRG�$�VN\SORW�LQ�WKLV�VHQVH�LV�D�FRQWRXU�PDS�RI�WKH�VN\�DW�D�JLYHQ�VLWH�GLYLGHG�LQWR���u��DOW�D]� ELQV�� HDFK� UHSUHVHQWLQJ� WKH� WRWDO� WLPH� WKDW� D� SDUWLFXODU� GHEULV� IUDJPHQW� LVGHWHFWDEOH� �615�t ��� LQ� D� ��u��� WHOHVFRSH� ILHOG� RI� YLHZ� �)29�� IRU� WKH� REVHUYDWLRQSHULRG�VSHFLILHG��7KXV�D�³KRW�VSRW´�LQ�WKH�VN\SORW�GHQRWHV�DQ�DUHD�IRU�ZKLFK�WKH�GHEULVLV�PRUH�YLVLEOH�GXULQJ�WKH�VLPXODWHG�SHULRG��ZKLOH�D�³FROG�VSRW´�GHSLFWV�D�SDUW�RI�WKHVN\�ZKHUH�GHEULV�LV�UDUHO\�RU�QHYHU�VHHQ�RYHU�WKH�VDPH�SHULRG�&RQVLGHULQJ� D� JLYHQ� WHOHVFRSH�GHWHFWRU� V\VWHP� DW� D� JLYHQ� JHRJUDSKLFDO� VLWH�� WKHRSWLFDO�615�RI�VSDFH�GHEULV�LQ�D�SDUWLFXODU�RUELW�ZLOO�EH�LQIOXHQFHG�E\�PDQ\�IDFWRUV�ZKLFK�PD\�EH�SXW�LQWR�WZR�EURDG�JURXSV��7DEOH������$OO�RI�WKHVH�IDFWRUV�FRQVSLUH�WR�SURGXFH�FRPSOH[�VN\SORWV�WKDW�DUH�QRQ�LQWXLWLYH�WRSUHGLFW�� DQG� DUH� GLIILFXOW� WR� FDOFXODWH� DQDO\WLFDOO\�� )RU� DQ\� RUELW� RWKHU� WKDQ� RI� ORZHFFHQWULFLW\�� DQDO\WLFDO� PRGHOV� DUH� RI� OLPLWHG� XWLOLW\� DQG� QXPHULFDO� DQDO\VLV� LV� WKHSUHIHUUHG�PHWKRG��/DUVRQ�	:HUW]��������7KH�SXUSRVH�RI� WKLV� LQYHVWLJDWLRQ� LV� WR�GHWHUPLQH� WKH�REVHUYDELOLW\�RI�D�SDUWLFXODURUELW��QRW� WKDW�RI� D�SDUWLFXODU�GHEULV� SDUWLFOH�� ,Q� WKLV�ZD\� WKH�RSWLPXP�FRQGLWLRQV�RIREVHUYLQJ�DQ�RUELW�XQGHU�YDU\LQJ�EDFNJURXQG�OLJKWLQJ�FRQGLWLRQV�FDQ�EH� LQYHVWLJDWHG�D�VWDQGDUG�RUELWDO�HYROXWLRQ�PRGHO�ZRXOG�SURSDJDWH�WKH�GHEULV�SDUWLFOH�RYHU�WLPH�RXWRI� WKH�RULJLQDO� RUELW� LQWR� D� GLIIHUHQW� RUELW���7KLV� LV� DFKLHYHG� E\� SRSXODWLQJ� WKH� RUELWZLWK�D�ODUJH�QXPEHU�RI�SDUWLFOHV�DQG�DYHUDJLQJ�WKH�UHVXOWV��VHH�FKDSWHU����
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Table 3-1: Broad grouping of factors determining apparent debris particle brightness.
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7KH� SURJUDP� WKHQ� H[HFXWHV� LQ� WKH� IROORZLQJ� PDQQHU�� 7KH� DQQXDO� DVWURQRPLFDOWZLOLJKW� HQYLURQPHQW� IRU� VLWHV� ZLWK� ODWLWXGHV� JUHDWHU� WKDQ� ������� LV� GHWHUPLQHG�� L�H�VXFK�VLWHV�ZLOO�H[SHULHQFH�D�VN\�EULJKWQHVV�JUHDWHU�WKDQ�WKDW�RI�DVWURQRPLFDO�WZLOLJKWODVWLQJ�DOO�QLJKW�GXULQJ�ORFDO�VXPPHU��7KH�SURJUDP�GHWHUPLQHV�WKH�GDWHV�DW�ZKLFK�WKLVHIIHFW�EHJLQV�DQG�HQGV�DQG�DYRLGV�WKDW�WZLOLJKW�³ZLQGRZ´�GXULQJ�H[HFXWLRQ��VKRXOG�LWRYHUODS�ZLWK�WKH�REVHUYLQJ�UXQ�$ERUW� 6FHQDULRV�� %DVHG� RQ� WKH� LQSXWV� DQG� FDOFXODWHG� WZLOLJKW� HQYLURQPHQW�� DQ\VFHQDULR�RU�FRPELQDWLRQ�RI�SDUDPHWHUV�WKDW�ZRXOG�FDXVH�GHEULV�QHYHU�WR�EH�GHWHFWHG�E\WKH�REVHUYHU� LV�DVVHVVHG��,I�VXFK�LV� WKH�FDVH�WKH�SURJUDP�DERUWV� LPPHGLDWHO\�ZLWK�DQDSSURSULDWH�GLDJQRVWLF�PHVVDJH�7KH�SURJUDP�WKHQ�EHJLQV�E\�LQFUHPHQWLQJ�WKH�WLPH�E\�D�SUH�VHW�DPRXQW��UHIHUUHG�WRDV�D�³WLPHVWHS´���VWDUWLQJ�IURP�WKH�RQVHW�RI�DVWURQRPLFDO�WZLOLJKW�RQ�WKH�HYHQLQJ�RI�WKHILUVW� GD\�� )RU� HDFK� WLPHVWHS� WKH� SRVLWLRQ� YHFWRUV� RI� WKH� REVHUYHU� DQG� GHEULV� DUHFDOFXODWHG� DQG� IURP� WKHVH� WKH� SRVLWLRQ� RI� WKH� GHEULV� LQ� WKH� REVHUYHU¶V� VN\� LVGHWHUPLQHG��,I�WKH�GHEULV�PHHWV�FULWHULD�IRU�EHLQJ�YLVLEOH��DERYH�KRUL]RQ��RXW�RI�(DUWKVKDGRZ�� 0RRQ� EHORZ� KRUL]RQ�� LW� LV� IODJJHG� DV� YLVLEOH� DQG� IXUWKHU� GHWDLOV� DUHFDOFXODWHG��WKH�D]LPXWK��VLJQDO�WR�QRLVH�UDWLR��WDNLQJ�LQWR�DFFRXQW�EDFNJURXQG�VN\�DQGGHWHFWRU�QRLVH�VRXUFHV���DQG�WRSRFHQWULF�DQJXODU�YHORFLW\��7KHVH�GHWDLOV�DUH�ELQQHG�LQ�DPXOWL�GLPHQVLRQDO� UHVXOWV� DUUD\� VXFK� WKDW� HDFK� ELQ� LV� LQFUHPHQWHG� E\� RQH� WLPHVWHSYDOXH�$W� WKH�RQVHW�RI�GDZQ�WZLOLJKW� WKH�SURJUDP�MXPSV�WR�HYHQLQJ�WZLOLJKW� IRU� WKH�QH[WQLJKW�� ZKLOH� LQFUHPHQWLQJ� WKH� SRVLWLRQ� RI� WKH� 6XQ� DQG�0RRQ� DQG� SHUIRUPLQJ� RUELWHYROXWLRQ��DQG�WKH�SURJUDP�FRQWLQXHV�DV�EHIRUH��7KLV�DVSHFW�RI�WKH�SURJUDP¶V�VWUXFWXUHZDV�LQWURGXFHG�WR�FXW�H[HFXWLRQ�WLPH��:LWK�WKH�UDSLG�LQFUHDVH�LQ�FRPSXWLQJ�VSHHG�LQUHFHQW�\HDUV�WKLV�WHFKQLTXH�LV�QRW�DV�LPSRUWDQW�DV�LW�XVHG�WR�EH�7KH�SURJUDP�FRQWLQXHV�LQ�WKLV�IDVKLRQ��LQFUHPHQWLQJ�ELQV�DV�DSSURSULDWH�ZKHQHYHUWKH�GHEULV�LV�YLVLEOH��XQWLO�WKH�GDWH�UHDFKHV�WKDW�RI�WKH�HQG�RI�WKH�REVHUYLQJ�UXQ��$W�WKLVSRLQW��WKH�UHVXOWV�DUUD\�LV�RSHQ�IRU�LQWHUURJDWLRQ�$�GHWDLOHG�IORZFKDUW�VKRZLQJ�WKH�VDOLHQW�SRLQWV�RI�WKH�DERYH�GHVFULSWLRQ��SOXV�VRPHRWKHU�SRLQWV�RI�LQWHUHVW�FRYHUHG�LQ�FKDSWHU����LV�VKRZQ�LQ�)LJXUH�����

 'HILQHG�DV�WKH�EULJKWQHVV�RI�WKH�QLJKW�VN\�ZKHQ�WKH�6XQ�LV�DW�OHDVW�����EHORZ�WKH�KRUL]RQ�
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Figure 3.1: Basic flowchart of the SkyPlot program.
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1H[W� LQ� WKH� SURJUDP¶V� H[HFXWLRQ� VFKHGXOH� LV� DGGUHVVLQJ� WKH� IROORZLQJ� VLWXDWLRQVWKDW� ZRXOG� OHDG� WR� WKH� GHEULV� SDUWLFOH� QHYHU� EHLQJ� GHWHFWHG�� DQG� WKHUHE\� ZDVWLQJH[HFXWLRQ� WLPH� �LI� WKH\� DUH� LGHQWLILHG� LPPHGLDWHO\� WKHQ� WKH� SURJUDP� DERUWV� ZLWK� DGLDJQRVWLF�PHVVDJH��
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$�ORZ�RUELW�ZLWK�ORZ�LQFOLQDWLRQ�ZLOO�QRW�EH�YLVLEOH�WR�DQ�REVHUYHU�DW�KLJK�ODWLWXGHVDW�DOO��&RQVHTXHQWO\�D�GHEULV�SDUWLFOH�LQ�VXFK�DQ�RUELW�ZLOO�QHYHU�EH�GHWHFWHG��DQG�DQ\DWWHPSW�DW� UXQQLQJ� WKH�6N\3ORW�SURJUDP�XQGHU� WKHVH�FRQGLWLRQV�ZRXOG�EH�D�ZDVWH�RIWLPH�� 7KH�PD[LPXP�SRVVLEOH� ODWLWXGH� IURP�ZKLFK� WKH� GHEULV� RUELW� FRXOG� EH� YLHZHGLUUHVSHFWLYH�RI�LOOXPLQDWLRQ�RU�SKDVH�FRQVLGHUDWLRQV�LV�FDOFXODWHG�E\�URWDWLQJ�WKH�RUELWLQ�LWV�RUELW�SODQH�VXFK�WKDW�WKH�DSRJHH�LV�DW�WKH�JUHDWHVW�JHRFHQWULF�ODWLWXGH�SRVVLEOH�LQWKH� KHPLVSKHUH� RI� WKH� REVHUYDWRU\� DQG� WKH� OLQH� RI� VLJKW� IURP� DSRJHH� WR� WKH�(DUWK¶VVXUIDFH�FDQ�WKHQ�EH�SURGXFHG��)LJXUH������
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Figure 3.2: Calculating maximum latitude of observation. Debris at D, observer at O. Debris subtends
angle of 10º to horizon.7KH� ]HQLWK� GLVWDQFH� IRU�ZKLFK� WKLV� FDOFXODWLRQ� LV�PDGH� LV� WDNHQ� WR� EH� ���� GXH� WRH[FHVVLYH� DWPRVSKHULF� H[WLQFWLRQ� FORVHU� WR� WKH� KRUL]RQ� �VHH� ODWHU��� � 7KLV� ILJXUH� LVRSWLPLVWLFDOO\�WKH�EHVW�SRVVLEOH�FDVH��VLQFH�PRVW�WHOHVFRSHV�ZRXOG�QRW�EH�DEOH�WR�UHDFKD�]HQLWK�GLVWDQFH�RI������)URP�)LJXUH���� WKH�PD[LPXP�ODWLWXGH�FDQ�EH�FDOFXODWHG�E\�
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������� 7ZLOLJKW�/DWLWXGHV2EVHUYLQJ�VLWHV�FORVH� WR� WKH�SROHV�H[SHULHQFH� WKH� ³PLGQLJKW� VXQ´� HIIHFW� IRU� VRPHWLPH�DURXQG� WKH�VXPPHU� VROVWLFH� IRU� WKHLU�KHPLVSKHUH��+RZHYHU�� IRU�REVHUYLQJ� IDLQWREMHFWV�� WKH� 6XQ� VKRXOG� QRW� RQO\� EH� EHORZ� WKH� KRUL]RQ�� EXW� DW� OHDVW� ���� EHORZ� WKHKRUL]RQ��D�VRODU�]HQLWK�GLVWDQFH�RI�������LQ�RUGHU�IRU�WKH�VN\�WR�EH�DVWURQRPLFDOO\�GDUN�)LJXUH������$Q�REVHUYHU�FORVH�WR�WKH�SROHV�H[SHULHQFHV�WKHUHIRUH�D�³WZLOLJKW�ZLQGRZ´�RI� WLPHGXULQJ�ORFDO�VXPPHU�LQ�ZKLFK�REVHUYLQJ�LV�LPSUDFWLFDO�EHFDXVH�WKH�VN\�LV�WRR�EULJKW�7R�DYRLG�XQQHFHVVDU\�H[HFXWLRQ�WKURXJK�D�SHULRG�RI�PDQ\�GD\V�ZKHQ�WKH�GHEULV�LV�QRWYLVLEOH�WKH�SURJUDP�VNLSV�WKLV�SHULRG��LQFUHPHQWLQJ�WKH�SDUDPHWHUV�RI�WKH�GHEULV�RUELWE\�WKH�DSSURSULDWH�DPRXQW�
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Figure 3.3: Relation between twilight types and position along solar meridian.

��������� 7ZLOLJKW�:LQGRZ�&DOFXODWLRQ
$W�WKH�EHJLQQLQJ�RI�WKH�SURJUDP��WKH�VWDUW�DQG�ILQLVK�\HDUV�DQG�WKH�VLWH�ODWLWXGH�DUHXVHG�WR�FDOFXODWH� LQ�DGYDQFH�WKH�-XOLDQ�GDWHV�RI� WKH�VWDUW��6Q��DQG�ILQLVK� �)Q��RI�HDFKZLQGRZ�WR�RFFXU�LQ�HYHU\�\HDU�Q LQ�WKH�VHTXHQFH��7KHVH�GDWHV�DUH�VWRUHG�LQ�DQ�DUUD\DQG�DUH�FRPSDUHG�ZLWK�WKH�FXUUHQW�-XOLDQ�GDWH�DW�WKH�VWDUW�RI�HYHU\�QLJKW¶V�REVHUYLQJ�LQWKH� VLPXODWLRQ�� ,I� WKH� FXUUHQW� -XOLDQ� GDWH� IDOOV� ZLWKLQ� DQ\� WZLOLJKW� ZLQGRZ� �L�H�� LI6Q � >FXUUHQW�-XOLDQ�GDWH@���)Q���WKH�FXUUHQW�-XOLDQ�GDWH�MXPSV�WR�WKH�GD\�DIWHU�)Q RI�WKDW\HDU�
These calculations are performed by first determining the phase angle of the
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astronomical twilight terminator as measured from the subsolar point. We remember that

the astronomical twilight terminator is 18° further from the subsolar point than the sunset

terminator ()LJXUH����), the exact phase angle of which is calculated below.

With reference to )LJXUH����, the phase angle of the sunset terminator is computed

using similar triangles (assuming the Sun and Earth are perfect spheres) - the horizontal

axis of the figure is the heliocentric radius vector of the Earth.
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Figure 3.4: Relation between phase angle of sunset terminator and the half-angle of the umbral cone.
Angles TX DQG�TVW H[SODLQHG�LQ�WKH�WH[W�

The half angle of the umbra cone is therefore given by:

»¼º«¬ª � T G55VLQ HDUWKVXQ��X � �����
The sunset terminator phase angle IVW is therefore:

XVW � TSI �  ���������� �����
using Rsun = 6.9599 u 108 m, Rearth = 6.3780 u 106 m, d = 1 AU = 1.4960 u 1011 m (Allen,

1973). Therefore, the astronomical twilight terminator phase angle IWZ LV�JLYHQ�E\�IWZ  �IVW ������ ����������� �����
The relationship between IWZ DQG� ODWLWXGH� GHSHQGV� RQ� WKH� GHFOLQDWLRQ� RI� WKH� 6XQ�ZKLFK�YDULHV�ZLWK�WKH�WLPH�RI�\HDU��We define the “astronomical twilight supplementary

latitude” Lats DV�WKH�DQJOH�EHWZHHQ�WKH�HTXDWRU�DQG�WKH�DVWURQRPLFDO�WZLOLJKW�WHUPLQDWRU�PHDVXUHG� DORQJ� WKH� PHULGLDQ� SDVVLQJ� WKURXJK� WKH� VXEVRODU� SRLQW� DQG� (DUWK¶V� D[LV��)LJXUH������DV�
/DWV  �IDW ��GVXQ�� �����
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Figure 3.5: Derivation of astronomical twilight supplementary latitude Lats. The plane of the paper is that
containing the Earth’s polar axis and the Sun. The north pole is situated at P, the subsolar point at S. The

astronomical twilight terminator is always at a geocentric angle of IWZ  �108.2641° from the subsolar point,
whatever the sun’s declination GVXQ��/DWV LV�PHDVXUHG�KRZHYHU�IURP�WKH�HTXDWRU�RQ�WKH�VXQZDUG�VLGH�RI�WKH(DUWK��VR�LQ�WKH�FDVH�GHSLFWHG�KHUH�RI�QRUWKHUQ�KHPLVSKHUH�VXPPHU��/DWV KDV�D�YDOXH�RI�GVXQ SOXV�IWZ  ������������������ �����������9LHZLQJ� )LJXUH� ��� IURP� DERYH� WKH� QRUWK� SROH� JLYHV� )LJXUH� ��� �DV� DQ� DLG� WRXQGHUVWDQGLQJ�)LJXUH������VHH�QH[W�SDUDJUDSK���$Q�REVHUYHU�DW�H�J�����1�ZRXOG�WKHUHIRUHWUDQVFULEH�D�FLUFXODU�SDWK�$%$�DERXW�WKH�QRUWK�SROH�3�GXH�WR�WKH�(DUWK¶V�GLXUQDO�URWDWLRQ�7KH� SRLQW� DW�ZKLFK� WKH� VN\� FRXOG� QRW� JHW� DQ\� GDUNHU� IRU� WKH� REVHUYHU� LV� DW� %�� DW� WKHJUHDWHVW� SKDVH� DQJOH� IURP� WKH� VXQ�� $QDO\VLV� RI� WKH� VN\� EULJKWQHVV� DW� WKLV� SRLQW� RQO\GHWHUPLQHV�ZKHWKHU� WKH� VN\� LV�GDUN�HQRXJK� IRU�REVHUYLQJ�DW� DOO�� DW�RWKHU�SRLQWV�RQ� WKHREVHUYHU¶V�SDWK�WKH�VN\�ZRXOG�EH�EULJKWHU�DQ\ZD\��,W�FDQ�EH�VHHQ�WKDW�WKH�SRLQW�'�PXVWEH�PXFK�FORVHU�WR�WKH�SROH�WKDQ�%�IRU�WKH�REVHUYHU�WR�H[SHULHQFH�D�WUXO\�GDUN�VN\�IRU�DQ\DSSUHFLDEOH�OHQJWK�RI�WLPH��LQ�WKH�H[DPSOH�VKRZQ�RI�VXPPHU�VROVWLFH��WKH�VXQ�LV�DERYHWKH�KRUL]RQ��3ORWWLQJ�/DWV IRU�SRLQWV�$��%��&�	�'�LQ�)LJXUH���� DJDLQVW�GD\�QXPEHU�JLYHV�)LJXUH�����3RLQWV�$�	�%�RI�WKH�REVHUYHU¶V�SDWK�DUH�VKRZQ�DV�KRUL]RQWDO�OLQHV�DV�WKHLU�SRVLWLRQGRHV�QRW�FKDQJH�ZLWK�UHVSHFW�WR�WKH�HTXDWRULDO�SRLQW�(�LQ�)LJXUH������ZKLOH�SRLQWV�&�	�'H[KLELW�VLQXVRLGDO�PRWLRQ��,W�FDQ�EH�VHHQ�WKDW�EHWZHHQ�GD\�QXPEHUV����DQG�����IRU�HDFK\HDU�WKH�QLJKW�VN\�LV�WRR�EULJKW�IRU�REVHUYLQJ�±�WKH�VN\�EULJKWQHVV� LV�DW�OHDVW�DERYH�WKHWKUHVKROG�RI�DVWURQRPLFDO�WZLOLJKW��DQG�EHWZHHQ�DSSUR[LPDWH�GD\�QXPEHUV���������WKHVXQ�LV�DERYH�WKH�KRUL]RQ�DV�ZHOO��WKRXJK�WKLV� LV�QRW� LQGLFDWHG�RQ�WKH�JUDSK�IRU�FODULW\��3URJUDP�H[HFXWLRQ�VKRXOG�WKHUHIRUH�DYRLG�GD\�QXPEHUV����WR�����LQFOXVLYH�IRU�WKDW�\HDU�$Q�REVHUYLQJ�UXQ�RI�PRUH�WKDQ�RQH�\HDU�GXUDWLRQ�ZRXOG�SURGXFH�D�WLPHOLQH�RI�REVHUYLQJDQG�WZLOLJKW�ZLQGRZV�ORRNLQJ�VFKHPDWLFDOO\�OLNH�)LJXUH�����
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Figure 3.6: View of the Earth at northern hemisphere summer solstice from above the
North Pole. Positions marked are subsolar point (S), north pole (P), diurnal path of

observer at 70°N (ABA), intersections of Sun-Earth-Celestial Pole plane with sunset
and astronomical twilight terminators (C & D respectively).

Figure 3.7: Graph of supplementary astronomical twilight latitude Lats variation throughout
the year. Sunset supplementary latitude curve also shown. A point on the graph effectively

shows the value of the arc ED in Figure 3.6. Solid black line at Lats = 110° denotes
supplementary latitude of observer at midnight at 70° N. It can be seen that between day

numbers 85 and 261 the sky brightness never becomes astronomically dark.
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Figure 3.8: Qualitative illustration of the concept of twilight windows along an observing timeline,

where the brightness of the sky never falls below that of astronomical twilight. The black rectangles denote
calendar years, within which the shaded areas represent times when the night sky is dark enough for

observing, and the white areas are the times (during four calendar years in the northern hemisphere summer
in this example) when the sky is too bright. The start/finish dates of each year’s twilight window are shown

as the dates S,F.
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