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$%675$&7��$UFWLF�VHD�LFH�KDV�XQGHUJRQH�UDSLG�FKDQJHV�GXULQJ�WKH�ODVW�IHZ�GHFDGHV��ZLWK�QHJDWLYH�LPSOLFDWLRQV�IRU�RYHU�LFH�
WUDYHO�DQG�RQ�LFH�RSHUDWLRQV��ZKLFK�EHQH¿W�IURP�VHUYLFHV�SURYLGHG�E\�WKH�VHD�LFH��$�3DUDPHWHU�EDVHG�7UDI¿FDELOLW\�+LHUDUFK\�
�3$7+�� LV�SUHVHQWHG�KHUH�DV� D� IUDPHZRUN� IRU�GHYHORSLQJ�TXDQWLWDWLYH�DVVHVVPHQW� VWUDWHJLHV� WKDW� FDQ�JXLGH�SODQQLQJ�DQG�
H[HFXWLRQ�RI�RSHUDWLRQV�RQ�RU�QHDU�VHD�LFH�DQG�TXDQWLI\�WKH�LPSDFWV�RI�UHFHQW�FKDQJHV�RQ�LFH�XVH��$�3$7+�DVVHVVPHQW�KDV�EHHQ�
FRPSOHWHG�IRU�WKUHH�FDVH�VWXGLHV�LQ�$UFWLF�$ODVND��7KHVH�FDVHV��ZKLFK�FRUUHVSRQG�WR�D�UDQJH�RI�GLIIHUHQW�LFHVFDSHV�DQG�LFH�XVHV��
LGHQWLI\�DQG�TXDQWLI\�GLIIHUHQW�SDUDPHWHUV�OLQNHG�WR�WUDI¿FDELOLW\�DQG�VDIH�RSHUDWLRQV��)RU�LFH�URDG�DSSOLFDWLRQV��3$7+�ZDV�
XVHG�WR�GHWHUPLQH�DQ�LFH�WKLFNQHVV�FRPSHQVDWLRQ�IDFWRU��D�IDFWRU�LQFUHDVLQJ�WKH�PLQLPDO�WKLFNQHVV�WKUHVKROG�IRU�RSHUDWLRQV��
WR�KHOS�WUDQVODWH�VSRUDGLF�DXJHU�LFH�WKLFNQHVV�PHDVXUHPHQWV�DORQJ�WKH�.RW]HEXH�±�.LDQD�FRPPXQLW\�LFH�URDG�LQWR�DQ�HQYHORSH�
IRU�VDIH�RSHUDWLRQV��$�FRPSHQVDWLRQ�IDFWRU�DV�KLJK�DV�����ZDV�IRXQG�WR�EH�QHFHVVDU\�WR�HQVXUH�VDIHW\�EHFDXVH�RI�WKH�KLJK�ORFDO�
WKLFNQHVV�YDULDELOLW\�WKDW�LV�FXUUHQWO\�D�FRQFHUQ�IRU�LFH�URDG�RSHUDWRUV��$�3$7+�DVVHVVPHQW�RI�LFH�URXJKQHVV�IRU�LFH�WUDLO�URXWLQJ�
DW�8WTLDƥYLN�GUDZV�RQ�VDWHOOLWH�UHPRWH�VHQVLQJ�DQG�LV�UHOHYDQW�IRU�RYHU�LFH�WUDYHO�LQ�JHQHUDO��LQFOXGLQJ�HVFDSH��HYDFXDWLRQ��DQG�
UHVFXH��:H�FRPSDUHG�WKH�URXWLQJ�RI�ORFDO�VQRZPRELOH�WUDLOV�ZLWK�6\QWKHWLF�$SHUWXUH�5DGDU��6$5��GDWD�SURGXFWV�WR�LGHQWLI\�
VSHFL¿F�UDQJHV�RI�LFH�FRQGLWLRQV��URXJKQHVV��DQG�WRSRJUDSK\�IDYRUHG�IRU�LFH�WUDLO�FRQVWUXFWLRQ��7KH�VDPH�FRPELQDWLRQ�RI�GDWD�
VRXUFHV�ZDV�XVHG�WR�LGHQWLI\�SRWHQWLDOO\�EHQH¿FLDO�WUDLO�URXWHV��)LQDOO\��DQ�LFH�VWDELOLW\�DQG�VDIHW\�DVVHVVPHQW�ZDV�FRPSOHWHG�IRU�
LFH�URDG�FRQVWUXFWLRQ�DQG�PDLQWHQDQFH�E\�LQGXVWU\�QHDU�WKH�1RUWKVWDU�,VODQG�RLO�SURGXFWLRQ�IDFLOLW\��:H�HYDOXDWHG�VPDOO�VFDOH�
LFH�GLVSODFHPHQW�GDWD�REWDLQHG�IURP�6$5�LQWHUIHURPHWU\�WR�LQIHU�LQWHUQDO�LFH�VWUDLQ�DQG�VWUHVV�DQG�XVHG�WKHVH�GDWD�LQ�DVVHVVLQJ�
WKH�SRWHQWLDO�IRU�IUDFWXUHV�WR�UHGXFH�ORDG�EHDULQJ�FDSDFLW\��

.H\�ZRUGV��VHD�LFH��VHD�LFH�XVH��VHD�LFH�V\VWHP�VHUYLFHV��LFH�URDGV��V\QWKHWLF�DSHUWXUH�UDGDU
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Sea Ice Use and Recent Change

$UFWLF� VHD� LFH� SURYLGHV� D� UDQJH� RI� LPSRUWDQW� VHUYLFHV�
LQ� VRFLDO�HQYLURQPHQWDO� V\VWHPV�� VXFK� DV� UHJXODWLQJ�
JOREDO� FOLPDWH�� SURWHFWLQJ� FRDVWOLQHV� IURP� HURVLRQ�� DQG�
SURYLGLQJ�KDELWDW�IRU�PDULQH�VSHFLHV��6XFK�VHD�LFH�V\VWHP�
VHUYLFHV� �(LFNHQ� HW� DO��� ������ DOVR� VXSSRUW� LFH� XVH� E\�
SHRSOH�� LQFOXGLQJ� WUDYHO� RU� KXQWLQJ� RQ� ODQGIDVW� LFH� E\�
FRDVWDO� UHVLGHQWV� DV�ZHOO� DV� WKH� FRQVWUXFWLRQ�RI� LFH� URDGV�
E\�UHVRXUFH�H[WUDFWLRQ�LQGXVWULHV��6HD�LFH�V\VWHP�VHUYLFHV�
H[WHQG�EH\RQG�RSHUDWLRQDO�RU�ORJLVWLFDO�EHQH¿WV�DQG�LQFOXGH�
KLVWRULFDO�� FXOWXUDO�� DQG� HGXFDWLRQDO� FRPSRQHQWV� WKDW� DUH�
FULWLFDO� WR� WKH�ZHOO�EHLQJ�RI�FRDVWDO�FRPPXQLWLHV��6HD� LFH�
FDQ� DOVR� LQKLELW� DFWLYLWLHV� OLNH�ERDW� WUDYHO� DQG� WUDGLWLRQDO�
KXQWLQJ�RI�PDULQH�PDPPDOV��DQG�LW�SUHVHQWV�D�KD]DUG�IRU�
PDULQH�FUDIW��7KH�GLIIHUHQW�XVHV�RI� VHD� LFH� �VHH�RYHUYLHZ�
LQ�7DEOH���DQG�LOOXVWUDWLRQ�LQ�)LJ�����DOO�GHSHQG�RQ�VSHFL¿F�
LFH� SURFHVVHV� RU� SURSHUWLHV��ZKLFK� LQ�PDQ\� FDVHV� FDQ�EH�
UHSUHVHQWHG�E\�JHRSK\VLFDO�SDUDPHWHUV�RU�VHWV�RI�SDUDPHWHUV�
WKDW�GHVFULEH�WKH�VWDWH�RI�WKH�LFH��DQG�WKHVH�SDUDPHWHUV�FDQ�
EH�XVHG�WR�WUDFN�UHOHYDQW�FKDQJHV��

$UFWLF� VHD� LFH� KDV� GHFOLQHG� VXEVWDQWLDOO\� LQ� H[WHQW�
�6WURHYH�HW�DO���������&RPLVR�DQG�+DOO��������DQG�WKLFNQHVV�
�.ZRN�DQG�5RWKURFN��������LQ�UHFHQW�GHFDGHV��,Q�OLJKW�RI�
WKHVH� FKDQJHV�� LW� LV� LPSRUWDQW� WR� HYDOXDWH� IXWXUH� LFH� XVH�
�6WHSKHQVRQ� HW� DO��� ������ WKURXJK� VWUDWHJLHV� FDSDEOH� RI�
GHWHUPLQLQJ�FOLPDWRORJLFDO�DQG�VHDVRQDO�FKDQJH�UHOHYDQW�WR�
VSHFL¿F�VWDNHKROGHU�QHHGV��(LFNHQ�HW�DO���������/RYHFUDIW�HW�
DO����������,W� LV�HVSHFLDOO\�LPSRUWDQW� WR�XQGHUVWDQG�IDFWRUV�
WKDW�GHWHUPLQH�WKH�IHDVLELOLW\�DQG�VDIHW\�RI�LFH�XVH�DQG�WR�
HYDOXDWH�SRWHQWLDO�KD]DUGV� LQ�SDUWLFXODU� ORFDWLRQV� �(LFNHQ�
HW� DO��� ������ (LFNHQ� DQG� 0DKRQH\�� ������� 7KLV� WDVN� LV�
FKDOOHQJLQJ� IRU� VHYHUDO� UHDVRQV�� ���� LFH� SURSHUWLHV� WKDW�
JRYHUQ� LFH� XVH� DUH� UHOHYDQW� DW� WKH� ORFDO� RU� UHJLRQDO� VFDOH�
DQG� XVH�VSHFLILF�� KHQFH�� WKH\� GHSHQG� XSRQ� LQGLYLGXDO�
XVHU� RU� VWDNHKROGHU� SHUVSHFWLYHV�� ���� XVHU� RU� VWDNHKROGHU�
LQIRUPDWLRQ� QHHGV� DUH� QRW� QHFHVVDULO\� GLUHFWO\� OLQNHG� WR�
W\SLFDO� JHRSK\VLFDO� SURSHUWLHV� WKDW� DUH� DVVHVVHG� WKURXJK�
RQJRLQJ�$UFWLF�VFLHQWL¿F�UHVHDUFK�RU�PRQLWRULQJ��DQG�����ZH�
PRVWO\�ODFN�TXDQWLWDWLYH�LQIRUPDWLRQ�WKDW�GHVFULEHV�D�VDIH�
VHD�LFH�XVH�RU�RSHUDWLQJ�VSDFH��

6RPH� VWXGLHV� KDYH� LGHQWLILHG� JHQHULF� LFH�WKLFNQHVV�
WKUHVKROGV� IRU� VDIH� WUDYHO� RYHU� LFH� �*ROG�� ������6TXLUH� HW�
DO��� ������ 86$&(�� ������� EXW� GLG� QRW� LGHQWLI\� VSHFL¿F�
WKUHVKROG�YDOXHV� IRU� VDIH�XVH� LQ�GLIIHUHQW� VHD� LFH� UHJLPHV�
RU� ORFDO� LFH�FRQGLWLRQV��$OVR��ZKLOH�EURDGHU�FDWHJRULHV�RI�
SDUDPHWHUV�UHOHYDQW�WR�LFH�XVH�KDYH�EHHQ�LGHQWL¿HG��3RWWHU�
HW�DO���������%DVKDZ�HW�DO����������LW�LV�XQFOHDU�ZKLFK�VSHFL¿F�
SDUDPHWHUV�DQG�SURFHVVHV�QHHG�WR�EH�WUDFNHG��DQG�RYHU�ZKDW�

VSDWLRWHPSRUDO� VFDOHV�� WR� SURYLGH� LFH� XVHUV� ZLWK� UHOLDEOH�
LQIRUPDWLRQ�RQ�LFH�VWDELOLW\��5HO\LQJ�VWULFWO\�RQ�TXDOLWDWLYH�
LQIRUPDWLRQ�PD\�EH�DSSURSULDWH�IRU�LQGLYLGXDO�,QGLJHQRXV�
XVHU�JURXSV��ZKR�FDQ�GUDZ�XSRQ�D�YDVW�ERG\�RI�WUDGLWLRQDO�
HQYLURQPHQWDO� RU� ,QGLJHQRXV� NQRZOHGJH� DQG� DVVRFLDWHG�
UHVSRQVHV� WR� KD]DUGV� DQG� RSSRUWXQLWLHV�� +RZHYHU�� IRU�
RSHUDWRUV�ZLWK� D� VKRUWHU�SUHVHQFH� LQ� WKH�$UFWLF�� GHULYLQJ�
DGGLWLRQDO� TXDQWLWDWLYH� GDWD� KDV� WKH� SRWHQWLDO� WR� JUHDWO\�
LPSURYH�VXUYH\V��ZKLFK�LQ�WKH�SDVW�KDYH�UHOLHG�KHDYLO\�RQ�
TXDOLWDWLYH� LQIRUPDWLRQ� JDWKHUHG� IURP� RIWHQ� GHFDGHV�ROG�
VWUDWHJLHV� VXFK� DV� DHULDO� UHFRQQDLVVDQFH�� 7KH� FKDQJLQJ�
$UFWLF�VHD�LFH�DOVR�DIIHFWV�ORFDO�NQRZOHGJH�KROGHUV¶�DELOLW\�
WR� UHO\� RQ� WKHLU� ERG\� RI� H[SHUWLVH� �-ROO\� HW� DO��� �������
LQFUHDVLQJ�WKH�QHHG�IRU�QHZ�DVVHVVPHQW�VWUDWHJLHV�WR�LQIRUP�
LFH�XVH��

Motivation for Case Studies on Landfast Sea Ice

$ORQJ� WKH� $UFWLF� FRDVW�� VHD� LFH� FRPPRQO\� DWWDFKHV�
WR� VKRUH� DV� ODQGIDVW� LFH� DQG� KDV� EHHQ� XVHG� IRU� WUDYHO� E\�
FRDVWDO� FRPPXQLWLHV� WKURXJKRXW� WKH� FLUFXPSRODU� QRUWK�
IRU� PLOOHQQLD�� DV� ZHOO� DV� E\� RLO� DQG� JDV� FRPSDQLHV� LQ�
UHFHQW� GHFDGHV� �0DVWHUVRQ� DQG�6SHQFHU�� ������� /DQGIDVW�
LFH� GXUDWLRQ� DQG� H[WHQW� KDYH� EHHQ� UHGXFHG� VLJQL¿FDQWO\�
LQ� UHFHQW� \HDUV� �0DKRQH\� HW� DO��� ������ <X� HW� DO��� ������
6HO\X]KHQRN� HW� DO��� ������� DIIHFWLQJ� DQG� SRWHQWLDOO\�
MHRSDUGL]LQJ� VHD� LFH� VHUYLFHV� DQG� LFH� XVH� �(LFNHQ� HW� DO���
�������,W�LV�WKHUHIRUH�ZLGHO\�UHFRJQL]HG�WKDW�UHFHQW�$UFWLF�
FKDQJH� KDV� UHVXOWHG� LQ� PRUH� GLI¿FXOW� WUDYHO� FRQGLWLRQV�
�)LHQXS�5LRUGDQ�DQG�5HDUGHQ��������/DLGOHU� HW� DO��� ������
DQG� LQFUHDVLQJO\�GDQJHURXV� LFH��$SRUWD�DQG�+LJJV��������
+XQWLQJWRQ�DQG�)R[��������)RUG�HW�DO���������$0$3��������
$SRUWD��������'UXFNHQPLOOHU�HW�DO���������

:H� IRFXV� RQ� WKH� XVH� RI� ODQGIDVW� LFH� DV� D� SODWIRUP� IRU�
WUDQVSRUWDWLRQ�DQG�RQ�LFH�RSHUDWLRQV�EHFDXVH�RI�WKH�UDQJH�RI�
VWDNHKROGHU�LQWHUHVWV�DQG�WKH�XUJHQF\�RI�XQGHUVWDQGLQJ�WKHVH�
HQYLURQPHQWDO�FKDQJHV��7KH�XVH�RI�ODQGIDVW�LFH�DV�D�SODWIRUP�
GHSHQGV� RQ� WKH� WUDI¿FDELOLW\� RI� WKH� LFH��ZKLFK�ZH�GH¿QH�
DV� WKH�DELOLW\� WR�RSHUDWH�RQ� WKH� LFH�ZLWKLQ� WKH� OLPLWDWLRQV�
RI� IHDVLELOLW\�� HI¿FLHQF\�� DQG� VDIHW\�� 7UDI¿FDELOLW\� KHQFH�
GHSHQGV�RQ�TXDQWL¿DEOH�SDUDPHWHUV� WKDW� UHODWH� WR� VXUIDFH�
SURSHUWLHV��FRPSRVLWLRQ��DQG�VWUXFWXUDO�LQWHJULW\��+HUH�ZH�
SUHVHQW�D�3DUDPHWHU�EDVHG�7UDI¿FDELOLW\�+LHUDUFK\��3$7+���
D�IUDPHZRUN�WR�LGHQWLI\�FULWLFDO�SDUDPHWHUV�UHOHYDQW�WR�VHD�
LFH�XVH�JXLGHG�E\�UHJLRQDO�DQDO\VLV��ORFDO�NQRZOHGJH��DQG�
VSHFL¿F�XVHU�UHVRXUFHV�DQG�QHHGV��7KLV�IUDPHZRUN�VXSSRUWV�
WKH�GHYHORSPHQW��HYDOXDWLRQ��DQG�V\QWKHVLV�RI�QHZ�PHWKRGV�
DQG�WHFKQLTXHV�WR�KHOS�LFH�XVHUV�DQG�VWDNHKROGHUV�FRSH�ZLWK�
UDSLGO\�FKDQJLQJ�LFH�HQYLURQPHQWV��7KH�3$7+�IUDPHZRUN�
KHOSV� JXLGH� SURFHVV� VWXGLHV� DQG� VXVWDLQHG� REVHUYDWLRQV�
FRQGXFWHG� E\� WKH� UHVHDUFK� FRPPXQLW\�� 3$7+�ZDV� XVHG�
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7$%/(����'LIIHUHQW�W\SHV�RI�VHD�LFH�XVH�E\�KXPDQV�LQ�WKH�$UFWLF�

8VHU�JURXSV� 7\SH�RI�DFWLYLWLHV� ([DPSOHV�RI�DFWLYLWLHV�DQG�EHQH¿WV

$UFWLF�FRPPXQLWLHV� ��+XQWLQJ�DQG�¿VKLQJ� �� 6XEVLVWHQFH��FXOWXUDO�WUDGLWLRQ��LGHQWLW\
� ��7UDQVSRUWDWLRQ� �� 7UDQVSRUWLQJ�IXHO��IRRG��JRRGV��HWF��
� ��7UDYHO� �� 7UDYHO�DFURVV�LFH��H�J���KXQWLQJ��YLVLWLQJ�QHDUE\�FRPPXQLWLHV�
� ��5HFUHDWLRQ� �� 'RJ�PXVKLQJ��H[HUFLVLQJ��VQRZPRELOH�ULGLQJ��FRPSHWLWLRQV�
� ��(GXFDWLRQ���VRFLDO�HYHQWV�� �� 7HDFKLQJ�QDYLJDWLRQ��LFH�VDIHW\��DQG�RWKHU�VNLOOV�WR�\RXQJHU�JHQHUDWLRQV
� ��&XOWXUDO�DFWLYLWLHV� �� &HUHPRQLHV�DQG�ULWXDOV�
,QGXVWU\� ��1DWXUDO�UHVRXUFH�GHYHORSPHQW� �� 2LO�DQG�JDV�H[SORUDWLRQ�DQG�SURGXFWLRQ��VPDOO�VFDOH�RSHUDWLRQV�VXFK�DV�SODFHU�JROG�PLQLQJ
� ��6KLSSLQJ� �� 7UDQVSRUW�RI�JRRGV�WR�DQG�IURP�$UFWLF�SRUWV�DQG�WUDQV�$UFWLF�FDUJR�VKLSSLQJ
7RXULVP� ��&UXLVH�VKLS�WRXULVP�
� ��6ROR�WULSV���H[SORUDWLRQ�
6FLHQFH� ��)LHOG�ZRUN�DQG�H[SHGLWLRQV� �� 8VH�RI�FRDVWDO�LFH�DV�D�SODWIRUP�RU�QDWXUDO�ODERUDWRU\�IRU�EURDGHU�XQGHUVWDQGLQJ�RI�� �
� � � UHOHYDQW�VHD�LFH�SURFHVVHV�
'HIHQVH�� ��1DYDO�RSHUDWLRQV�DQG�WUDLQLQJ�� �� &RQFHDOLQJ�QXFOHDU�VXEPDULQHV�DV�SDUW�RI�WKH�0XWXDO�$VVXUHG�'HVWUXFWLRQ�'RFWULQH�� �
� � � GXULQJ�WKH�&ROG�:DU

),*�����6FKHPDWLF�VKRZLQJ�H[DPSOHV�RI�LFH�XVHUV��LFH�XVH�DFWLYLWLHV��DQG�LFH�UHODWHG�SDUDPHWHUV�DIIHFWLQJ�LFH�XVHUV��+HUH��EOXH�OLQHV�UHSUHVHQW�VHDVRQDO�LFH�WUDLOV�
�OHIW��DQG�LFH�URDG��ULJKW���7KH�RWKHU�OLQHV�DUH�IUDFWXUHV��

LQ�WKUHH�FDVH�VWXGLHV�LQ�$ODVND��.RW]HEXH��8WTLDƥYLN��DQG�
3UXGKRH�%D\��LQ�DQ�HIIRUW�WR�WHVW�LWV�XWLOLW\�IRU�GLIIHUHQW�LFH�
UHJLPHV� DQG� XVHV� DQG� WR� GHYHORS� WHFKQLTXHV� UHOHYDQW� WR�
PXOWLSOH�UHJLRQV��

.RW]HEXH�LV�VLWXDWHG�RQ�DQ�LVRODWHG� LVWKPXV�VHSDUDWLQJ�
.RW]HEXH� 6RXQG� DQG� +RWKDP� ,QOHW� �NQRZQ� ORFDOO\� DV�
.REXN�/DNH���7KH�FRPPXQLW\�RI�.RW]HEXH�HPHUJHG�LQ�WKH�
����V�DV�D�PDMRU�ORFDO�WUDQVSRUWDWLRQ�DQG�VHUYLFHV�KXE�IRU�
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UXUDO�FRPPXQLWLHV��$�VLJQL¿FDQW�SRUWLRQ�RI�WKH�SRSXODWLRQ�
UHJXODUO\�WUDYHOV�RQ�WKH�LFH�WR�KXQW��¿VK��DQG�WUDQVSRUW�IXHO�
DQG� JRRGV� WR� VXPPHU� FDELQV� DQG� QHDUE\� FRPPXQLWLHV��
ZKLFK�PDNHV�WKH�VHD�LFH�DURXQG�.RW]HEXH�D�VLJQL¿FDQW�LFH�
XVH�UHJLRQ�LQ�WKH�$UFWLF��8WTLDƥYLN��IRUPHUO\�%DUURZ��LV�DQ�
LPSRUWDQW�ORFDWLRQ�IRU�LFH�EDVHG�PDULQH�PDPPDO�KXQWLQJ�
ZKHUH�FRPPXQLW\�PHPEHUV�FRQVWUXFW�VHDVRQDO�WUDLOV�RQ�WKH�
ODQGIDVW�VHD�LFH��'UXFNHQPLOOHU�HW�DO����������7KH�3UXGKRH�
%D\� UHJLRQ� LV� LPSRUWDQW� WR� WKH� RLO� DQG� JDV� LQGXVWU\�� DQG�
DV� LQ� RWKHU� UHJLRQV� RI� VWUDWHJLF� LPSRUWDQFH�� WKH� ODQGIDVW�
VHD� LFH�DURXQG�3UXGKRH�%D\� LV� LPSRUWDQW� IRU�HFRQRPLFDO�
WUDQVSRUW�RI�HTXLSPHQW�DFURVV�LFH�URDGV��3RWWHU�HW�DO���������
6RRllU�DQG�-DDJXV��������%DVKDZ�HW�DO����������$Q�H[DPSOH�
RI�DQ�LFH�URDG�OHDGLQJ�WR�DQ�RIIVKRUH�GULOOLQJ�RSHUDWLRQ�LV�
LOOXVWUDWHG�LQ�)LJXUH����7KLV�URDG�SDUWO\�WUDYHUVHV�VKHOWHUHG�
LFH��EXW�LV�VWLOO�LQÀXHQFHG�E\�RIIVKRUH�SDFN�LFH�LQWHUDFWLRQ��
DV�LV�WKH�URDG�OHDGLQJ�WR�1RUWKVWDU�,VODQG�ZHVW�RI�3UXGKRH�
%D\��.ULHJHU�HW�DO���������GLVFXVVHG�KHUH��

.RW]HEXH� DQG�8WTLDƥYLN�� OLNH� RWKHU� FRDVWDO� DQG� QHDU�
FRDVWDO� FRPPXQLWLHV� LQ� QRUWKZHVWHUQ�$ODVND�� DUH� IDFLQJ�
FKDOOHQJHV� UHODWHG� WR� FOLPDWH� FKDQJH� WKURXJK� GHOD\HG�
IUHH]H�XS�DQG�D�VKRUWHU� ODQGIDVW� LFH�VHDVRQ�� ,Q�.RW]HEXH��
RYHU�LFH�WUDYHO�KDV�EHHQ�GHOD\HG�E\�HLJKW�GD\V�SHU�GHFDGH�
�8KO�� ������� WKUHDWHQLQJ� FRQWLQXDWLRQ� DQG� VDIHW\� RI� LFH�
WUDYHO� �)�� 6PLWK� DQG� 6�� .DQWQHU�� SHUV�� FRPP�� ������� ,Q�
8WTLDƥYLN�� FKDQJLQJ� LFH� FRQGLWLRQV� DUH� EHFRPLQJ� WKH�
SULPDU\� FRQVWUDLQW� RQ� LFH�UHODWHG� WUDYHO� �'UXFNHQPLOOHU�
HW� DO��� ������ -RKQVRQ� DQG�(LFNHQ�� �������7KH� LFH� URDG� LQ�
.RW]HEXH��FDVH�VWXG\����WUDYHUVHV�D�PRVWO\�VKHOWHUHG��ULYHU�
LQÀXHQFHG�� HVWXDULQH� ORFDWLRQ� GRPLQDWHG� E\� VPRRWK� LFH��
ZKLOH�WKH�LFH�WUDLOV�LQ�8WTLDƥYLN��FDVH�VWXG\����RIWHQ�FURVV�
VHYHUHO\�GHIRUPHG�LFH�VKDSHG�E\�SURFHVVHV�UHSUHVHQWDWLYH�RI�
RIIVKRUH�LFH�G\QDPLFV��7RJHWKHU��.RW]HEXH�DQG�8WTLDƥYLN�
VHUYH� DV� HQG� PHPEHUV� WKDW� GHOLPLW� D� ZLGH� VSDQ� RI� LFH�
FRQGLWLRQV��LQVRIDU�DV� WKH\�OLPLW� LFH�XVH��DQG�W\SHV�RI� LFH�
XVH��SURIHVVLRQDOO\�VXUYH\HG�LFH�URDG�WR�FRQQHFW�VHWWOHPHQWV�
YV��ORFDO�LFH�WUDLOV�WR�DFFHVV�KXQWLQJ�VLWHV���7KH�LQIRUPDWLRQ�
FROOHFWHG� IURP� WKHVH� WZR� FRPPXQLWLHV� WKHUHIRUH� KHOSV�
WR� LGHQWLI\� FULWLFDO� SURSHUWLHV� IRU� RWKHU� DUHDV� DQG� LFH� XVH�
VFHQDULRV�IRU�ZKLFK�OHVV�ORFDO�LQIRUPDWLRQ�LV�DYDLODEOH��VXFK�
DV�WKH�3UXGKRH�%D\�UHJLRQ��FDVH�VWXG\�����

2XU�JRDO�KHUH� LV� WR�RXWOLQH� WKH�VWHSV�QHHGHG� WR�GHYHORS�
QHZ�DVVHVVPHQW�DSSURDFKHV�WR�VXSSRUW�VHD�LFH�XVH��3$7+���

ZKLOH�GRFXPHQWLQJ�WKH�SURFHVV�DQG�VXFFHVV�RI�WKH�IUDPHZRUN�
WKURXJK�WKUHH�FDVH�VWXGLHV��&DVH�VWXGLHV���DQG���DUH�SUHVHQWHG�
RQO\� EULHIO\� KHUH�� VLQFH� WKH� IXOO� VWXGLHV� DUH� SXEOLVKHG�
HOVHZKHUH��'DPPDQQ�HW�DO���������������
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'HVFULSWLRQ�RI�WKH�3DUDPHWHU�EDVHG�7UDI¿FDELOLW\�
+LHUDUFK\

$VVHVVPHQW�IUDPHZRUNV�LQ�VXSSRUW�RI�LFH�XVH�UHTXLUH�D�
WKRURXJK� XQGHUVWDQGLQJ� RI� LQGLYLGXDO� VWDNHKROGHU� QHHGV��
)RU�RQ�LFH�RSHUDWLRQV��WKHVH�QHHGV�DUH�PRVW�RIWHQ�GULYHQ�E\�
D�FRPELQDWLRQ�RI�IHDVLELOLW\��L�H���LV�LW�SRVVLEOH�WR�FDUU\�RXW�
DQ�DFWLYLW\"���VDIHW\��L�H���LV�LW�VDIH�WR�GR�VR"���DQG�HI¿FLHQF\�
�L�H���FDQ�LW�EH�GRQH�LQ�DQ�HFRQRPLFDOO\�YLDEOH�IDVKLRQ�RU�ZLWK�
VXVWDLQDEOH�XVH�RI�FRPPXQLW\�UHVRXUFHV"��DQG�FRQVWUDLQHG�
E\�SDUDPHWHUV�DQG�WKUHVKROGV�DSSOLFDEOH�IRU�WKH�LQGLYLGXDO�
LFH� XVHU� RU� LFH� UHJLPH�� ([DPSOHV� RI� VSHFLILF� LFH� XVH�
VFHQDULRV�ZLWK�DVVRFLDWHG�H[DPSOHV�RI�XVHU�QHHGV�DUH�OLVWHG�
LQ�7DEOH���� DQG� HDFK� VFHQDULR� LV� DGGUHVVHG� LQ� WKH� UHVXOWV�
VHFWLRQ��:H� LQWURGXFH� D� IUDPHZRUN� WR� JXLGH� DVVHVVPHQW�
VWUDWHJLHV�FDSDEOH�RI�HYDOXDWLQJ�DQG� WUDFNLQJ� ODQGIDVW� LFH�
SURSHUWLHV� DQG� SURFHVVHV� WLHG� WR� VSHFL¿F� XVHU� QHHGV� DW� D�
WLPH�RI�UDSLG�FKDQJH�DQG�KLJK�LQWHUDQQXDO�YDULDELOLW\�LQ�LFH�
FRQGLWLRQV��7KLV�IUDPHZRUN�DUUDQJHV�FULWLFDO�WUDI¿FDELOLW\�
SDUDPHWHUV�EDVHG�RQ�XVHU�VSHFL¿F�QHHGV�LQWR�D�3DUDPHWHU�
EDVHG�7UDI¿FDELOLW\�+LHUDUFK\��3$7+���3$7+�FRQVLVWV�RI�
WKUHH�VWDJHV��HDFK�FRPSRVHG�RI�VHSDUDWH�VWHSV��)LJ�����

7KH� ¿UVW� 3$7+� VWDJH� LGHQWL¿HV� WKH� UHOHYDQFH� RI� LFH�
DVVRFLDWHG�SDUDPHWHUV� IRU�D� VSHFL¿F� W\SH�RI� LFH�XVH� �H�J���
LFH�URDG��LFH�WUDLO��HTXLSPHQW�VWDJLQJ���LFH�XVHU��H�J���ORFDO�
JRYHUQPHQW��LQGXVWU\��FRDVWDO�FRPPXQLWLHV��DQG�LFH�UHJLPH��
)RU� LQVWDQFH�� WKLV� VWDJH� FRXOG� QDUURZ� GRZQ� SDUDPHWHUV�
UHOHYDQW� WR�FRQVWUXFWLRQ�RI� LFH�URDGV�DURXQG�.RW]HEXH�E\�
ORFDO�JRYHUQPHQWV��7KLV�SURFHVV�FRPSULVHV�VHYHUDO�VWHSV��
6WHS� �D� LGHQWLILHV� DOO� SRWHQWLDOO\� UHOHYDQW� SDUDPHWHUV��
GUDZLQJ�DOVR�RQ�LFH�XVHU�NQRZOHGJH�LQFOXGLQJ�,QGLJHQRXV�
NQRZOHGJH�IURP�DURXQG�WKH�$UFWLF��6WHS��E�H[FOXGHV� OHVV�
UHOHYDQW�SDUDPHWHUV�IRU�D�VSHFL¿F�LFH�UHJLPH��GUDZLQJ�RQ�
D�UDQJH�RI�FOLPDWH�DQG�UHPRWH�VHQVLQJ�GDWD��ORFDO�PDSV��RU�
ZHDWKHU�GDWD��6WHS��F�JDWKHUV� LQIRUPDWLRQ� IURP�LFH�XVHUV�

7$%/(����([DPSOHV�RI�LFH�XVH�DQG�DVVRFLDWHG�XVHU�QHHGV

8VHU�QHHGV

$ELOLW\�WR�RSHUDWH�DQ�LFH�URDG�VDIHO\�ZLWKLQ�D�VWULFW�¿QDQFLDO�EXGJHW��DQG�
KHQFH�ZLWKRXW�WKH�SRVVLELOLW\�IRU�PRGL¿FDWLRQV�VXFK�DV�DUWL¿FLDO�WKLFNHQLQJ��
$ELOLW\�WR�RSHUDWH�ZLWKLQ�D�WLPH�ZLQGRZ�ZKHQ�LFH�WKLFNQHVV�LV�VXI¿FLHQW�WR�
VXVWDLQ�WKH�EHDULQJ�FDSDFLW\�UHTXLUHG�IRU�URDG�PDLQWHQDQFH�HTXLSPHQW��

$ELOLW\�WR�H[FDYDWH�WUDLOV�PDQXDOO\�WKURXJK�URXJK�LFH�IURP�VKRUH�WR�WKH�
ODQGIDVW�LFH�HGJH�ZLWKLQ�FRQVWUDLQWV�RI�¿QDQFLDO�EXGJHW��FRQVWUXFWLRQ�WLPH��
DQG�WUDLO�OHQJWK��

$ELOLW\�WR�RSHUDWH�RQ�LFH�WKDW�FDQ�KROG�FRQVWUXFWLRQ�YHKLFOHV�DQG�ZLOO�UHPDLQ�
LPPRELOH�GXULQJ�WKH�VHDVRQ��$ELOLW\�WR�WUDYHO�DFURVV�WKH�LFH�PXOWLSOH�WLPHV�
ZLWKRXW�FRPSURPLVLQJ�LWV�ORDG�EHDULQJ�FDSDFLW\�RU�VXUIDFH�FRQGLWLRQV�

,FH�XVH�

&RPPXQLW\�LFH�URDG�FRQVWUXFWHG�E\�ORFDO�JRYHUQPHQW�DJHQF\
�&DVH�VWXG\����

6XEVLVWHQFH�LFH�WUDLOV�FRQVWUXFWHG�E\�ORFDO�FRPPXQLW\�PHPEHUV
�&DVH�VWXG\����

,QGXVWU\�LFH�URDG
�&DVH�VWXG\����
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WR� HYDOXDWH� JHQHUDO� UHOHYDQFH� RI� SDUDPHWHUV� RQ� WKH� EDVLV�
RI�WKHLU�H[SHULHQFH�ZLWK�UHJLRQDO�LFH�XVH��6WHS��G�LGHQWL¿HV�
SDUDPHWHUV� RI� OHVVHU� LPSRUWDQFH� IRU� SDUWLFXODU� LFH� XVHUV��
IRU� H[DPSOH�� DGHTXDWH� LFH� WKLFNQHVV� LV�PRUH� UHOHYDQW� IRU�
FRPPXQLW\� LFH� URDGV� FRQVWUXFWHG�ZLWK� OLPLWHG� UHVRXUFHV�
WKDQ� IRU� DQ� LFH� URDG� FRQVWUXFWHG� E\� LQGXVWU\��ZKLFK� KDV�
UHVRXUFHV�WR�DUWL¿FLDOO\�WKLFNHQ�WKH�LFH��

7KH�VHFRQG�3$7+�VWDJH�LGHQWL¿HV�XVHU�QHHGV�DQG�SULRULWLHV�
�6WHS� �D�� IURP� VSHFL¿F� XVHU� REMHFWLYHV� �VHH� H[DPSOHV� LQ�
7DEOH�����$OWKRXJK�VWDJH��� LGHQWL¿HV� WKH�JHQHUDO� UHOHYDQFH�
RI�SDUDPHWHUV�IRU�D�SDUWLFXODU�LFH�XVH�DQG�UHJLRQ��VWDJH���LV�
FULWLFDO�WR�LGHQWLI\�DVVRFLDWHG�FRQVLGHUDWLRQV�DQG�OLPLWDWLRQV�
RQ� WKH�EDVLV�RI�VSHFL¿F�REMHFWLYHV�� ,Q� WKH�FDVH�RI� LFH� URDGV�
QHDU�.RW]HEXH��WKH�$ODVND�'HSDUWPHQW�RI�7UDQVSRUWDWLRQ�LV�
H[SORULQJ�WKH�IHDVLELOLW\�RI�DQ�LFH�URDG�H[WHQGLQJ�IURP�WKH�HDVW�

WR�WKH�ZHVW�VLGH�RI�WKH�%DOGZLQ�3HQLQVXOD�ZLWK�WKH�REMHFWLYH�
RI� WUDQVSRUWLQJ� JUDYHO�� $W� WKH� VDPH� WLPH�� WKH� 1RUWKZHVW�
$UFWLF�%RURXJK�LV�FRQVWUXFWLQJ�DQ�LFH�URDG�IURP�.RW]HEXH�WR�
.LDQD�HDFK�\HDU��ZLWK�WKH�PDLQ�REMHFWLYH�RI�DOORZLQJ�SHRSOH�
WR� WUDYHO�HDVLO\�EHWZHHQ�FRPPXQLWLHV��7KHVH�WZR�FDVHV�DUH�
DVVRFLDWHG�ZLWK�D�VLPLODU�LFH�UHJLPH�DQG�LFH�XVH��EXW�SULRULWLHV�
DQG�XVHU�QHHGV�GLIIHU�LQ�WHUPV�RI�����WKH�VSHFL¿F�ORFDWLRQ�DQG�
WLPLQJ�� LQFOXGLQJ� WKH�QHFHVVDU\� WHPSRUDO� H[WHQW� RI� WKH� LFH�
XVH������ZKHWKHU�DOWHUQDWLYH�URXWHV�FDQ�EH�FUHDWHG�RU�GLIIHUHQW�
ORFDWLRQV�XVHG��DQG�����UHTXLUHG�OHYHOV�RI�HI¿FLHQF\�DQG�VDIHW\��
)RU�LQVWDQFH��DQ�LFH�URDG�PDQDJHG�VROHO\�E\�FRQWUDFWRUV�FRXOG�
SRWHQWLDOO\� RSHUDWH� FORVHU� WR� D� VDIHW\� WKUHVKROG� VLQFH� WKH�
FRQWUDFWRU�PD\�EH�DEOH�WR�FRQWLQXRXVO\�PRQLWRU�DQG�DGKHUH�WR�
QDUURZ�VDIHW\�PDUJLQV��DV�RSSRVHG�WR�DQ�LFH�URDG�WKDW�LV�RSHQ�
WR�WKH�ZLGHU�FRPPXQLW\��

),*�����2YHUYLHZ�RI�WKH�WKUHH�VWHSV�LQ�3$7+�IRU�GHYHORSLQJ�DVVHVVPHQW�VWUDWHJLHV�LQ�UHVSRQVH�WR�VWDNHKROGHU�QHHGV�
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7KH�WKLUG�3$7+�VWDJH�DUULYHV�DW�DQ�DVVHVVPHQW�VWUDWHJ\�
EDVHG�RQ�SDUDPHWHUV� LGHQWL¿HG� LQ� VWDJHV� �� DQG���� WDNLQJ�
LQWR� FRQVLGHUDWLRQ� WKH� DFFXUDF\� UHTXLUHG� �6WHS� �D��� )RU�
LQVWDQFH�� SDUDPHWHUV� UHODWHG� WR� VDIHW\� RIWHQ� UHTXLUH� IDU�
JUHDWHU� DFFXUDF\� WKDQ� SDUDPHWHUV� UHODWHG� WR� HI¿FLHQF\��
VLQFH�D�GDWD�PLVLQWHUSUHWDWLRQ�LV�IDU�PRUH�FRQVHTXHQWLDO�IRU�
WKH�IRUPHU�WKDQ�IRU�WKH�ODWWHU��7KH�VSDWLDO�VFDOH�DW�ZKLFK�LFH�
XVH�WDNHV�SODFH�DOVR�GHWHUPLQHV�WKH�VHOHFWLRQ�RI�DVVHVVPHQW�
WRROV� �6WHS� �E��� 7\SLFDOO\�� D� VWUDWHJ\�ZLWK� KLJK� DFFXUDF\�
LV� RIWHQ� LQFDSDEOH� RI� DVVHVVLQJ� SDUDPHWHUV� RYHU� D� ODUJH�
VSDWLDO�H[WHQW��KHQFH� WKH� ODVW� VWHS� LQYROYHV�FRPSURPLVLQJ�
DQG� GHYHORSLQJ� PHWKRGV�� RIWHQ� E\� FRPELQLQJ� GLIIHUHQW�

DVVHVVPHQW� VWUDWHJLHV� VXFK� DV� UHPRWH� VHQVLQJ� DQG� LQ� VLWX�
VXUYH\V��WKDW�FDQ�HQVXUH�WKDW�QHHGV�DUH�PHW�ZLWKLQ�WKH�VFRSH�
RI�DYDLODEOH�VWDNHKROGHU�UHVRXUFHV��6WHS��F���

*DWKHULQJ�3HUVSHFWLYHV�IURP�2YHU�,FH�7UDYHO

)RU� 6WHS� �D� RI� 3$7+� VWDJH� ��� ZH� LQWHUYLHZHG� ORFDO�
LFH� H[SHUWV� �KXQWHUV�� LFH� URDG� RSHUDWRUV�� HWF��� LQ� WKUHH�
$ODVND�FRPPXQLWLHV�GXULQJ� WKH�ZLQWHU�RI������±�����ZLWK�
TXHVWLRQV� IRFXVLQJ� RQ� VHD� LFH� DQG� VSHFLILFDOO\� RQ� LFH�
IHDWXUHV� FRQVLGHUHG� VLJQL¿FDQW� IRU� LFH� WUDYHO�� 8WTLDƥYLN��
.RW]HEXH��DQG�1RPH��)LJ���D��ZHUH�VHOHFWHG� IRU�ERWK� WKH�

),*�����D��2YHUYLHZ�RI�VWXG\�DUHDV��E�±�G��FORVH�XS�YLHZ�RI�LFH�WUDLOV�DQG�URDGV�
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GLIIHUHQFHV�LQ�WKHLU�LFH�FRQGLWLRQV�DQG�WKH�EUHDGWK�RI�WKHLU�
LFH�XVHV��ZKLFK�UHTXLUHG�LGHQWL¿FDWLRQ�RI�D�EURDG�VXLWH�RI�
UHOHYDQW�SDUDPHWHUV��7KH�ODQGIDVW� LFH�QHDU�1RPH�FRQVLVWV�
RI�PRVWO\�OHYHO� WR�PRGHUDWHO\�URXJK�¿UVW�\HDU�VHD�LFH�DQG�
LV� VXVFHSWLEOH� WR� EUHDNRXW� HYHQWV� WKURXJKRXW� ZLQWHU� DQG�
VSULQJ��7KH�VHD�LFH�QHDU�8WTLDƥYLN�LV�SUHGRPLQDWHO\�¿UVW�
\HDU�LFH�RI�PRGHUDWH�WR�VHYHUH�URXJKQHVV�WKDW�LV�DOVR�VXEMHFW�
WR�ZLQWHU�DQG�VSULQJ�EUHDNRXW�HYHQWV��7KH�LFH�DW�.RW]HEXH�
LV� PRUH� VKHOWHUHG� DQG� IHDWXUHV� LQIUDVWUXFWXUH� VXFK� DV�
PDUNHG�LFH�WUDLOV�DQG�D�IXOO\�PDLQWDLQHG�LFH�URDG�XVHG�IRU�
WUDQVSRUWDWLRQ�RI�JRRGV��

7KH�LQWHUYLHZV�ZHUH�XVHG�LQ�FRQMXQFWLRQ�ZLWK�SXEOLVKHG�
OLWHUDWXUH� WR� LGHQWLI\� D� FRPSUHKHQVLYH� VHW� RI� SDUDPHWHUV�
FULWLFDO�WR�WUDYHO�RQ�ODQGIDVW�VHD�LFH��3DUDPHWHUV�¿W�LQWR�QLQH�
FDWHJRULHV��DUUDQJHG�LQ�D�PDWUL[�FRQ¿JXUDWLRQ�DFFRUGLQJ�WR�
WKHLU�LPSRUWDQFH�DQG�UHOHYDQW�VSDWLRWHPSRUDO�VFDOH��)LJ������
7KH� OHIW� FROXPQ� OLVWV� SDUDPHWHUV� UHOHYDQW� IRU� DOO� DVSHFWV�
RI� RQ�LFH� DFWLYLWLHV�� 7KH� PLGGOH� FROXPQ� OLVWV� DGGLWLRQDO�
SDUDPHWHUV�WR�FRQVLGHU�IRU�VSDWLDOO\�H[WHQVLYH�XVH�VXFK�DV�
RYHU�LFH�WUDYHO��7KH�ULJKW�FROXPQ�OLVWV�SDUDPHWHUV�UHOHYDQW�
IRU�ORQJHU�WHUP��UHSHDWHG�XVH�VXFK�DV�LFH�URDGV�RU�WUDLOV��7KH�
WRS�URZV�FRQWDLQ�WKH�WKUHH�]HUR�RUGHU�WHUPV�WKDW�JRYHUQ�WKH�
SULQFLSDO�IHDVLELOLW\�RI�LFH�XVH�ZKLOH�WKH�ORZHU�URZV�FRQWDLQ�
ORZHU�RUGHU� WHUPV� UHODWHG� WR� VDIHW\�DQG�HI¿FLHQF\��$� IXOO�
MXVWL¿FDWLRQ� RI� WKH� QLQH� FDWHJRULHV� WKURXJK� DQ� H[WHQVLYH�
VXPPDU\� RI� WKH� ¿QGLQJV� IURP� LQWHUYLHZV� DQG� OLWHUDWXUH�

FDQ�EH�IRXQG�LQ�'DPPDQQ���������7KH�UHOHYDQFH�RI�HDFK�
FDWHJRU\�LV�HYDOXDWHG�DV�ORZ��PRGHUDWH��RU�KLJK�IRU�WKH�WKUHH�
FDVH�VWXGLHV��)LJ������

0(7+2'6

$VVHVVLQJ�,FH�7KLFNQHVV�9DULDELOLW\�ZLWK�*URXQG�
Penetrating Radar

*URXQG�3HQHWUDWLQJ�5DGDU��*35��FDQ�EH�XVHG�WR�GHULYH�
WKH� WKLFNQHVV�RI�ÀRDWLQJ� LFH� �.DQDJDUDWQDP�HW� DO��� ������
+ROW�HW�DO���������+DDV�DQG�'UXFNHQPLOOHU���������7KH�LFH�
WKLFNQHVV� �h�� LV� FDOFXODWHG� IURP� WKH� UHWXUQ� WLPH� �t) of an 
HPLWWHG� HOHFWURPDJQHWLF� VLJQDO� WUDYHOLQJ� ZLWK� VSHHG� �v) 
UHÀHFWLQJ� EDFN� IURP� WKH� XQGHUVLGH� RI� WKH� LFH� GXH� WR� WKH�
VWURQJ�GLHOHFWULF�FRQWUDVW�DW�WKH�LFH�ZDWHU�LQWHUIDFH�

 (1)

7KH�VSHHG�RI�OLJKW�LQ�IUHVK�LFH�LV�URXJKO\������P�QV����EXW�LV�
UHGXFHG�GHSHQGLQJ�RQ�VDOLQLW\�GRZQ�WR�URXJKO\������P�QV�� 
IRU�VHD�LFH��/LX�HW�DO����������

:H� VXUYH\HG� WKH� .RW]HEXH�.LDQD� LFH� URDG� �)LJ�� �E��
XVLQJ� D� *35�� ZKLFK� SURYLGHG� FRQWLQXRXV� LFH� WKLFNQHVV�
PHDVXUHPHQWV� IURP�.RW]HEXH� WR� WKH� .REXN� 5LYHU� 'HOWD�
�)LJ�� �D��� 7KH� *35� XQLW� ZDV� D� �� *+]� SXOVH(..2�3UR�
V\VWHP� PRXQWHG� LQ� D� SODVWLF� VOHG� DQG� WRZHG� EHKLQG� D�
VQRZPRELOH�RQ�WKH�LFH�URDG�IURP�.RW]HEXH�WR�WKH�PRXWK�RI�
WKH�.REXN�5LYHU��7KH�XQLW�ZDV�WRZHG�DW�D�VSHHG�RI�URXJKO\ 
��P�V�������NP�K�����ZKLFK�ZDV�VORZ�HQRXJK�IRU�WKH�VOHG�QRW�WR�
ERXQFH�RQ�WKH�LFH�VXUIDFH��*35�LV�VXVFHSWLEOH�WR�D�VLJQL¿FDQW�
ORVV�RI� VLJQDO� VWUHQJWK� LQ�VHD� LFH�EHFDXVH�RI� LPSXULWLHV� LQ�
WKH�LFH��EULQH�FKDQQHOV��DLU�EXEEOHV��IUDFWXUHV��DQG�KHQFH�LV�
PRVW�UHOLDEOH�RQ�IUHVK��WKLQ��DQG�XQGHIRUPHG�LFH��,FH�VDOLQLW\�
UDQJHG�EHWZHHQ���DQG���SSW��'�2��'DPPDQQ��������XQSXEO��
GDWD��DW�/RFNKDUW�3RLQW�� LQGLFDWLQJ�SUHGRPLQDQFH�RI�IUHVK�
LFH�DFURVV�PRVW�RI� WKH� URDG� WKDW�ZRXOG� UHVXOW� LQ�VXI¿FLHQW�
VLJQDO�IRU�DFFXUDWH�LFH�WKLFNQHVV�PHDVXUHPHQWV��

/RZ� LFH� VDOLQLW\� �����SSW��DORQJ�PRVW�RI� WKH� URDG�DOVR�
UHVXOWV� LQ� D� QHJOLJLEOH� ELDV� FDXVHG� E\� FKDQJLQJ� VLJQDO�
YHORFLW\� LQ� WKH� GHULYHG� WKLFNQHVV� GDWD�� ([DPSOHV� RI� UDZ�
GDWDVHWV�IURP�WKH�*35�VXUYH\�DUH�GLVSOD\HG�LQ�)LJXUH��E��
*35� FDQ� UHVROYH� WKH� VQRZ� OD\HU� VHSDUDWHO\� RQO\� LI� VQRZ�
H[FHHGV�D�FHUWDLQ�GHSWK�� LQ� WKLV�FDVH� URXJKO\���P��L�H��� LI�
VQRZ�LV�PXFK�GHHSHU�WKDQ�LV�W\SLFDO�RQ�$ODVND�ODQGIDVW�LFH���
+RZHYHU��WKH�LFH�URDG�ZDV�FOHDUHG��HOLPLQDWLQJ�WKH�SRWHQWLDO�
IRU�ELDVHG�WKLFNQHVV�UHDGLQJV�GXH�WR�VQRZ��7R�YDOLGDWH�WKH�
*35�PHDVXUHPHQWV��HLJKW�DXJHU�KROHV�ZHUH�GULOOHG�DORQJ�
WKH�VXUYH\�URXWH��

Ice Thickness Compensation Factor

,FH� WKLFNQHVV� LV� UHOHYDQW� LQ� WHUPV� RI� LWV� EHDULQJ�
FDSDFLW\��ZKLFK�LQ�DQ�LGHDOL]HG�FDVH�FDQ�EH�FDOFXODWHG�IRU�D�
FRQWLQXRXV�LFH�VKHHW�XVLQJ�WKH�IRUPXOD��

),*�����*HQHUDO�SDUDPHWHUV�UHODWHG�WR�LFH�XVH��VWUXFWXUHG�LQ�D�PDWUL[��&ROXPQV�
FRQWDLQ� SDUDPHWHUV� UHODWHG� WR� ���� DOO� LFH� XVH�� ���� XVH�ZLWK� D� VSDWLDO� H[WHQW��
DQG� ���� XVH� ZLWK� HLWKHU� WHPSRUDO� H[WHQW� RU� FRQVWUDLQWV�� 5RZ� �� UHSUHVHQWV�
]HUR�RUGHU� SDUDPHWHUV� UHODWHG� WR� LFH� XVH� DQG� URZV��� DQG��� UHSUHVHQW� ORZHU�
RUGHU� SDUDPHWHUV�� &RORUHG� OHWWHUV� LQGLFDWH� OHYHO� RI� VHQVLWLYLW\� WR� SDUWLFXODU�
SDUDPHWHUV� GHWHUPLQHG� E\� 3$7+� IRU� WKH� WKUHH� FDVH� VWXGLHV�.RW]HEXH� �.���
8WTLDƥYLN��8���DQG�1RUWKVWDU��1���

h = vt
2
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ZKHUH�h��LV�UHTXLUHG�PLQLPXP�LFH�WKLFNQHVV�LQ�P��P�LV�WKH�
UHTXLUHG�ORDG�EHDULQJ�FDSDFLW\�LQ�NJ��DQG�A�LV�D�FRQVWDQW��
ZKLFK� FDQ� UDQJH� XS� WR� ��������� NJ� P��� IRU� VWURQJ�� ORZ�
SRURVLW\�LFH��*ROG���������)RU�LFH�XVH�SXUSRVHV��LFH�WKLFNQHVV�
LV�SUHGRPLQDWHO\�PHDVXUHG�XVLQJ�DXJHUV�EHFDXVH�RI� WKHLU�
XQPDWFKHG�DFFXUDF\��+RZHYHU��DOWKRXJK� WKLV�DSSURDFK� LV�
DFFXUDWH��LW�UHVXOWV�LQ�D�SRLQW�PHDVXUH�DQG�KHQFH�LV�VXEMHFW�
WR� XQFHUWDLQWLHV� RYHU� ODUJHU� VFDOHV� ZKHUH� WKLFNQHVV�PD\�
YDU\�VXEVWDQWLDOO\�EHWZHHQ�DXJHU�KROHV��9DULRXV�JXLGHOLQHV�
H[LVW� IRU� WKH� VDPSOLQJ� GHQVLW\�� 7KH�8�6��$UP\�&RUSV� RI�
(QJLQHHUV��86$&(��LFH�HQJLQHHULQJ�JXLGHOLQHV��86$&(��
������ DGYLVH� GULOOLQJ� KROHV� DW� OHDVW� HYHU\� ��� P�� 7KH�
1RUWKZHVW�7HUULWRULHV�'HSDUWPHQW�RI�7UDQVSRUWDWLRQ��1:7�
'27��DGYLVHV�PHDVXULQJ�DV�RIWHQ�DV�HYHU\����P�FORVH�WR�
VKRUH��1:7'27���������+RZHYHU��VXFK�JXLGHOLQHV�SUHVHQW�
D�FKDOOHQJH�IRU�ORQJHU�LFH�URDGV��0HVKHU�HW�DO���������VXFK�

DV�WKH�RQH�FRQVLGHUHG�KHUH��,W�LV�H[SHQVLYH�DQG�ORJLVWLFDOO\�
QRW� IHDVLEOH� WR�DFKLHYH� WKHVH� UHFRPPHQGHG�PHDVXUHPHQW�
LQWHUYDOV�� LQVWHDG�� DXJHU� KROH� VSDFLQJV� RI� ��±��� NP� DUH�
FRPPRQ� DORQJ� WKH� .RW]HEXH�.LDQD� LFH� URDG�� +RZHYHU��
VXFK�DXJHU�KROH�VSDFLQJV�PD\�RYHUORRN�VLJQL¿FDQW�WKLFNQHVV�
YDULDELOLW\�DQG�DUHDV�RI�WKLQ�LFH��

$�FRPPRQ�SUDFWLFH� LQ� VXFK�FDVHV�KDV�EHHQ� WR�DSSO\�D�
FRPSHQVDWLRQ� IDFWRU� �ī��� UDLVLQJ� WKH�PLQLPXP� WKLFNQHVV�
UHTXLUHPHQW� IURP� h�� WR� h�� WR� DFFRXQW� IRU� WKLFNQHVV�
YDULDELOLW\�DQG�IDFWRUV�WKDW�PD\�UHGXFH�WKH�EHDULQJ�FDSDFLW\�
RI�LFH�EHORZ�LWV�FDOFXODWHG�PHDVXUH�

 (3)

ī�W\SLFDOO\�UDQJHV�EHWZHHQ�������:��&URZHOO��SHUV��FRPP��
������ DQG� ��±������ �86$$)�� ������� GHSHQGLQJ� RQ� WKH�
FRQVWDQW�A�� WHPSHUDWXUH�� VDOLQLW\�� DQG� LFH� FRQGLWLRQV�� EXW�
GRHV�QRW�WDNH�LQWR�DFFRXQW�VXEVWDQWLDO�WKLFNQHVV�YDULDELOLW\�
EHWZHHQ�DXJHU�KROHV�LQ�FDVHV�RI�ODUJH�DXJHU�KROH�VSDFLQJ��

),*�����D��,FH�WKLFNQHVV�DORQJ�WKH�.RW]HEXH�.LDQD�LFH�URDG�IURP�.RW]HEXH�LQWR�WKH�.REXN�5LYHU�'HOWD��7KH�UHG�DUHD�FORVH�WR�VKRUH�QHDU�/RFNKDUW�3RLQW��3LSH�6SLW��
DQG�VRXWK�RI�3LSH�6SLW�UHSUHVHQWV�WKLQ�LFH�WKDW�LV�QRW�DVVRFLDWHG�ZLWK�ULVN��SURGXFHG�E\�VKDOORZ�ZDWHUV�WKDW�KDYH�IUR]HQ�WR�WKH�ERWWRP��1XPEHUV�LQGLFDWH�DXJHU�
YDOLGDWLRQ�SRLQWV��E��8QSURFHVVHG�*35�GDWD�IURP�WKUHH�VHFWLRQV�RI�WKH�LFH�URDG��FD����NP�HDFK���3DQHO����WRS��VKRZV�WKH�VLJQDO�IURP�D�VWUHWFK�QHDU�.RW]HEXH�ZKHUH�
WKH�VDOLQLW\�RI�WKH�LFH�LV�KLJKHU�WKDQ�RQ�.REXN�/DNH�DQG�EULQH�LQFOXVLRQV�UHVXOW�LQ�D�ZHDNHU�VLJQDO��3DQHO����PLGGOH��VKRZV�D�VLJQDO�ZLWK�UHGXFHG�VWUHQJWK�DFURVV�
ERWWRPIDVW�LFH��3DQHO����ERWWRP��VKRZV�D�VLJQDO�ZLWK�IXOO�VWUHQJWK�LQ�IUHVK�ZDWHU�DQG�KLJK�WKLFNQHVV�YDULDELOLW\�RQ�.REXN�/DNH�FURVVLQJ��7KH�WZR�KRUL]RQWDO�OLQHV�
LQ�HDFK�SDQHO�RI�E��UHSUHVHQW�WKH�LFH�DLU��WRS��DQG�LFH�ZDWHU��ERWWRP��LQWHUIDFHV��7KH�\�D[LV�LV�LQ�WLPH�XQLWV��ZKLFK�DUH�XVHG�WR�GHULYH�GHSWK��DQG�WKH�[�D[LV�GLVSOD\V�
LQGLYLGXDO�WUDFH�QXPEHUV��

h0 =
P
A

h = P
A
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+HUH�ZH�PDNH� DQ� HIIRUW� WR� FDOFXODWH� ī� IURP� D� WKLFNQHVV�
FRPSHQVDWLRQ�RIIVHW��=��

  (4)

=� UHSUHVHQWV� WKH� GLIIHUHQFH� EHWZHHQ�PLQLPXP� WKLFNQHVV�
PHDVXUHG� LQ� DQ� DXJHU� VXUYH\� DQG� WKH� DFWXDO� PLQLPXP�
WKLFNQHVV� PHDVXUHG� DORQJ� WKH� VDPH� VXUYH\� VWUHWFK��
&RQWLQXRXV����P�LQWHUYDO��WKLFNQHVV�GDWD�IURP�*35�DOORZV�
IRU� VLPXODWHG� VXUYH\V� WKDW� FDQ� HVWLPDWH� WKH� PLQLPXP�
WKLFNQHVV� WKDW�ZRXOG�EH�VDPSOHG�ZLWK�DXJHU�KROHV�RQ� WKH�
EDVLV� RI� K\SRWKHWLFDO� DXJHU�KROH� VSDFLQJV� DQG� VXUYH\�
VWDUWLQJ�SRLQWV��0XOWLSOH�VXUYH\V�ZHUH�VLPXODWHG�IRU�DXJHU�
KROH�VSDFLQJV�UDQJLQJ�IURP���P�WR���NP��DQG�HDFK�VLPXODWHG�
VXUYH\�UHVXOWHG�LQ�DQ�RIIVHW�EHWZHHQ�WKH�DFWXDO�PLQLPXP�
WKLFNQHVV�DQG�WKH�VDPSOHG�PLQLPXP��$VVXPLQJ�D�QRUPDO�
GLVWULEXWLRQ� RI� RIIVHW� YDOXHV�� =� LV� IRXQG� DV� WZR� VWDQGDUG�
GHYLDWLRQV�DZD\�IURP�WKH�PHDQ��7KLV�GH¿QLWLRQ�HQVXUHV�WKDW�
ZKHQ�=�LV�VXEWUDFWHG�IURP�WKH�PLQLPXP�YDOXH�LQ�DQ�DXJHU�
VXUYH\��WKH�QHZ�ORZHU�YDOXH�IDOOV�EHORZ�WKH�DFWXDO�PLQLPXP�
LFH�WKLFNQHVV�YDOXH�LQ�������RI�VXUYH\V��

$VVHVVLQJ�7UDI¿FDELOLW\�%DVHG�RQ�,FH�5RXJKQHVV

6\QWKHWLF� DSHUWXUH� UDGDU� �6$5�� LV� D� YDOXDEOH� WRRO� IRU�
DVVHVVLQJ� WUDI¿FDELOLW\� EHFDXVH�RI� WKH� VLJQDO¶V� VHQVLWLYLW\�
WR�VXUIDFH�URXJKQHVV��XQPDWFKHG�ODUJH�VFDOH�FRYHUDJH�DQG�
GDWD�DYDLODELOLW\��LQGHSHQGHQFH�RI�ZHDWKHU�FRQGLWLRQV��DQG�
P�VFDOH� UHVROXWLRQ�� 'LIIHUHQW� 6$5�GHULYHG� SURGXFWV� FDQ�
SURYLGH� XQLTXH� LQVLJKW� LQWR� WKH� W\SH� RI� URXJKQHVV�� 7KH�
UDGDU�EDFNVFDWWHU�FURVV�VHFWLRQ�FDQ�LQGLFDWH�WKH�URXJKQHVV�
RI� WKH� WHUUDLQ�� 6$5� SRODULPHWU\� �3RO6$5�� FDQ� WR� VRPH�
H[WHQW�UHYHDO�ZKDW�W\SH�RI�URXJKQHVV�IHDWXUHV�DUH�SUHVHQW��
DQG�6$5�LQWHUIHURPHWU\��,Q6$5��FDQ�VKRZ�WKH�HOHYDWLRQ�RI�
WKH�URXJK�IHDWXUHV��'DPPDQQ�HW�DO����������

(DFK� UHPRWH� VHQVLQJ� SURGXFW� �3$/6$5� /�EDQG� DQG�
7DQ'(0�;�7HUUD6$5�;�;�EDQG��ZDV�XVHG�LQ�FRPELQDWLRQ�
ZLWK�*36�VXUYH\V�RI�8WTLDƥYLN�LFH�WUDLOV��)LJ���F��GXULQJ�
VSULQJ������ WR�GHWHUPLQH� WR�ZKDW�H[WHQW� LQGLYLGXDO� WUDLOV�
IDYRU�GLIIHUHQW�YDOXHV�RU�FODVVHV�RI�LFH�W\SHV�DQG�URXJKQHVV�
GHULYHG�IURP�6$5�GDWD��$�WUDI¿FDELOLW\�LQGH[�UDQJLQJ�IURP�
]HUR� �ODUJH� ULGJHV� QRW� FURVVHG� E\� WUDLOV�� WR� a���� �VPRRWK�
LFH�FURVVHG�H[WHQVLYHO\�E\�WUDLOV��ZDV�FUHDWHG�RQ�WKH�EDVLV�
RI�KRZ�IUHTXHQWO\�WUDLOV�FURVVHG�GLIIHUHQW�URXJKQHVV�W\SHV��
XVLQJ�DQ�DSSURDFK�RXWOLQHG�LQ�'DPPDQQ�HW�DO���������

2Q� WKH� EDVLV� RI� WKH� WUDI¿FDELOLW\� LQGH[�� D� FRVW� IDFWRU�
FRQYHUVLRQ�ZDV� DSSOLHG� WR� UHSUHVHQW� GLIIHUHQFHV� EHWZHHQ�
URXJKQHVV�W\SHV�LQ�WKH�FRVW�HTXLYDOHQW�RI�WUDLO�FRQVWUXFWLRQ�
�L�H��� WKH� H[WHQW� RI� XQIDYRUDEOH� FRQGLWLRQV� LQ� UHODWLRQ� WR�
VWDNHKROGHU�QHHGV�DQG�UHVRXUFHV��LQFOXGLQJ�¿QDQFLDO�FRVW��
WLPH�� DQG� VDIHW\���7KH� FRVW� FRQYHUVLRQ�GLIIHUV� GHSHQGLQJ�
RQ� WKH� SDUWLFXODU� FDVH�� )RU� LQVWDQFH�� URXJKQHVV� IHDWXUHV�
KDYH� D� KLJK� FRVW� IRU� WKH� 8WTLDƥYLN� LFH� WUDLOV� VLQFH� WKH�
ZRUN� WR� OHYHO� WKH� LFH� RU� FXW� WUDLO� WKURXJK� VXFK� LFH� ZLWK�
SLFN� D[HV� LV� VXEVWDQWLDO�� 7KH� VDPH� URXJKQHVV� IHDWXUHV�
ZRXOG� KDYH� D� ORZHU� FRVW� IRU� DQ� LQGXVWU\� LFH� URDG� IRU�

ZKLFK� KHDY\� HTXLSPHQW� LV� DYDLODEOH� WR� OHYHO� WKH� LFH�� ,Q�
HVVHQFH��WKH�UHODWLYH�FRVW�EHWZHHQ�URXJK�DQG�VPRRWK�LFH�LV�
ORZHU�IRU� LQGXVWU\� LFH�URDGV�EHFDXVH�RI� WKH�KLJK�EDVHOLQH�
FRVWV� RI� QHFHVVDU\� URDG� PDLQWHQDQFH�� VXFK� DV� DUWL¿FLDO�
WKLFNHQLQJ� DQG� H[WHQVLYH� XVH� RI� WKH� URDG� WKURXJKRXW� WKH�
VHDVRQ��PDNLQJ�D�VWUDLJKW�SDWK�PRUH�HFRQRPLFDO��7KH�FRVW�
FRQYHUVLRQ�DOORZV�IRU�WKH�GHULYDWLRQ�RI�RSWLPDO�WUDLO�URXWHV�
DQG�LV�GHVFULEHG�LQ�GHWDLO�LQ�'DPPDQQ�HW�DO����������

'HWHUPLQLQJ�)UDFWXUH�3RWHQWLDO�IURP�6HD�,FH�'HIRUPDWLRQ

6$5� LQWHUIHURPHWU\� �,Q6$5�� LV� D� WHFKQLTXH� WKDW� LV�
JDLQLQJ�WUDFWLRQ�LQ�VHD�LFH�UHVHDUFK��0H\HU�HW�DO���������%HUJ�
HW�DO���������'DPPDQQ�HW�DO���������'LHUNLQJ�HW�DO���������
0DUERXWL�HW�DO����������LW�LV�FDSDEOH�RI�GHWHUPLQLQJ�VXE�SL[HO�
GHIRUPDWLRQ�LQ�WKH�ODQGIDVW�VHD�LFH�FRYHU�GRZQ�WR�WKH�PP�
VFDOH�RQ�WKH�EDVLV�RI�SKDVH�GLVSODFHPHQW�LQ�WKH�6$5�VLJQDO��
'HWHUPLQLQJ�VPDOO�VFDOH�GLVSODFHPHQWV�LQ�WKH�ODQGIDVW�LFH�
RYHU� ODUJH�DUHDV�KDV�EHHQ�GLI¿FXOW� LQ� WKH�SDVW�DQG�UHVXOWV�
FRXOG�EH�REWDLQHG�RQO\�E\�XVLQJ�PXFK�PRUH�FRVWO\�SRLQW�
EDVHG� LQ�VLWX�PHDVXUHPHQWV�� ,Q6$5� LV� GHSHQGHQW� RQ� WKH�
VXUIDFH�VFDWWHULQJ�HOHPHQWV� UHPDLQLQJ� ODUJHO\�XQFKDQJHG�
RYHU�WLPH��KHQFH��LW�FDQ�EH�XVHG�WR�HIIHFWLYHO\�GLVWLQJXLVK�
ODQGIDVW� LFH� IURP� GULIWLQJ� LFH� RU� HYHQ� IURP� D� URXJK�
ZDWHU� VXUIDFH� �0H\HU� HW� DO��� ������� ,QWHUSUHWDWLRQ� RI� UDZ�
,Q6$5�GDWD� LV� QRW� VWUDLJKWIRUZDUG� VLQFH� GLVSODFHPHQW� LV�
GHWHUPLQHG�RQO\�LQ�WKH�OLQH�RI�VLJKW�GLUHFWLRQ�RI�WKH�6$5�
DQWHQQD��+RZHYHU��WKURXJK�WKH�GHYHORSPHQW�RI�DQ�LQYHUVH�
PRGHO�� ZH� DUH� QRZ� DEOH� WR� UHFRQVWUXFW� WKH� GHIRUPDWLRQ�
PRGH�DQG�PDJQLWXGH��'DPPDQQ�HW�DO����������������7KLV�
UHFRQVWUXFWLRQ� HQDEOHV� XV� WR� DVVHVV� WKH� LQWHUQDO� VWUHVV�
EXLOGXS� DQG� HVSHFLDOO\� WKH� SULPDU\� WHQVLOH� VWUHVV� DV� WKH�
NH\� GULYHU� RI� IUDFWXULQJ� ZLWKLQ� VHD� LFH�� 7KH� VWUHVV� DQG�
DVVRFLDWHG� IUDFWXUH� SRWHQWLDO� FDQ� EH� GHULYHG� IURP� WKH�
GHIRUPDWLRQ�UDWH�DVVXPLQJ�DQ�HODVWR�EULWWOH�UKHRORJ\�IRU�WKH�
LFH��ZKLFK�FDQ�OHDG�WR�LGHQWLI\LQJ�DUHDV�SDUWLFXODUO\�SURQH�
WR�IUDFWXULQJ�DQG�IDLOXUH��0RUH�GHWDLOV�RQ�WKLV�DSSURDFK�FDQ�
EH�IRXQG�LQ�'DPPDQQ�HW�DO����������+HUH��ZH�KDYH�HYDOXDWHG�
3$/6$5� /�EDQG� LQWHUIHURPHWULF� GDWD� LQ� WKH� YLFLQLW\� RI�
1RUWKVWDU�,VODQG��DQ�RIIVKRUH�RLO�SURGXFWLRQ�SODWIRUP��DQG�
DQ�DVVRFLDWHG�LFH�URDG�QHDU�3UXGKRH�%D\��$ODVND��)LJ���G���

5(68/76

$SSO\LQJ�3$7+�IRU�WKH�.RW]HEXH�,FH�5RDG

7KH� .RW]HEXH�.LDQD� LFH� URDG� LV� D� VHDVRQDO� LFH� URDG�
H[WHQGLQJ� URXJKO\� ���� NP� WKDW� FRQQHFWV�.RW]HEXH�ZLWK�
WZR�FRPPXQLWLHV��1RRUYLN�DQG�.LDQD��RQ�WKH�.REXN�5LYHU�
�)LJ���E���7KH�URDG�KDV�EHHQ�FRQVWUXFWHG�DQQXDOO\�RYHU�WKH�
ODVW�VHYHUDO�\HDUV�E\�WKH�1RUWKZHVW�$UFWLF�%RURXJK��1$%��
DQG�UHPDLQV�RSHQ�IRU�SHULRGV�EHWZHHQ�)HEUXDU\�DQG�0D\��
GHSHQGLQJ�RQ�LFH�DQG�VQRZ�FRQGLWLRQV�LQ�D�JLYHQ�\HDU��7KH�
URDG�H[WHQGV�DFURVV�EUDFNLVK�LFH�DW�.RW]HEXH�LQWR�IUHVK�LFH�
DFURVV�WKH�HVWXDU\�NQRZQ�ORFDOO\�DV�.REXN�/DNH��+RWKDP�
,QOHW��EHIRUH�FRQWLQXLQJ�RQ�ULYHU�LFH�DORQJ�WKH�.REXN�5LYHU��

Z h0 1( )
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+HUH�� WKH�.RW]HEXH�.LDQD� LFH� URDG�VHUYHV�DV�RQH�HQG�
PHPEHU� RI� WKUHH� FDVH� VWXGLHV� LOOXVWUDWLQJ� WKH� DSSOLFDWLRQ�
RI�WKH�3$7+�IUDPHZRUN��7KH�VXLWH�RI�SDUDPHWHUV�UHOHYDQW�
IRU� RYHU�LFH� WUDYHO� KDV� DOUHDG\� EHHQ� LGHQWL¿HG� �6WHS� �D��
DQG� ZLOO� EH� QDUURZHG� GRZQ� IXUWKHU� WR� D� VPDOO� VHW� RI�
FULWLFDO� SDUDPHWHUV�� ,Q� WKLV� SURFHVV�� LQIRUPDWLRQ� IURP�
1$%�SHUVRQQHO��DQG�LQ�SDUWLFXODU�)UHG�6PLWK�DQG�:HQGLH�
6FKDHIIHU�� ZDV� FULWLFDO�� 7KH� LQQHU� .RW]HEXH� 6RXQG� DQG�
.REXN�/DNH�DUH�VKHOWHUHG��VR�LFH�IRUPV�UHODWLYHO\�HDUO\�DQG�
SHUVLVWV�DURXQG�WKH�%DOGZLQ�3HQLQVXOD�WKURXJKRXW�ZLQWHU��
UXOLQJ� RXW� ODQGIDVW� LFH� H[WHQW� DQG� VWDELOLW\� DV� UHOHYDQW�
SDUDPHWHUV��7KH� IDFW� WKDW� WKH� LFH� URDG� LV� QRW� FRQVWUXFWHG�
XQWLO� VSULQJ�� ZKHQ� VPDOO�VFDOH� GHIRUPDWLRQ� LV� PLQLPDO�
LQ� WKLV� UHJLRQ� RI� VWDEOH� LFH�� UHGXFHV� WKH� UHOHYDQFH� RI� WKH�
IUDFWXUH�SRWHQWLDO� �6WHS��E���$�VDOLQLW\�FRUH�ZH�H[WUDFWHG�
E\�WKH�LFH�URDG�RQ�WKH�ZHVWHUQ�VLGH�RI�/RFNKDUW�3RLQW��RQ�
WKH�¿UVW�VWUHWFK�RI�WKH�LFH�URDG��LQ�$SULO������UHYHDOHG�ORZ�
VDOLQLW\��PD[LPXP�����SSW���/LWWOH�RFHDQ�ZDWHU�LQÀX[�LQWR�
WKH�HVWXDU\�PD\�LQGLFDWH�ORZ�VDOLQLW\�YDULDELOLW\�DORQJ�PRVW�
RI� WKH� LFH� URDG�� HOLPLQDWLQJ� WKH� SRWHQWLDO� VLJQL¿FDQFH� RI�
DOWHUHG�EHDULQJ�FDSDFLW\�DV�D�UHVXOW�RI�YDULDEOH�VDOLQLW\�DQG�
PLFURVWUXFWXUH��EXW�WKLV�LVVXH�QHHGV�WR�EH�DGGUHVVHG�LQ�PRUH�
GHSWK��5RXJKQHVV� LV�DOVR�RIWHQ� OHVV�RI�D�FRQFHUQ�EHFDXVH�
WKH�W\SLFDOO\�FDOP�IDOO�IUHH]H�XS�RI�WKH�.REXN�/DNH�UHJLRQ�
UHVXOWV�LQ�PRVWO\�VPRRWK��OHYHO�LFH�VXUIDFHV��6WHS��F���3UH�
H[LVWLQJ� GHIHFWV� FDQ� EH�PLWLJDWHG� WKURXJK� UHLQIRUFHPHQW�
RI� WKH� LFH� E\� URDG� FRQVWUXFWLRQ� VWDII�� DQG� VQRZ� FDQ� EH�
SORZHG�DZD\� IURP� WKH� URDG�ZLWKLQ�D� VHW�¿QDQFLDO�EXGJHW 
�:��6FKDHIIHU��SHUV��FRPP���������6WHS��G���

7KLV�HYDOXDWLRQ�OHDYHV�RQO\�WZR�UHOHYDQW�LFH�SDUDPHWHUV��
WKLFNQHVV� DQG� LFH� GXUDWLRQ�� 7KLFNQHVV�� ZKLFK� LV� RQH� RI�
WKH�]HUR�RUGHU�WUDI¿FDELOLW\�WHUPV��LV�FULWLFDO��)LJ������7KH�
LFH� URDG� LV� DOVR� VHQVLWLYH� WR� WLPLQJ� DQG� GXUDWLRQ� RI� WKH�
ODQGIDVW� LFH� VHDVRQ�VLQFH� WKHUH� LV�RIWHQ�RQO\�D�YHU\� VKRUW�
WLPH�VSDQ�ZKHQ� WKH� LFH� LV� WKLFN�HQRXJK� ����FP�� IRU� URDG�
FRQVWUXFWLRQ� �:��6FKDHIIHU�� SHUV�� FRPP���������5HGXFHG�
IUHH]LQJ�GHJUHH�GD\V�RU�DERYH�DYHUDJH�WHPSHUDWXUHV�PD\�
WKHUHIRUH�SUHFOXGH�LFH�URDG�FRQVWUXFWLRQ�DOWRJHWKHU��7KH�LFH�
URDG�LV�XVHG�WR�WUDQVSRUW�JRRGV�DQG�FRQVWUXFWLRQ�PDWHULDOV��
ORZHULQJ� WKH� SULFH� RI� SURGXFWV� LQ� UXUDO� FRPPXQLWLHV��
$� IXUWKHU� NH\� SXUSRVH� RI� WKH� URDG� LV� WR� LQFUHDVH� WKH�
FRQQHFWLYLW\� RI� UXUDO� FRPPXQLWLHV�ZLWKLQ� WKH�1RUWKZHVW�
$UFWLF�%RURXJK��1$%���������6LQFH�WKHVH�DLPV�DQG�VHUYLFHV�
DUH�QRW�FRQVLGHUHG�FULWLFDO�IURP�DQ�RSHUDWLRQV�SHUVSHFWLYH��
WKH�1$%�IRFXVHV�RQ�URDG�VDIHW\�LI�DQ�LFH�URDG�LV�FRQVWUXFWHG�
DW�DOO��:LWK�VDIHW\�EHLQJ�WKH�SULPDU\�FRQFHUQ��:��6FKDHIIHU��
SHUV�� FRPP�� ������� LFH� WKLFNQHVV� LV� WKH� PRVW� FULWLFDO�
SDUDPHWHU�WR�FRQVLGHU��)LJ������,FH�WKLFNQHVV�LV�SDUWLFXODUO\�
UHOHYDQW�LQ�WKH�.RW]HEXH�UHJLRQ��ZKHUH�LW�KDV�EHHQ�UHGXFHG�
IURP� WKH� KLVWRULFDO� ����±����� P� ���±��� IW�� WR� WKH� FXUUHQW�
����±�����P������±���IW���6FKDHIIHU���������1$%�VXUYH\�GDWD�
IURP������±����LQGLFDWH�WKDW�FXUUHQWO\�WKH�ERURXJK�DVVHVVHV�
LFH�WKLFNQHVV�DERXW�HYHU\���NP�WR�GHWHUPLQH�DGHTXDWH�LFH�
WKLFNQHVV��+RZHYHU��LW�LV�XQFHUWDLQ�ZKHWKHU�WKLV�ODUJH�DXJHU�
KROH�VSDFLQJ�PD\�FDXVH�WKH�DVVHVVRUV� WR�RYHUORRN�WKLQQHU�
VHFWLRQV�� UHVXOWLQJ� LQ� D� SRWHQWLDO� VDIHW\� KD]DUG� �6PLWK��
������

� *LYHQ� WKH� QHHG� IRU� KLJK�UHVROXWLRQ� WUDFNLQJ� RI� LFH�
WKLFNQHVV�� WKH�PRVW� SURPLVLQJ� WHFKQLTXH� LV� *35�� ZKLFK�
LV� HPSOR\HG� LQ� WKLV� ZRUN�� EXW� LV� ERWK� H[SHQVLYH� DQG�
GLI¿FXOW� WR�RSHUDWH�DQG� LQWHUSUHW�ZLWKRXW�SURSHU� WUDLQLQJ��
&RQVLGHULQJ� WKH�PRGHVW� URDG�FRQVWUXFWLRQ�EXGJHW� �1$%��
�������ZH�VRXJKW�WR�GHYHORS�DQ�DVVHVVPHQW�VWUDWHJ\�EDVHG�
RQ� FRQWLQXRXV� WKLFNQHVV� GDWD�ZLWKRXW� WKH� QHHG� WR� UHSHDW�
FRQWLQXRXV� PHDVXUHPHQWV� HYHU\� \HDU�� 7KLV� JRDO� FDQ� EH�
DFKLHYHG� E\� LPSOHPHQWLQJ� D� FRPSHQVDWLRQ� IDFWRU� WKDW�
FRUUHVSRQGV�VROHO\�WR�WKH�H[SHFWHG�WKLFNQHVV�YDULDELOLW\��

7KH�.RW]HEXH�.LDQD� LFH� URDG� FURVVHV� VPRRWK� LFH� WKDW�
LV�LQWHUUXSWHG�RQO\�E\�VPDOO�FP�VFDOH�URXJKQHVV�DORQJ�WKH�
%DOGZLQ� 3HQLQVXOD� EHIRUH� FURVVLQJ�.REXN�/DNH� WRZDUGV�
WKH�.REXN�5LYHU�'HOWD��)LJ���D���7KH�FROOHFWHG�*35�GDWD�
FORVHO\�PDWFK� WKH� DXJHU�KROH�PHDVXUHPHQWV� FROOHFWHG� IRU�
YDOLGDWLRQ��UHG�GRWV�LQ�)LJ���D��DQG�LQ�WKH�ODVW�VHJPHQW��WKH�
FURVVLQJ�RI�.REXN�/DNH��WKH�GDWD�H[KLELW�SDUWLFXODUO\�KLJK�
WKLFNQHVV�YDULDELOLW\� �GLIIHUHQFHV�RI� ��� FP� LQ� DV� OLWWOH� DV�
���P� LQWHUYDOV�� FRQ¿UPHG�E\�DXJHU�KROHV� �)LJ���E���7KLV�
VLJQL¿FDQW�WKLFNQHVV�YDULDELOLW\�LQGLFDWHV�WKDW�DXJHU�KROHV�
FDQQRW� EH� H[SHFWHG� WR� \LHOG� D� UHSUHVHQWDWLYH� WKLFNQHVV�
ZLWKLQ� WKH� OLPLWDWLRQV� RI� D� SUDFWLFDO� VDPSOLQJ� LQWHUYDO��
,W�FDQ� WKHUHIRUH�EH�FRQFOXGHG� WKDW� LW� LV�FULWLFDO� WR�DSSO\�D�
FRPSHQVDWLRQ� IDFWRU� LQ� QHDUO\� DOO� FDVHV� ZKHUH� ORFDO� LFH�
WKLFNQHVV�YDULDELOLW\�LV�QRW�NQRZQ��

7KH�*35�GDWD��H[FOXGLQJ�DUHDV�RI�ERWWRPIDVW�LFH��ZHUH�
DQDO\]HG�WR�GHWHUPLQH�=�DV�WKH�GLVFUHSDQF\�EHWZHHQ�DXJHU�
KROH�PHDVXUHPHQWV�DQG�DFWXDO�LFH�WKLFNQHVV��7KH�QRQOLQHDU�
UHODWLRQVKLS�EHWZHHQ�=�DQG�WKH�VDPSOLQJ�LQWHUYDOV�IURP���
WR���NP�LV�LOOXVWUDWHG�LQ�)LJXUH���ZLWK�=�FORVH�WR����FP�DW�
WKH�VDPSOLQJ�LQWHUYDO�RI���NP²D�W\SLFDO�VDPSOLQJ�LQWHUYDO�
IRU�WKLV�LFH�URDG��7KH�1RUWKZHVW�$UFWLF�%RURXJK�W\SLFDOO\�
VHHNV� D� PLQLPXP� LFH� WKLFNQHVV�� h��� RI� ��� FP� RU� PRUH�
�:�� 6FKDHIIHU�� SHUV�� FRPP�� ������� D� YDOXH� EDVHG� RQ� WKH�
PD[LPXP�HVWLPDWHG�ORDG�RI�HTXLSPHQW�WUDQVSRUWHG�DFURVV�
WKH�URDG��$FFRUGLQJ�WR�WKLV�DQDO\VLV��PHDVXUHPHQWV�HYHU\�
��NP�VKRXOG�WKHUHIRUH�H[FHHG�����FP��h����=��WR�HQVXUH�WKDW�
WKH�HQWLUH�LFH�URDG�PHHWV�DGHTXDWH�WKLFNQHVV�UHTXLUHPHQWV�
ZLWK� ������ FRQILGHQFH�� $GGLQJ� =� WR� WKH� PLQLPXP�
WKLFNQHVV�FRUUHVSRQGV�WR�ī� ������ZKLFK�LV�KLJKHU�WKDQ�WKH�
FRPSHQVDWLRQ� IDFWRUV� W\SLFDOO\� XVHG� E\� +LOFRUS� IRU� WKH�
1RUWKVWDU�LFH�URDG��������DQG�ZRXOG�UHVXOW�LQ�D�VXEVWDQWLDO�
LQFUHDVH�RI�WKH�FRPSHQVDWLRQ�IDFWRU�VXJJHVWHG�E\�WKH�8�6��
$UP\� �����±�������� ZKLFK� GRHV� QRW� DFFRXQW� IRU� WKLFNQHVV�
YDULDELOLW\��

$SSO\LQJ�3$7+�IRU�8WTLDƥYLN�,FH�7UDLOV

:H�QRZ�H[SORUH�KRZ�3$7+�FDQ�EH�DSSOLHG�LQ�D�GLIIHUHQW�
LFH� UHJLPH� DW� 8WTLDƥYLN�� $ODVND�� 7KH� ODQGIDVW� LFH� QHDU�
8WTLDƥYLN� LV� VXEMHFW� WR� VLJQL¿FDQW� SDFN� LFH� LQWHUDFWLRQ�
WKURXJKRXW� WKH� VHDVRQ�� ZKLFK� RIWHQ� OHDGV� WR� URXJK� LFH�
FRQGLWLRQV��$�ODUJH�IUDFWLRQ�RI�WKH�,xXSLDW�SRSXODWLRQ�WDNHV�
SDUW� LQ� FRQVWUXFWLQJ� WUDLOV� H[WHQGLQJ� IURP� VKRUH� WR� WKH�
ODQGIDVW�LFH�HGJH��ZKLFK�VHUYH�DV�DFFHVV�DQG�WUDQVSRUWDWLRQ�
URXWHV�IRU�DQQXDO�VSULQJ�KXQWLQJ�DFWLYLWLHV��'UXFNHQPLOOHU�
HW�DO����������



$66(66,1*�6($�,&(�75$)),&$%,/,7<�����

)ROORZLQJ� WKURXJK� VWDJH� �� RI� 3$7+�� LFH� URXJKQHVV� LV�
D�NH\�SDUDPHWHU�RI�FRQFHUQ�VLQFH�URXJK�LFH� LQFUHDVHV� WKH�
WLPH�QHHGHG�IRU�WUDLO�FRQVWUXFWLRQ�DQG�LWV�FRVW��SRVVLEO\�WR�
WKH� SRLQW�ZKHUH� SRRU� HI¿FLHQF\�PDNHV� WUDLO� FRQVWUXFWLRQ�
SURKLELWLYH�� ,FH� URXJKQHVV� DOVR� DIIHFWV� VDIHW\� VLQFH� WUDLOV�
PHDQGHULQJ�WKURXJK�UXEEOH�¿HOGV�LQFUHDVH�HYDFXDWLRQ�WLPH�
LQ� FDVH� RI� DQ� HPHUJHQF\� VXFK� DV� D� ODQGIDVW� LFH� EUHDNRXW�
HYHQW��'UXFNHQPLOOHU�HW�DO����������5RXJKQHVV�LV�DOVR�OLQNHG�
WR�VWDELOLW\��ZKLFK�LV� LWVHOI�D�NH\�SDUDPHWHU�DIIHFWLQJ�WUDLO�
VDIHW\��7LPLQJ�DQG�GXUDWLRQ�DUH�DOVR� UHOHYDQW��EXW�KDYH�D�
OHVVHU�LPSDFW�RQ�WUDLO�FRQVWUXFWLRQ��6QRZ�FRYHU�DIIHFWV�RYHU�
LFH�WUDYHO�E\�VPRRWKLQJ�RYHU�URXJKQHVV��%HDULQJ�FDSDFLW\�
�OHIW� FROXPQ� LQ� )LJ�� ��� LV� JHQHUDOO\� OHVV� RI� D� FRQFHUQ�
EHFDXVH� LFH� LV� WKLFNHU� DW�8WTLDƥYLN� WKDQ� LQ� WKH�.RW]HEXH�
UHJLRQ�� +RZHYHU�� LFH� WKLFNQHVV� GRHV� SOD\� DQ� LPSRUWDQW�
UROH�ZKHQ� LW� FRPHV� WR� VXEVLVWHQFH�ZKDOLQJ�DFWLYLWLHV� WKDW�
WDNH�SODFH�DW�WKH�ODQGIDVW�LFH�HGJH��ZKHUH�LFH�RI�VXI¿FLHQW�
EHDULQJ�FDSDFLW\�LV�QHHGHG�WR�KDXO�D�ZKDOH�RQWR�WKH�LFH�IRU�

EXWFKHULQJ��QRW�FRQVLGHUHG�LQ�WKLV�DQDO\VLV���7KH�UHOHYDQFH�
RI�GLIIHUHQW�LFH�SDUDPHWHUV�IRU�LFH�WUDLO�XVH�DW�8WTLDƥYLN�LV�
VXPPDUL]HG�LQ�)LJXUH����

$SSO\LQJ�VWDJH���RI�3$7+��ZH�GH¿QH�D�NH\�VWDNHKROGHU�
QHHG�DV�WKH�DELOLW\�WR�WUDYHO�IURP�D�SRLQW�RQ�WKH�FRDVW�WR�D�
SRLQW�DW�WKH�LFH�HGJH�IROORZLQJ�D�URXWH�WKDW�UHTXLUHV�PLQLPDO�
WUDLO�FRQVWUXFWLRQ�HIIRUW�ZLWKRXW�FRPSURPLVLQJ�VDIHW\��2Q�
WKH� EDVLV� RI� WKLV� QHHG��ZH� VLQJOH� RXW� LFH� URXJKQHVV� DV� D�
NH\�SDUDPHWHU��$V�SDUW�RI�VWDJH����ZH�GHWHUPLQH�WKDW�ODUJH�
VSDWLDO� FRYHUDJH� LV� QHFHVVDU\� IRU� DQ� DVVHVVPHQW� VWUDWHJ\�
WR�EH�DEOH�WR�JXLGH�LFH�XVH�RYHU�WKH�VHYHUDO�WHQV�RI�VTXDUH�
NLORPHWHUV�XVHG�IRU�WUDLO�FRQVWUXFWLRQ�QHDU�8WTLDƥYLN��6$5�
LV�D�JRRG�FDQGLGDWH�IRU�REWDLQLQJ�UHOHYDQW�LQIRUPDWLRQ�RQ�
LFH� URXJKQHVV� EHFDXVH� LW� FDQ� SURYLGH� VXI¿FLHQW� VSDWLDO�
FRYHUDJH� DW� WKH� UHOHYDQW� VSDWLDO� UHVROXWLRQ�� $OVR�� LQ� WKLV�
SDUWLFXODU�FDVH��WKHUH�LV�D�UHGXFHG�QHHG�IRU�LQ�VLWX�VXUYH\V�
VLQFH�D� VWUDWHJ\�DVVHVVLQJ�HI¿FLHQF\� UDWKHU� WKDQ�VDIHW\� LV�
OHVV� FRQFHUQHG�ZLWK� DFFXUDF\�� +RZHYHU�� OLWWOH� HIIRUW� KDV�

),*�����D��,FH�WKLFNQHVV�DFURVV�WKH�.RW]HEXH�LFH�URDG�IURP�.RW]HEXH�WR�.REXN�'HOWD��E��+LJK�IUHTXHQF\�WKLFNQHVV�YDULDELOLW\�RQ�WKH�.REXN�/DNH�FURVVLQJ�DURXQG�
YDOLGDWLRQ�SRLQWV���DQG���
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EHHQ�PDGH�WR�GHYHORS�WHFKQLTXHV� WR�DVVHVV� LFH�URXJKQHVV�
IURP� D� WUDI¿FDELOLW\� SHUVSHFWLYH�� ZH� WKHUHIRUH� H[SORUHG�
VHYHUDO�SURPLVLQJ�6$5�WHFKQLTXHV��ZKLFK�IRUPHG�WKH�EDVLV�
IRU�D�FRPELQHG�WUDI¿FDELOLW\�LQGH[��

7KH�WUDI¿FDELOLW\�LQGH[�LV�GLVSOD\HG�LQ�)LJXUH��D�IRU�WKH�
YLFLQLW\�RI�WZR�WUDLOV��$�DQG�%��VKRZQ�DV�EODFN�OLQHV��,W�LV�
FOHDU�WKDW�WKHVH�WUDLOV�IDYRU�DUHDV�RI�KLJK�WUDI¿FDELOLW\�DQG�
DUH�DWWHPSWLQJ�WR�PLQLPL]H�XVH�RI�ORZ�WUDI¿FDELOLW\�DUHDV��
7UDLO�$�IROORZHG�D�VPRRWK�UHIUR]HQ�OHDG�EHIRUH�KHDGLQJ�LQWR�
OHVV� WUDI¿FDEOH� ULGJHG� LFH��7UDLO�%�KHDGHG�DOPRVW�VWUDLJKW�
RXW� IURP�WKH�FRDVW��FURVVLQJ�D� ODUJH�ULGJH��GDVKHG� OLQH� LQ�
)LJ�� �D�� EHIRUH� IROORZLQJ� D� KLJK�WUDI¿FDELOLW\� UHIUR]HQ�
OHDG��7KH�FRVW� IXQFWLRQ�IURP�WKH�VWDUWLQJ�SRLQW�RI� WUDLO�$�
WR� DOO� RWKHU� SL[HOV� DLGV� LGHQWL¿FDWLRQ� RI� SUHIHUUHG� URXWHV�
DQG�IXUWKHU�HQDEOHV�WKH�GHWHUPLQDWLRQ�RI�ORZHVW�FRVW�SDWKV�
IURP� WKH� VWDUWLQJ�SRLQW� WR�ZKHUH� WKH� WUDLO� VWRSV�RU� OHDYHV�
WKH� VWXG\� DUHD� �)LJ�� �E��� 7KH� ORZHVW�FRVW� WUDLOV� �JUHHQ��
IROORZ� WKH� DFWXDO� WUDLOV� �EODFN��ZLWK� LPSUHVVLYH� DFFXUDF\�
WDNLQJ� DGYDQWDJH� RI� PXOWLSOH� KLJKO\� WUDIILFDEOH� DUHDV 
�)LJ�� ���� 6RPH� GLVFUHSDQFLHV� H[LVW� DQG� PD\� EH� GXH� WR�
LQVXI¿FLHQW�LQIRUPDWLRQ�IURP�6$5�GDWD�RU�LQDFFXUDWH�FRVW�
IXQFWLRQV��$QRWKHU�SRVVLELOLW\�LV�WKDW�WUDLO�FUHZV�ZHUH�QRW�
DEOH� WR� DVVHVV� LFH� FRQGLWLRQV� IXOO\�� UHVXOWLQJ� LQ� OHVV� FRVW�
HIIHFWLYH�WUDLOV��)XUWKHU�GHWDLOV�RI�WKLV�DSSURDFK�DUH�SURYLGHG�
E\�'DPPDQQ�HW�DO����������

$SSO\LQJ�3$7+�WR�DQ�,QGXVWU\�,FH�5RDG�QHDU�3UXGKRH�%D\�

)RU�WKLV�FDVH�VWXG\��LQLWLDOO\�ZH�KDG�OHVV�DFFHVV�WR�ORFDO�
NQRZOHGJH� WKDQ� LQ� WKH� RWKHU� WZR� FDVH� VWXGLHV��+RZHYHU��
ZH�ZHUH� DEOH� WR� GUDZ� XSRQ� ¿QGLQJV� IURP� WKH� RWKHU� WZR�
FDVH� VWXGLHV�� ZKLFK� VHUYH� DV� HQG� PHPEHUV� LQ� WHUPV� RI�
VHQVLWLYLW\�WR�LFH�VXUIDFH�FRQGLWLRQV��EHDULQJ�FDSDFLW\��DQG�
VWDELOLW\��,Q�FRQWUDVW�ZLWK�RSHUDWLRQV�DW�.RW]HEXH��SODQQLQJ��
FRQVWUXFWLRQ��DQG�PDLQWHQDQFH�RI�WKH�1RUWKVWDU�LFH�URDG�LV�
OHVV�GHSHQGHQW�RQ�WKH�LFH�FRYHU¶V� LQLWLDO�EHDULQJ�FDSDFLW\��
,QGXVWU\� UHVRXUFHV� LQ� WKH� IRUP� RI� KHDY\� HTXLSPHQW� DQG�
SHUVRQQHO� DUH� VXFK� WKDW� LFH� WKLFNQHVV� FDQ� EH� VXI¿FLHQWO\�

PRQLWRUHG� DQG� DUWL¿FLDOO\� LQFUHDVHG� WKURXJK� VHTXHQWLDO�
ÀRRGLQJ�RI�WKH�URDG�HDUO\�LQ�WKH�VHDVRQ��:��&URZHOO��SHUV��
FRPP���������$W�WKH�VDPH�WLPH��WKH�1RUWKVWDU�LFH�URDG�LV�
PXFK� PRUH� DIIHFWHG� E\� GHWHFWLRQ� DQG� PDQDJHPHQW� RI�
VXUIDFH�URXJKQHVV�IHDWXUHV�DQG�IUDFWXUH�SRWHQWLDO�WKDQ�WKH�
.RW]HEXH�LFH�URDG�VLQFH�LW�WUDYHUVHV�DQ�DUHD�PRUH�H[SRVHG�
WR�LFH�GHIRUPDWLRQ��$OWKRXJK�WKH�LFH�URDG�LV�PRUH�VKHOWHUHG�
WKDQ�WKH� LFH� WUDLOV�DW�8WTLDƥYLN��ZKLFK�PDNHV�D�EUHDN�RXW�
HYHQW�XQOLNHO\��1RUWKVWDU� LV�PRUH�H[SRVHG�WR�GHIRUPDWLRQ�
WKDQ�WKH�LFH�DW�.RW]HEXH�DV�D�UHVXOW�RI�LQWHUDFWLRQV�EHWZHHQ�
VKRUHIDVW�LFH�DQG�SDFN�LFH��%\�XVLQJ�WKH�3$7+�IUDPHZRUN��
ZH�KDYH�LGHQWL¿HG�WKH�UHOHYDQFH�RI�FULWLFDO�SDUDPHWHUV��DQG�
LQ�SDUWLFXODU�WKH�IUDFWXUH�SRWHQWLDO��)LJ������RQ�WKH�EDVLV�RI�
WKH�VHWWLQJ�DQG�H[SRVXUH�RI�WKH�LFH�URDG�

6$5� ZDV� DJDLQ� XVHG� IRU� LWV� FRVW�HIIHFWLYHQHVV� DQG�
DELOLW\� WR�VXUYH\� ODUJH�DUHDV��'HIRUPDWLRQ�PRGH�DQG�UDWH�
ZHUH�HYDOXDWHG� WKURXJK� LQYHUVH�PRGHOLQJ�RI� ,Q6$5�GDWD�
�'DPPDQQ�HW�DO���������DQG�XVHG�WR�GHULYH�IUDFWXUH�SRWHQWLDO�
XVLQJ� DQ� HODVWR�EULWWOH� UKHRORJ\� �'DPPDQQ� HW� DO��� �������
7KH� EDFNVFDWWHU� LPDJH� DQG� DVVRFLDWHG� IUDFWXUH� SRWHQWLDO 
�)LJ���D��E��FOHDUO\�LQGLFDWH�OHVV�VHYHUH�IUDFWXULQJ�VKRUHZDUG�
RI�1RUWKVWDU�,VODQG�GXH�WR�WKH�VWDELOL]LQJ�HIIHFW�RI�WKH�LVODQG��
$OVR��ZH� LGHQWLI\�DQ� LQFUHDVH� LQ� IUDFWXUH�SRWHQWLDO� �XS� WR�
URXJKO\����IUDFWXUH�HYHQWV�SHU�����P�î�����P�SL[HO�GXULQJ�
����PRQWKV��LQ�WKH�YLFLQLW\�RI�WKH�LFH�URDG�DQG�LQ�SDUWLFXODU�
LQ�DUHDV�SURQH�WR�IUDFWXULQJ�DFFRUGLQJ�WR�¿HOG�REVHUYDWLRQV�
E\� LFH� URDG� HQJLQHHUV� �:�� &URZHOO�� SHUV�� FRPP�� �������
YDOLGDWLQJ�WKH�DSSURDFK�WDNHQ�KHUH��

'LVSODFHPHQWV�PD\�OHDG�WR�FUDFNV�WKDW�SHQHWUDWH�DOO�WKH�
ZD\� WR� WKH� LFH�ZDWHU� LQWHUIDFH� DQG� UHGXFH� ORDG�EHDULQJ�
FDSDFLW\�� WKHUHIRUH�� LW� LV� UHFRJQL]HG� WKDW� LFH� URDGV�VKRXOG�
WU\� WR� DYRLG� DUHDV� RI� LFH� PRYHPHQW� DQG� UHO\� RQ� URXWHV�
DFURVV�VWDEOH� LFH� �3RWWHU�HW�DO���������%DVKDZ�HW�DO���������
ZLWK� UHGXFHG� IUDFWXUH� SRWHQWLDO��$� NH\� VWDNHKROGHU� QHHG�
LGHQWL¿HG�IRU�WKH�1RUWKVWDU�VLWH�LV�WKH�QHHG�IRU�FRQWLQXRXV�
DQG�H[WHQVLYH�XVH�RI�WKH�LFH�URDG��)LJ���D��WKURXJKRXW�WKH�
����PRQWK� RSHUDWLQJ� VHDVRQ� �.ULHJHU� HW� DO��� ������� ZLWK�
PLQLPDO�H[SRVXUH� WR� IUDFWXUHV�RU�FUDFNV� WKDW�DIIHFW� ORDG�
EHDULQJ�FDSDFLW\��7KLV�DLP�FDQ�EH�DFKLHYHG�HLWKHU�E\�URXWLQJ�
WKH�URDG�WKURXJK�LFH�WKDW�KDV�PLQLPDO�RFFXUUHQFH�RI�FUDFNV�
DQG� OLPLWHG� H[SRVXUH� WR� SURFHVVHV� WKDW� JHQHUDWH� FUDFNV��
RU� E\�SODFLQJ� WKH� URDG�RQ� LFH�ZLWK� FRQ¿QHG�RFFXUUHQFHV�
RI� FUDFNV� WKDW� FDQ� EH� FORVHO\�PRQLWRUHG� DQG� UHSDLUHG� DV�
QHHGHG��7KH�DSSURDFK�RXWOLQHG�KHUH�FDQ�SRWHQWLDOO\�EH�XVHG�
DV�D�PRQLWRULQJ� WRRO� WKURXJKRXW� WKH�VHDVRQ��EXW�DOVR�DV�D�
SODQQLQJ�WRR��,W�FDQ�LQIRUP�WKH�URXWLQJ�RI�LFH�URDGV�WKURXJK�
DUHDV�OHVV�SURQH�WR�GHIRUPDWLRQ�E\�FUHDWLQJ�D�FOLPDWRORJ\�
RI�GHIRUPDWLRQ�EDVHG�RQ�SDVW�LQWHUIHURJUDPV��0RUH�GHWDLOV�
DQG�D�EURDGHU�GLVFXVVLRQ�FDQ�EH�IRXQG�LQ�'DPPDQQ�HW�DO��
�������
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,Q� WKHVH� WKUHH� FDVH� VWXGLHV�� 3$7+� KHOSHG� WUDQVODWH�
VSHFL¿F� XVHU�GH¿QHG� QHHGV� LQWR� TXDQWLWDWLYH� DVVHVVPHQW�
VWUDWHJLHV�� +RZHYHU�� HIIHFWLYH� DSSOLFDWLRQ� RI� 3$7+� LQ�
RSHUDWLRQDO�VHWWLQJV�UHTXLUHV�IXUWKHU�ZRUN��)LUVW��GHFLVLRQ�

),*�����&RPSHQVDWLRQ�RIIVHW�IRU�GLIIHUHQW�VDPSOLQJ�LQWHUYDOV�
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PDNHUV�VXFK�DV�LFH�URDG�HQJLQHHUV�RU�JRYHUQPHQW�DJHQFLHV�
QHHG� WR� LPSOHPHQW� TXDQWLWDWLYH� JXLGHOLQHV� IRU� LFH� XVH�
EDVHG�RQ�WKH�QHZO\�GHYHORSHG�PHWULFV��7KLV�WDVN�UHTXLUHV�
GH¿QLWLRQ�RI�RSHUDWLRQ� WKUHVKROGV� WKDW�EXLOG�RQ� LPSURYHG�
XQGHUVWDQGLQJ� RI� LFH� XVH� DQG� UHOHYDQW� LFH� SURSHUWLHV� DQG�
SURFHVVHV��VXFK�DV�����ZKDW�GHJUHH�RI�WKLFNQHVV�YDULDELOLW\�

FDQ� EH� WROHUDWHG� LQ� WKH� WKLFNQHVV� FRPSHQVDWLRQ� IDFWRU�
DSSURDFK������ZKDW�URXJKQHVV�VFDOHV�FDQ�EH�QHJRWLDWHG�E\�
GLIIHUHQW� PRGHV� RI� WUDQVSRUWDWLRQ�� DQG� ���� ZKDW� OHYHO� RI�
IUDFWXULQJ�ZLOO�FULWLFDOO\�FRPSURPLVH�RYHU�LFH�WUDQVSRUW�RQ�
D�ORFDO�LFH�WUDLO�RU�DQ�LQGXVWU\�LFH�URDG��

),*�����D��7UDI¿FDELOLW\�LQGH[�FDOFXODWHG�IRU�WKH�VHD�LFH�VXUURXQGLQJ�WZR�LFH�WUDLOV��EODFN��H[WHQGLQJ�RXW�IURP�VKRUH�URXJKO\���NP�QRUWKHDVW�RI�8WTLDƥYLN��'DVKHG�
OLQH�UHSUHVHQWV�ORFDWLRQ�RI�ODUJH�ULGJH��E��1RUPDOL]HG�FRVW�RI�LFH�WUDLO�FRQVWUXFWLRQ�IURP�VWDUWLQJ�SRLQW�RI�WUDLO�$�WR�DQ\�RWKHU�ORFDWLRQ�RQ�WKH�PDS��*UHHQ�OLQHV�
UHSUHVHQW�RSWLPDO�WUDLOV��7UDLOV�ZHUH�PDSSHG�LQ�$SULO�DQG�0D\�������/DQG�LV�PDVNHG�RXW�LQ�RUDQJH�

),*�����D��$/26���3$/6$5�DPSOLWXGH�LPDJH�IRU�WKH�1RUWKVWDU�,VODQG��FLUFOHG��DQG�3UXGKRH�%D\�UHJLRQ��$ODVND�����0DUFK��������7KH�DUURZ�LV�SRLQWLQJ�WR�WKH�
LFH�URDG�FRQQHFWLQJ�WKH�LVODQG�WR�WKH�PDLQODQG��E��$SSDUHQW�IUDFWXUH�SRWHQWLDO�IRU�WKH����GD\�WLPH�SHULRG��%Z��EHWZHHQ����0DUFK�DQG���0D\������XVLQJ�DQ�HODVWR�
EULWWOH�UKHRORJ\��/DQG�LV�PDVNHG�RXW�LQ�EODFN�
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6HFRQG�� GDWD� DFFHVVLELOLW\� QHHGV� WR� EH� LPSURYHG��
7HFKQLTXHV� FRPPRQO\� XVHG� WR� DVVHVV� VHD� LFH� RQ� VFDOHV�
UHOHYDQW�WR�XVH�GHSHQG�KHDYLO\�RQ�VDWHOOLWH�UHPRWH�VHQVLQJ�
VXFK� DV� 6$5�� DOWLPHWU\�� SDVVLYH�PLFURZDYH�� DQG� RSWLFDO�
VHQVRUV�� +RZHYHU�� LQ� WKLV� ZRUN� RQ� ODQGIDVW� VHD� LFH� ZH�
LGHQWLI\� KLJK� VSDWLDO� YDULDELOLW\� RI� VHD� LFH� SDUDPHWHUV�
DQG� WKH� QHHG� IRU� FP�VFDOH� DFFXUDF\�� UHVXOWLQJ� LQ� PRUH�
VWULQJHQW� UHTXLUHPHQWV� WKDQ� ZKDW� FDQ� EH� SURYLGHG� E\�
VRPH�RI�WKHVH�WHFKQLTXHV��)RU�LQVWDQFH��DOWLPHWU\�VXFK�DV�
,&(6DW����UHWLUHG��DQG�,&(6DW����SODQQHG������ODXQFK��FDQ�
EH�XVHG�WR�HVWLPDWH�LFH�WKLFNQHVV�DQG�URXJKQHVV��EXW�ZLWK�
LQFRPSOHWH�FRYHUDJH�DW�VFDOHV�ODUJHU�WKDQ�WKH�VZDWK�ZLGWK�
RI� �� NP� DQG� ZLWK� XQFHUWDLQWLHV� UHDFKLQJ� XS� WR� DURXQG 
���FP��.ZRN�DQG�&XQQLQJKDP���������7KH�6SHFLDO�6HQVRU�
0LFURZDYH�,PDJHU��660�,��DQG�WKH�$GYDQFHG�0LFURZDYH�
6FDQQLQJ� 5DGLRPHWHU�±�(26� �$065�(�� VHQVRUV� FDQ� EH�
XVHG�WR�HVWLPDWH�WKLFNQHVV�RI�WKLQ�LFH�������FP��ZLWK�KLJK�
DFFXUDF\��a��FP���7DPXUD�HW�DO���������1LKDVKL�HW�DO���������
RU� WKLFNHU� LFH� ������FP��XVLQJ�D� ORZHU�IUHTXHQF\�SURGXFW�
IURP� (6$¶V� 6RLO� 0RLVWXUH� DQG� 2FHDQ� 6DOLQLW\� �6026��
ZLWK�GP�VFDOH�DFFXUDF\��7LDQ�.XQ]H�HW�DO����������EXW�ERWK�
DW�D�VSDWLDO�UHVROXWLRQ�RI�WHQV�RI�NLORPHWUHV��2XU�ZRUN�KDV�
IRFXVHG�SUHGRPLQDWHO\�RQ�6$5�EHFDXVH�RI�LWV�XQPDWFKHG�
FRPELQDWLRQ�RI�P�VFDOH� UHVROXWLRQ�DQG� UHSHDW�SDVV�F\FOHV�
RQ�WKH�RUGHU�RI�GD\V�WR�ZHHNV��+RZHYHU��6$5�FRYHUDJH�LV�
VWLOO� VSDUVH�� SDUWLFXODUO\� LQ� WHUPV� RI� VLQJOH� SDVV� EL�VWDWLF�
LQWHUIHURPHWULF�SURGXFWV��7KH�UHFHQW�ODXQFKHV�RI�6HQWLQHO���
DQG�$/26���DQG�WKH�DQWLFLSDWHG�ODXQFK�RI�1,6$5�LQ������
ZLOO� JUHDWO\� LQFUHDVH� GDWD� DYDLODELOLW\�� HQDEOLQJ� GHWDLOHG�
DQDO\VLV�IRU�ERWK�WDFWLFDO�DQG�VWUDWHJLF�GHFLVLRQV��

7KLUG�� GHYHORSPHQW� RI� GDWD� SURGXFWV� VXFK� DV� IUDFWXUH�
SRWHQWLDO�DQG� WUDI¿FDELOLW\�QHHGV� WR�EH�DXWRPDWHG�VR� WKDW�
XVH�RI�VXFK�GDWD�FDQ�WUDQVLWLRQ�IURP�UHVHDUFK�WR�RSHUDWLRQV��
$GGLWLRQDO� ZRUN� LV� UHTXLUHG� WR� DGDSW� WKH� DSSURDFKHV�
GHYHORSHG� KHUH� WR� GLIIHUHQW� LFH� UHJLPHV� WKURXJKRXW� WKH�
$UFWLF��,Q�WKH�FDVH�RI�LFH�WKLFNQHVV�FRPSHQVDWLRQ�IDFWRUV��
WKH� WKLFNQHVV� YDULDELOLW\� ZLOO� YDU\� E\� UHJLRQ�� KHQFH�
IXUWKHU�WKLFNQHVV�VXUYH\V�ZLOO�KDYH�WR�EH�FRQGXFWHG��ZLWK�
SRWHQWLDO� GLI¿FXOWLHV� LQ� DUHDV� RI� VDOLQH� LFH� DQG� YDULDEOH�
ZDWHU�VDOLQLW\�FKDOOHQJLQJ�ERWK�*35�DQG�HOHFWURPDJQHWLF�
LQGXFWLRQ� PHDVXUHPHQWV�� +RZHYHU�� WKH� UHJLRQ� DURXQG�
.RW]HEXH�� DQG� LQ� SDUWLFXODU�.REXN�/DNH�� LV� H[SHFWHG� WR�
KDYH�KLJK�WKLFNQHVV�YDULDELOLW\��)LJ�����FRPSDUHG�WR�RWKHU�
VKHOWHUHG� LFH� UHJLPHV� EHFDXVH� RI� WKH�PDQ\� ULYHU� FKDQQHO�
RXWOHWV� UHVXOWLQJ� LQ� VXEVXUIDFH� FXUUHQWV� DQG� DGYHFWLRQ�RI�
ZDWHU�ZLWK�DERYH�IUHH]LQJ�WHPSHUDWXUHV��:KLOH�LQWHUDQQXDO�
YDULDELOLW\�UHPDLQV�WR�EH�HYDOXDWHG��WKH�¿QGLQJV�LOOXVWUDWHG�
LQ�)LJXUH���PD\� WKHUHIRUH�EH�RI�XVH� LQ�RWKHU� DUHDV� DV� DQ�
XSSHU�FRPSHQVDWLRQ�IDFWRU�OLPLW�IRU�WKLFNQHVV�YDULDELOLW\��

7KH�WUDI¿FDELOLW\�LQGH[�EDVHG�RQ�LFH�WUDLOV�DW�8WTLDƥYLN�
QHHGV� WR� EH� H[SDQGHG� WR� RWKHU�PRGHV� RI� WUDQVSRUWDWLRQ��
7KH�6$5�SURGXFWV�DUH�DOVR�EDVHG�SULPDULO\�RQ�URXJKQHVV��
ZKLOH� WKH� WUDLO� URXWHV�DUH�GHWHUPLQHG�E\�PXOWLSOH� IDFWRUV��
LQFOXGLQJ�FRQVLGHUDWLRQV�RI�KXQWLQJ�SUHIHUHQFHV�DQG�VDIHW\��
0RUH�GDWD�RQ�LFH�XVH�VKRXOG�EH�LQFOXGHG�VR�WKDW�WKH�UDQJH�
RI�FRQVWUDLQWV�RQ� WUDLO� URXWLQJ�ZLOO�EH�UHÀHFWHG� LQ�D�PRUH�
DFFXUDWH� LQGH[��$GGLWLRQDOO\�� SRODULPHWULF� FODVVL¿FDWLRQV�

QHHG�WR�EH�VWDQGDUGL]HG�IRU�WKH�IXOO�UDQJH�RI�LFH�W\SHV�DQG�
URXJKQHVV� HQFRXQWHUHG� LQ� WKH�$UFWLF�� UDWKHU� WKDQ� VLPSO\�
EDVHG�RQ� LQGLYLGXDO� VFHQHV� WKURXJK�PD[LPXP�OLNHOLKRRG�
DSSURDFKHV�DV�SUDFWLFHG�KHUH��

:H� KDYH� DOUHDG\� DSSOLHG� WKH� PRGHO� WR� GHWHUPLQH�
IUDFWXUH�SRWHQWLDO�LQ�PXOWLSOH�ORFDWLRQV�LQ�$ODVND��LQFOXGLQJ�
(OVRQ�/DJRRQ�� 3UXGKRH�%D\�� DQG� )RJJ\� ,VODQG�%D\��:H�
WKHUHIRUH� H[SHFW� WKLV� DSSURDFK� WR�ZRUN�ZHOO� LQ� RWKHU� LFH�
UHJLPHV�� +RZHYHU�� ,Q6$5� KDV� OLPLWHG� VXFFHVV� LQ� DUHDV�
RI� YHU\� VPRRWK� LFH� EHFDXVH� D� ORZ� VLJQDO�WR�QRLVH� UDWLR�
UHGXFHV�FRKHUHQFH��2WKHU�FRQGLWLRQV��VXFK�DV�KLJKHU� WLGDO�
GLVSODFHPHQW� WKDQ� WKDW� REVHUYHG� LQ� $UFWLF� $ODVND�� PD\�
DOVR� UHVXOW� LQ� OLPLWDWLRQV��+HUH��PRUH�ZRUN� LV� UHTXLUHG� WR�
XQGHUVWDQG�WKH�UREXVWQHVV�RI�WKLV�DSSURDFK��
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7KURXJKRXW� WKH� $UFWLF�� D� GLYHUVH� VHW� RI� VWDNHKROGHUV�
GHSHQGV�RQ�VHUYLFHV�SURYLGHG�E\�WKH�ODQGIDVW�VHD�LFH��$UFWLF�
VHD�LFH�LV�XQGHUJRLQJ�UDSLG�FKDQJHV�WKDW�PD\�MHRSDUGL]H�RU�
VHYHUHO\�DIIHFW�WKH�EHQH¿WV�GHULYHG�E\�WKHVH�XVHUV�IURP�WKH�
LFH�FRYHU�� ,Q� WKH�FRQWH[W�RI� VXFK�FKDQJHV�� LW� LV�QHFHVVDU\�
WR� IXOO\� XQGHUVWDQG� DQG� TXDQWLI\� WKH� OLQNV� EHWZHHQ� VHD�
LFH�DQG�LWV�XVH�RQ�WKH�EDVLV�RI�NH\�JHRSK\VLFDO�SDUDPHWHUV�
DQG�WR�PRQLWRU�FKDQJLQJ�LFH�FRQGLWLRQV�WKURXJK�WKH�OHQV�RI�
LQGLYLGXDO�LFH�XVHUV�RU�VWDNHKROGHUV��+HUH�ZH�LGHQWLI\�QLQH�
ODUJHO\�LQGHSHQGHQW�JHRSK\VLFDO�SDUDPHWHUV�WKDW�JRYHUQ�WKH�
IHDVLELOLW\��VDIHW\��DQG�HI¿FLHQF\�RI�ODQGIDVW�VHD�LFH�WUDYHO�
DQG� UHODWHG� XVHV�� 7KHVH� QLQH� FDQ� EH� FRQVWUDLQHG� IXUWKHU�
LQWR� WKUHH� LQGHSHQGHQW� FDWHJRULHV� RI� LFH�PRWLRQ�� EHDULQJ�
FDSDFLW\�� DQG� VXUIDFH� FRQGLWLRQV��:H� SUHVHQW� WKH� 3$7+�
IUDPHZRUN�DV�D�PHDQV�WR� OLQN�JHRSK\VLFDO�PHDVXUHPHQWV�
DQG�LFH�XVHU�DQG�VWDNHKROGHU�LQIRUPDWLRQ�QHHGV�DFFRUGLQJ�
WR�WKH�UHOHYDQFH�RI�GLIIHUHQW�SDUDPHWHUV�WR�LFH�XVH�

0RUH�ZRUN�LV�QHHGHG�WR�DUULYH�DW�RSHUDWLRQDO�LQIRUPDWLRQ�
SURGXFWV�DSSOLFDEOH�DFURVV�DOO�SRODU�VHD�LFH�UHJLPHV��6XFK�
VWDQGDUGL]HG� SURGXFWV�ZLOO� DOVR� DOORZ� IRU� D� FRPELQDWLRQ�
RI� WKH�DSSURDFKHV�RXWOLQHG�KHUH��)RU� LQVWDQFH��FRPELQLQJ�
URXJKQHVV�DQDO\VLV�ZLWK�HVWLPDWHV�RI�IUDFWXUH�SRWHQWLDO�IRU�
WKH�VDPH�DUHD�ZRXOG�HQDEOH�D�PXFK�EURDGHU� WUDI¿FDELOLW\�
DVVHVVPHQW� WKDW� DFFRXQWV� IRU� ERWK� HI¿FLHQF\� DQG� VDIHW\��
,Q�VXFK�FRPELQHG�DQDO\VLV��PXOWLSOH�DVVHVVPHQW�VWUDWHJLHV�
FRXOG�EH�LQWHJUDWHG��LQFOXGLQJ�RSWLFDO�VHQVLQJ�IRU�GHWHFWLRQ�
RI� VXUIDFH� PHOW� DQG� ÀRRGLQJ� �:HEVWHU� HW� DO��� ������ RU�
SUHVHQFH�RI�VQRZ��*HVHOO���������7KLV�SURFHVV�ZRXOG�JUHDWO\�
EHQH¿W�IURP�EHWWHU�DFFHVV� WR� LFH�XVH� LQIRUPDWLRQ�WKURXJK�
LQWHUYLHZV�RU�VXUYH\V�RI�LFH�WUDLOV�DQG�URDGV��LQ�SDUWLFXODU�LQ�
UHJDUG�WR�FRQVWUDLQWV�RQ�LQGXVWU\�RSHUDWLRQV��

,FH� XVH� LQIRUPDWLRQ� IURP�H[SHUW� ORFDO� DQG� ,QGLJHQRXV�
NQRZOHGJH� DLGV� VWUDWHJ\� GHYHORSPHQW� E\� OLQNLQJ�
JHRSK\VLFDO�SDUDPHWHUV�ZLWK�XVHU�QHHGV��,Q�VXFK�ORFDWLRQV��
LFH� XVHUV� OLNHO\� DOUHDG\� FRQVWUXFW� WUDLOV� DORQJ� IDYRUDEOH�
URXWHV��+RZHYHU��FDOFXODWHG�RSWLPDO�URXWHV�PD\�VWLOO�GLIIHU�
IURP�DFWXDO�WUDLOV�ZKHQ�RSHUDWRUV�ODFN�FULWLFDO�LQIRUPDWLRQ�
RU�FDQQRW�DSSO\�DOO�UHOHYDQW�URXWLQJ�FULWHULD��'LVFUHSDQFLHV�
EHWZHHQ� FDOFXODWHG� DQG� DFWXDO� URXWHV� FDQ� LQIRUP�
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WUDI¿FDELOLW\�DQDO\VLV�DQG�VXSSRUW�URXWH�RSWLPL]DWLRQ�EDVHG�
RQ�DGGLWLRQDO�LFH�XVHU�FRQVLGHUDWLRQV��7UDI¿FDELOLW\�DQDO\VLV�
DQG�PDSV�ZLOO�EH�SDUWLFXODUO\�YDOXDEOH�LQ�DUHDV�RI�OLPLWHG�
ORFDO�NQRZOHGJH��VXFK�DV�LQ�VFHQDULRV�RI�HVFDSH��HYDFXDWLRQ��
DQG�UHVFXH��%DUNHU�HW�DO����������$OVR�� LQ�FHUWDLQ�UHJLRQV��
HOHPHQWV� RI� ORFDO� DQG� ,QGLJHQRXV� NQRZOHGJH� QR� ORQJHU�
DSSO\�EHFDXVH�RI�UDSLG�FKDQJH��$0$3���������ZKLFK�PD\�
EH� HYHQ�PRUH� SUHYDOHQW� LQ� WKH� IXWXUH�� ,Q� VXFK� FDVHV�� WKH�
3$7+�DSSURDFK�FDQ�VXSSRUW�DGDSWLRQ�WR�FKDQJH��

5HPRWH�VHQVLQJ� DSSURDFKHV� WR� DVVHVV� SDUDPHWHUV�
UHODWHG�WR�LFH�XVH�HQDEOH�WKH�XVH�RI�DUFKLYHG�6$5�GDWD�WR�
SURYLGH�LQIRUPDWLRQ�UHOHYDQW�WR�VWDNHKROGHUV�DQG�GHFLVLRQ�
PDNHUV�� VXFK� DV� FKDQJHV� LQ� WUDIILFDELOLW\� RQ� GHFDGDO�
VFDOHV��0RGHO� UHVXOWV� KDYH� DOVR� EHHQ� XVHG� WR� SUHGLFW� WKH�
IXWXUH�DFFHVVLELOLW\�RI� WKH�$UFWLF�E\� ODQG�EDVHG� LFH� URDGV�
DQG� VKLSSLQJ� �6WHSKHQVRQ� HW� DO��� ������� ,GHQWLILFDWLRQ�
RI� UHODWLRQVKLSV� EHWZHHQ� LFH� XVH� DQG� JHRSK\VLFDO� VHD�
LFH� SDUDPHWHUV�� DV� SUHVHQWHG� KHUH�� PD\� KHOS� DGYDQFH�
SUHGLFWLRQV�RI�IXWXUH�ODQGIDVW�VHD�LFH�WUDI¿FDELOLW\�EDVHG�RQ�
PRGHO�UHVXOWV��6XFK�DGYDQFHV�UHTXLUH�D�ODQGIDVW�LFH�PRGHO�
WKDW�FDSWXUHV�WKH�UHOHYDQW�SDUDPHWHUV�SUHVHQWHG�LQ�WKLV�ZRUN��
'HYHORSPHQW�RI�QHZ�ODQGIDVW�LFH�PRGHOV��+RSNLQV��������
LQ� WXUQ�PD\�EHQH¿W� IURP� WKH�GHIRUPDWLRQ�DQG� URXJKQHVV�
DQDO\VLV�SUHVHQWHG�KHUH��

:KLOH� WKLV� ZRUN� IRFXVHV� RQ� ODQGIDVW� LFH� XVH� LQ� WKH�
FRQWH[W� RI� 3$7+�� WKH� DSSURDFK� LWVHOI� LV� QRW� OLPLWHG� WR�
WKH� WUDIILFDELOLW\� UHDOP� DORQH�� $GGUHVVLQJ� JHRSK\VLFDO�
SURSHUWLHV� WKURXJK� WKH� OHQV�RI� VSHFL¿F� LFH�XVHV� FDQ�RIIHU�
VXEVWDQWLDO�EHQH¿WV�WR�VWDNHKROGHUV�GHSHQGLQJ�RQ�VHD�LFH�LQ�
D�EURDGHU�VHQVH��VXFK�DV�WKH�VKLSSLQJ�LQGXVWU\��+HUH��QHZ�
LFH�DVVRFLDWHG�SDUDPHWHUV�ZRXOG�KDYH�WR�EH�FRQVLGHUHG�LQ�
WKH�FRQWH[W�RI� WKH�3$7+�IUDPHZRUN��VXFK�DV� LFH�VWUHQJWK�
RU� GULIW� YHORFLW\�� 7KH� DSSURDFK� SUHVHQWHG� KHUH� FDQ� DOVR�
EH�DSSOLHG� WR� WKH�XVH�RI�VHD� LFH�E\�PDULQH�PDPPDOV� WKDW�
GHSHQG�RQ�GLIIHUHQW� LFH�DVVRFLDWHG� SDUDPHWHUV� IRU� WUDYHO��
VKHOWHU��RU�GHQQLQJ�DQG�PD\�DOVR�KDYH�SRWHQWLDO�IDU�RXWVLGH�
VHD�LFH�VFLHQFH�

$&.12:/('*(0(176

7KLV�SURMHFW�ZDV� VXSSRUWHG� LQ�SDUW�E\� WKH�1DWLRQDO�6FLHQFH�
)RXQGDWLRQ�WKURXJK�WKH�6HDVRQDO�,FH�=RQH�2EVHUYLQJ�1HWZRUN�
�16)����������� $UFWLF� 6FLHQFH�� (QJLQHHULQJ�� DQG� (GXFDWLRQ�
IRU� 6XVWDLQDELOLW\� �16)����������� DQG� WKH� 6ZHGLVK� 1DWLRQDO�
6SDFH� %RDUG� �'QU� ��������� $GGLWLRQDO� IXQGLQJ� ZDV� SURYLGHG�
E\� WKH�1RUWKZHVW�$UFWLF�%RURXJK��$/26�3$/6$5�GDWD�ZHUH�
PDGH� DYDLODEOH� WKURXJK� D� GDWD� JUDQW� E\� WKH� -DSDQ� $HURVSDFH�
([SORUDWLRQ� $JHQF\� �-$;$�� 3URMHFW� ,'� ������� :H� WKDQN� WKH�
FRPPXQLWLHV�RI�.RW]HEXH��1RPH��DQG�8WTLDƥYLN�DQG�LQ�SDUWLFXODU�
WKH� LQWHUYLHZHHV�� ZKR� JHQHURXVO\� VKDUHG� WKHLU� NQRZOHGJH��
:H� WKDQN� 6HWK�.DQWQHU�� .DUHQ� %UHZVWHU�� &KDQGD�0HHN�� ,JRU�
.UXSQLN�� DQG�0DWWKHZ�'UXFNHQPLOOHU� IRU� YDOXDEOH� JXLGDQFH��
:H�DFNQRZOHGJH�WKUHH�DQRQ\PRXV�UHYLHZHUV�ZKR�FRQWULEXWHG�WR�
LPSURYLQJ�WKLV�PDQXVFULSW��

5()(5(1&(6

$0$3� �$UFWLF�0RQLWRULQJ� DQG�$VVHVVPHQW� 3URJUDPPH��� ������
6QRZ�� ZDWHU�� LFH� DQG� SHUPDIURVW� LQ� WKH� $UFWLF� �6:,3$���
&OLPDWH�FKDQJH�DQG�WKH�FU\RVSKHUH��2VOR��1RUZD\��$0$3�

$SRUWD�� &�� ������ 6KLIWLQJ� SHUVSHFWLYHV� RQ� VKLIWLQJ� LFH��
'RFXPHQWLQJ� DQG� UHSUHVHQWLQJ� ,QXLW� XVH� RI� WKH� VHD� LFH�� 7KH�
&DQDGLDQ�*HRJUDSKHU�/H�*pRJUDSKH�FDQDGLHQ���������±�����

� �KWWSV���GRL�RUJ���������-����������������������;
$SRUWD�� &��� DQG� +LJJV�� (�� ������ 6DWHOOLWH� FXOWXUH� �� *OREDO�

SRVLWLRQLQJ�V\VWHPV��,QXLW�ZD\¿QGLQJ��DQG�WKH�QHHG�IRU�D�QHZ�
DFFRXQW�RI�WHFKQRORJ\��&XUUHQW�$QWKURSRORJ\�����������±������
KWWSV���GRL�RUJ���������������

%DUNHU��$���7LPFR��*���DQG�:ULJKW��%��������7UDYHUVLQJ�JURXQGHG�
UXEEOH� ¿HOGV� E\� IRRW²,PSOLFDWLRQV� IRU� HYDFXDWLRQ�� &ROG�
5HJLRQV�6FLHQFH�DQG�7HFKQRORJ\����������±�����

� �KWWSV���GRL�RUJ���������M�FROGUHJLRQV������������
%DVKDZ�� (�.��� 'UDJH�� -��� /HZLV�� 6�.��� DQG� %LOOLQJV�� &�� ������

$SSOLHG�LFH�HQJLQHHULQJ�IRU�H[SORULQJ�$UFWLF�QDWXUDO�UHVRXUFHV��
,Q��=XIHOW��-�(���HG��3URFHHGLQJV�RI�,6&25'�������3ODQQLQJ�IRU�
6XVWDLQDEOH�&ROG�5HJLRQV����±���-XQH�������$QFKRUDJH��$ODVND��
����±�����

� �KWWSV���DVFHOLEUDU\�RUJ�GRL�ERRN����������������������
%HUJ�� $��� 'DPPHUW�� 3��� DQG� (ULNVVRQ�� /�(�%�� ������ ;�%DQG�

,QWHUIHURPHWULF� 6$5� REVHUYDWLRQV� RI� %DOWLF� IDVW� LFH��
,(((� 7UDQVDFWLRQV� RQ� *HRVFLHQFH� DQG� 5HPRWH� 6HQVLQJ�
�����������±�������

� �KWWSV���GRL�RUJ���������7*56�������������
&RPLVR��-�&���DQG�+DOO��'�.��������&OLPDWH� WUHQGV� LQ� WKH�$UFWLF�

DV� REVHUYHG� IURP� VSDFH�� :LOH\� ,QWHUGLVFLSOLQDU\� 5HYLHZV��
&OLPDWH�&KDQJH����������±������

� �KWWSV���GRL�RUJ���������ZFF����
'DPPDQQ��'�2��������$UFWLF�VHD�LFH�WUDI¿FDELOLW\²QHZ�VWUDWHJLHV�

IRU� D� FKDQJLQJ� LFHVFDSH�� 3K'� WKHVLV�� 8QLYHUVLW\� RI� $ODVND�
)DLUEDQNV��)DLUEDQNV��$ODVND���

'DPPDQQ�� '�2��� (LFNHQ�� +��� 0H\HU�� )�-��� DQG� 0DKRQH\�� $�5��
������ $VVHVVLQJ� VPDOO�VFDOH� GHIRUPDWLRQ� DQG� VWDELOLW\� RI�
ODQGIDVW�VHD� LFH�RQ�VHDVRQDO� WLPHVFDOHV� WKURXJK�/�EDQG�6$5�
LQWHUIHURPHWU\� DQG� LQYHUVH� PRGHOLQJ�� 5HPRWH� 6HQVLQJ� RI�
(QYLURQPHQW���������±������

� �KWWSV���GRL�RUJ���������M�UVH������������
'DPPDQQ�� '�2��� (LFNHQ�� +���0DKRQH\�� $�5��� 6DLHW�� (���0H\HU��

)�-���DQG�*HRUJH��-�&��������7UDYHUVLQJ�VHD�LFH²OLQNLQJ�VXUIDFH�
URXJKQHVV�DQG�LFH�WUDI¿FDELOLW\�WKURXJK�6$5�SRODULPHWU\�DQG�
LQWHUIHURPHWU\�� ,(((� -RXUQDO� RI� 6HOHFWHG� 7RSLFV� LQ� $SSOLHG�
(DUWK�2EVHUYDWLRQV�DQG�5HPRWH�6HQVLQJ����������±����

� �KWWSV���GRL�RUJ���������-67$56�������������
'DPPDQQ�� '�2��� (LFNHQ�� +��� 0DKRQH\�� $�5��� 0H\HU�� )�-���

)UH\PXHOOHU�� -�7��� DQG� .DXIPDQQ�� $�0�� ������ (YDOXDWLQJ�
ODQGIDVW�VHD�LFH�VWUHVV�DQG�IUDFWXUH�LQ�VXSSRUW�RI�RSHUDWLRQV�RQ�
VHD�LFH�XVLQJ�6$5�LQWHUIHURPHWU\��&ROG�5HJLRQV�6FLHQFH�DQG�
7HFKQRORJ\��$YDLODEOH�RQOLQH����)HEUXDU\������

� �KWWSV���GRL�RUJ���������M�FROGUHJLRQV������������
'LHUNLQJ��:���/DQJ��2���DQG�%XVFKH��7��������6HD�LFH�ORFDO�VXUIDFH�

WRSRJUDSK\�IURP�VLQJOH�SDVV�VDWHOOLWH�,Q6$5�PHDVXUHPHQWV��$�
IHDVLELOLW\�VWXG\��7KH�&U\RVSKHUH������������±�������

� �KWWSV���GRL�RUJ���������WF�������������

ttps://doi.org/10.1111/J.1541-0064.2010.00340.X
https://doi.org/10.1086/432651
ttps://doi.org/10.1016/j.coldregions.2006.06.001
ttps://ascelibrary.org/doi/book/10.1061/9780784412978
ttps://doi.org/10.1109/TGRS.2014.2336752
ttps://doi.org/10.1002/wcc.277
ttps://doi.org/10.1016/j.rse.2016.10.032
ttps://doi.org/10.1109/JSTARS.2017.2764961
ttps://doi.org/10.1016/j.coldregions.2018.02.001


�����'�2��'$00$11�HW�DO�'�2��'$00$11�HW�DO�

'UXFNHQPLOOHU��0�/��� (LFNHQ�� +��� -RKQVRQ��0�$��� 3ULQJOH�� '�-���
DQG�:LOOLDPV��&�&��������7RZDUG�DQ�LQWHJUDWHG�FRDVWDO�VHD�LFH�
REVHUYDWRU\��6\VWHP�FRPSRQHQWV�DQG�D�FDVH�VWXG\�DW�%DUURZ��
$ODVND��&ROG�5HJLRQV�6FLHQFH�DQG�7HFKQRORJ\������������±�����
KWWSV���GRL�RUJ���������-�&ROGUHJLRQV������������

'UXFNHQPLOOHU��0�/��� (LFNHQ�� +��� *HRUJH�� -�&��� DQG� %URZHU�� /��
������7UDLOV�WR�WKH�ZKDOH��5HÀHFWLRQV�RI�FKDQJH�DQG�FKRLFH�RQ�
DQ� ,xXSLDW� LFHVFDSH� DW� %DUURZ�� $ODVND�� 3RODU� *HRJUDSK\� �� 
��������±�����

� �KWWSV���GRL�RUJ����������������;������������
(LFNHQ��+���DQG�0DKRQH\��$�5��������6HD�LFH��+D]DUGV��ULVNV��DQG�

LPSOLFDWLRQV� IRU� GLVDVWHUV�� ,Q�� (OOLV�� -�7��� 6KHUPDQ�� '�-��� DQG�
6KURGHU��-�)���-U���HGV��&RDVWDO�DQG�PDULQH�KD]DUGV��ULVNV��DQG�
GLVDVWHUV��$PVWHUGDP��1HWKHUODQGV��(OVHYLHU�,QF������±�����

(LFNHQ��+���/RYHFUDIW��$�/���DQG�'UXFNHQPLOOHU��0�/��������6HD�
LFH� V\VWHP� VHUYLFHV��$� IUDPHZRUN� WR� KHOS� LGHQWLI\� DQG�PHHW�
LQIRUPDWLRQ� QHHGV� UHOHYDQW� IRU� $UFWLF� REVHUYLQJ� QHWZRUNV��
$UFWLF�����������±������

� �KWWSV���GRL�RUJ����������DUFWLF���
(LFNHQ�� +��� -RQHV�� -��� 0H\HU�� )��� 0DKRQH\�� $��� 'UXFNHQPLOOHU��

0�/��� 09�� 5��� DQG� .DPEKDPHWWX�� &�� ������ (QYLURQPHQWDO�
VHFXULW\� LQ�$UFWLF� LFH�FRYHUHG� VHDV�� )URP� VWUDWHJ\� WR� WDFWLFV�
RI� KD]DUG� LGHQWL¿FDWLRQ� DQG� HPHUJHQF\� UHVSRQVH�� 0DULQH�
7HFKQRORJ\�6RFLHW\�-RXUQDO����������±�����

� �KWWSV���GRL�RUJ���������076-�������
)LHQXS�5LRUGDQ�� $��� DQG� 5HDUGHQ�� $�� ������ 7KH� LFH� LV� DOZD\V�

FKDQJLQJ��<XS¶LN�XQGHUVWDQGLQJV�RI�VHD�LFH��SDVW�DQG�SUHVHQW��
,Q��.UXSQLN�� ,���$SRUWD��&���*HDUKHDUG��6���/DLGOHU��*�-��� DQG�
+ROP��/�.���HGV��6,.8��.QRZLQJ�RXU�LFH��'RFXPHQWLQJ�,QXLW�
VHD�LFH�NQRZOHGJH�DQG�XVH��1HZ�<RUN��6SULQJHU������±�����

)RUG��-�'���3HDUFH��7���*LOOLJDQ��-���6PLW��%���DQG�2DNHV��-��������
&OLPDWH� FKDQJH� DQG� KD]DUGV� DVVRFLDWHG� ZLWK� LFH� XVH� LQ�
QRUWKHUQ� &DQDGD�� $UFWLF�� $QWDUFWLF�� DQG� $OSLQH� 5HVHDUFK�
����������±������

� �KWWSV���GRL�RUJ��������������������������>)25'@����&2��
*HVHOO��*��������$Q�DOJRULWKP�IRU�VQRZ�DQG� LFH�GHWHFWLRQ�XVLQJ�

$9+55�GDWD��$Q�H[WHQVLRQ�WR�WKH�$32//2�VRIWZDUH�SDFNDJH��
,QWHUQDWLRQDO�-RXUQDO�RI�5HPRWH�6HQVLQJ�������������±������

� �KWWSV���GRL�RUJ��������������������������
*ROG��/�:��������8VH�RI� LFH�FRYHUV�IRU� WUDQVSRUWDWLRQ��&DQDGLDQ�

*HRWHFKQLFDO�-RXUQDO����������±������
� �KWWSV���GRL�RUJ���������W������
+DDV��&���DQG�'UXFNHQPLOOHU��0��������,FH�WKLFNQHVV�DQG�URXJKQHVV�

PHDVXUHPHQWV�� ,Q�� (LFNHQ�� +��� *UDGLQJHU�� 5��� 6DOJDQHN��0���
6KLUDVDZD��.��� 3HURYLFK��'��� DQG� /HSSlUDQWD��0��� HGV�� )LHOG�
WHFKQLTXHV� IRU� VHD� LFH� UHVHDUFK�� )DLUEDQNV�� 8QLYHUVLW\� RI�
$ODVND�3UHVV�����±�����

+ROW�� %��� .DQDJDUDWQDP�� 3��� *RJLQHQL�� 6�3��� 5DPDVDPL��
9�&��� 0DKRQH\�� $��� DQG� /\WOH�� 9�� ������ 6HD� LFH� WKLFNQHVV�
PHDVXUHPHQWV� E\� XOWUDZLGHEDQG� SHQHWUDWLQJ� UDGDU�� )LUVW�
UHVXOWV��&ROG�5HJLRQV�6FLHQFH�DQG�7HFKQRORJ\����������±�����

� �KWWSV���GRL�RUJ���������M�FROGUHJLRQV������������
+RSNLQV��0�$��������6LPXODWLRQ�RI�ODQGIDVW�LFH�DORQJ�WKH�$ODVNDQ�

FRDVW��2&6�6WXG\�006�����������+DQRYHU��1HZ�+DPSVKLUH��
8�6��$UP\�&ROG�5HJLRQV�5HVHDUFK�DQG�(QJLQHHULQJ�/DERUDWRU\�

+XQWLQJWRQ�� +�3��� DQG� )R[�� 6�� ������ 7KH� FKDQJLQJ� $UFWLF��
,QGLJHQRXV�SHUVSHFWLYHV��,Q��6\PRQ��&���$UULV��/���DQG�+HDO��%���
HGV��$UFWLF�FOLPDWH�LPSDFW�DVVHVVPHQW��1HZ�<RUN��&DPEULGJH�
8QLYHUVLW\�3UHVV�����±����

-RKQVRQ�� 0��� DQG� (LFNHQ�� +�� ������ (VWLPDWLQJ� $UFWLF� VHD�LFH�
IUHH]H�XS�DQG�EUHDN�XS�IURP�WKH�VDWHOOLWH�UHFRUG��$�FRPSDULVRQ�
RI� GLIIHUHQW� DSSURDFKHV� LQ� WKH� &KXNFKL� DQG� %HDXIRUW� 6HDV��
(OHPHQWD�6FLHQFH�RI�WKH�$QWKURSRFHQH���������

� �KWWSV���GRL�RUJ����������MRXUQDO�HOHPHQWD�������
-ROO\��'���%HUNHV��)���&DVWOHGHQ��-���1LFKROV��7���DQG�WKH�&RPPXQLW\�

RI� 6DFKV� +DUERXU�� ������ :H� FDQ¶W� SUHGLFW� WKH� ZHDWKHU� OLNH�
ZH�XVHG� WR�� ,QXYLDOXLW�REVHUYDWLRQV�RI�FOLPDWH�FKDQJH��6DFKV�
+DUERXU��:HVWHUQ�&DQDGLDQ�$UFWLF��,Q��.UXSQLN��,���DQG�-ROO\��
'��� HGV��7KH� HDUWK� LV� IDVWHU� QRZ�� ,QGLJHQRXV� REVHUYDWLRQV� RI�
$UFWLF� HQYLURQPHQWDO� FKDQJH�� )DLUEDQNV�� $ODVND�� $UFWLF�
5HVHDUFK�&RQVRUWLXP�RI�WKH�8QLWHG�6WDWHV�����±�����

.DQDJDUDWQDP�� 3��� 0DUNXV�� 7��� /\WOH�� 9��� +HDYH\�� %��� -DQVHQ��
3��� 3UHVFRWW�� *��� DQG� *RJLQHQL�� 6�3�� ������ 8OWUDZLGHEDQG�
UDGDU� PHDVXUHPHQWV� RI� WKLFNQHVV� RI� VQRZ� RYHU� VHD� LFH��
,(((� 7UDQVDFWLRQV� RQ� *HRVFLHQFH� DQG� 5HPRWH� 6HQVLQJ�
�����������±�������

� �KWWSV���GRL�RUJ���������7*56������������
.ULHJHU�� $�*��� .LGG�� *�1��� DQG� &RFNLQJ�� '�$�� ������ 1RUWKVWDU�

'ULOOLQJ� �±��'HOLYHULQJ� WKH� ¿UVW�$UFWLF� RIIVKRUH� GHYHORSPHQW��
63(�'ULOOLQJ�	�&RPSOHWLRQ�����������±�����

  KWWSV���GRL�RUJ���������������06
.ZRN��5���DQG�&XQQLQJKDP��*�)�������� ,&(6DW�RYHU�$UFWLF�VHD�

LFH�� (VWLPDWLRQ� RI� VQRZ� GHSWK� DQG� LFH� WKLFNQHVV�� -RXUQDO� RI�
*HRSK\VLFDO�5HVHDUFK��2FHDQV������&�������

  KWWSV���GRL�RUJ�������������-&������
.ZRN�� 5��� DQG� 5RWKURFN�� '�$�� ������ 'HFOLQH� LQ�$UFWLF� VHD� LFH�

WKLFNQHVV� IURP� VXEPDULQH� DQG� ,&(6DW� UHFRUGV�� �����±�������
*HRSK\VLFDO�5HVHDUFK�/HWWHUV�����/�������

� �KWWSV���GRL�RUJ�������������JO������
/DLGOHU��*�-���(OHH��3��� ,NXPPDT��7��� -RDPLH��(���DQG�$SRUWD��&��

������0DSSLQJ� ,QXLW� VHD� LFH� NQRZOHGJH�� XVH�� DQG� FKDQJH� LQ�
1XQDYXW�� &DQDGD� �&DSH� 'RUVHW�� ,JORROLN�� 3DQJQLUWXQJ��� ,Q��
.UXSQLN��,���$SRUWD��&���*HDUKHDUG��6���/DLGOHU��*�-���DQG�+ROP��
/�.���HGV��6,.8��.QRZLQJ�RXU�LFH��'RFXPHQWLQJ�,QXLW�VHD�LFH�
NQRZOHGJH�DQG�XVH��1HZ�<RUN��6SULQJHU�����±����

/LX�� +��� 7DNDKDVKL�� .��� DQG� 6DWR�� 0�� ������ 0HDVXUHPHQW� RI�
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