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� 2YHUYLHZ

&RQYHFWLRQ�VFKHPHV�ZHUH�GHVLJQHG�IRU�JOREDO�DQG�FOLPDWH�PRGHOV�ZLWK�ODUJH�JULG�VTXDUHV
RYHU� ZKLFK� FRQYHFWLRQ� LV� QRW� UHVROYHG�� � 7KH\� DUH� SUREDEO\� QRW� DSSURSULDWH� IRU� KLJK�
UHVROXWLRQ�PRGHOV��JULGOHQJWKV���������NP���7KLV�LV�OLNHO\�WR�EH�SDUWLFXODUO\�WUXH�IRU�PRGHOV
ZLWK� JULGOHQJWKV� LQ� WKH� UDQJH� �� ¤� ��� NP� LQ� ZKLFK� FRQYHFWLYH� VWRUPV� DUH� RIWHQ� SDUWO\
UHVROYHG�� :KHQ� JULGOHQJWKV� JHW� GRZQ� WR� �� NP� RU� VKRUWHU� PXFK� RI� WKH� UDLQ� SURGXFLQJ
FRQYHFWLRQ� VKRXOG� EH� UHVROYHG� DQG� D� FRQYHFWLRQ� VFKHPH� PD\� QRW� EH� QHHGHG�� EXW� WKLV
FDQQRW�MXVW�EH�DVVXPHG�
6LPXODWLRQV�RI�FRQYHFWLYH�HYHQWV�XVLQJ�WKH�8QLILHG�0RGHO�YHUVLRQ�����KDYH�EHHQ�UXQ�ZLWK
D�JULGOHQJWK�RI���NP�WR�VKRZ�WKDW�QHLWKHU�LQFOXGLQJ�RU�UHPRYLQJ�WKH�FRQYHFWLRQ�VFKHPH�DW
WKDW� UHVROXWLRQ�ZLOO� SURGXFH� VDWLVIDFWRU\� UHVXOWV�� 7KH� XVH� RI� WKH� FRQYHFWLRQ� VFKHPH� FDQ
VRPHWLPHV�OHDG�WR�WKH�GHYHORSPHQW�RI�VSXULRXV�UDLQEDQGV�DQG�FDQ�DOVR�UHVWULFW�WKH�PRGHO
G\QDPLFV� IURP� UHSUHVHQWLQJ� VKRZHUV� LW� VKRXOG� EH� DEOH� WR� UHVROYH�� 6ZLWFKLQJ� RII� WKH
FRQYHFWLRQ�VFKHPH�LV�VRPHZKDW�EHWWHU��EXW�FDQ�UHVXOW� LQ�WKH�IRUPDWLRQ�RI�XQUHDOLVWLFDOO\
LQWHQVH�VKRZHUV�DQG�HYHQ�VLQJOH�JULGSRLQW��RU�¨JULG�URZ©��VWRUPV�
,Q� DQ� DWWHPSW� DGGUHVV� WKLV� SUREOHP�� D� FKDQJH� WR� WKH� XVH� RI� WKH� FRQYHFWLRQ� VFKHPH� KDV
EHHQ�H[DPLQHG��7KH�DFWLYLW\�RI�WKH�FRQYHFWLRQ�VFKHPH�KDV�EHHQ�UHVWULFWHG�LQ�RUGHU�WR�WU\
DQG�DOORZ�WKH�PRGHO�G\QDPLFV�UHSUHVHQW�WKH�VKRZHUV�LW�VKRXOG�EH�DEOH�WR�UHVROYH�DQG�OHDYH
WKH� FRQYHFWLRQ� VFKHPH� WR� GHDO�ZLWK� WKH� UHVW�� 7KLV� DSSURDFK� LV� VKRZQ� WR� SURGXFH� EHWWHU
UHVXOWV�

� ,QWURGXFWLRQ

7KLV� LV� WKH� VHFRQG� LQWHULP� UHSRUW� WR� EH� GHOLYHUHG� IURP� WKH� 6WRUP� 6FDOH� 1XPHULFDO
0RGHOOLQJ� SURMHFW�� 7KH� SURMHFW� ZDV� VHW�XS� WR� LQYHVWLJDWH� WKH� DELOLW\� RI� D� VWRUP� VFDOH
FRQILJXUDWLRQ� RI� WKH�0HW�2IILFH�1XPHULFDO�:HDWKHU� 3UHGLFWLRQ� �1:3��PRGHO� WR� SUHGLFW
IORRG�SURGXFLQJ�UDLQIDOO�HYHQWV��,Q�WKLV�FRQWH[W�D�VWRUP�VFDOH�PRGHO�KDV�D�KRUL]RQWDO�JULG
VSDFLQJ�RI�DERXW���NP�DQG�UHFHLYHV�LQIRUPDWLRQ�DW�WKH�ERXQGDULHV�IURP�D�PRGHO�ZLWK�D���
NP�JULG�VSDFLQJ��,W�LV�UHFRPPHQGHG�WKDW�WKH�SUHYLRXV�UHSRUW��5REHUWV�������LV�UHDG�EHIRUH
WKLV�RQH�LQ�RUGHU�WR�JDLQ�IDPLOLDULW\�ZLWK�WKH�FDVH�VWXGLHV�

7KLV� UHSRUW� ZLOO� FRQFHQWUDWH� RQ� WKH� GLIILFXOW\� RI� VLPXODWLQJ�UHSUHVHQWLQJ� FRQYHFWLRQ� LQ
KLJK�UHVROXWLRQ�PRGHOV�� 7KH� IRFXV�ZLOO� EH� RQ� D� JULGOHQJWK� RI� ��NP��ZKLFK� IDOOV� LQWR� WKH
PLGGOH�RI� WKH�UDQJH� ���¤����NP�� LQ�ZKLFK� WKH�TXHVWLRQ�RI�ZKDW� WR�GR�DERXW� WKH�XVH�RI�D
FRQYHFWLRQ� VFKHPH� EHFRPHV� PRVW� GHEDWDEOH� DQG� WKH� SUREOHP� FDQ� EH� SDUWLFXODUO\
QRWLFHDEOH��5HVXOWV�IURP�FDVH�VWXG\�VLPXODWLRQV�KDYH�IDOOHQ�LQWR�OLQH�ZLWK�H[SHFWDWLRQV�LQ
VKRZLQJ�WKDW�FKDQJHV�LQ�WKH�XVH�RI�WKH�FRQYHFWLRQ�VFKHPH�FDQ�KDYH�D�YHU\�ODUJH�LPSDFW�RQ
WKH�RXWFRPH�RI� IRUHFDVWV�� ,W� LV� IRU� WKDW�UHDVRQ�� WKDW� WKH�XVH�RI� WKH�FRQYHFWLRQ�VFKHPH� �RU
QRW��KDV�EHHQ� VLQJOHG�RXW� IRU� VSHFLDO� DWWHQWLRQ� DQG� D� FKDQJH� WR� WKH�ZD\� WKH� FRQYHFWLRQ
VFKHPH�LV�XVHG�KDV�EHHQ�GHYLVHG�

$OWKRXJK�WKH� IRFXV� LV�RQ� D���NP�JULGOHQJWK�KHUH�� WKH�SUREOHP�RI� VLPXODWLQJ�FRQYHFWLRQ
SURSHUO\� GRHV� QRW� JR� DZD\� DW� �� NP�� 'HVSLWH� VXFK� D� VKRUW� JULGOHQJWK� WKHUH� ZLOO� VWLOO� EH
FRQYHFWLYH�FORXGV�WKDW�DUH�QRW�UHVROYHG�E\�WKH�PRGHO�G\QDPLFV��(YHQ�WKH�ODUJHU�FRQYHFWLYH
V\VWHPV�DUH�FRPSULVHG�RI�UDSLGO\�HYROYLQJ�VPDOOHU�VFDOH�FORXGV���ZLWK�ORFDO�PL[LQJ�EHWZHHQ
WKHVH�FORXGV�DQG�WKH�HQYLURQPHQW��ZKLFK�FDQ�QRW�EH�UHSUHVHQWHG�SURSHUO\�RQ�WKH�JULG��7KH
OHVVRQV� OHDUQW� DW� �� NP� VWLOO� DSSO\� DW� �� NP�� ,Q� SDUWLFXODU�� DQ\� FKDQJH� WR� WKH� XVH� RI� WKH
FRQYHFWLRQ�VFKHPH�WKDW�KDV�D�SRVLWLYH�LPSDFW�DW���NP�KDV�WKH�SRWHQWLDO�WR�GR�WKH�VDPH�DW��
NP��WKRXJK�WXQHG�GLIIHUHQWO\��7KH�RWKHU�LPSOLFDWLRQ�IRU�D���NP�PRGHO�LV�WKDW�WKH�IRUHFDVW
LV� VHQVLWLYH� WR� WKH� LQIRUPDWLRQ� WKDW� SDVVHV� WKURXJK� WKH� ERXQGDULHV� IURP� WKH� ��NP
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JULGOHQJWK�GRPDLQ��VR�WKH�ZD\�FRQYHFWLRQ�LV�UHSUHVHQWHG�DW���NP�GLUHFWO\�IHHGV�LQWR�WKH���
NP�IRUHFDVW�

,W�LV�UHFRJQLVHG�WKDW��LQ�DGGLWLRQ�WR�WKH�XVH�RI�WKH�FRQYHFWLRQ�VFKHPH��PDQ\�RWKHU�DVSHFWV
RI�SDUDPHWHU�VHOHFWLRQ�DQG�WXQLQJ�DOVR�UHTXLUH�LQYHVWLJDWLRQ��7KH\�LQFOXGH��WKH�DPRXQW�RI
GLIIXVLRQ�� WKH� FULWLFDO� YDOXH� RI� UHODWLYH� KXPLGLW\� IRU� FORXG� �5+�FULW��� WKH� VHQVLWLYLW\� WR
VXUIDFH� SDUDPHWHUV� VXFK� DV� VRLO�PRLVWXUH� DQG� YHJHWDWLRQ��PLFURSK\VLFDO� SDUDPHWHUV� DQG
ERXQGDU\� OD\HU� SDUDPHWHUV�� &KDQJHV� WR� WKH� YHUWLFDO� UHVROXWLRQ�� WLPHVWHS�� ERXQGDU\
XSGDWLQJ��GLIIXVLRQ��FRQYHFWLRQ�VFKHPH�DQG�FULWLFDO�UHODWLYH�KXPLGLW\��5+�FULW��KDYH�EHHQ
V\VWHPDWLFDOO\�H[DPLQHG�LQ�WKH�+LJK�5HVROXWLRQ�7ULDO�0RGHO��+570��SURMHFW��/HDQ�������
7KH� DLP� RI� WKH� HDUO\� VWDJHV� RI� WKDW� SURMHFW� ZDV� WR� DUULYH� DW� D� FRQILJXUDWLRQ� IRU� D� KLJK�
UHVROXWLRQ� PRGHOOLQJ� V\VWHP�� ZKLFK� FRXOG� EH� XVHG� DV� D� VWDQGDUG� IURP� ZKLFK� IXUWKHU
GHYHORSPHQWV�ZRXOG�WDNH�SODFH��0XFK�RI�WKDW�FRQILJXUDWLRQ�KDV�EHHQ�DGRSWHG�DV�WKH�EDVLV
IRU�WKH�FRQYHFWLRQ�H[SHULPHQWV�GHVFULEHG�LQ�WKLV�UHSRUW�DQG�UHVXOWV�KDYH�DOVR�IHG�EDFN�LQWR
WKH�+570�SURMHFW��$W�WKLV�VWDJH��LW�ZDV�QRW�WKRXJKW�DSSURSULDWH�WR�UHSHDW�WHVWV�SHUIRUPHG
LQ�WKH�+570�SURMHFW�XQWLO�D�VXLWDEOH�ZD\�DKHDG�LQ�GHDOLQJ�ZLWK�WKH�IXQGDPHQWDO�SUREOHP
RI� PRGHOOLQJ� FRQYHFWLYH� FORXGV� KDG� EHHQ� IRXQG�� +RZHYHU�� VRPH� DVSHFWV�� SDUWLFXODUO\
GLIIXVLRQ�ZLOO�KDYH�WR�EH�UH�YLVLWHG�DQG�WKHUHIRUH�VRPH�PHQWLRQ�RI�GLIIXVLRQ�KDV�EHHQ�PDGH
LQ�WKLV�UHSRUW��$�UHYLHZ�RI�WKH�+570�H[SHULPHQWV�DQG�WKH�FRQILJXUDWLRQ�WKDW�ZDV�DGRSWHG
KHUH�LV�QRZ�SUHVHQWHG�

� $�UHYLHZ�RI�SDUDPHWHU�VHOHFWLRQ�IROORZLQJ�WHVWLQJ�LQ�WKH
+570�SURMHFW

6L[�SDUDPHWHUV�ZHUH�WHVWHG��VHH�/HDQ������IRU�GHWDLOV��

�� 9HUWLFDO� UHVROXWLRQ�� ��� RU� ��� YHUWLFDO� OHYHOV� ZHUH� WHVWHG�� 7KH� VWDQGDUG� +570
FRQILJXUDWLRQ�KDV����OHYHOV�DW�ERWK���DQG���NP�JULGOHQJWK�EHFDXVH�LW�ZDV�WKRXJKW
EHVW�WR�KDYH�D�ODUJH�QXPEHU�RI�YHUWLFDO�OHYHOV�LQ�FRQMXQFWLRQ�ZLWK�VKRUW�KRUL]RQWDO
JULGOHQJWKV��&RQYHFWLYH�FDVH�VWXGLHV�VKRZHG�OLWWOH�VHQVLWLYLW\�WR�YHUWLFDO�UHVROXWLRQ�
7KH�FRQYHFWLRQ�VFKHPH�H[SHULPHQWV�GHVFULEHG�LQ�WKLV�UHSRUW�KDYH�EHHQ�SHUIRUPHG
RQ� ERWK� ��� DQG� ��� OHYHOV� IRU� WKH� WZR�PDLQ� FDVH� VWXGLHV�� $OWKRXJK� VRPH� RI� WKH
GHWDLO� ZDV� GLIIHUHQW�� WKH� WUHQGV� DQG� RYHUDOO� UHVXOWV� ZHUH� QRW� VHQVLWLYH� WR� YHUWLFDO
UHVROXWLRQ��2QO\����OHYHOV�IRU�FDVH���DQG����OHYHOV�IRU�FDVH���KDYH�EHHQ�SUHVHQWHG�
7KH� ILUVW� UHSRUW� �5REHUWV� ������ GLG� VKRZ� VHQVLWLYLW\� WR� YHUWLFDO� UHVROXWLRQ� LQ� WKH
WULJJHULQJ�RI�FRQYHFWLRQ�LQ�D�����NP�JULGOHQJWK�VLPXODWLRQ�

�� 7LPHVWHS��7KH�VWDQGDUG�+570�FRQILJXUDWLRQ�KDV�D���PLQXWH�WLPHVWHS�IRU�WKH���NP
JULGOHQJWK�VLPXODWLRQV�DQG�D����VHFRQGV�IRU�WKH���NP�UXQV��7KHUH�ZDV�QR�QHHG�WR
FKDQJH� WKHVH� YDOXHV��$� VKRUWHU� WLPHVWHS� VKRXOG�EH�PRUH� DFFXUDWH�� EXW� DOVR�PRUH
FRVWO\�LQ�WHUPV�RI�UXQ�WLPH�DQG�WKHVH�YDOXHV�SURGXFH�VHQVLEOH�UHVXOWV�

�� 'LIIXVLRQ�� $GGLQJ� GLIIXVLRQ� LV� D�ZD\� RI� GDPSLQJ� WKH� VPDOO�VFDOH�ZDYHV� WKDW� FDQ
PDNH�D�PRGHO�SURGXFH�VSXULRXV�UHVXOWV�RU�HYHQ�JR�XQVWDEOH�DQG�IDLO��'LIIXVLRQ�FDQ
EH�DSSOLHG�WR�PRLVWXUH��WHPSHUDWXUH�DQG�ZLQGV�DQG�WKH�DPRXQW�FDQ�EH�FRQWUROOHG
E\� VHWWLQJ� WKH� GLIIXVLRQ� FRHIILFLHQW� DW� HDFK� PRGHO� OHYHO�� ,Q� DGGLWLRQ�� DGGLQJ
GLIIXVLRQ� FDQ� EH� D� ZD\� RI� DSSO\LQJ�PL[LQJ� WKDW� FRXOG� EH� XVHG� WR� UHSUHVHQW� WKH
WXUEXOHQFH� DVVRFLDWHG� ZLWK� VXE�JULG�VFDOH� FORXGV�� ,Q� WKHRU\�� GLIIXVLRQ� LV� QRW
UHTXLUHG�� EXW� DW� KLJK�UHVROXWLRQ� LV� WKRXJKW� WR� EH� EHQHILFLDO�� 7KH� +570� WHVWLQJ
IRXQG�WKDW�XVLQJ�D�YDOXH�RI�GLIIXVLRQ�WKDW�ZDV�KDOI�WKH�WKHRUHWLFDOO\�DOORZHG�OLPLW
ZDV� WKH�EHVW� FRPSURPLVH��7KH� DGGLWLRQ�RI�PRUH�GLIIXVLRQ�SURGXFHG� UDLQIDOO� WKDW
ZDV�WRR�VPRRWKHG�RXW�DQG�ZHDN�DQG�GHOD\HG�WKH�WULJJHULQJ�RI�FRQYHFWLRQ��0XFK
OHVV�RU�QR�GLIIXVLRQ�UHVXOWHG�LQ�PRUH�RI�WKH�JULGVFDOH�VWUXFWXUH�ZH�SUREDEO\�ZLVK�WR
DYRLG�� 6RPH� FDVHV� VKRZHG� OLWWOH� VHQVLWLYLW\� WR� WKH� DPRXQW� RI� GLIIXVLRQ�� 7KH
H[SHULPHQWV� SUHVHQWHG� LQ� WKLV� UHSRUW� XVHG� WKH� VDPH� GLIIXVLRQ� DV� WKH� VWDQGDUG
+570�FRQILJXUDWLRQ�LQ�FDVH�VWXG\���DQG�DOPRVW�QR�GLIIXVLRQ�LQ�FDVH�VWXG\���H[FHSW
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ZKHUH� VWDWHG�� 7KH� GHHS� FRQYHFWLRQ� LQ� FDVH� VWXG\� �� UHTXLUHG� VRPH� GLIIXVLRQ� WR
FRQWURO� JULGSRLQW� EHKDYLRXU�� 7KH� DGGLWLRQ� RI� GLIIXVLRQ� LQ� FDVH� VWXG\� �� DOVR� KDG
VRPH� LPSDFW� WKDW� LV� VKRZQ��$OWKRXJK�GLIIXVLRQ� LV� FOHDUO\� LPSRUWDQW�� LW� GRHV� QRW
VHHP�WR�PDNH�DQ\WKLQJ�OLNH�DV�PXFK�GLIIHUHQFH�DV�WKH�PRUH�VLJQLILFDQW�LPSDFW�RI
PRGLI\LQJ�WKH�XVH�RI�WKH�FRQYHFWLRQ�VFKHPH�

�� )UHTXHQF\�RI�XSGDWLQJ�WKH� ODWHUDO�ERXQGDULHV��7KH�VWDQGDUG�+570�FRQILJXUDWLRQ
XSGDWHV�WKH���NP�JULGOHQJWK�UXQV�HYHU\����PLQXWHV�IURP����NP�UXQV�DQG�WKH���NP
HYHU\����PLQXWHV�IURP���NP�UXQV��7KLV�KDV�DOVR�EHHQ�DGRSWHG�KHUH��0RUH�IUHTXHQW
XSGDWLQJ�LV�PRUH�DFFXUDWH�DQG�D�ILYH�PLQXWH�XSGDWH�IRU���NP�ZLOO�EHFRPH�WKH�QHZ
+570�VWDQGDUG�

�� &RQYHFWLRQ� VFKHPH�� 7KH� VWDQGDUG� +570� FRQILJXUDWLRQ� XVHV� WKH� FRQYHFWLRQ
VFKHPH�ZLWK� WKH�&$3(�GHSHQGHQW�&$3(�FORVXUH� WKDW� LV� WKH� VXEMHFW�RI� WKLV� UHSRUW
�YDOXHV� RI� W ������ F ������ VHH� ODWHU� VHFWLRQV�� IRU� ��NP� JULGOHQJWK� UXQV�� DQG� QR
FRQYHFWLRQ� VFKHPH� IRU� ��NP� JULGOHQJWK�� 7KLV� FKRLFH� ZDV� EDVHG� RQ� HDUO\� UHVXOWV
IURP�WHVWV�RI�WKH�&$3(�GHSHQGHQW�&$3(�FORVXUH�DQG�VHQVLWLYLW\�VWXGLHV�ZLWKLQ�WKH
+570�SURMHFW��,Q�WKH�OLJKW�RI�WKLV�UHSRUW��QHZ�YDOXHV�RI�W�DQG�F�ZLOO�EH�UHTXLUHG�IRU
WKH���NP�FRQILJXUDWLRQ��LQ�FRPELQDWLRQ�ZLWK�IXUWKHU�WHVWLQJ�RI�GLIIXVLRQ�DQG�RWKHU
DSSURDFKHV�RXWOLQHG�LQ�WKLV�UHSRUW�DQG�WKH�+570�UHSRUW��/HDQ��������$W���NP�LW�LV
VWLOO� QRW� FOHDU� WKDW� H[FOXGLQJ� WKH� FRQYHFWLRQ� VFKHPH� LV� WKH� EHVW� WKDW� FDQ� EH
DFKLHYHG�DQG�IXUWKHU�WHVWLQJ�RI�WKH�&$3(�GHSHQGHQW�FORVXUH�ZLWK�YHU\�VPDOO�YDOXHV
RI� F� VKRXOG�EH� WULHG� ¤� DJDLQ�ZLWK� IXUWKHU� GLIIXVLRQ� WHVWLQJ� DQG� RWKHU� DSSURDFKHV
RXWOLQHG�LQ�WKLV�DQG�WKH�+570�UHSRUWV�

�� 5+�FULW�� 7KLV� LV� WKH�PLQLPXP� UHODWLYH� KXPLGLW\� DW� ZKLFK� FORXG� LV� GLDJQRVHG� WR
VWDUW�IRUPLQJ�LQ�WKH�PRGHO�DQG�LV�WKHUH�WR�WDNH�DFFRXQW�RI�YDULDELOLW\�ZLWKLQ�D�JULG
VTXDUH��2SHUDWLRQDOO\�����NP�JULGOHQJWK��WKLV�LV�VHW�WR�����IRU�PRVW�PRGHO�OHYHOV�
,Q�WKH�+570�WHVWLQJ�SKDVH�WKH�RXWFRPH�RI�XVLQJ�����LQ�ERWK�WKH���DQG���NP�UXQV
ZDV�H[DPLQHG��7KLV�ZDV�FRQVLGHUHG�UHDVRQDEOH�EHFDXVH�WKHUH�VKRXOG�EH�OHVV�FORXG
YDULDELOLW\� ZLWKLQ� VPDOOHU� VTXDUHV�� ,W� ZDV� DQWLFLSDWHG� WKDW� D� FKDQJH� WR� WKLV
SDUDPHWHU�PLJKW�KDYH�D� ODUJH�DQG�ZRUU\LQJ� LPSDFW�RQ�VLPXODWLRQV�RI� FRQYHFWLYH
HYHQWV�� EXW� LW� WXUQV� RXW� WKDW� WKH� UXQV� ZHUH� ODUJHO\� LQVHQVLWLYH� WR� FKDQJLQJ� WKLV
SDUDPHWHU�� H[FHSW� LQ� D� UDQGRP�ZD\� WR� WKH� ILQHU� VWUXFWXUH�� 6LQFH� WKHUH� ZDV� OLWWOH
WUHQG�LQ�WKH�LPSDFW��WKH�VWDQGDUG�+570�FRQILJXUDWLRQ�NHSW�WKH�RSHUDWLRQDO�YDOXHV
DQG� WKH� VDPH�QXPEHUV�KDYH�EHHQ�XVHG�KHUH�� ,W� LV�SRVVLEOH� WKDW� FKDQJLQJ�5+�FULW
FRXOG� KDYH� D� ELJJHU� HIIHFW� WKDQ� KDV� \HW� EHHQ� VHHQ�� VR� LW� PLJKW� UHTXLUH� IXWKHU
LQYHVWLJDWLRQ�LQ�IXWXUH�

� 7KH�SUREOHP�RI�VLPXODWLQJ�FRQYHFWLRQ�LQ�KLJK�UHVROXWLRQ
PRGHOV

$W� WKH� UHVROXWLRQ�RI� WKH�JOREDO�PRGHO� �a��� NP�RYHU� WKH�8.�� LW� LV�QRW�SRVVLEOH� WR� UHVROYH
FRQYHFWLRQ�RQ�WKH�PRGHO�JULGSRLQWV��(YHQ�WKH�ODUJHU�WKXQGHUVWRUPV�DUH�WRR�VPDOO�WR�VSDQ�D
IHZ�JULG�VTXDUHV��7KLV�PHDQV�WKDW�VRPH�RWKHU�ZD\�RI�UHSUHVHQWLQJ�FRQYHFWLRQ�LV�UHTXLUHG
DQG� D� FRQYHFWLRQ� VFKHPH� LV� XVHG�� 7KH� FRQYHFWLRQ� VFKHPH� LV� D� VHFWLRQ� RI� FRGH� WKDW� LV
GHVLJQHG�WR�FDOFXODWH�FKDQJHV�WR�WKH�JULGSRLQW�YDOXHV�RI�WHPSHUDWXUH�DQG�KXPLGLW\�ZKLFK
DUH�GXH�WR� FRQYHFWLRQ� WKDW� WKH�PRGHO� LV�XQDEOH� WR� UHVROYH��&XUUHQWO\�� WKH�8QLILHG�0RGHO
�&XOOHQ�HW�DO��XVHV�DQ�HTXLOLEULXP�PDVV�IOX[�VFKHPH��*UHJRU\�DQG�5RZQWUHH�������*UHJRU\
HW�DO�������ZKLFK�UHSUHVHQWV�DOO�WKH�FRQYHFWLRQ�LQ�D�JULG�VTXDUH�DV�D�VLQJOH�SOXPH�WKDW�LV�LQ
HTXLOLEULXP� ZLWK� DQ\� ODUJHU�VFDOH� WHQGHQF\� RI� WKH� DWPRVSKHUH� WR� EHFRPH� FRQYHFWLYHO\
XQVWDEOH��(DFK�SOXPH�UHSUHVHQWV�WKH�HIIHFW�RI�FORXGV�RI�GLIIHUHQW�VL]HV�WKDW�UHDFK�GLIIHUHQW
KHLJKWV�ZLWKLQ�D�JULG�FROXPQ��)LJXUH�����,I�D�FRQYHFWLRQ�VFKHPH�ZDV�QRW�XVHG�WKH�PRGHO
ZRXOG� GHYHORS� WRR�PXFK� FRQYHFWLYH� LQVWDELOLW\� DW� VLQJOH� JULGSRLQWV� DQG�PLJKW� EHFRPH
XQVWDEOH�DQG�IDLO�
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mc

mc

E

E

D

D

mass flux entrainment 

detrainment 

(a) (b)

)LJXUH����$�VFKHPDWLF�VKRZLQJ�LQ��D��D�QXPEHU�RI�FRQYHFWLYH�FORXGV�ZLWKLQ�D�JULG�FROXPQ
DQG��E��D�FRQYHFWLRQ�VFKHPH�UHSUHVHQWDWLRQ�RI�WKHVH�FORXGV�ZLWK�D�VLQJOH�PRGHOOHG�SOXPH
WKDW�HQWUDLQV�DLU�LQ�IURP�WKH�HQYLURQPHQW�DQG�GHWUDLQV�DLU�RXW�IURP�WKH�SOXPH�DW�GLIIHUHQW
OHYHOV�WR�DFFRXQW�IRU�WKH�GLIIHUHQW�VL]HG�FORXGV�LQ�WKH�FROXPQ�

$W�WKH�UHVROXWLRQ�RI�WKH�PHVRVFDOH�PRGHO��a���NP�JULGOHQJWK��D�FRQYHFWLRQ�VFKHPH�LV�VWLOO
HVVHQWLDO��EXW�WKHUH�DUH�TXHVWLRQV�DERXW�ZKHWKHU� D� VFKHPH�WKDW�ZDV�GHVLJQHG� IRU�D�PXFK
FRDUVHU�UHVROXWLRQ�PRGHO�LV�VWLOO�DSSURSULDWH��$W�KLJKHU�UHVROXWLRQV����WR���NP�JULGOHQJWK��
WKH�WKHRUHWLFDO�EDVLV�RI�XVLQJ�DQ�HTXLOLEULXP�FRQYHFWLRQ�VFKHPH�LV�HYHQ�PRUH�TXHVWLRQDEOH
DQG�LW�EHFRPHV�PXFK�OHVV�FOHDU�ZKHQ��RU�LI��D�FRQYHFWLRQ�VFKHPH�LV�QHHGHG��7KHUH�PD\�EH
RFFDVLRQV�ZKHQ�ODUJH�WKXQGHUVWRUPV�DUH�UHVROYHG�E\�WKH�PRGHO�G\QDPLFV� �SDUWLFXODUO\�DW
a�NP��DQG�WKH�FRQYHFWLRQ�VFKHPH�LV�QRW�HVVHQWLDO�� �7KHUH�PD\�EH�RWKHU�VLWXDWLRQV�ZKHQ
VPDOO�VKRZHUV�SUHGRPLQDWH�WKDW�DUH�QRW�UHVROYHG�E\�WKH�PRGHO�G\QDPLFV�DQG�D�FRQYHFWLRQ
VFKHPH�RI� VRPH� VRUW� LV� GHILQLWHO\� UHTXLUHG�� ,W�PD\� EH� WKDW�ZLWK� D� JULGOHQJWK� RI� �� NP� RU
VKRUWHU�WKHUH�LV�QHYHU�D�QHHG�WR�XVH�D�FRQYHFWLRQ�VFKHPH�IRU�SUDFWLFDO�ZHDWKHU�IRUHFDVWV�

7ZR�TXHVWLRQV�WKDW�VKRXOG�EH�DVNHG�WR�VWDUW�ZLWK�DV�WKH�UHVROXWLRQ�RI�QXPHULFDO�PRGHOV�LV
LQFUHDVHG�DUH�
�� ,V� LW� UHDVRQDEOH�WR�XVH�D�FRQYHFWLRQ�VFKHPH�DW�KLJK�UHVROXWLRQ� WKDW�ZDV�GHVLJQHG

IRU�D�FRDUVH�UHVROXWLRQ�PRGHO"�,I�QRW��DUH�WKHUH�DOWHUQDWLYHV"
�� $W�ZKDW�UHVROXWLRQ�LV�D�FRQYHFWLRQ�VFKHPH�QR�ORQJHU�UHTXLUHG"

��� ,V�LW�UHDVRQDEOH�WR�XVH�D�FRQYHFWLRQ�VFKHPH�DW�KLJK�UHVROXWLRQ

����� $VVXPSWLRQV

7KH� FRQYHFWLRQ� VFKHPH� ZDV� IRUPXODWHG� ZLWK� D� QXPEHU� RI� DVVXPSWLRQV� WKDW� DUH
DSSURSULDWH�IRU�D�PRGHO�ZLWK�D�JULGOHQJWK�RI�a���NP��EXW�EHFRPH�LQYDOLG�LQ�WKH�UDQJH�RI
JULGOHQJWKV� ��� ¤� ��� NP�� WKDW� D� VWRUP�VFDOH� IRUHFDVW� V\VWHP�PLJKW� XVH�� $VVXPSWLRQV� DUH�
�6ZDQQ������

�� &RQYHFWLRQ� LV� LQ� TXDVL�HTXLOLEULXP� ZLWK� WKH� IRUFLQJ� RI� LQVWDELOLW\� RYHU� D� JULG
VTXDUH��7KLV� LV�QRW� D� JRRG�DSSUR[LPDWLRQ� IRU� VPDOO� JULG� VTXDUHV� LQ�PLG�ODWLWXGHV
ZKHQ� FRQYHFWLRQ� RIWHQ� UHVSRQGV� WR� VLJQLILFDQW� G\QDPLFDO� IRUFLQJ� WKDW� FDQ� EH
ODUJH��WUDQVLHQW�DQG�DFW�RQ�VFDOHV�FORVH�WR�WKH�JULGVFDOH�RI�WKH�PRGHO��)RU�H[DPSOH�
WKH�SDVVDJH�RI�D�IURQWDO�]RQH�ZRXOG�PDNH�WKLV�DVVXPSWLRQ�LQYDOLG�

�� 7KH�DUHD�RI�WKH�XSGUDXJKWV�LQ�D�JULG�VTXDUH�LV�DVVXPHG�WR�EH�VPDOO�FRPSDUHG�WR�WKH
JULG� VTXDUH�� 7KLV� LV� FOHDUO\� QRW� D� JRRG� DSSUR[LPDWLRQ� IRU� VPDOO� JULG� VTXDUHV�� $
VLQJOH� XSGUDXJKW� LQ� D� ODUJH� WKXQGHUVWRUP�PLJKW� RFFXS\� DQ� HQWLUH� VTXDUH� LI� WKH
VTXDUH�LV�VPDOO�HQRXJK�
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�� 7KH�FRQYHFWLRQ�LV�DVVXPHG�WR�EH�LQ�D�VWHDG\�VWDWH��7KLV�PHDQV�WKDW�LW�LV�LPSRVVLEOH
IRU� WKH� FRQYHFWLRQ� VFKHPH� WR� UHSUHVHQW� DQ\� GHYHORSLQJ� RU� GHFD\LQJ� FORXGV� �
VRPHWKLQJ�ZH�RXJKW�WR�EH�DEOH�WR�GR�LQ�KLJK�UHVROXWLRQ�PRGHOV�

7KHVH� DVVXPSWLRQV�PHDQ� WKDW�ZH�KDYH� WR� EH� FRQFHUQHG� DERXW�ZKHWKHU� LW� LV� DSSURSULDWH
IURP�D�WKHRUHWLFDO�SRLQW�RI�YLHZ�WR�XVH�WKH�FRQYHFWLRQ�VFKHPH�LQ�KLJK�UHVROXWLRQ�PRGHOV�

����� /LPLWDWLRQV

�,Q�DGGLWLRQ��ZH�QHHG�WR�WKLQN�DERXW�VRPH�RWKHU�DVSHFWV�RI� WKH�EHKDYLRXU�RI� WKH� VFKHPH
DQG�ZKDW�ZH�H[SHFW�IURP�LW��7KH�FRQYHFWLRQ�VFKHPH�LV�VXSSRVHG�WR�UHSUHVHQW�WKH�DYHUDJH
HIIHFWV� RI� FRQYHFWLRQ� RYHU� D� VLQJOH� JULG� FROXPQ� DQG� GRHV� QRW� NQRZ� ZKDW� RWKHU� JULG
FROXPQV�DUH�GRLQJ��,W�FDQ�QRW�SURSDJDWH�VKRZHUV�RU�GHYHORS�FRQYHFWLYH�RUJDQLVDWLRQ��7KLV
LV�QRW�VR�PXFK�RI�D�SUREOHP�ZLWK�ODUJH�JULG�VTXDUHV�ZKHQ�ZH�GR�QRW�H[SHFW�WR�VHH�PXFK
FRQYHFWLYH�RUJDQLVDWLRQ�RQ�WKH�VFDOH�RI�WKH�JULG��EXW�IRU�JULG�VTXDUHV�WKDW�DUH�D�VLPLODU�VL]H
WR�WKH�DUHD�RI�D�VWRUP�FORXG�LW�LV�QRW�UHDOLVWLF�IRU�HDFK�JULG�FROXPQ�QRW�WR�NQRZ�ZKDW�WKH
DGMDFHQW�FROXPQV�DUH�GRLQJ��7KH�XSVKRW�RI�WKLV�LV�WKDW�WKH�FRQYHFWLRQ�VFKHPH�ZLOO��LI�LW�LV
ZRUNLQJ�FRUUHFWO\��SURGXFH�D�UDLQIDOO�SLFWXUH�WKDW�LV�D�VPRRWKHG�DYHUDJH�RYHU�DQ�DUHD�UDWKHU
WKDQ� GHYHORS� LQGLYLGXDO� VKRZHUV�� 7KLV� PHDQV� WKDW� WKH� SUHFLSLWDWLRQ� ZLOO� QRW� ORRN� YHU\
PXFK�OLNH�D�UDGDU�SLFWXUH��ZKLFK�LV�ILQH�LI�WKDW�LV�ZKDW�LV�H[SHFWHG�DQG�UHTXLUHG��EXW�LV�QRW
VR� XVHIXO� IRU� D� KLJK�UHVROXWLRQ� PRGHOOLQJ� V\VWHP� WKDW� LV� PHDQW� WR� VLPXODWH� LQGLYLGXDO
VWRUPV�
$QRWKHU�FRQVLGHUDWLRQ�IRU�KLJK�UHVROXWLRQ�PRGHOOLQJ� LV�KRZ�WKH�FRQYHFWLRQ�VFKHPH�ZLOO
LQWHUDFW�ZLWK�WKH�PRGHO�G\QDPLFV�LQ�VLWXDWLRQV�ZKHQ�VRPH�FRQYHFWLRQ�LV�UHVROYHG�E\�WKH
G\QDPLFV�DQG�WKH�FRQYHFWLRQ�VFKHPH�LV�DOVR�WULJJHULQJ��7KH�RQO\�ZD\�WR�ILQG�RXW�LV�WR�UXQ
H[SHULPHQWV�DQG�VHH�ZKDW�KDSSHQV�
<HW�DQRWKHU�IDFWRU�LV�WKDW�RI�FRVW��$V�UHVROXWLRQ�LV�LQFUHDVHG��WKH�PRGHO�WLPHVWHS�KDV�WR�JHW
VKRUWHU�� ZKLFK� PHDQV� WKDW� WKH� FRQYHFWLRQ� VFKHPH� ZLOO� EH� UXQ� PRUH� IUHTXHQWO\� LQ
VLPXODWLRQV�ZKHQ�LW�LV�SUREDEO\�UHTXLUHG�OHVV�

,W�ZRXOG�VHHP�WKHQ��WKDW�ZH�DUH�LQ�D�GLIILFXOW�SRVLWLRQ��,W�RXJKW�WR�EH�PXFK�PRUH�GHVLUDEOH
WR�UXQ�D�KLJK�UHVROXWLRQ�PRGHOOLQJ�V\VWHP�ZLWKRXW�XVLQJ�WKH�FRQYHFWLRQ�VFKHPH�EHFDXVH
RI�WKH�UHDVRQV�PHQWLRQHG�DERYH��2QH�WKH�RWKHU�KDQG��LW�LV�OLNHO\�WKDW�D�FRQYHFWLRQ�VFKHPH
RI�VRPH�VRUW�LV�VWLOO�UHTXLUHG��DW�OHDVW�IRU�JULGOHQJWKV�!���NP��WR�VWRS�WKH�PRGHO�SURGXFLQJ
XQUHDOLVWLF�VWRUPV�DW�VLQJOH�JULGSRLQWV�DQG�HYHQ�IDLOLQJ��7KH�HQFRXUDJLQJ�WKLQJ�LV�WKDW�WKH
PHVRVFDOH�PRGHO� �JULGOHQJWK�RI�a���NP��KDV�DOUHDG\�EHHQ�UXQQLQJ�IRU�VHYHUDO�\HDUV�ZLWK
WKH� FRQYHFWLRQ� VFKHPH� VZLWFKHG� RQ� DQG� SURGXFHG� DFFHSWDEOH� UHVXOWV�� 7KH� ILUVW� VWHS
WRZDUGV�DQ�DWWHPSW�WR�DQVZHU�WKH�TXHVWLRQ�RI�ZKHWKHU�LW�LV�SRVVLEOH�WR�JHW�DZD\�ZLWK�XVLQJ
WKH�FXUUHQW�FRQYHFWLRQ�VFKHPH�DW�KLJKHU�UHVROXWLRQV��JULGOHQJWK�RI���¤���NP���RU�HYHQ�UXQ
ZLWK�QR�FRQYHFWLRQ�VFKHPH��LV�WR�WU\�WKHVH�DOWHUQDWLYHV�RQ�VRPH�FDVH�VWXGLHV�

� ([DPSOHV�RI�UXQQLQJ�ERWK�ZLWK�DQG�ZLWKRXW�WKH
FRQYHFWLRQ�VFKHPH

3LFWXUHV�IURP�PRGHO�VLPXODWLRQV�ZLWK�D�KRUL]RQWDO�JULGOHQJWK�RI���NP�DQG�WKH�FRQYHFWLRQ
VFKHPH�HLWKHU�VZLWFKHG�RQ�RU�RII�ZLOO�EH�VKRZQ�IRU�WZR�FDVH�VWXGLHV��%RWK�FDVH�VWXGLHV�KDYH
DOUHDG\� EHHQ� SUHVHQWHG� LQ� WKH� 6WRUP�VFDOH� QXPHULFDO� PRGHOOLQJ� VWDJH� �� UHSRUW� �5REHUWV
�������VR�ZLOO�QRW�EH�LQWURGXFHG�DJDLQ�LQ�PXFK�GHWDLO�KHUH��7KH�UHDVRQ�IRU�FKRRVLQJ�WR�ORRN
DW���NP�JULGOHQJWK�VLPXODWLRQV�LV�WKDW�DW�WKLV�UHVROXWLRQ�ZH�H[SHFW�WR�HQFRXQWHU�VLWXDWLRQV
ZKHQ� FRQYHFWLRQ� LV� RQO\� SDUWO\� UHVROYHG� E\� WKH� PRGHO� G\QDPLFV�� DQG� LW� LV� DOVR� WKH
UHVROXWLRQ�WKDW�ZRXOG�PRVW�OLNHO\�EH�XVHG�WR�GULYH�D���NP�JULGOHQJWK�PRGHO�
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��� &DVH�����������

)LJXUH���VKRZV�WKH�YHU\�VXEVWDQWLDO�GLIIHUHQFH�EHWZHHQ�D���NP�JULGOHQJWK�PRGHO�UXQ�ZLWK
WKH� FRQYHFWLRQ� VFKHPH� DQG� D� UXQ�ZLWKRXW�� $Q� DQDO\VLV� RI� WKH� IRUHFDVWV� �VWDJH� �� UHSRUW�
FRQFOXGHG�WKDW�WKH�UXQ�ZLWK�QR�FRQYHFWLRQ�VFKHPH�ZDV�PXFK�EHWWHU��:HLVPDQ�HW�DO�DOVR
VKRZHG�VXFFHVV�LQ���NP�VLPXODWLRQV�RI�VTXDOO�OLQHV�ZLWK�QR�FRQYHFWLRQ�VFKHPH�
7KH�UXQ�ZKLFK�XVHG�WKH�FRQYHFWLRQ�VFKHPH�KDG�D�VHULRXV�SUREOHP��7KH�SUREOHP�ZDV�WKH
IRUPDWLRQ�RI�EDQGV�RU�DUFV�RI�SUHFLSLWDWLRQ�IURP�WKH�FRQYHFWLRQ�VFKHPH��ODEHOOHG�&��WKDW
SURSDJDWHG� QRUWKZDUG� DQG� VRXWKZDUG� WKURXJK� WKH� GRPDLQ�� 7KH� EDQGV� ZHUH� VHOI�
VXVWDLQLQJ� EHFDXVH� RI� DQ� LQWHUDFWLRQ� EHWZHHQ� WKH� FRQYHFWLRQ� VFKHPH� DQG� WKH� PRGHO
G\QDPLFV��$V�ZHOO�DV�SURGXFLQJ�UDLQ�LQ�WKH�ZURQJ�SODFH��E\�KXQGUHGV�RI�NLORPHWUHV���WKH\
OHG� WR� WKH� UHPRYDO� RI� PXFK� RI� WKH� FRQYHFWLYH� LQVWDELOLW\� WKDW� ZDV� UHTXLUHG� IRU� WKH
G\QDPLFV�WR�WULJJHU�VWRUPV�RYHU�VRXWKHUQ�DQG�FHQWUDO�(QJODQG�

0.125 0.5 1 2 4 8 16 32 0.125 0.5 1 2 4 8 16 32
mm/hour mm/hour

C

C
C

C

C

23 UTC

2/7/99

23 UTC

2/7/99

no conv scheme with conv scheme

(a) (b)

)LJXUH����3UHFLSLWDWLRQ�UDWHV�DW����87&����������IURP���KRXU����NP�JULGOHQJWK�PRGHO
IRUHFDVWV��IROORZLQJ�D���KRXU����NP�IRUHFDVW����D��)RUHFDVW�ZLWK�QR�FRQYHFWLRQ�VFKHPH���E�
)RUHFDVW�ZLWK�WKH�FRQYHFWLRQ�VFKHPH��7KH�¨&©V�VKRZ�UHJLRQV�RI�SUHFLSLWDWLRQ�IURP�WKH
FRQYHFWLRQ�VFKHPH�WKDW�DUH�GLVFXVVHG�LQ�WKH�WH[W�

7KH�SUREDEOH�PHFKDQLVP�RI� WKH�G\QDPLFV�FRQYHFWLRQ� VFKHPH� LQWHUDFWLRQ� LV� GHSLFWHG� LQ
)LJXUH���F��DQG��G���7KH�FRQYHFWLRQ�VFKHPH�ZDV�ILUVWO\�WULJJHUHG�DW�JULGSRLQWV�ZKHUH�WKHUH
ZDV� VXIILFLHQW� PRLVWXUH� DQG� ORFDO� DVFHQW� DW� DURXQG� ���K3D� WR� PDNH� WKH� SURILOH
FRQGLWLRQDOO\� XQVWDEOH�� 7KH� FRQYHFWLRQ� VFKHPH� WKHQ� FRROHG� WKH� SURILOH� EHORZ� WKH
FRQYHFWLYH� SOXPH�� ,I� FRQYHFWLRQ� WKURXJK� WKH� VFKHPH� FRQWLQXHG�� WKHQ� IXUWKHU� FRROLQJ
JHQHUDWHG�D�ORZ�OHYHO�FROG�SRRO�DQG�WKH�G\QDPLFV�UHVSRQGHG�ZLWK�D�UHJLRQ�RI�FRQYHUJHQFH
DQG� DVFHQW� DKHDG� RI� WKH� FROG� SRRO� DV� D� ORFDO� IURQWDO� ]RQH� RU� GHQVLW\� FXUUHQW� VWUXFWXUH
GHYHORSHG��$V� WKH�GHQVLW\� FXUUHQW�EHFDPH� HVWDEOLVKHG� WKH� DVFHQW� DKHDG�RI� WKH� FROG� SRRO
DFWHG� WR� GHVWDELOLVH� WKH� SURILOH� LQ� WKDW� ORFDWLRQ� DQG� WULJJHU� IXUWKHU� FRQYHFWLRQ�ZKLFK� LQ
WXUQ�FRROHG�WKH�UHJLRQ�DKHDG�RI�WKH�FROG�SRRO�DQG�SURSDJDWHG�IRUZDUG�WKH�FROG�SRRO�DQG
DVFHQW�UHJLRQ��7KH�PRGHO�ZDV��LQ�IDFW��UHVSRQGLQJ�LQ�D�UHDVRQDEOH�ZD\��EXW�WKH�WLPHVFDOH�RI
WKH� UHVSRQVH�ZDV� WRR� IDVW� VLQFH� LQ� UHDOLW\� D� FRQYHFWLYH� FORXG�ZLOO� KDYH�QR� GRZQGUDXJKW
XQWLO� LW� LV� a��PLQV� ROG�� $� VHOI�PDLQWDLQLQJ� V\VWHP� WKHQ� GHYHORSHG� DV� ORQJ� DV� WKH
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VXUURXQGLQJ�HQYLURQPHQW�KDG�VXIILFLHQW�XQUHDOLVHG�SRWHQWLDO�LQVWDELOLW\��7KH�FURVV�VHFWLRQ
�)LJXUH���E���VKRZV�WKDW�D�EDQG�RI�SUHFLSLWDWLRQ�IURP�WKH�FRQYHFWLRQ�VFKHPH��ODEHOOHG�$�LQ
)LJXUHV���D��DQG��E���ZDV�FROORFDWHG�ZLWK�D�UHJLRQ�RI�DVFHQW�VKRZQ�E\�WKH�GDUN�VKDGLQJ�DQG
D�ORZ�OHYHO�FROG�SRRO�VKRZQ�E\�WKH�EHQGLQJ�XS�RI�WKH�SRWHQWLDO�WHPSHUDWXUH�FRQWRXUV��,Q
DQ�H[SHULPHQW��QRW�VKRZQ��LQ�ZKLFK�WKH�FRQYHFWLRQ�VFKHPH�ZDV�VZLWFKHG�RII�DW����87&��
WKH�DVFHQW�UHJLRQ�DQG�FROG�SRRO�GLVDSSHDUHG�ZLWKLQ����PLQXWHV�

&OHDUO\��LW�LV�QRW�GHVLUDEOH�WR�JHQHUDWH�WKHVH�FRQYHFWLYH�EDQGV�LQ�D�IRUHFDVW�DQG�WKH\�QHHG�WR
EH�UHPRYHG��EXW�LQ�D�ZD\�WKDW�GRHV�QRW�KDYH�DQ�DGYHUVH�HIIHFW�RQ�WKH�RYHUDOO�SHUIRUPDQFH
RI�WKH�PRGHO��7KH�HYLGHQFH�VXJJHVWV�WKDW�WKH�PRVW�REYLRXV�ZD\�WR�UHPRYH�WKH�EDQGV�DQG
VWLOO�UXQ�ZLWK�WKH�FRQYHFWLRQ�VFKHPH�LV�WR�UHGXFH�WKH�LQWHQVLW\�RI�WKH�FRQYHFWLRQ�VFKHPH�
0D\EH�WKH�EHVW�VROXWLRQ�LV�WR�VZLWFK�RII�WKH�FRQYHFWLRQ�VFKHPH�DOWRJHWKHU�DW��NP�
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	 	 ascent

	 	 convective instability generated

	 	 convection scheme triggered

	 	 cooling below convection

	 	 cold pool propagates forward

	 	 


A few timesteps later	 	 

	 	 ascent has propagated forward

	 	 whole system has moved forward	 	 


(b)

)LJXUH�����D��3UHFLSLWDWLRQ�UDWHV�DW����87&�����������$���KRXU����NP�JULGOHQJWK�IRUHFDVW
�IROORZLQJ�D���KRXU�����NP�IRUHFDVW���$�DQG�%�PDUN�EDQGV�DUFV�RI�SUHFLSLWDWLRQ�IURP�WKH
FRQYHFWLRQ�VFKHPH��7KH�GDVKHG�DUURZ�VKRZV�WKH�GLUHFWLRQ�RI�SURSDJDWLRQ�RI�EDQG�$���E��$
FURVV�VHFWLRQ�DORQJ�WKH�OLQH�[\�LQ��D���6KDGLQJ�VKRZV�YHUWLFDO�YHORFLW\��GDUN�LV�DVFHQW��
ZKLWH�FRQWRXUV�DUH�SRWHQWLDO�WHPSHUDWXUH���F��DQG��G��6FKHPDWLF�GLDJUDPV�RI�WKH�SUREDEOH
PHFKDQLVP�DVVRFLDWHG�ZLWK�WKH�FRQYHFWLYH�EDQGV�$�DQG�%�¤�GLVFXVVHG�LQ�WKH�WH[W�
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��� &DVH�����������

7KLV� FDVH� LV� SUHVHQWHG� EHFDXVH� LW� LV� VLJQLILFDQWO\� GLIIHUHQW� IURP� WKH� RQH� MXVW� GLVFXVVHG�
5DWKHU�WKDQ�EHLQJ�GHHS�DQG�RUJDQLVHG��WKH�FRQYHFWLRQ�ZDV�PRVWO\�LQ�WKH�IRUP�RI�VPDOOHU
VFDWWHUHG� VKRZHUV� DQG� WKXQGHUVWRUPV�� $� FRQYHFWLRQ� VFKHPH� VKRXOG� EH� HVVHQWLDO� LQ� WKLV
VLWXDWLRQ� EHFDXVH� PDQ\� RI� WKH� VKRZHUV� ZHUH� WRR� VPDOO� WR� EH� SURSHUO\� UHVROYHG� E\� WKH
G\QDPLFV�DW��NP�

(d)
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4 km  with conv scheme

4 km  no conv scheme  
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)LJXUH����3UHFLSLWDWLRQ�UDWHV�DW��������DQG����87&����������IURP�UDGDU�DQG�IURP��NP�
JULGOHQJWK�IRUHFDVWV�VWDUWLQJ�DW����87&�ZLWK�DQG�ZLWKRXW�WKH�FRQYHFWLRQ�VFKHPH��7KH�DUHD
VKRZQ�LV�D�VXE�DUHD�RI�WKH���NP�PRGHO�GRPDLQ�

7KUHH�VQDSVKRWV�RI�WKH�VKRZHU\�GD\�DUH�VKRZQ�LQ�)LJXUH���WR�FRPSDUH�WKH�EHKDYLRXU�RI�WKH
��NP� UXQV�ZLWK� DQG�ZLWKRXW� WKH� FRQYHFWLRQ� VFKHPH�� $W� ��� 87&� WKH� VKRZHUV� ZHUH� MXVW
VWDUWLQJ� WR� GHYHORS�� 7KH� UXQ� ZLWK� WKH� FRQYHFWLRQ� VFKHPH� KDG� SURGXFHG� D� UHDVRQDEOH
IRUHFDVW�DW�WKLV�VWDJH�ZLWK�VFDWWHUHG�SUHFLSLWDWLRQ�RI�D�VLPLODU�LQWHQVLW\�WR�WKH�UDGDU��WKRXJK
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PRUH�ZLGHVSUHDG�� 7KH� UXQ�ZLWKRXW� WKH� VFKHPH�ZDV� SRRU� DW� ���87&� EHFDXVH� WKH�PRGHO
G\QDPLFV� KDG� KDUGO\� WULJJHUHG� DQ\� VKRZHUV�� /DWHU�� DW� ��� 87&�� ERWK� VLPXODWLRQV� KDG
H[WHQVLYH�SUHFLSLWDWLRQ�OLNH�WKH�UDGDU�SLFWXUH��EXW�WKH�UDLQ�ZDV�WRR�OLJKW�LQ�WKH�UXQ�ZLWK�WKH
VFKHPH� DQG� WRR� KHDY\� LQ� WKH� UXQ�ZLWKRXW�� $OO� RI� WKH� SUHFLSLWDWLRQ� LQ� WKH� UXQ�ZLWK� WKH
FRQYHFWLRQ� VFKHPH� FDPH� IURP� WKH� FRQYHFWLRQ� VFKHPH�� %\� ��� 87&� WKH� VKRZHUV� KDG
EHFRPH�ODUJHU�DQG�PRUH�RUJDQLVHG��7KH�UXQ�ZLWK�WKH�VFKHPH�ZDV�YHU\�SRRU�EHFDXVH�DOO�RI
WKH�SUHFLSLWDWLRQ�KDG�GLHG�RXW��ZKHUHDV�WKH�RWKHU�UXQ�ZDV�PXFK�EHWWHU�EHFDXVH�WKHUH�ZHUH
VWLOO�VKRZHUV�DQG�HYLGHQFH�RI�RUJDQLVDWLRQ�

7KHUH�DUH�WKUHH�DVSHFWV�RI�WKLV�FDVH�WKDW�QHHG�H[DPLQDWLRQ�¤�WKH�UDLQIDOO�LQWHQVLW\��WKH
LQLWLDO�WULJJHULQJ�DQG�WKH�SHUVLVWHQFH�RI�VKRZHUV�LQWR�WKH�HYHQLQJ�

����� 5DLQIDOO�LQWHQVLW\

7KH�GLIIHUHQFH�EHWZHHQ�WKH�SHDN�UDLQIDOO�UDWHV�LV�UHYHDOHG�E\�)LJXUH���
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)LJXUH�����D���F��0D[LPXP�SUHFLSLWDWLRQ�UDWHV�WR�RFFXU�RYHU���[��NP�VTXDUHV�LQ�WKH�SHULRG
���WR����87&�����������VDPSOLQJ�HYHU\����PLQXWHV�IURP��D����WR����KRXU����NP�JULGOHQJWK
IRUHFDVW�ZLWK�WKH�FRQYHFWLRQ�VFKHPH�LQFOXGHG���E����WR����KRXU����NP�JULGOHQJWK�IRUHFDVW
ZLWK�QR�FRQYHFWLRQ�VFKHPH���F��1LPURG�QHWZRUN�UDGDU���NP�JULG����G��$�JUDSK�RI�WKH�WRS
WHQ�SHDN�UDLQIDOO�UDWHV�WDNHQ�IURP�SLFWXUHV��D����E��DQG��F���7KH�VKDGLQJ�VKRZV�WKH�LQFUHDVH
LQ�UDGDU�UDLQ�UDWH�WKDW�FRXOG�RFFXU�ZKHQ�JRLQJ�IURP�D��NP�WR���NP�VTXDUH��LI�WKH�UDLQ�LV
FRQFHQWUDWHG�DW�D�VLQJOH�SRLQW�ZLWKLQ�WKH�VTXDUH�
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7KH� UXQ�ZLWK� WKH� FRQYHFWLRQ� VFKHPH�KDV� SURGXFHG� UDWHV� WKDW� DUH� WRR� ORZ�� 7KH\� GR� QRW
HYHQ�H[FHHG���PP�KRXU� DQG� DOWKRXJK� WKLV�ZRXOG� HTXDWH� WR� UHDVRQDEOH�SHDN� UDWHV� LI� WKH
FRQYHFWLRQ� RFFXSLHG� DURXQG� ���� RI� D� JULGVTXDUH�� WKH� UDGDU� SLFWXUH� �DOVR� DW� ��NP
JULGOHQJWK�� QRW� VKRZQ�� UHYHDOV� WKDW� WKH� PRGHO� SUHFLSLWDWLRQ� VKRXOG� KDYH� EHHQ
UHSUHVHQWDWLYH�RI�FRQVLGHUDEO\�PRUH�WKDQ�����RI�PDQ\�RI�WKH�JULGVTXDUHV�
7KH� UXQ� ZLWKRXW� WKH� VFKHPH� KDV� SURGXFHG� UDWHV� WKDW� DUH� IDU� WRR� ODUJH�� 6RPH� UDWHV� DUH
H[WUHPH�ZLWK�YDOXHV�H[FHHGLQJ�����PP�KRXU��6XFK�XQUHDOLVWLFDOO\�KLJK�YDOXHV�LQ�WKH�UXQ
ZLWKRXW�WKH�VFKHPH�HPSKDVLVH�ZK\�D�FRQYHFWLRQ�VFKHPH�LV�XVHG�¤�D�EXLOG�XS�RI�WRR�PXFK
FRQYHFWLYH� LQVWDELOLW\�KDG� EHHQ� DOORZHG��ZKLFK�ZDV� HYHQWXDOO\� UHOHDVHG� DV� VPDOO� ��� RU� �
JULGSRLQW�� LQWHQVH� VWRUPV�� 7KH� SUREOHP� KHUH� LV� WKDW� ZH� DUH� QR� EHWWHU� RII� XVLQJ� WKH
FRQYHFWLRQ�VFKHPH�LI�LW�PHDQV�JRLQJ�WR�WKH�RWKHU�H[WUHPH�RI�SURGXFLQJ�XQUHDOLVWLFDOO\�ORZ
UDWHV� LQVWHDG��$Q�RSWLRQ�PLJKW�EH� WR� UXQ�ZLWK� WKH� FRQYHFWLRQ� VFKHPH� WXQHG� WR�EH�PRUH
DFWLYH��EXW��DOWKRXJK�LW�PD\�KHOS�VROYH�WKLV�SDUWLFXODU�SUREOHP��LW�FRXOG�EH�FDWDVWURSKLF�LI
DSSOLHG�WR�WKH�SUHYLRXV�FDVH�

����� ,QLWLDO�WULJJHULQJ

7KH� WLPHV� RI� LQLWLDO� VKRZHU� GHYHORSPHQW� FDQ� EH� VHHQ� LQ� )LJXUH� ��� 6LJQLILFDQW� VKRZHU
DFWLYLW\�VWDUWHG�DURXQG�������87&��,Q�WKH�UXQ�ZLWK�WKH�FRQYHFWLRQ�VFKHPH�LW�ZDV�DURXQG
���PLQXWHV�HDUOLHU�DQG�LQ�WKH�UXQ�ZLWKRXW�WKH�VFKHPH�DURXQG�DQ�KRXU�ODWHU��7KH�GHOD\�RI��
KRXU� LQ� WKH�QR�VFKHPH� UXQ� LV�QRW� D� JRRG� IHDWXUH�� DOWKRXJK� LW� LV� QRW� VXUSULVLQJ� WKDW� WKLV
VKRXOG� KDSSHQ� EHFDXVH� WKH� VPDOOHVW� VFDOH� RI� WKH� VKRZHUV� WKDW� FDQ� EH� JHQHUDWHG� E\� WKH
PRGHO�G\QDPLFV� LV�GHWHUPLQHG�WKH�PRGHO�JULGOHQJWK��7ULJJHULQJ�ZLOO�QRW�RFFXU�XQWLO� WKH
FRQYHFWLYH�LQVWDELOLW\�KDV�EHFRPH�VXIILFLHQWO\�ODUJH�IRU�VKRZHUV�RI�D�JULGOHQJWK�RU�ODUJHU�WR
IRUP�� � 7KH� FRQYHFWLRQ� VFKHPH� GRHV� QRW� VXIIHU� IURP� WKLV� SUREOHP� DV� LW� LV� DWWHPSWLQJ� WR
UHSUHVHQW�VKRZHUV�RQ�DOO�VFDOHV�
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)LJXUH����*UDSK�RI�WKH�PHDQ�UDLQIDOO�UDWHV�ZLWKLQ�WKH�DUHD�VKRZQ�LQ�)LJXUH���DJDLQVW�WLPH
IRU�WKH�WZR�IRUHFDVWV�GLVFXVVHG�LQ�WKH�WH[W��FRORXUHG�OLQHV��DQG�WKH�UDGDU��EODFN�OLQH
HQFORVLQJ�JUH\�VKDGLQJ��
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����� 3HUVLVWHQFH�LQWR�WKH�HYHQLQJ

)LJXUHV���DQG���ERWK�VKRZ�WKDW�VKRZHUV�FRQWLQXHG�WKURXJK�WKH�ODWH�DIWHUQRRQ��'XULQJ�WKLV
SHULRG��WKH�SUHFLSLWDWLRQ�LQ�WKH�UXQ�ZLWK�WKH�FRQYHFWLRQ�VFKHPH�JUDGXDOO\�GLHG�RXW�LQVWHDG
RI�SHUVLVWLQJ��DQG�KDG�HQWLUHO\�JRQH�E\�������87&��7KH� UHDVRQ� IRU� WKLV�FDQ�EH�H[SODLQHG
ZKHQ�LQ�LV�NQRZQ�WKDW�DOO�WKH�SUHFLSLWDWLRQ�LQ�WKDW�UXQ�FDPH�IURP�WKH�FRQYHFWLRQ�VFKHPH�
7KH�DYHUDJH�UDLQ�UDWHV�ZHUH�FORVH�WR�WKDW�REVHUYHG�LQ�WKH�SHULRG�XS�WR�������87&�EHFDXVH
WKH�FRQYHFWLRQ�VFKHPH�ZDV�RSHUDWLQJ�LQ�HTXLOLEULXP�ZLWK�WKH�ODUJHU�VFDOH�IRUFLQJ��ZKLFK
LQ�WKLV�FDVH�ZDV�WKH�VRODU�KHDWLQJ��$IWHU�������87&��WKH�VRODU�KHDWLQJ�EHFDPH�WRR�ZHDN�WR
VXSSRUW� WKH� VDPH� OHYHO� RI� FRQYHFWLRQ�� VR� VKRZHUV� FRXOG� RQO\� EH� PDLQWDLQHG� WKURXJK
FRQYHFWLYH�RUJDQLVDWLRQ��EXW�WKH�FRQYHFWLRQ�VFKHPH�LV�LQFDSDEOH�RI�VXFK�RUJDQLVDWLRQ�DQG
WKH�SUHFLSLWDWLRQ�GLHG�DZD\�

7KH�UXQ�ZLWKRXW�WKH�VFKHPH�FRXOG�SURGXFH�RUJDQLVDWLRQ�¤�DQG�GLG�¤�EXW�VKRZHU�DFWLYLW\
VWLOO�GLHG�DZD\�WRR�TXLFNO\�EHFDXVH�FRQYHFWLRQ�KDG�EHFRPH�IDU�WRR�LQWHQVH�LQ�WKH�PLGGOH�RI
WKH�DIWHUQRRQ�DQG�UHPRYHG�WRR�PXFK�RI�WKH�FRQYHFWLYH�LQVWDELOLW\��)LJXUH���VKRZV�WKDW�WKH
UXQ�ZLWKRXW�WKH�VFKHPH�KDG�SURGXFHG�DQ�DYHUDJH�UDLQIDOO�UDWH�RI�WZLFH�WKDW�REVHUYHG�

*HQHUDO

,Q�WKLV�FDVH�� LW� LV�GLIILFXOW�WR�VD\�ZKHWKHU� LW� LV�EHVW� WR�UXQ�ZLWK�RU�ZLWKRXW�WKH�FRQYHFWLRQ
VFKHPH�� %RWK� IRUHFDVWV� KDYH� SRVLWLYH� DQG� QHJDWLYH� DVSHFWV�� 7KH� QHJDWLYH� DVSHFWV� DUH� D
FRQVHTXHQFH�RI�HLWKHU�WKH� OLPLWDWLRQV�RI� WKH�FRQYHFWLRQ�VFKHPH�DW� WKLV�UHVROXWLRQ�RU� WKH
UHVWULFWLRQV� DVVRFLDWHG� ZLWK� D� JULGOHQJWK� WKDW� LV� LQFDSDEOH� RI� UHVROYLQJ� VPDOO� VKRZHUV
SURSHUO\�

��� ,VVXHV�UDLVHG�E\�WKH�FDVH�VWXGLHV

,W�LV�FOHDU�WKDW��IRU�D�JULGOHQJWK�RI���NP��QHLWKHU�XVLQJ�WKH�FRQYHFWLRQ�VFKHPH�RU�VZLWFKLQJ
LW�RII�LV�VDWLVIDFWRU\�

6ZLWFKLQJ�RII�WKH�FRQYHFWLRQ�VFKHPH�ZDV�WKH�EHVW�FKRLFH�IRU�VLPXODWLQJ�WKH� ODUJH�VWRUPV
WKDW� FRXOG� EH� UHVROYHG� RQ� WKH� PRGHO� JULG� EXW� ZDV� D� SRRU� FKRLFH� IRU� UHSUHVHQWLQJ� WKH
VPDOOHU�VFDOH� VFDWWHUHG� FRQYHFWLRQ� WKDW� FRXOG� RQO\� EH� SDUWO\� UHVROYHG�� ,Q� WKH� FDVH� RI� WKH
VFDWWHUHG� VKRZHUV�� WKH� FRQYHFWLRQ�ZDV� WULJJHUHG� WRR� ODWH�� WKH� VWRUP�FHOOV��ZKHQ� WKH\�GLG
GHYHORS�� EHFDPH� WRR� ODUJH� DQG� LQWHQVH�EHIRUH� G\LQJ�RXW� WRR� TXLFNO\�� $W� WKH� HDUO\� VWDJHV
VRPH�XQUHDOLVWLFDOO\� LQWHQVH� VLQJOH�JULG�VTXDUH� FHOOV� GHYHORSHG�� (YHQ� LQ� WKH� VHYHUH�VWRUP
FDVH�WKH�UDLQIDOO�LQWHQVLW\�ZDV�WRR�KLJK�DQG�WKH�ILUVW�FHOOV�WKDW�IRUPHG�JDYH�H[WUHPH�UDLQIDOO
UDWHV�IURP�VLQJOH�JULG�VTXDUHV�

:KHQ�WKH�FRQYHFWLRQ�VFKHPH�ZDV�XVHG�LQ�WKH�VLPXODWLRQ�RI�WKH�VHYHUH�FRQYHFWLRQ�FDVH��DQ
XQUHDOLVWLF� LQWHUDFWLRQ� EHWZHHQ� WKH� FRQYHFWLRQ� VFKHPH� DQG� WKH� PRGHO� G\QDPLFV
GHYHORSHG�� 6SXULRXV�� VHOI�VXVWDLQLQJ�� EDQGV� RI� SUHFLSLWDWLRQ� ZHUH� JHQHUDWHG� E\� WKH
FRQYHFWLRQ� VFKHPH�� 7KHVH� EDQGV� LQKLELWHG� WKH� WULJJHULQJ� RI� FRQYHFWLRQ� E\� WKH� PRGHO
G\QDPLFV� DQG�SURGXFHG� UDLQIDOO� LQ� FRPSOHWHO\� WKH�ZURQJ�SODFH�� 6LPLODU�EDQGV�KDYH�DOVR
EHHQ�REVHUYHG�LQ�RWKHU������DQG����NP�JULGOHQJWK�VLPXODWLRQV�

,Q�WKH�VFDWWHUHG�FRQYHFWLRQ�FDVH��WKH�XVH�RI�WKH�FRQYHFWLRQ�VFKHPH�SURGXFHG�D�UHDVRQDEOH
IRUHFDVW�DW�ILUVW��7KH�WLPLQJ�RI�WKH�LQLWLDO�VKRZHU�GHYHORSPHQW�ZDV�FORVH�WR�WKDW�REVHUYHG
DQG� GXULQJ� WKH� SHULRG� ZKHQ� FRQYHFWLRQ� GHYHORSHG� DV� D� UHVSRQVH� WR� VRODU� KHDWLQJ� WKH
FRQYHFWLRQ�VFKHPH�SHUIRUPHG�ZHOO��+RZHYHU��EHFDXVH�DOO�RI�WKH�SUHFLSLWDWLRQ�FDPH�IURP
WKH�FRQYHFWLRQ�VFKHPH��WKH�FHOOV�FRXOG�QRW�EHFRPH�RUJDQLVHG�DQG�WKH�UDLQ�GLHG�RXW�IDU�WRR
TXLFNO\�� ,Q�DGGLWLRQ�� WKH�FRQYHFWLRQ�VFKHPH�SURGXFHG� UDLQIDOO� UDWHV� WKDW�ZHUH� WRR�VPDOO�
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7KH\�ZHUH�VPDOO�EHFDXVH�WKH�VFKHPH�ZDV�GRLQJ�ZKDW�LW�ZDV�VXSSRVHG�WR�GR�E\�JHQHUDWLQJ
DQ�¨HQVHPEOH�DYHUDJH©�SUHFLSLWDWLRQ�UDWH�RYHU�HDFK�JULG�VTXDUH��EXW�EHFDXVH�WKH�FRQYHFWLRQ
VFKHPH�GRHV�QRW�NQRZ�DERXW�WKH�VL]H�RI� WKH�JULG� VTXDUHV�� LW�ZDV�JHQHUDWLQJ� UDLQIDOO� UDWHV
WKDW�ZHUH�QRW�DSSURSULDWH�IRU�D�JULGOHQJWK�RI���NP��7KH�FRQYHFWLRQ�VFKHPH�FRXOG�EH�WXQHG
WR�SURGXFH�KLJKHU�UDLQIDOO�UDWHV��EXW�LV�WKHQ�PRUH�OLNHO\�WR�JHQHUDWH�WKH�VSXULRXV�FRQYHFWLYH
EDQGV�WKDW�KDYH�DOUHDG\�EHHQ�LGHQWLILHG�DV�D�SUREOHP�

:KDW� DUH� WKH� DOWHUQDWLYHV"� 7KH� ILUVW� RSWLRQ� LV� WR� PDNH� GR� ZLWK� HLWKHU� WKH� FXUUHQW
FRQYHFWLRQ�VFKHPH�RU�QR�FRQYHFWLRQ�VFKHPH�DQG�SXW�XS�ZLWK�WKH�OLPLWDWLRQV��$�GLIIHUHQW
FRQYHFWLRQ� VFKHPH� FRXOG�EH� WULHG�� EXW� DQ\�RWKHU� FXUUHQWO\� DYDLODEOH� VFKHPH�ZRXOG� DOVR
VXIIHU� IURP� WKH� VDPH� LQDELOLW\� WR�SURSHUO\� VLPXODWH� WLPH�YDU\LQJ� DQG� VSDWLDOO\�RUJDQLVHG
FRQYHFWLRQ�� (YHQ� VR�� LW� PLJKW� EH� ZRUWKZKLOH� WR� H[DPLQH� WKH� EHKDYLRXU� RI� GLIIHUHQW
VFKHPHV�� 7KH� QHZ� VKDOORZ� FRQYHFWLRQ� VFKHPH� WKDW� LV� EHLQJ� GHYHORSHG� ZLWKLQ� WKH� 0HW
2IILFH� LV� D� YLDEOH� DOWHUQDWLYH� WKDW� VKRXOG� EH� WHVWHG�� 7KH� VKDOORZ� VFKHPH� ZRXOG� RQO\
UHSUHVHQW� VPDOOHU� FRQYHFWLYH� FORXGV� XS� WR� ���� NP�GHHS� DQG� WKH�PRGHO� G\QDPLFV�ZRXOG
WKHQ�GHDO�ZLWK�WKH�UHVW��$�PRLVW�WXUEXOHQFH�VFKHPH�UDWKHU�WKDQ�D�FRQYHFWLRQ�VFKHPH�PD\
EH�ZRUWK�FRQVLGHULQJ�IRU�D�JULGOHQJWK�RI�a��NP�EXW�SUREDEO\�QRW�D�JULGOHQJWK�RI�a��NP�
$QRWKHU�DSSURDFK�LV�WR�PRGLI\�WKH�XVH�RI�WKH�FXUUHQW�FRQYHFWLRQ�VFKHPH�LQ�VRPH�ZD\�VR
WKDW�LW� LV�EHWWHU�VXLWHG�WR�WKH�UHTXLUHPHQWV�RI�D�KLJK�UHVROXWLRQ�PRGHOOLQJ�V\VWHP��7KLV� LV
WKH�DSSURDFK�WKDW�KDV�EHHQ�WULHG�VR�IDU�DQG�ZLOO�QRZ�EH�GHVFULEHG�
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� $�FKDQJH�WR�WKH�XVH�RI�WKH�FRQYHFWLRQ�VFKHPH

7KH� LGHDO� VFHQDULR� IRU� KLJK�UHVROXWLRQ� VLPXODWLRQV� RI� FRQYHFWLRQ� LV� IRU� WKH� PRGHO� WR
H[SOLFLWO\�UHVROYH�DOO�WKH�FRQYHFWLRQ�WKDW�LW�VKRXOG�EH�DEOH�WR�UHVROYH�DQG�OHDYH�WKH�UHVW�WR�D
ZHOO�EHKDYHG�FRQYHFWLRQ�WXUEXOHQFH�VFKHPH��,I�WKH�FRQYHFWLRQ�VFKHPH�GRHV�WRR�PXFK�ZH
DUH�QRW�JHWWLQJ�DOO�RI�WKH�EHQHILW�ZH�VKRXOG�IURP�D�KLJKHU�UHVROXWLRQ�PRGHO�DQG�PLJKW�DV
ZHOO� EH� UXQQLQJ� DW� FRDUVHU� UHVROXWLRQ�� $OO� WKH� FORXGV� WKDW� DUH� ODUJH� LQ� FRPSDULVRQ� WR� D
PRGHO�JULGOHQJWK��!���JULGOHQJWKV�� VKRXOG�EH� VLPXODWHG�E\� WKH�PRGHO�G\QDPLFV�DQG� WKH
VPDOO�FORXGV�UHSUHVHQWHG�E\�WKH�FRQYHFWLRQ�VFKHPH��,Q�SUDFWLVH�ZH�KDYH�VHHQ�WKDW�WKLV�GRHV
QRW� KDSSHQ�� 7KH� FXUUHQW� FRQYHFWLRQ� VFKHPH� LV� QRW� VFDOH� VHOHFWLYH� LQ� WKDW� ZD\�� 7KLV� LV
EHFDXVH�WKH�LQWHQVLW\��FORXG�EDVH�PDVV�IOX[�0��RI�D�FRQYHFWLYH�SOXPH�LV�WXQHG�E\�D�VLQJOH
QXPEHU�FDOOHG�WKH�&$3(�&ORVXUH�7LPHVFDOH�τ �&&7���ZKLFK�LV�GHILQHG�DV�WKH�WLPHVFDOH�RYHU

ZKLFK�WKH�&RQYHFWLYHO\�$YDLODEOH�3RWHQWLDO�(QHUJ\��&$3(��-�.J���LQ�DQ�DWPRVSKHULF�SURILOH
LV� UHGXFHG� WR� ]HUR� �UHODWLRQVKLS� ������ 7KLV� PHDQV� WKDW� WKH� FRQYHFWLRQ� LQ� WKH� VFKHPH� LV
DOZD\V�PRUH�LQWHQVH�ZKHQ�WKH�&$3(�LV�ODUJHU��UHJDUGOHVV�RI�ZKHWKHU�WKH�PRGHO�G\QDPLFV
VKRXOG�EH�DEOH�WR�UHVROYH�WKH�FRQYHFWLRQ�RU�QRW�

0���α���&$3(���τ                                                        (1)
7KDW� LV� ZK\� WKH� FRQYHFWLRQ� VFKHPH� LV� PRUH� DFWLYH� LQ� PRUH� FRQYHFWLYHO\� XQVWDEOH
VLWXDWLRQV� �FDVH� VWXG\� ��� DQG� WKHUHIRUH� PRUH� OLNHO\� WR� JHQHUDWH� VSXULRXV� FRQYHFWLYH
UDLQEDQGV� DQG� LQKLELW� WKH� GHYHORSPHQW� RI� UHVROYHG� FRQYHFWLRQ�� 7KH� ZD\� WR� VWRS� WKH
VSXULRXV�FRQYHFWLYH�EDQGV�IURP�GHYHORSLQJ�LV�WR� OHQJWKHQ�WKH�&&7��LQFUHDVH�τ���7KLV�KDV
EHHQ� WULHG�¤� DQG�ZRUNV� ¤�EXW� WKH�SUREOHP� LV� WKDW� LQ�RUGHU� WR� UHGXFH� WKH� LQWHQVLW\� RI� WKH
FRQYHFWLRQ�VFKHPH�LQ�KLJK�&$3(�UHJLRQV�LW�KDV�WR�EH�UHGXFHG�WR�YHU\�OLWWOH�LQGHHG�LQ�ORZ�
&$3(�UHJLRQV��%\�GRLQJ� WKLV�� WKH�FRQYHFWLRQ�VFKHPH� LV�QRW� DEOH� WR� VXIILFLHQWO\� UHSUHVHQW
WKH� VPDOOHU� FORXGV� ¤� DQG� WKHVH� DUH� SUHFLVHO\� WKH� FORXGV� ZH� ZDQW� WR� UHSUHVHQW� ZLWK� D
FRQYHFWLRQ� VFKHPH� LQ� D� KLJK�UHVROXWLRQ� PRGHO�� (YLGHQFH� IURP� LGHDOLVHG� FRQYHFWLRQ
VLPXODWLRQV��&RKHQ�������KDV�LQGLFDWHG�WKDW�WKH�FRQYHFWLYH�WLPHVFDOH�VKRXOG�EH�UHODWHG�WR
LQWHU�FORXG�VSDFLQJ�DQG�VKRUWHU�IRU�VPDOOHU�FORXGV�WKDW�DUH�FORVHU�WRJHWKHU�

$� ZD\� URXQG� WKLV� PD\� EH� WR� XVH� D� &$3(� GHSHQGHQW� &&7�� ,I� WKH� &&7� LV� PDGH� ORQJHU
ZKHUHYHU� WKH� &$3(� LV� ODUJHU� WKHQ� LW� VKRXOG� EH� SRVVLEOH� WR� OLPLW� WKH� LQWHQVLW\� RI� WKH
FRQYHFWLRQ�VFKHPH�ZKHQ�ZH�ZDQW�WKH�PRGHO�G\QDPLFV�WR�GR�PRUH��7KDW�LV�ZKDW�KDV�EHHQ
GRQH�E\�XVLQJ�(TXDWLRQ���WR�FDOFXODWH�WKH�&&7��$Q�DVVXPSWLRQ�EHKLQG�WKLV�LV�WKDW�WKH�VL]H
RI� D� FRQYHFWLYH� FORXG� LV� UHODWHG� WR� WKH�&$3(� LQ� WKH�HQYLURQPHQW� �ODUJH�&$3(�PHDQV�ELJ
FORXGV��� DQG� WKDW� WKH� PRGHO� VKRXOG� WKHUHIRUH� EH� DOORZHG� WR� H[SOLFLWO\� UHVROYH� PRUH
FRQYHFWLRQ� LQ� UHJLRQV� RI� KLJK�&$3(�� 7KLV� DVVXPSWLRQ� LV� IODZHG� WR� VRPH� H[WHQW� EHFDXVH
WKHUH�DUH�RWKHU�IDFWRUV�LQ�DGGLWLRQ�WR�&$3(�WKDW�GHWHUPLQH�WKH�VL]H�RI�FRQYHFWLYH�VKRZHUV�
EXW� LW� PD\� QRW� EH� VR� EDG� DQ� DVVXPSWLRQ� EHFDXVH� WKH� JHQHUDO� WUHQG� ZLOO� KROG�� 6KDOORZ
FRQYHFWLRQ� LV� UHVWULFWHG� WR� ORZ�&$3(� UHJLRQV� DQG� ODUJH� VXPPHU� WKXQGHUVWRUPV� DQG
0HVRVFDOH�FRQYHFWLYH�V\VWHPV�GR�GHYHORS�LQ�KLJK�&$3(�UHJLRQV�

τ��� ���W�F�
�&$3(�������W�
�H[S�¤�&$3(�F� �����������������

W�DQG�F�DUH�WXQHDEOH�SDUDPHWHUV
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operational 12km value

mass flux limited

)LJXUH����*UDSK�RI�WKH�IXQFWLRQ�XVHG�WR�PRGLI\�WKH�&$3(�FORVXUH�WLPHVFDOH�LQ�WKH
FRQYHFWLRQ�VFKHPH�DQG�WKH�VXEVHTXHQW�EHKDYLRXU�RI�WKH�FORXG�EDVH�PDVV�IOX[�ZLWK�&$3(�

)LJXUH���VKRZV�D�JUDSKLFDO�UHSUHVHQWDWLRQ�RI�HTXDWLRQ����7KH�&&7�LQFUHDVHV�H[SRQHQWLDOO\
ZLWK�&$3(�IRU�ORZ�YDOXHV�RI�&$3(��WKHQ�OLQHDUO\�ZLWK�&$3(�IRU�KLJK�YDOXHV�RI�&$3(��7KLV
PHDQV� WKDW� WKH�PD[LPXP� DOORZHG� FORXG�EDVH�PDVV� IOX[� LQFUHDVHV� ZLWK� &$3(� IRU� VPDOO
YDOXHV�RI�&$3(�DQG�LV�WKHQ�UHVWULFWHG�WR�D�OLPLWLQJ�YDOXH�ZKHUHYHU�WKHUH�DUH�ODUJHU�YDOXHV�RI
&$3(�

7KLV�SURYLGHV�DQ�DOWHUQDWLYH�YLHZ�RI�ZKDW�WKLV�&$3(�UHODWHG�&&7� LV�GRLQJ�� ,W� LV�SXWWLQJ�D
UHVWULFWLRQ� RQ� WKH� FRQYHFWLRQ� VFKHPH� VR� WKDW� LW� FDQ� RQO\� UHSUHVHQW� WKH� ZHDN� �KRSHIXOO\
VKDOORZ��FORXGV�DQG�WKHUHIRUH�EHKDYH�PRUH�OLNH�D�VKDOORZ�VFKHPH��7KH�KRSH�LV�WKHQ��WKDW
DVVXPSWLRQV� XVHG� LQ� WKH� FRQYHFWLRQ� VFKHPH� WKDW� EHFDPH� LQYDOLG� LQ� D� KLJK�UHVROXWLRQ
PRGHO�EHFRPH�UHDVRQDEOH�EHFDXVH� WKH� VFKHPH� LV�RQFH�DJDLQ�RQO\�GHDOLQJ�ZLWK� VXE�JULG�
VFDOH� FORXGV�� 7KLV� LV� VSHFXODWLYH� DQG�PD\� EH� LQ� HUURU� EHFDXVH� RI� WKH� SUHVHQFH� RI� ODUJHU
FORXGV�DQG�G\QDPLFDO�LQWHUDFWLRQV��EXW�WKH�UHDVRQLQJ�KDV�VRPH�PHULW��$QRWKHU�EHQHILW�RI
ORRNLQJ�DW�WKH�IXQFWLRQ�LQ�WKLV�ZD\�LV�WKDW�WKH�YDOLGLW\�RI�WKH�DVVXPSWLRQ�DERXW�FORXG�VL]H
DQG�&$3(�EHFRPHV�XQLPSRUWDQW� VLQFH� WKH�PDVV� IOX[�GRHV�QRW� YDU\�ZLWK�&$3(� IRU�PRVW
YDOXHV�RI�&$3(��,Q�HIIHFW�WKH�&$3(�GHSHQGHQFH�KDV�FDQFHOOHG�RXW�

7KH�SDUDPHWHUV�W�DQG�F�DUH�XVHG�WR�WXQH�WKH�IXQFWLRQ��7KH�SDUDPHWHU�W�LV�LQ�HIIHFW�D�&&7�IRU
YHU\�VPDOO�&$3(��,I� LW� LV� OHVV�WKDQ�WKH�RSHUDWLRQDO� ����NP�PHVRVFDOH�PRGHO��&&7�RI�����
VHFRQGV�����PLQXWHV��WKHQ�WKH�DOORZHG�PDVV�IOX[�LV�JUHDWHU�WKDQ�WKH�RSHUDWLRQDO�IRU�VPDOO
YDOXHV�RI�&$3(�¤�DV�LQ�)LJXUH����7KH�OLPLW�RQ�WKH�FORXG�EDVH�PDVV�IOX[�0�LV�GHWHUPLQHG�E\
WKH�YDOXH�RI�W�F��7KH�ODUJHU�WKLV�YDOXH�WKH�PRUH�0�LV�UHVWULFWHG��)RU�WKH�FDVH�VWXGLHV�UHSRUWHG
RQ�KHUH�D�YDOXH�RI�����V�ZDV�FKRVHQ�IRU�W��ZKLFK�VHHPV�VHQVLEOH��DV�ZH�ZDQW�D�VKRUW�&&7
IRU� VPDOO� FORXGV�� 6HYHUDO� YDOXHV� RI� F� KDYH� EHHQ� WULHG� DQG� UHVXOWV� IURP� WKHVH� WHVWV�ZLOO� EH
VKRZQ�



��

� 5HVXOWV�IURP�XVLQJ�WKH�&$3(�FORVXUH�WLPHVFDOH�IXQFWLRQ

%HIRUH� VKRZLQJ� VRPH� UHVXOWV�� LW� LV� ZRUWK� UH�YLVLWLQJ� WKH� TXHVWLRQ� RI� ZK\� WKH� WZR� FDVH
VWXGLHV�ZHUH�FKRVHQ�E\�ORRNLQJ�DW�WKH�&$3(�LQ�HDFK�FDVH��)LJXUH���VKRZV�WKH�KLJKHVW�YDOXHV
RI�&$3(�WKDW�ZHUH�GLDJQRVHG�GXULQJ�HDFK�HYHQW�IURP���NP�JULGOHQJWK�VLPXODWLRQV��7KH\
DUH� YHU\� GLIIHUHQW� ¤� DQG� LW� ZDV� FRQVLGHUHG� LPSRUWDQW� WR� H[DPLQH� WZR� HYHQWV� ZLWK� YHU\
GLIIHUHQW�YDOXHV�RI�&$3(��HVSHFLDOO\�ZKHQ�WKH�&&7� LV�E\�GHILQLWLRQ� UHODWHG� WR�&$3(��7KH
���������VWRUPV�JUHZ�LQ�DQ�HQYLURQPHQW�ZLWK�&$3(�YDOXHV�RI�RYHU������-�NJ�¤�DW�OHDVW�LQ
WKH�PRGHO�VLPXODWLRQ��6XFK�YDOXHV�DUH�H[WUHPHO\�ODUJH��HYHQ�LQ�WKH�86$��DQG�ZLOO�UHVXOW�LQ
ODUJH�YLROHQW�VWRUPV��7KH����������VKRZHUV�JUHZ�LQ�&$3(�RI�XS�WR���������-�NJ��ZKLFK�LV
IDLUO\�PRGHVW�DQG�FRPPRQ�

1000 2000 3000 4000

max CAPE (J/Kg)

2-3/7/99 3/5/02

1000 2000 3000 4000

max CAPE (J/Kg)

(a) (b)

)LJXUH����3LFWXUHV�RI�WKH�PD[LPXP�&$3(�WR�EH�GLDJQRVHG�RYHU���[��NP�VTXDUHV�IURP��D�
���87&����������WR����87&����������IURP�D���NP�JULGOHQJWK�IRUHFDVW�VWDUWLQJ�DW����87&
�IROORZLQJ���KRXUV�DW���NP����E�����WR����87&����������IURP�D���NP�JULGOHQJWK�IRUHFDVW
VWDUWLQJ�DW����87&�

��� 5H�YLVLWLQJ�FDVH�VWXG\������������

1HZ� ��NP� JULGOHQJWK� VLPXODWLRQV� ZHUH� UXQ� ZLWK� HYHU\WKLQJ� XQFKDQJHG� H[FHSW� IRU� WKH
LQFOXVLRQ�RI�WKH�&$3(�GHSHQGHQW�&&7�LQ�WKH�FRQYHFWLRQ�VFKHPH��7KH�UXQV�XVHG�D�FRQVWDQW
YDOXH�RI�W �����DQG�VHYHUDO�GLIIHUHQW�YDOXHV�IRU�F��2XWSXW�IURP�VRPH�RI�WKHVH�UXQV�LV�VKRZQ
LQ�)LJXUH����$�WUDQVLWLRQ�FDQ�EH�VHHQ�EHWZHHQ�WKH�UXQ�ZLWK�D�YDOXH�RI�F �����ZKLFK�LV�FORVH
WR� WKH� QR�FRQYHFWLRQ�VFKHPH� UXQ� VKRZQ� LQ� )LJXUH� ��D�� DQG� WKH� UXQ� ZLWK� D� YDOXH� RI
F �������ZKLFK�LV�EHKDYLQJ�PRUH�OLNH�WKH�FRQVWDQW�&&7 ����V�UXQ�VKRZQ�LQ�)LJXUH���E���,W
LV� HQFRXUDJLQJ� WR� VHH� WKDW� LW� LV� SRVVLEOH� WR�SURGXFH� D� VROXWLRQ�ZLWK� WKH�&$3(�GHSHQGHQW
&&7�WKDW� ORRNV� OLNH� WKDW�SURGXFHG�E\� WKH� UXQ�ZLWK�QR�FRQYHFWLRQ�VFKHPH� IRU� WKLV�HYHQW
�F ���� RU� ������ )LJXUHV� �� �D�� DQG� �E���� 7KDW� ZDV� WKH� LQLWLDO� DLP� DQG� LW� VHHPV� WR� KDYH
VXFFHHGHG��:KHQ�WKH�&$3(�GHSHQGHQW�IXQFWLRQ�SXW�OHVV�RI�D�UHVWULFWLRQ�RQ�WKH�PDVV�IOX[
�F ������RU��������)LJXUHV���F��DQG��G���WKHUH�ZHUH��RQFH�DJDLQ��VLJQV�RI�WKH�GHYHORSPHQW�RI
VSXULRXV�FRQYHFWLYH�EDQGV�
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(a) (b)

(c) (d)

0.125 0.5 1 2 4 8 16 32
mm/hour

0.125 0.5 1 2 4 8 16 32
mm/hour

23 UTC

2/7/99

t=1200, c=100

t=1200, c=0.1 t=1200, c=10

t=1200, c=250

)LJXUH����5DLQIDOO�UDWHV�DW����87&����������IURP���NP�JULGOHQJWK�IRUHFDVWV�VWDUWLQJ�DW���
87&��IROORZLQJ�D���KRXU�IRUHFDVW�DW���NP��ZLWK�GLIIHUHQW�YDOXHV�RI�WKH�F�SDUDPHWHU�LQ�WKH
&$3(�FORVXUH�WLPHVFDOH�IXQFWLRQ�

$Q�LQWHUHVWLQJ�DVSHFW�RI�WKLV�HYHQW�LV�WKH�EHKDYLRXU�LQ�WKH�UHJLRQ�HQFORVHG�E\�WKH�GDVKHG
OLQH� LQ� )LJXUH� ��� 7KLV� LV� DQ� DUHD� ZKHUH� WKH� FRQYHFWLRQ� VFKHPH� SURGXFHG� SUHFLSLWDWLRQ
ZLGHO\��HYHQ�LQ�)LJXUH���D��EXW�EHORZ������PP�KRXU���EXW�WKH�UXQ�ZLWKRXW�WKH�FRQYHFWLRQ
VFKHPH� GLG� QRW� JHQHUDWH� VWRUPV� LQ� PRVW� RI� WKDW� DUHD�� ,W� LV� OLNHO\� WKDW�� EHFDXVH� WKH
FRQYHFWLRQ� VFKHPH� WULJJHUHG�� WKH� UHJLRQ� ZDV� YHU\� VHQVLWLYH� DQG� VOLJKWO\� GLIIHUHQW� UXQV
ZLWKRXW� WKH� FRQYHFWLRQ� VFKHPH�PLJKW�KDYH�SURGXFHG� D� YHU\�GLIIHUHQW� IRUHFDVW� WR� )LJXUH
��D���7KH�DGYDQWDJH�RI�XVLQJ�WKH�&$3(�GHSHQGHQW�&&7�LV�WKDW�WKH�IRUHFDVW�EHKDYHV�OLNH�WKH
QR�FRQYHFWLRQ�VFKHPH� VLPXODWLRQ�� EXW� WKH� FRQYHFWLRQ� VFKHPH� DGGV� LQIRUPDWLRQ� DERXW
WKH�UHJLRQV�RI�XQFHUWDLQW\�LQ�WKH�IRUHFDVW�
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����� 5DLQIDOO�UDWHV

5DLQIDOO� UDWHV�ZHUH� YHU\� KLJK� LQ� WKH� VLPXODWLRQV� RI� WKLV� FDVH�� 7KH� TXHVWLRQ� LV��ZHUH� WKH\
XQUHDVRQDEOH� IRU�D��NP�JULGOHQJWK�PRGHO�DQG�GRHV�WKH�&$3(�GHSHQGHQW�&&7�PDNH�DQ\
GLIIHUHQFH"�)LJXUH����VKRZV�WKH�SHDN�UDWHV��PHDQ�RI�WKH�KLJKHVW�ILYH�UDWHV�DQG�PHDQ�RI�WKH
KLJKHVW� WHQ� UDWHV� IURP� HDFK� RI� WKH� VLPXODWLRQV� GLVFXVVHG�� $SDUW� IURP� WKH� UXQ� ZLWK� WKH
FRQVWDQW�&&7�RI�����V�DOO�RI�WKH�SRLQWV�RQ�WKH�JUDSK�H[FHHG����PP�KRXU��7KHVH�YDOXHV
VKRXOG�EH�FRPSDUHG�ZLWK�REVHUYHG�UDLQIDOO�UDWHV�WKDW�ZHUH�PHDVXUHG�E\�D�WLSSLQJ�VLSKRQ
UDLQ� JDXJH� �)LJXUH� ����� 7KH� UDLQ� UDWH� REVHUYHG� DW� 5HDGLQJ� ZDV� EHWZHHQ� ���� DQG� ���
PP�KRXU�RYHU�D�SHULRG�RI�DURXQG���PLQXWHV�DQG�DV�WKLV�ZDV�RQO\�D�¨UDQGRP©�SRLQW�YDOXH�LW
LV� DOPRVW� FHUWDLQ� WKDW� KLJKHU� UDWHV� RFFXUUHG� HOVHZKHUH�� 7KH� VWRUP� ZDV� WUDYHOOLQJ� DW� ��
NP�KRXU��VR�IRU�WKDW�UDLQ�UDWH�WR�EH�VXVWDLQHG�IRU���PLQXWHV�WKH�DUHD�RI�LQWHQVH�UDLQ�PXVW
KDYH� EHHQ�ZLGHU� WKDQ� �� NP�� ,W� WKHUHIRUH� GRHV� QRW� VHHP� WRR� XQUHDVRQDEOH� IRU� WKH� ��NP
IRUHFDVWV�WR�KDYH�JHQHUDWHG�WKH�UDLQIDOO�UDWHV�WKH\�GLG�
,Q�FRPSDULVRQ�WR�WKH�QR�FRQYHFWLRQ�VFKHPH�UXQ��WKH�&$3(�GHSHQGHQW�&&7�GLG�QRW�PDNH
PXFK�GLIIHUHQFH�WR�WKH�SHDN�UDLQ�UDWHV�IRU�YDOXHV�RI�F ����DQG�������7KLV�LV�ILQH��EHFDXVH�ZH
WKLQN�WKRVH�YDOXHV�DUH�UHDVRQDEOH��,W�LV�LQWHUHVWLQJ�WKDW�WKH�SHDN�UDWHV�OHDSW�XS�ZLWK�D�YDOXH
RI� F ������ZKHQ� LW�PLJKW� EH� FRQVLGHUHG� WKDW� WKH\�ZRXOG�� LI� DQ\WKLQJ�� EH� UHGXFHG�� 7KLV
ZRXOG�DJDLQ��WHQG�WR�VXJJHVW�WKDW�D�YDOXH�RI�F ������LV�QRW�D�JRRG�FKRLFH�
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t=1200

c=250

t=1200

c=100
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c=10
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)LJXUH�����*UDSK�RI�SHDN�UDLQIDOO�UDWHV�IRU�GLIIHUHQW���NP�JULGOHQJWK�IRUHFDVWV�VWDUWLQJ�DW���
87&�����������IROORZLQJ�D���KRXU���NP�IRUHFDVW�������V�UHIHUV�WR�WKH�UXQ�WKDW�XVHG�WKH
VWDQGDUG�&$3(�FORVXUH�WLPHVFDOH�RI������VHFRQGV�����PLQXWHV��DQG�QRW�D�&$3(�GHSHQGHQW
FORVXUH�
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)LJXUH�����7LSSLQJ�VLSKRQ�PHDVXUHPHQW�RI�UDLQIDOO�UDWH�DW�WKH�5HDGLQJ�8QLYHUVLW\�ILHOG�VLWH
RQ���������&RXUWHV\�RI�.HQ�6SLHUV�

7KH�&$3(�GHSHQGHQW�&&7�KDV�SURGXFHG�JRRG�UHVXOWV�LQ�WKLV�FDVH�VWXG\�ZKHQ�WKH�YDOXH�RI
F �����RU�����

��� 5H�YLVLWLQJ�FDVH�VWXG\��������������ZLWK�WKH�&$3(�GHSHQGHQW�&&7

7KH�EHVW�UHVXOWV�LQ�WKH�SUHYLRXV�FDVH�FDPH�IURP�XVLQJ�D�YDOXH�RI�F �����RU�����ZLWK�W ����V
LQ� WKH�&$3(�GHSHQGHQW�&&7�� VR� LW�PDGH� VHQVH� WR�XVH� WKHVH� YDOXHV� IRU� WKLV� FDVH� DQG� DGG
F �����DQG�F �����7KH�QHZ�PRGHO�UXQV�DUH�XQFKDQJHG�IURP�EHIRUH�H[FHSW�IRU�WKH�LQFOXVLRQ
RI�WKH�&$3(�GHSHQGHQW�&&7�RU�LI�VWDWHG�RWKHUZLVH��$V�EHIRUH��WKUHH�DVSHFWV�RI�WKH�FDVH�DUH
H[DPLQHG�¤�WKH�SHDN�UDLQIDOO�UDWHV��WKH�LQLWLDWLRQ�WLPH�DQG�WKH�SHUVLVWHQFH�RI�VKRZHUV�LQWR
WKH�HYHQLQJ�

����� 3HDN�UDLQIDOO�UDWHV

)LJXUH���� VKRZV� WKH� VHQVLWLYLW\�RI� WKH�SHDN� UDLQIDOO� UDWHV� WR� WKH�YDOXH�RI� F��8QOLNH� LQ� WKH
SUHYLRXV� FDVH�� WKH� SHDN� UDWHV� IURP� WKH� UXQ� ZLWKRXW� WKH� FRQYHFWLRQ� VFKHPH� ZHUH
XQUHDOLVWLFDOO\�KLJK�EHFDXVH�RI�WKH�GHYHORSPHQW�RI�VLQJOH�JULGSRLQW�VWRUPV��:KHQ�D�YDOXH
RI�F �����ZDV�XVHG�WKH�SHDN�UDLQ�UDWHV�EHFDPH�WRR�VPDOO�EHFDXVH� WKH�FRQYHFWLRQ�VFKHPH
ODUJHO\�LQKLELWHG�WKH�PRGHO�G\QDPLFV�IURP�WULJJHULQJ��:LWK�D�YDOXH�RI�F ����WKH�SHDN�UDWHV
ZHUH� WRR� KLJK� ¤� WKRXJK� FRQVLGHUDEO\� OHVV� WKDQ� WKH� QR�VFKHPH� UXQ�� EXW�ZLWK� D� YDOXH� RI
F �����EHFDPH�PXFK�FORVHU�WR�WKH�UDGDU��7KH�DGGLWLRQ�RI�H[WUD�GLIIXVLRQ�LQWR�WKH�PRGHO�LQ
WKH�F ����UXQ�FDXVHG�WKH�SHDN�UDWHV� WR�EHFRPH�VLPLODU� WR�WKH�YDOXHV� LQ�WKH�F �����UXQ�� ,W
KDG� WKH� GHVLUHG� HIIHFW� RI� UHGXFLQJ� WKH� YHU\� H[WUHPH� VLQJOH�SRLQW� UDLQIDOO� UDWHV� WR� YDOXHV
FORVHU�WR�WKH�UDGDU��:KHQ�GLIIXVLRQ�LV�DGGHG�LQWR�D�PRGHO��LW�DOORZV�VRPH�LQIRUPDWLRQ�WR�EH
SDVVHG�EHWZHHQ�DGMDFHQW�JULG�FROXPQV��ZKLFK�D�FRQYHFWLRQ�VFKHPH�LQ�LQFDSDEOH�RI�GRLQJ
GLUHFWO\���'LIIXVLRQ�FRXOG�EH�WKRXJKW�WR�UHSUHVHQW�VRPH�RI�WKH�PL[LQJ�DVVRFLDWHG�ZLWK�WKH
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VXE�JULG�VFDOH�FRQYHFWLRQ�DQG�LQ�VRPH�ZD\V�EHKDYH�OLNH�D�FRQYHFWLRQ�VFKHPH��7KH�UHVXOW
VKRZQ�KHUH� DQG� IURP� WKH�+570� WHVWLQJ� LQGLFDWH� WKDW� WKH� DGGLWLRQ� RI� VRPH� GLIIXVLRQ� LV
SUREDEO\� GHVLUDEOH�� 7KH� RSWLPDO� DPRXQW� PD\� ZHOO� EH� GHSHQGHQW� RQ� WKH� ZD\� WKH
FRQYHFWLRQ�VFKHPH�LV�XVHG�DQG�ZLOO�UHTXLUH�IXUWKHU�WHVWLQJ�
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(e)  t = 1200, c = 0.1, diffusion
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c=10.0
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c=0.1
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c=0.1


     (diff)

)LJXUH�������D��3HDN�UDLQIDOO�UDWHV�RYHU���[���NP�VTXDUHV�ZLWKLQ�WKH�SHULRG����WR����87&
���������IURP��D��UDGDU�DQG��F��WR��I����NP�JULGOHQJWK�UXQV�GLVFXVVHG�LQ�WKH�WH[W�ZLWK
GLIIHUHQW�YDOXHV�IRU�WKH�F�SDUDPHWHU�LQ�WKH�&$3(�FORVXUH�WLPHVFDOH�IXQFWLRQ���E��*UDSK�RI
WKH�WRS�WHQ�SHDN�UDLQIDOO�UDWHV�IURP��D��DQG��F��WR��G��DQG�)LJXUH���E��
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����� ,QLWLDWLRQ�WLPH

:H�KDYH�DOUHDG\�VHHQ�WKDW�WKH�VKRZHUV�LQ�WKH�UXQ�ZLWKRXW�WKH�FRQYHFWLRQ�VFKHPH�VWDUWHG
WRR�ODWH��)LJXUHV����DQG����VKRZ�ZKDW�KDSSHQV�ZLWK�WKH�LQFOXVLRQ�RI�WKH�&$3(�GHSHQGHQW
&&7�� :KDWHYHU� WKH� YDOXH� RI� F�� WKH� FRQYHFWLRQ� VFKHPH� WULJJHUHG� DW� DSSUR[LPDWHO\� WKH
FRUUHFW�WLPH��+RZHYHU��WKH�PRUH�WKH�PDVV�IOX[�ZDV�UHVWULFWHG��VPDOOHU�F��WKH�OHVV�VLJQLILFDQW
WKH� UDLQ� IURP� WKH� FRQYHFWLRQ� VFKHPH� EHFDPH�� :LWK� D� YDOXH� RI� F ���� WKH� FRQYHFWLRQ
VFKHPH�KDUGO\�SURGXFHG�DQ\�UDLQ��,Q�FRQWUDVW��WKH�LQLWLDWLRQ�WLPH�RI�G\QDPLFDOO\�UHVROYHG
VKRZHUV�ZDV�GHSHQGHQW�RQ�WKH�YDOXH�RI�F��7KH� ODUJHU�F�� WKH� ODWHU� WKH�G\QDPLFV� WULJJHUHG�
)LJXUH� ��� VKRZV� D� ELJ� GLIIHUHQFH� RI� �� KRXUV� EHWZHHQ� F ����� DQG� F ���� IRU� JHQHUDWLQJ
UDLQIDOO�UDWHV�RYHU�����PP�KRXU��7KH�GLIILFXOW\�KHUH�LV�WKDW�LW�LV�LPSRVVLEOH�WR�KDYH�LW�ERWK
ZD\V�� HLWKHU� WKH� FRQYHFWLRQ� VFKHPH� SURGXFHV� UHDVRQDEOH� UDLQ� UDWHV� DQG� WKH� G\QDPLFV
WULJJHUV�WRR�ODWH� �RU�QRW�DW�DOO���RU�WKH�G\QDPLFV�WULJJHUV�HDUOLHU� �WKRXJK�VWLOO� WRR� ODWH��DQG
WKH�FRQYHFWLRQ�VFKHPH�LV�WRR�ZHDN�RU�QRW�XVHG��8QIRUWXQDWHO\��WKH�EHVW�UHVXOW�LQ�WHUPV�RI
WULJJHULQJ�FRQYHFWLRQ�DW�WKH�ULJKW�WLPH��FRPHV�IURP�WKH�UXQ�ZLWK�WKH�VLQJOH�&&7 ����V�LQ
WKH�FRQYHFWLRQ�VFKHPH��VWDQGDUG�VHWWLQJ���EXW�ZH�NQRZ�WKDW�WKLV�UXQ�KDV�RWKHU�SUREOHPV
ZH�ZLVK�WR�DYRLG��7KH�SUREOHP�RI�LQLWLDWLRQ�ZLOO�EH�GLVFXVVHG�DJDLQ�ODWHU�

Conv

Conv

Conv Dyn+Conv
Dyn+Conv
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c=0.1

Conv
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radar

Convection scheme rainrate

> 0 mm/hour, > 10 gridsquares

Convection scheme rainrate

> 1 mm/hour, > 1 gridsquare

Model dynamics rainrate

> 0 mm/hour, > 10 gridsquares

Model dynamics rainrate

> 1 mm/hour, > 1 gridsquare

)LJXUH�����'LDJUDP�WR�LQGLFDWH�WKH�RQVHW�RI�FRQYHFWLRQ�LQ�GLIIHUHQW���NP�JULGOHQJWK�PRGHO
UXQV��/LJKW�EOXH�VWULSV�VKRZ�ZKHQ�PRUH�WKHQ�����JULGVTXDUHV�RI�SUHFLSLWDWLRQ�IURP�WKH
FRQYHFWLRQ�VFKHPH�RFFXUUHG��GDUN�EOXH�VWULSV�VKRZ�ZKHQ�PRUH�WKDQ����JULGVTXDUHV�RI
SUHFLSLWDWLRQ�IURP�WKH�PRGHO�G\QDPLFV�RFFXUUHG��/LJKW�JUHHQ�VWULSV�¤�FRQYHFWLRQ�VFKHPH
!��PP�KRXU����RU�PRUH�JULGVTXDUHV���'DUN�JUHHQ�VWULSV�¤�PRGHO�G\QDPLFV�!��PP�KRXU���
RU�PRUH�JULGVTXDUHV�������V�UHIHUV�WR�WKH�UXQ�WKDW�XVHG�WKH�VWDQGDUG�&$3(�FORVXUH
WLPHVFDOH�RI������VHFRQGV�����PLQXWHV��DQG�QRW�D�&$3(�GHSHQGHQW�FORVXUH�
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)LJXUH�����*UDSK�RI�WKH�PHDQ�UDLQIDOO�UDWHV�ZLWKLQ�WKH�DUHD�VKRZQ�LQ�)LJXUH���DJDLQVW�WLPH
IRU���NP�JULGOHQJWK�IRUHFDVWV�ZLWK�GLIIHUHQW�YDOXHV�RI�WKH�F�SDUDPHWHU�LQ�WKH�&$3(�FORVXUH
WLPHVFDOH�IXQFWLRQ��FRORXUHG�OLQHV�H[FHSW�RUDQJH�����NP�IRUHFDVW�ZLWK�QR�FRQYHFWLRQ
VFKHPH��RUDQJH�OLQH��DQG�UDGDU��EODFN�OLQH�HQFORVLQJ�VKDGLQJ���&&7�����V�UHIHUV�WR�WKH�UXQ
WKDW�XVHG�WKH�VWDQGDUG�&$3(�FORVXUH�WLPHVFDOH�RI������VHFRQGV�����PLQXWHV��DQG�QRW�D
&$3(�GHSHQGHQW�FORVXUH�

����� 3HUVLVWHQFH�LQWR�WKH�HYHQLQJ

7KH� XVH� RI� WKH� &$3(� GHSHQGHQW� &&7� KDG� D� VLJQLILFDQW� DQG� SRVLWLYH� LPSDFW� RQ� WKH
EHKDYLRXU� RI� WKH� VKRZHUV� IURP� HDUO\� DIWHUQRRQ� RQZDUGV�� ,QVWHDG� RI� HLWKHU� G\LQJ� RXW
HQWLUHO\�ZLWK� WKH� FRQVWDQW� &&7 ����V� RSWLRQ� RU� EHFRPLQJ� WRR� DFWLYH� DQG� WKHQ� UDSLGO\
GHFD\LQJ�ZLWK�QR�FRQYHFWLRQ�VFKHPH��WKH�VKRZHUV�SHUVLVWHG�LQWR�WKH�HYHQLQJ�DQG�ZLWKRXW
SURGXFLQJ� WRR� PXFK� UDLQ�� )LJXUH� ��� VKRZV� WKDW� WKH� DYHUDJH� UDLQIDOO� UDWH� DIWHU� ��� 87&
EHFDPH�FRQVLVWHQWO\�KLJKHU�DV�WKH�YDOXH�RI�F�EHFDPH�VPDOOHU��%HWZHHQ������DQG������87&
ERWK�WKH�F ����DQG�F ����UXQV�ZHUH�FORVH�WR�WKH�UDGDU��%\������87&�WKH\�ZHUH�SURGXFLQJ
OHVV� UDLQ� WKDQ� WKH� UDGDU�� EXW� VWLOO� PDLQWDLQHG� VLJQLILFDQW� VKRZHU� DFWLYLW\�� 7KH� UXQ� ZLWK
F �����KDG� WRR� OLWWOH� UDLQ� WKURXJKRXW��EXW�ZDV� VWLOO� EHWWHU� WKDQ� WKH� FRQVWDQW�&&7 ����V
UXQ�RYHU�WKLV�SHULRG�

7KH� &$3(� GHSHQGHQW� &&7� IRUHFDVWV� ZHUH� PRUH� UHDOLVWLF� EHFDXVH� WKH� UHVWULFWLRQ� RQ� WKH
FRQYHFWLRQ� VFKHPH� DOORZHG� WKH� PRGHO� G\QDPLFV� WR� JHQHUDWH� VKRZHUV� WKDW� FRXOG� WKHQ
RUJDQLVH��\HW�UHPRYHG�HQRXJK�LQVWDELOLW\�WKURXJK�WKH�FRQYHFWLRQ�VFKHPH�WR�SUHYHQW�WKH
UHVROYHG�DFWLYLW\�IURP�EHFRPLQJ�WRR�ODUJH��7KH�F ����DQG�F ����UXQV�ZHUH� MXVW�DV�JRRG�LQ
WHUPV�RI�PHDQ�UDLQIDOO�UDWH�DV�D���NP�VLPXODWLRQ�RI�WKLV�HYHQW�ZLWK�QR�FRQYHFWLRQ�VFKHPH
�5REHUWV��������7KLV�WUHQG�LQ�EHKDYLRXU�ZLWK�GLIIHUHQW�YDOXHV�RI�F�LV�HQFRXUDJLQJ�EHFDXVH�LW
ILWV�ZLWK�ZKDW�ZDV�LQWXLWLYHO\�H[SHFWHG�
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��� $�WKLUG�FDVH���������������

7KLV�LV�DQRWKHU�FDVH�WKDW�ZDV�FRYHUHG�LQ�WKH�ILUVW�UHSRUW��5REHUWV��������9HU\�KLJK�UDLQIDOO
DPRXQWV��!��PP�ZHUH�PHDVXUHG�LQ�D�QDUURZ�EDQG�RYHU�SDUWV�VRXWKHDVW�(QJODQG�

10 20 30 40 50 60 70
mm

10 20 30 40 50 60 70
mm

(a) 1800s CCT t=1200, c=10.0

t=1200, c=0.5 no conv scheme

(b)

(c) (d)

)LJXUH����5DLQIDOO�DFFXPXODWLRQV�RYHU����KRXUV�IURP����87&����������WR����87&
���������IURP���NP�JULGOHQJWK�IRUHFDVWV�WKDW�VWDUWHG�DW����87&������������D��6LQJOH�&&7
RI�����V���E��&$3(�GHSHQGHQW�&&7�W ������F �������F��W ������F ����DQG��G��QR
FRQYHFWLRQ�VFKHPH�

$Q� LQWHUHVWLQJ� UHVXOW� IURP� WKH� ILUVW� UHSRUW�ZDV� WKDW� ���KRXU� UDLQIDOO� DFFXPXODWLRQV�ZHUH
PRUH�DFFXUDWH��ERWK� LQ� WHUPV�RI� ORFDWLRQ�DQG� LQWHQVLW\�� LQ� D���NP�JULGOHQJWK� VLPXODWLRQ
WKDQ� D� ��NP� JULGOHQJWK� UXQ� �ERWK� XVLQJ� WKH� FRQYHFWLRQ� VFKHPH�ZLWK� &&7 ����V��� 7KH
SXUSRVH�KHUH��LV�WR�H[DPLQH�WKH�VHQVLWLYLW\�RI�WKH�UDLQIDOO�DFFXPXODWLRQV�WR�WKH�XVH�RI�WKH
&$3(�GHSHQGHQW�&&7�LQ�WKH�FRQYHFWLRQ�VFKHPH�LQ�MXVW���NP�JULGOHQJWK�VLPXODWLRQV��7KH
DFFXPXODWLRQV� IURP� WKH� RULJLQDO� UXQ� ZLWK� &&7 ����V�� WZR� &$3(� GHSHQGHQW� &&7� UXQV
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DQG� D� UXQ� ZLWKRXW� WKH� FRQYHFWLRQ� VFKHPH� DUH� VKRZQ� LQ� )LJXUH� ���� 7KH� UXQ� ZLWK� QR
FRQYHFWLRQ� VFKHPH� DQG� WKH� WZR� &$3(� GHSHQGHQW� &&7� VLPXODWLRQV� SURGXFHG� ODUJHU
UDLQIDOO�DPRXQWV�WKDQ�WKH�IRUHFDVW�ZLWK�WKH�FRQVWDQW�&&7 ����V�DQG�DOVR�VKLIWHG�WKH�EDQG
IXUWKHU�VRXWKHDVW��%RWK�DVSHFWV�DJUHH�EHWWHU�ZLWK�UDGDU��$JDLQ��WKHUH�DSSHDUV�WR�EH�D�WUHQG
LQ� WKH�&$3(� GHSHQGHQW�&&7� UXQV� ¤� WKH� VPDOOHU� WKH� YDOXH� RI� F� �ODUJHU� W�F�� WKH�PRUH� WKH
RXWSXW� ORRNV� OLNH� WKH� QR�FRQYHFWLRQ�VFKHPH� UXQ� �UHLQIRUFHG� E\� RWKHU� UXQV� QRW� VKRZQ��
7KH�EHVW�IRUHFDVW�IURP�WKH�IRXU�VKRZQ�ZDV�WKH�W ������F �����,W�GLG�QRW�KDYH�WKH�JOLWFKHV�LQ
WKH�VRXWKHDVW�SDUW�RI�WKH�GRPDLQ�RU�WKH�XQUHDOLVWLFDOO\�KLJK�UDLQIDOO�UDWHV��QRW�SUHVHQWHG�
WKDW�WKH�UXQ�ZLWK�QR�FRQYHFWLRQ�VFKHPH�KDG�DQG�ZDV�D�FRQVLGHUDEO\�EHWWHU�IRUHFDVW�WKDQ
WKH�&&7 ����V�UXQ��,W�HYHQ�PDGH�WKH�RXWSXW�IURP�WKH���NP�VLPXODWLRQ�ORRN�PXFK�FORVHU
WR� WKH� ��NP� RXWSXW� �VKRZQ� LQ� UHSRUW� ��� 5REHUWV� ������ ZLWKRXW� WKH� QHHG� IRU� H[WUD
UHVROXWLRQ��+RZHYHU��LW�VKRXOG�DOVR�EH�SRLQWHG�RXW�WKDW�WKH���NP�VLPXODWLRQ�FRXOG�DOVR�EH
LPSURYHG�ZLWK�WKH�XVH�RI�D�&$3(�GHSHQGHQW�&&7��QRW�VKRZQ�KHUH��

����� 'LIIXVLRQ

)LJXUH� ��� VKRZV� WKH� LPSDFW� RQ� WKH� UDLQIDOO� DFFXPXODWLRQ� RI� DGGLQJ� GLIIXVLRQ� WR� D� ��NP
JULGOHQJWK� VLPXODWLRQ�� 1HLWKHU� RI� WKHVH� UXQV� KDG� WKH� FRQYHFWLRQ� VFKHPH� VZLWFKHG� RQ�
$GGLQJ�WKH�GLIIXVLRQ�KDV�KDG�WKH�GHVLUHG�HIIHFW�RI� UHPRYLQJ�WKH�QDVW\�HDVW�ZHVW�JULG�URZ
JOLWFK�RI�KLJKHU�DFFXPXODWLRQV�RYHU�WKH�&KDQQHO�LQ�WKH�UXQ�ZLWKRXW�GLIIXVLRQ��+RZHYHU��LW
LV�DOVR�QRWLFHDEOH�WKDW�WKH�RYHUDOO�SDWWHUQ�RI�DFFXPXODWLRQV�KDV�QRW�FKDQJHG�PXFK��H[FHSW
IRU�UHGXFLQJ�D�EDQG�RI� WKH� ODUJHVW� WRWDOV�H[FHHGLQJ����PP�LQ� WKH�QR�GLIIXVLRQ�UXQ��(YHQ
WKRXJK�WKH� LQFOXVLRQ�RI�GLIIXVLRQ� LV�EHQHILFLDO�� LW�GRHV�QRW�KDYH� WKH� VDPH� LPSDFW�RQ� WKH
JHQHUDO�SDWWHUQ�WKDW�WKH�FRQYHFWLRQ�VFKHPH�H[SHULPHQWV�GR�LQ�)LJXUH����

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
mm mm

(a) (b)

no diffusion diffusion

)LJXUH��������KRXU�5DLQIDOO�DFFXPXODWLRQV�����87&����������WR����87&�����������IURP���
NP�JULGOHQJWK�IRUHFDVWV�ZLWK�QR�FRQYHFWLRQ�VFKHPH���D��1R�DGGHG�GLIIXVLRQ���E��'LIIXVLRQ
DGGHG��GHO���GLIIXVLRQ��FRHIILFLHQW������H��
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� &RQFOXVLRQV

��� 5HVXOWV

([DPSOHV� IURP� FDVH� VWXGLHV� KDYH� VKRZQ� WKDW� WKHUH� DUH� SUREOHPV� ZLWK� WKH� XVH� RI� DQ
HTXLOLEULXP�FRQYHFWLRQ�VFKHPH�LQ�D�PRGHO�ZLWK�D�JULGOHQJWK�RI���NP��,Q�UHJLRQV�RI�KLJK
&$3(� �FDVH� VWXG\� ���� DQ� LQWHUDFWLRQ� EHWZHHQ� WKH� FRQYHFWLRQ� VFKHPH� DQG� WKH� PRGHO
G\QDPLFV� FDQ� JHQHUDWH� VSXULRXV� UDLQEDQGV�� ,Q� UHJLRQV� RI� ORZHU�&$3(� �FDVH� VWXG\� ��� WKH
FRQYHFWLRQ� VFKHPH� FDQ� SUHYHQW� WKH� PRGHO� G\QDPLFV� IURP� GHYHORSLQJ� VKRZHUV� DQG
WKHUHIRUH�VWRS�DQ\�FRQYHFWLYH�RUJDQLVDWLRQ�IURP�RFFXUULQJ��6ZLWFKLQJ�RII�WKH�FRQYHFWLRQ
VFKHPH� LV�QRW� WKH� VROXWLRQ�� LW� RQO\� FUHDWHV� GLIIHUHQW� SUREOHPV�� 7KH� VFDOHV� RI� VKRZHUV� DUH
GHWHUPLQHG�E\�WKH�UHVROXWLRQ�RI�WKH�JULG�UDWKHU�WKDQ�E\�WKH�QDWXUDO�VFDOHV�RI�WKH�HYHQW��7KLV
FDQ�OHDG�WR�XQUHDOLVWLFDOO\�KLJK�UDLQIDOO�UDWHV�DQG�WKH�IRUPDWLRQ�RI�VLQJOH�JULG�SRLQW�VWRUPV
DV�ZHOO�DV�FDXVLQJ�D�GHOD\�LQ�WKH�LQLWLDO�WULJJHULQJ��FDVH�VWXG\����
7KH� FKDQJH� WR� XVLQJ� D� &$3(� GHSHQGHQW� &$3(� FORVXUH� WLPHVFDOH� SURGXFHG� VLJQLILFDQWO\
EHWWHU�UHVXOWV�SURYLGHG�WKDW�VHQVLEOH�YDOXHV�IRU�WKH�SDUDPHWHUV�W�DQG�F�ZHUH�FKRVHQ��,Q�FDVH
VWXG\����VSXULRXV�UDLQEDQGV�GLG�QRW�GHYHORS��,Q�FDVH�VWXG\����WKH�XQUHDOLVWLFDOO\�KLJK�UDLQ
UDWHV�SURGXFHG�E\�WKH�UXQ�ZLWK�QR�FRQYHFWLRQ�VFKHPH�ZHUH�JUHDWO\�UHGXFHG�DQG�UHVROYHG
FRQYHFWLRQ�GHYHORSHG�WKDW�ZDV�DOORZHG�WR�RUJDQLVH�DQG�SHUVLVW�LQWR�WKH�HYHQLQJ��7KH�UXQV
ZLWK�W �����F ����DQG�W �����F ����HYHQ�SURGXFHG�PHDQ�UDLQIDOO�UDWHV�DIWHU����87&�WKDW
ZHUH�FRPSDUDEOH�WR�WKH���NP�VLPXODWLRQ�VKRZQ�LQ�5HSRUW����5REHUWV�������

7KH� EHVW� FKRLFHV� IRU� WKH� F� DQG� W� SDUDPHWHUV� FDQQRW� EH� H[DFWO\� NQRZQ� ZLWKRXW� HQGOHVV
H[SHULPHQWV�� EXW� EHFDXVH�SUHGLFWDEOH� WUHQGV�ZHUH� DSSDUHQW�� D� UDQJH�RI� VHQVLEOH� YDOXHV� LV
NQRZQ��*LYHQ�D�YDOXH�RI�W �����LQ�D���NP�JULGOHQJWK�PRGHO��F�VKRXOG�EH�OHVV�WKDQ������RU
WKH�FRQYHFWLRQ�VFKHPH�LV�WRR�DFWLYH�LQ�ODUJH�&$3(�VLWXDWLRQV�DQG�JUHDWHU�WKDQ�������RU�WKH
FRQYHFWLRQ� VFKHPH� KDV� WRR� OLWWOH� HIIHFW� LQ� ORZ�&$3(� VLWXDWLRQV�� $OWKRXJK� WXQLQJ
SDUDPHWHUV�DUH�QRW�XVXDOO\�D�JRRG�WKLQJ�WR�KDYH�LQ�D�QXPHULFDO�PRGHO��D�EHQHILW�RI�KDYLQJ
WKHP�KHUH�LV�WKDW�LW�LV�SRVVLEOH�WR�PDNH�FKRLFHV�WKDW�DUH�DSSURSULDWH�IRU�WKH�SXUSRVH�RI�WKH
PRGHO�WKDW�LV�EHLQJ�UXQ��,I�WKH�DLP�LV�WR�KDYH�D�PRGHO�WKDW�LV�PHDQW�WR�EH�XVHG�SULPDULO\�WR
IRUHFDVW� VHYHUH� FRQYHFWLYH� HYHQWV� DW� WKH� H[SHQVH� RI� QRW� UHSUHVHQWLQJ� VPDOOHU� VKRZHUV
SURSHUO\��WKHQ�D�ORZ�YDOXH�RI�F�VKRXOG�EH�FKRVHQ��W�F�LV�ODUJH���,I�WKH�DLP�LV�WR�KDYH�D�PRGHO
WKDW�¨SOD\V�VDIH©�DQG�UHSUHVHQWV�PRVW�RI�WKH�FRQYHFWLRQ�ZLWK�WKH�FRQYHFWLRQ�VFKHPH�DW�WKH
H[SHQVH�RI�UHVWULFWLQJ�WKH�G\QDPLFV� IURP�JHQHUDWLQJ�VRPH�RUJDQLVHG�VWRUPV� WKHQ�D�KLJK
YDOXH�RI�F�VKRXOG�EH�FKRVHQ��,Q�SUDFWLFH��D�FRPSURPLVH�LV�VHQVLEOH�

7KH� UHVXOWV� DUH� DOVR� DSSOLFDEOH� WR� PRGHO� JULGOHQJWKV� RWKHU� WKDQ� �� NP�� 7HVWV� ZLWK� D
JULGOHQJWK�RI���NP�KDYH�SURGXFHG�YHU\�VLPLODU�UHVXOWV��WKRXJK�GLIIHUHQW�YDOXHV�RI�W�DQG�F
PD\� EH� DSSURSULDWH�� 7KH� IXQFWLRQ� FRXOG� DOVR� EH� EHQHILFLDO� LQ� WKH� RSHUDWLRQDO� ���NP
JULGOHQJWK�PHVRVFDOH�PRGHO�ZLWK�YDOXHV�RI� W� DQG�F� VHW� WR� UHVWULFW� WKH� FRQYHFWLRQ� VFKHPH
OHVV��W�F�VPDOOHU��

��� ,VVXHV

$� SUREOHP� WKDW� VWLOO� UHPDLQV� KRZHYHU�� LV� WKH� GHOD\� LQ� WULJJHULQJ� UHVROYHG� VKRZHUV� LQ
VLWXDWLRQV� ZLWK� ZHDN� G\QDPLF� IRUFLQJ�� ,Q� FDVH� VWXG\� ��� WKH� ��NP� UXQV� ZLWK� WKH� &$3(
GHSHQGHQW� &$3(� FORVXUH� WLPHVFDOH� WULJJHUHG� WKH� UHVROYHG� FRQYHFWLRQ� WRR� ODWH� DQG
DOWKRXJK�WKH�FRQYHFWLRQ�VFKHPH�SURGXFHG�UDLQ�DW�WKH�FRUUHFW�WLPH��WKHUH�ZDV�QRW�HQRXJK�
7KH�RQO\�ZD\�WR�SURGXFH�PRUH�UDLQ�IURP�WKH�FRQYHFWLRQ�VFKHPH�ZDV�WR�SODFH�OHVV�RI�D�OLPLW
RQ�WKH�PDVV� IOX[� �PDNH� W�F� VPDOOHU���EXW� WKHQ� WKH� UHVROYHG�FRQYHFWLRQ�ZDV�GHOD\HG�HYHQ
PRUH��,W�FRXOG�EH�DUJXHG�WKDW�LW�LV�QRW�D�SUREOHP�WR�GHOD\�WKH�WULJJHULQJ�RI�UHVROYHG�VKRZHUV
LI� WKH� FRQYHFWLRQ� VFKHPH� LV� GRLQJ� D� JRRG� MRE� RI� UHSUHVHQWLQJ� WKH� FRQYHFWLRQ�� 7KLV
DUJXPHQW� KRZHYHU� LV� RQO\� YDOLG� LI� WKH� FRQYHFWLRQ� VFKHPH� LV� QRW� LQKLELWLQJ� WKH
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GHYHORSPHQW�RI�VKRZHUV�WKDW�VKRXOG�EH�UHVROYHG���EXW�ZH�NQRZ�WKDW� LW�GRHV�� ,GHDOO\�� WKH
&$3(� GHSHQGHQW� &$3(� FORVXUH� WLPHVFDOH� VKRXOG� DOORZ� WKH� VXE�JULG�VFDOH� DQG� QHDU�JULG�
VFDOH� FORXGV� WR� EH� UHSUHVHQWHG� E\� WKH� FRQYHFWLRQ� VFKHPH� DQG� OHDYH� WKH� G\QDPLFV� WR
VLPXODWH�DQ\�ODUJHU�VKRZHUV��,Q�SUDFWLFH��WKH�G\QDPLFV�ZLOO�RQO\�WULJJHU�LI�WKH�FRQYHFWLRQ
VFKHPH�LV�UHVWULFWHG�WR�UHSUHVHQWLQJ�RQO\�WKH�YHU\�VPDOO�VXE�JULG�FORXGV��,I�WKH�FRQYHFWLRQ
VFKHPH� LV�DOORZHG� WR� UHSUHVHQW� WKH�QHDU�JULG�VFDOH�FORXGV� WKH�G\QDPLFV�PD\�EH� OHIW�ZLWK
LQVXIILFLHQW� LQVWDELOLW\� WR� WULJJHU� UHVROYHG� VKRZHUV�� $� ZD\� WR� HQFRXUDJH� WKH� PRGHO
G\QDPLFV�WR�LQLWLDWH�VKRZHUV�HDUOLHU��ZLWKRXW�UHVWULFWLQJ�WKH�FRQYHFWLRQ�VFKHPH�WRR�PXFK�
PLJKW�EH�WR�DGG�UDQGRP��ORZ�OHYHO�WHPSHUDWXUH�DQG�KXPLGLW\�SHUWXUEDWLRQV�ZKHUHYHU�WKH
FRQYHFWLRQ�VFKHPH�LV�DFWLYH��7KH�SHUWXUEDWLRQV�ZRXOG�UHSUHVHQW�WKH�HIIHFW�RQ�WKH�JULG�RI
VXE�JULG�VFDOH�YDULDELOLW\�DVVRFLDWHG�ZLWK�WKH�XQUHVROYHG�FRQYHFWLRQ�DQG�SURYLGH�HQRXJK
FRQYHFWLYH�LQVWDELOLW\�DW�D�IHZ�SRLQWV�IRU�WKH�G\QDPLFV�WR�WULJJHU��'RQH��������KDV�DOUHDG\
VKRZQ�WKDW�WKH�DGGLWLRQ�RI�UDQGRP�SHUWXUEDWLRQV�WR�D����NP�JULGOHQJWK�PRGHO�FDQ�KDYH
DQ�LPSDFW�RQ�ORFDO�WULJJHULQJ�
7KH�GHOD\�LQ�WULJJHULQJ�LV�OHVV�SURQRXQFHG�ZLWK�D�JULGOHQJWK�RI���NP�WKDQ�LW�LV�ZLWK���NP�
EXW� LV� VWLOO� D�FDXVH� IRU� FRQFHUQ� �UHSRUW����5REHUWV��������$���NP�PRGHO� LV� VXSSRVHG� WR�EH
PRUH� DFFXUDWH� RYHU� VKRUWHU� WLPH� SHULRGV�� VR� HYHQ� D� VKRUW� GHOD\� LQ� FRQYHFWLYH� LQLWLDWLRQ
FRXOG�EH�VLJQLILFDQW�

7KHUH�LV�DQRWKHU�LVVXH�WR�GR�ZLWK�WKH�LQWHUSUHWDWLRQ�RI�SUHFLSLWDWLRQ�IRUHFDVWV��3UHFLSLWDWLRQ
RXWSXW�IURP�D�UXQ�XVLQJ�WKH�&$3(�GHSHQGHQW�IXQFWLRQ�PD\�QRW�ORRN�YHU\�PXFK�OLNH�WKH
XVXDO�SUHFLSLWDWLRQ�RXWSXW� IURP�QXPHULFDO�PRGHOV��&RQYHFWLYH�SUHFLSLWDWLRQ�ZLOO� FRQVLVW
RI� XQLIRUP� UHJLRQV� RI� YHU\� OLJKW� SUHFLSLWDWLRQ� IURP� WKH� FRQYHFWLRQ� VFKHPH� DQG� PRUH
LQWHQVH� UHVROYHG� VKRZHUV�� 7KH� OLJKW�SUHFLSLWDWLRQ� UHJLRQV� VKRZ� ZKHUH� WKH� FRQYHFWLRQ
VFKHPH�KDV�WULJJHUHG�DQG�KHQFH�ZKHUH�WKHUH�LV�D�ULVN�RI�FRQYHFWLRQ��ZKHUHDV�WKH�UHVROYHG
VKRZHUV� UHYHDO� WKH� QDWXUH� RI� DQ\� FRQYHFWLRQ� RQFH� LW� KDV� GHYHORSHG� �RUJDQLVDWLRQ�� UDLQ
UDWHV��

20 %5

50 %5

rain rate > 8mm/hour

convection occuring

)LJXUH�����([DPSOH�SLFWXUH�RI�D�SURGXFW�WKDW�FRXOG�EH�JHQHUDWHG�IURP�D���NP�JULGOHQJWK
IRUHFDVW�ZLWK�WKH�&$3(�FORVXUH�WLPHVFDOH�IXQFWLRQ�LQ�WKLV�FDVH�W �����F ������*UH\�VKDGHV
VKRZ�WKH�SUREDELOLW\�RI�FRQYHFWLRQ�RFFXUULQJ�EHWZHHQ����DQG����87&����������EDVHG�RQ
WKH�SURSRUWLRQ�RI�JULGVTXDUHV�ZLWK�FRQYHFWLRQ�VFKHPH�WULJJHULQJ�LQ���[��NP�VTXDUHV
VXUURXQGLQJ�HDFK�JULGSRLQW��&RORXUV�VKRZ�WKH�SUREDELOLW\�RI�UDLQ�UDWHV�DERYH���PP�KRXU
LQ�WKH�VDPH�SHULRG�
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7KLV� FDQ� EH� DQ� DGYDQWDJH� LI� VXLWDEOH� SUHFLSLWDWLRQ� GLDJQRVWLFV� DUH� SURGXFHG� EHFDXVH� D
GHWHUPLQLVWLF� IRUHFDVW� RI� WKH� UHVROYHG� FRQYHFWLRQ� DOVR� KDV� DQ� HOHPHQW� RI� XQFHUWDLQW\
DWWDFKHG� ¤� VHH� )LJXUH� ���� ,W� LV� QRW� ZLVH� LQ� DQ\� FDVH� WR� SUHVHQW� UDZ� RXWSXW� IURP� KLJK�
UHVROXWLRQ�PRGHOV�EHFDXVH�RI� WKH�GDQJHU�RI�EHOLHYLQJ� ILQH�VFDOH�GHWDLO� WKDW� LV�EH\RQG� WKH
DFFXUDF\�RI�WKH�PRGHO�

��� )XWXUH�ZRUN

)XWXUH�ZRUN�VKRXOG�FRQVLVW�RI�WHVWLQJ�WKH�&$3(�FORVXUH�IXQFWLRQ�RQ�PRUH�FDVH�VWXGLHV�DQG
DW�a��NP�JULGOHQJWK��7KLV�KDV�EHJXQ��7KH�+LJK�5HVROXWLRQ�7ULDO�0RGHO��+570��SURMHFW�DW
-&00��/HDQ�������KDV�DOUHDG\�EHHQ�WHVWLQJ�WKLV�DSSURDFK�ZLWK�GLIIHUHQW�YDOXHV�RI�F�DQG�W
IL[HG�DW�������7KH�IXQFWLRQ�KDV�EHHQ�SXW� LQWR�DQ� LGHDOLVHG�PRGHO� IUDPHZRUN� �5RDGQLJKW
������DQG�SURGXFHG�HQFRXUDJLQJ�UHVXOWV��7KH�LPSDFW�RI�DGGLQJ�UDQGRP�WHPSHUDWXUH�DQG
KXPLGLW\�SHUWXUEDWLRQV�RQ�WULJJHULQJ�VKRXOG�EH�WHVWHG��7KH�VHQVLWLYLW\�WR�FKDQJHV�LQ�RWKHU
PRGHO�SDUDPHWHUV�DOVR�QHHGV�WR�EH�H[DPLQHG��7KLV�LQFOXGHV�WKH�WHVWLQJ�RI�D�URXWLQH�WR�DGG
GLIIXVLRQ� LQ� D� ZD\� WKDW� LV� GHSHQGHQW� RQ� YHUWLFDO� YHORFLW\� �7HUU\� 'DYLHV�� SHUVRQDO
FRPPXQLFDWLRQ��DV�ZHOO�DV�GRFXPHQWDWLRQ�RI� WKH� FRPELQHG�HIIHFW�RI�XVLQJ� WKH� VWDQGDUG
PHWKRG� RI� DGGLQJ� GLIIXVLRQ� ZLWK� GLIIHUHQW� &$3(� FORVXUH� IXQFWLRQV�� 8OWLPDWHO\�� LW� LV
LQWHQGHG� WKDW� WKLV� &$3(� GHSHQGHQW� FORVXUH� IXQFWLRQ� DSSURDFK� VKRXOG� EH� D� VWRS� JDS
PHWKRG�XQWLO�VXSHUVHGHG�E\�PRUH�VRSKLVWLFDWHG�WHFKQLTXHV�IRU�GHDOLQJ�ZLWK�VXE�JULG�VFDOH
FORXGV�
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H[SOLFLWO\�PRGHOOHG�FRQYHFWLYH�V\VWHPV��0R��:HD��5HY�����������������
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