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EVWUDFW

7KLV WKHVLV LV WKH UHVXOW RI WKH ZRUN FDUULHG RXW LQ WKH WKUHH HDUV RI FRXUVH GHDOLQJ ZLWK WKH LVVXH RI

WKH DSSOLFDWLRQ RI QXPHULFDO VLPXODWLRQV UHODWHG WR H[WUHPH HYHQWV ERWK DWPRVSKHULF DQG RFHDQLF

WKDW DSSHDU RYHU WKH 0HGLWHUUDQHDQ EDVLQ DQG WKDW DUH VWURQJO LQIOXHQFHG E WKH DLU VHD LQWHUDFWLRQ

,Q WKH ILUVW SKDVH RI WKLV ZRUN WKH SK VLFDO FKDUDFWHUL]DWLRQ RI WKH VWXGLHG HYHQWV LV SURSRVHG 7KH

SKHQRPHQD VWXGLHG DUH L D FDVH RI ROG LU 2XWEUHDN 2 IRUPHG LQ WKH ZLQWHU RI RQ WKH

FHQWUDO 0HGLWHUUDQHDQ DUHD DQG LQ SDUWLFXODU LQ WKH QRUWK RI ,WDO LL D 'HQVH :DWHUV )RUPDWLRQ

':) SURGXFHG E WKLV 2 HYHQW DQG LLL RQH HYHQW RI 7URSLFDO /LNH FORQH 7/ FDOOHG

“ROLF”) that developed on the Balearic Islands between the 6th and the 9tK RI 1RYHPEHU

0RUHRYHU SUHOLPLQDU UHVXOWV DERXW D )ODVK )ORRG IRUPHG RYHU WKH 9HQLFH /DJRRQ DUH VKRZHG LQ WKH

HQG RI WKLV PDQXVFULSW :H ZLOO GLVFXVV WKH SK VLFDO FKDUDFWHULVWLFV WKDW JRYHUQ WKHVH SKHQRPHQD LQ

SDUWLFXODU WKH LQWHUDFWLRQ EHWZHHQ VHD DQG DWPRVSKHUH IWHU GHVFULELQJ DQG VWXG LQJ WKH DERYH

PHQWLRQHG SKHQRPHQD ZH SURSRVH VRPH FRQVLGHUDWLRQV UHJDUGLQJ WKH QXPHULFDO DSSOLFDWLRQV WKDW DUH

QHHGHG LQ RUGHU WR REWDLQ EHWWHU UHVXOWV 7KH PRGHOLQJ WHFKQLTXHV XVHG IRU WKLV WKHVLV DUH PDLQO WKUHH

7KH ILUVW DSSURDFK XVHG LV D FODVVLFDO 8QFRXSOHG ZKLFK FRQVLVWV LQ WKH XVH RI DWPRVSKHULF PRGHOV

XQFRXSOHG WR RFHDQ PRGHOV DQG ZDYH PRGHOV WKDW H[SORLW 667 VDWHOOLWH GDWD 7KH VHFRQG DSSURDFK

XVHG UHIHUV WR WKH XVH RI RXSOHG RFHDQ DWPRVSKHUH PRGHOV DQG WKH WKLUG SUHVHQWV WKH RFHDQ ZDYH

DWPRVSKHUH FRXSOLQJ 7KH SXUSRVH RI WKHVH PRGHOLQJ WHFKQLTXHV LV WR WU WR GHVFULEH DFFXUDWHO WKH

PRPHQWXP DQG KHDW IOX[HV WKDW DSSHDU DW WKH DLU VHD LQWHUIDFH DQG WKDW FKDUDFWHUL]H YHU RIWHQ VRPH

DWPRVSKHULF DQG RFHDQLF SKHQRPHQD 5HVXOWV VKRZ WKDW WKH XVH RI FRXSOHG PRGHOV SURYLGH LPSURYHG

UHVXOWV KDYLQJ WKLV DSSURDFK D GLUHFW LPSDFW PRVWO RQ VRPH KHDW DQG PRPHQWXP IOX[HV DQG WKH 667

HYROXWLRQ IXQGDPHQWDO LQ VRPH DSSOLFDWLRQV 0RUHRYHU RWKHU LQGLUHFW LPSOLFDWLRQV EURXJKW DORQJ E

WKH XVH RI FRXSOHG PRGHOV WKDW DUH RIWHQ LPSRUWDQW DW WKH EDVLQ VFDOH DQG UHJDUGLQJ DOVR WKH FDVH RI

GHHS PDULQH YHQWLODWLRQ DUH SUHVHQWHG DQG GLVFXVVHG %HQHWD]]R HW DO DUQLHO HW DO

5LFFKL HW DO 5LFFKL HW DO %RQDOGR HW DO
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, WURGXFWLR

2YHUYLH

OLPDWH FKDQJH DQG LWV FRQVHTXHQFHV DUH LQFUHDVLQJO EHLQJ UHJDUGHG DV RQH RI WKH PRVW VLJQLILFDQW

FKDOOHQJHV RI WKH QHZ PLOOHQQLXP DQG RXU YXOQHUDELOLW WR DWPRVSKHULF DQG RFHDQLF HYHQWV LV HYLGHQW

RQ D GDLO EDVLV ([WUHPH HYHQWV SOD D JUHDW UROH LQ WHUPV RI VWURQJ LPSDFW RQ HFRQRPLFV DQG VRFLHW

DQG WKH QHHG WR XQGHUVWDQG EHWWHU WKH G QDPLFV WKDW GULYH WKH FOLPDWLF V VWHP LV QRZDGD V RI

SDUDPRXQW LPSRUWDQFH 8QWLO D IHZ GHFDGHV DJR WKHUH ZDV QR JUHDW FHUWDLQW DERXW WKH DQWKURSRJHQLF

LPSDFW RQ FOLPDWH FKDQJH DQG IRU D ORQJ WLPH LWV HIIHFW ZDV PRVWO VWXGLHG RQ WKH DWPRVSKHUH IURP

WKH V QRSWLF VFDOH WR WKH ORFDO VFDOH +RZHYHU LQ WKH ODVW GHFDGHV LW KDV EHHQ REVHUYHG WKDW D

IXQGDPHQWDO UROH LQ WKH UHJXODWLRQ RI WKH FOLPDWH V VWHP DW HDFK VFDOH LV SOD HG E WKH RFHDQ 7KH

RFHDQ KDV EHHQ LGHQWLILHG DV RQH RI WKH NH IDFWRUV IRU NQRZOHGJH RI FOLPDWH FKDQJH VLQFH LW LV

HVWLPDWHG WKDW RI WKH KHDW SURGXFHG DV WKH UHVXOW RI WKH LQFUHDVHG JUHHQKRXVH JDVHV FRQFHQWUDWLRQ

IURP KDV EHHQ VWRUHG LQ WKH RFHDQ /HYLWXV HW DO 5KHLQ HW DO DQG LQ SDUWLFXODU LQ

WKH ILUVW PHWHUV RI GHSWK *OHFNOHU HW DO :KLOH WKH DWPRVSKHUH VHHPV WR KDYH EHHQ KHDWHG

E DERXW SDUWLFXODUO LQ WKH QRUWKHUQ KHPLVSKHUH DQG DW PHGLXP KLJK ODWLWXGHV ZLWK PRUH

ZDUPLQJ RQ WKH JURXQG LI RX FRPSDUHG ZLWK WKH VHD DUHDV :LWKRXW JRLQJ LQWR FOLPDWRORJLFDO GHWDLO

ZH FDQ DIILUP WKDW WKH FOLPDWH FKDQJH LV UHIOHFWHG LQ D YLVLEOH PDQQHU RQ WKH DWPRVSKHUH DQG LQ D OHVV

PDQQHU RYHU WKH RFHDQV ZKLFK KDYH JUHDWHU WKHUPDO LQHUWLD FRPSDUHG WR DLU IRU WKLV UHDVRQ WKH

FKDQJH WKHLU WHPSHUDWXUH PXFK PRUH VORZO EXW WKH KDYH D JUHDWHU DELOLW WR NHHS KHDW WRR

0RUHRYHU REVHUYDWLRQV DW VHD DUH VXEMHFW WR JUHDW REVHUYDWLRQ JDSV EHLQJ PXFK PRUH GLIILFXOW WR

DFTXLUH PHDVXUHPHQWV DW VHD ZLWK UHVSHFW WR WKH DWPRVSKHUH ,Q DGGLWLRQ RX FDQ KDYH GDWD ZLWK D

GHFHQW V QRSWLF FRYHUDJH RQO IRU WKH VXUIDFH RI WKH VHD EXW QRW IRU WKH GHSWK %HFDXVH WKHUH DUH YHU

IHZ IL[HG VWDWLRQV DW VHD WKH NQRZOHGJH RI WKH FRPSOH[ IHHGEDFN WKDW H[LVWV EHWZHHQ WKH DWPRVSKHUH

DQG WKH RFHDQ DQG KRZ WKH KHDW LV VKDUHG EHWZHHQ WKH WZR HQYLURQPHQWV LV WKHUHIRUH QRW VXIILFLHQW

0DQ ZRUNV :DUQHU HW DO 2ODEDUULHWD HW DO 'DYROLR HW DO 0LJOLHWWD HW DO LRQL

HW DO KDYH LGHQWLILHG WKH LPSRUWDQFH RI WKH RFHDQ HYHQ RQ VKRUWHU WLPH VFDOHV VXFK DV IRU VRPH

H[WUHPH SKHQRPHQD WKDW DSSHDUV LQ WKH FRDVWDO DUHD DVVROD HW DO ,Q DGGLWLRQ VWURQJ

DQWKURSL]DWLRQ KDV VWLPXODWHG WKH YXOQHUDELOLW RI FRDVWDO DUHDV 2QH RI WKH PDLQ PHWKRGV RI VWXG LQJ

ERWK FOLPDWH FKDQJH DQG LWV FRQVHTXHQFHV LQ WHUPV RI H[WUHPH HYHQWV LV WKH XVH RI QXPHULFDO PRGHOV

1XPHULFDO PRGHOV DUH RQH RI WKH PRVW DGYDQFHG WHFKQLTXH RI UHSURGXFLQJ VWXG LQJ DQG WU LQJ WR

SUHGLFW WKH ZHDWKHU RFHDQLF DQG FOLPDWLF G QDPLFV RI WKH HQYLURQPHQWDO V VWHP 7KH GHYHORSPHQW
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RI PDQ DWPRVSKHULF DQG RFHDQLF G QDPLFV LV YHU FRPSOH[ HYHQ LI ZH KDYH D JUHDW SK VLFDO

NQRZOHGJH DQG PDQ ,7 UHVRXUFH 2QH RI WKH PDLQ REMHFWLYHV RI QXPHULFDO PRGHOLQJ LV WR UHSURGXFH

DV PXFK UHDOLVWLF DV SRVVLEOH WKH SKHQRPHQRQ VWXGLHG DQG WR GR VR LQ WKH HQYLURQPHQWDO ILHOG LW LV

QHFHVVDU WR LPSOHPHQW LQ WKH QXPHULFDO PRGHO D ZLGH UDQJH RI LQLWLDO DQG ERXQGDU FRQGLWLRQV ,W LV

HDV WR VHH KRZ WKH UROH RI WKH VRLO WKH RFHDQ DQG WKH LQLWLDO VWDWH RI WKH VLPXODWLRQ LW LV HVVHQWLDO WR

REWDLQ FRUUHFW UHVXOWV EXW DOVR IRU DQ H[DFW LQWHUSUHWDWLRQ RI QXPHULFDO GDWD 7KHVH FRQVLGHUDWLRQV

HQFRXUDJH WKH VFLHQWLILF FRPPXQLW WR FRQVLGHU WKH HQYLURQPHQW DV D XQLTXH FRXSOHG V VWHP LQ ZKLFK

LQWHUDFW WKH DWPRVSKHUH RFHDQ DQG ZDYHV 7KLV ZRUN JRHV LQWR WKLV FRPSOH[ VFLHQWLILF FRQWH[W DQG LW

FDQ EH DUWLFXODWHG LQ VHYHUDO VWHSV ,QLWLDOO ZH LGHQWLI VRPH SDUWLFXODUO VLJQLILFDQW H[WUHPH HYHQWV

FKDUDFWHUL]LQJ WKH 0HGLWHUUDQHDQ EDVLQ DQDO ]LQJ WKHP IURP D SK VLFDO DVSHFWV ,Q D VHFRQG VWHS DUH

VLPXODWHG E PHDQV RI GLIIHUHQW QXPHULFDO WHFKQLTXHV DGDSWHG WR LPSOHPHQW VWHS E VWHS WKH YDULRXV

SRVVLEOH QXPHULFDO FRQILJXUDWLRQV ZKLFK OHDG WR D FRPSOHWH FRXSOLQJ RFHDQ DWPRVSKHUH LQWHUIDFH ,Q

WKLV ZD RX FDQ FRPSDUH WKH UHVSRQVH RI WKH SKHQRPHQD WR WKH GLIIHUHQW HQYLURQPHQWDO SDUWLWLRQV

DQG WKH UHVSRQVHV RI WKH LQGLYLGXDO PRGHOV ZLWK YDULRXV OHYHOV RI FRXSOLQJ 6R RX WU WR PDNH LW FOHDU

ZKLFK LV WKH HIIHFW RI HDFK VLQJOH PRGHO DQG HDFK LPSOHPHQWDWLRQ XVHG 7KH H[WUHPH SKHQRPHQD

FKRVHQ IRU WKLV WKHVLV ZRUN DUH FRQVLGHUHG WR EH RI JUHDW LQWHUHVW ERWK IRU WKHLU SK VLFDO FRPSOH[LW

that for the strong social and economic impacts. That’s why we are trying to investigate this 

SKHQRPHQD ZLWK FRPSOH[ QXPHULF PRGHOV ZKLFK PD DOVR SURYH KHOSIXO LQ WKH IRUHFDVWLQJ V VWHP

DQG LQ WKH EXLOGLQJ RI PRUH VRSKLVWLFDWHG DQG UHOLDEOH DOHUW V VWHPV 7KH VHOHFWHG HYHQWV DUH D FDVH RI

ROG LU 2XWEUHDN 2 DQG WKH UHVXOWLQJ 'HQVH :DWHU )RUPDWLRQ D FDVH RI 7URSLFDO OLNH

FORQHV 7/ RU 0HGLFDQHV IURP WKH (QJOLVK 0(',WHUUDQHDQ KXUUL 1(V )LQDOO VRPH

SUHOLPLQDU DQG XQSXEOLVKHG UHVXOWV DUH UHSRUWHG GHDOLQJ ZLWK DQ LQWHQVH FDVH RI )ODVK )ORRG RQ WKH

9HQLFH /DJRRQ DQG RQ WKH XUEDQ DUHDV RI WKH PDLQODQG VXFK DV 9HQLFH 0HVWUH DQG 9HQLFH 0DUJKHUD

ZLWK JUHDW GDPDJH WR VWUXFWXUHV DQG DJULFXOWXUH 7KH UHVXOWV VKRZ D VWURQJ VHQVLWLYLW WR 667 DQG WR

FRXSOLQJ RI WKH PRGHOV IRU DOO HYHQWV ZH VWXGLHG HVSHFLDOO IRU WKH 2 ':) DQG )ODVK )ORRGV

7KLV LPSURYHPHQW LV GXH WR D EHWWHU GHVFULSWLRQ RI WKH 667 ILHOGV DQG WKH IOX[HV DW DLU VHD LQWHUIDFH

5HJDUGLQJ WKH 7/ 52/) VHQVLWLYLW VWXG WKH GDWD ZLOO VKRZ KRZ WKLV W SH RI SKHQRPHQRQ LV

RQO SDUWLDOO GULYHQ E 667 DQG ZLWKLQ D FHUWDLQ UDQJH RI 667 YDULDELOLW LQ WHUPV RI WUDMHFWRU DQG

LQWHQVLW LQVWHDG RI WKH WURSLFDO F FORQHV %XW WKH XVH RI FRXSOHG PRGHOV VKRZV KRZ WKH VOLJKWHVW

GLIIHUHQFHV FDQ EH DWWULEXWHG WR WKH GLIIHUHQW HYROXWLRQ RI 667 DW WKH SDVVDJH RI WKH F FORQH
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( WUHPH HYH WV RYHU WKH 0HGLWHUUD HD 6HD

7KH 0HGLWHUUDQHDQ 6HD EDVLQ LV ORFDWHG LQ WKH WHPSHUDWH FOLPDWH ]RQH DQG H[WHQGV DSSUR[LPDWHO

IURP ODWLWXGH 1 WR 1 DQG IURP ORQJLWXGH : WR ( PHDVXULQJ DERXW NP LQ

WKH ZHVW HDVW GLUHFWLRQ DQG DERXW NP LQ WKH QRUWK VRXWK RQH ,W FRQVLVWV RI VHYHUDO VXE EDVLQV

EXW LQ WRWDO LW KDV DQ H[WHQVLRQ RI DERXW NP RU DERXW RI WKH WRWDO PDULQH VXUIDFH ,W

KDV D PD[LPXP GHSWK RI PHWHUV DQG DQ DYHUDJH GHSWK RI PHWHUV IRU D WRWDO YROXPH RI

NP RI PDULQH ZDWHU 7KH 0HGLWHUUDQHDQ 6HD LV D GHQVLILFDWLRQ EDVLQ WKHUHIRUH ,V D EDVLQ

ZKHUH HYDSRUDWLRQ RI VHDZDWHU WHQGV WR LQFUHDVH WKH UDWLR RI VDOLQLW %HFDXVH RI WKH VWURQJ FRROLQJ RI

VRPH DUHDV FDXVHG E ROG LU 2XWEUHDN HYHQWV 2 VXUIDFH ZDWHU LQFUHDVHV LWV GHQVLW DQG VLQNV

VWURQJ HYDSRUDWLRQ LV RQO SDUWLDOO FRPSHQVDWHG E WKH IOXYLDO LQSXWV 7KH 0HGLWHUUDQHDQ 6HD LV DQ

H[FHOOHQW H[DPSOH RI LQWHUDFWLRQ DPRQJ DWPRVSKHUH RFHDQ ZDYHV EHLQJ D PLOG EDVLQ FKDUDFWHUL]HG

E KLJK GDLO DQG VHDVRQDO WKHUPDO JUDGLHQWV DQG LQWHQVH VXUIDFH VWUHVV ,Q DGGLWLRQ WKH

0HGLWHUUDQHDQ 6HD LV VXUURXQGHG RQ WKUHH FRQWLQHQWV ZLWK PDQ FRPSOH[ DQG KLJK PRXQWDLQ UDQJHV

YDVW SODLQV GHVHUWV DQG FRQWLQHQWDO DUHDV )LJXUH

)L XUH %DWK PHWU WRSRJUDSK DQG PDLQ IHDWXUHV RI WKH RFHDQ FLUFXODWLRQ LQ WKH 0HGLWHUUDQHDQ EDVLQ
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7KH ZDWHU PDVVHV SUHVHQW LQ WKH YDULRXV VXE EDVLQV RI WKH 0HGLWHUUDQHDQ DUH TXLWH GLIIHUHQW IURP HDFK

RWKHU 7KH ZHVWHUQ EDVLQ LV FKDUDFWHUL]HG E VWURQJ DQQXDO WKHUPDO JUDGLHQWV ZLWK SHDN VXPPHU RQ

WKH VXUIDFH WKDW FDQ UHDFK DQG PLQLPD FORVH WR LQ DUHDV RI GHQVH ZDWHU IRUPDWLRQ

VXFK DV WKH *XOI RI /HyQ WKH 1RUWK GULDWLF DQG WKH HJHDQ 6HD EXW RQ DYHUDJH LWV ZLQWHU WHPSHUDWXUH

LV FORVH WR RQ WKH VXUIDFH 7KH HDVWHUQ EDVLQ LV PLOGHU DQG LWV GHQVLILFDWLRQ LV PDLQO GXH WR

HYDSRUDWLRQ ZKLFK LQFUHDVHV WKH VDOLQLW RI WKH EDVLQ VDOLQLW KDV D KLJKHU GHQVLILFDWLRQ FDSDFLW LI

FRPSDUHG WR WKH WHPSHUDWXUH 'HQVH ZDWHU IRUPDWLRQ DUHDV DUH HVVHQWLDO IRU WKH FLUFXODWLRQ RI WKH

0HGLWHUUDQHDQ 6HD (VSHFLDOO IRU GHHS FLUFXODWLRQ ZLWK VWURQJ UHSHUFXVVLRQV RQ WKH ELRORJLFDO

HQYLURQPHQW /XQD HW DO )URP WKLV EULHI GHVFULSWLRQ LW LV HDV WR XQGHUVWDQG KRZ WKH ZHVWHUQ

0HGLWHUUDQHDQ LV FKDUDFWHUL]HG IRU VHYHUDO PRQWKV HVSHFLDOO LQ DXWXPQ DQG ZLQWHU E KDYLQJ VWURQJ

JUDGLHQWV EHWZHHQ 667 DQG WODQWLF RU FRQWLQHQWDO DLU 7KH VWURQJ HYDSRUDWLRQ ZKLFK LV DFWLYDWHG E

WKHVH WKHUPDO JUDGLHQWV LQIOXHQFHV WKH IRUPDWLRQ RI QHZ DLU PDVVHV DQG WUDQVSRUWV ODUJH YROXPHV RI

ZDWHU YDSRU LQWR WKH DWPRVSKHUH 7KLV ZDWHU YDSRU IOX[HV LV WKH IXHO RI PDQ H[WUHPH DWPRVSKHULF

SKHQRPHQD )URP WKLV GHVFULSWLRQ LW LV XQGHUVWRRG WKDW IRU WKH ZHVWHUQ 0HGLWHUUDQHDQ EDVLQ HQHUJ

H[FKDQJHV EHWZHHQ WKH DWPRVSKHUH DQG WKH VHD FDQ JLYH ULVH PRUH IUHTXHQWO WR DWPRVSKHULF DQG

RFHDQLF SKHQRPHQD RI FRQVLGHUDEOH LQWHQVLW 6RPH H[DPSOHV PD EH 2 HYHQWV SRVVLEO GHQVH

ZDWHU IRUPDWLRQ LQ VRPH DUHDV WURSLFDO OLNH F FORQHV DQG IODVK IORRGV ,Q WKH GHVFULSWLRQ RI WKH

FOLPDWRORJ DQG PHWHRURORJ RI WKH 0HGLWHUUDQHDQ EDVLQ DQG WKH H[WUHPH HYHQWV WKDW FKDUDFWHUL]H LW

WKH PRUSKRORJLFDO DQG K GURORJLFDO FKDUDFWHULVWLFV RI WKH 0HGLWHUUDQHDQ EDVLQ DUH QRW YHU LPSRUWDQW

5LYHUV IRU H[DPSOH DUH D YHU LPSRUWDQW K GURORJLFDO IHDWXUH IRU WKH 0HGLWHUUDQHDQ DQG WKHLU

LPSRUWDQFH DQG LQIOXHQFH RQ WKH PDULQH HQYLURQPHQW LV JRYHUQHG E ERWK SUHFLSLWDWLRQ DQG PHOWLQJ

RI ZLQWHU VQRZ RQ PRXQWDLQ UDQJHV Q H[DPSOH RI GLUHFW LQIOXHQFH RI ULYHU K GURORJ RQ WKH PDULQH

HQYLURQPHQW LV IRXQG LQ SUH FRQGLWLRQLQJ WKH VHD VXUIDFH E ULYHU IUHVK ZDWHU 'XULQJ 2 HYHQWV

WKHUH LV D SRVVLELOLW WKDW ':) RFFXUV EXW D FRQGLWLRQ WKDW OLPLWV LWV IRUPDWLRQ LV WKH SUHFRQGLWLRQLQJ

SURGXFHG E IUHVKZDWHU PDVVHV 7KHVH IUHVKZDWHU PDVVHV LQYDGH WKH GHQVLILFDWLRQ EDVLQ DQG FUHDWH D

OHVV GHQVH ZDWHU OD HU ZKLFK LVRODWHV GHHS ZDWHU IURP WKH DWPRVSKHUH 7KLV GRHV QRW DOORZ KHDW

H[FKDQJHUV ZKLFK DFWLYDWH WKH ':) :LWK UHJDUG WR WKH LQIOXHQFH RI PRUSKRORJ RQ WKH IRUPDWLRQ

RI H[WUHPH HYHQWV LQ WKH 0editerranean basin, we can see the example of the "hydraulic jumps” that 

PRXQWDLQ UDQJHV FDXVH ZKHQ WKH DUH LPSDFWHG E ODUJH VFDOH IORZ IRU H[DPSOH EDURFOLQLF ZDYHV

:KHQ D PDVV RI DLU FURVVHV D PRXQWDLQ UDQJH IURP WKH WODQWLF WR WKH 0HGLWHUUDQHDQ 6HD LW XQGHUJRHV

D WKLQ DQG WKHQ HORQJDWLRQ DQG WKLV FDQ OHDG WR VLJQLILFDQW YDULDWLRQV LQ UHODWLYH YRUWLFLW )LJXUH

ZKLFK LQ WXUQ LQGXFHV IRUPDWLRQ RI F FORQLF FLUFXODWLRQV ORFDWHG LQ FHUWDLQ DUHDV VXFK DV WKH *XOI

RI *HQRD WKH %DOHDULF ,VODQGV WKH ,RQLDQ 6HD 7KHVH F FORJHQHVLV ZKHQ LQWHUDFWLQJ ZLWK 667 DQG

WKH SUH existent wet state on the basin, can give rise to very important cyclogenesis namely “TLC”, 
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RU WURSLFDOL]HG F FORJHQHVLV DW 0HGLWHUUDQHDQ ODWLWXGHV QRWKHU YHU LQWHQVH SKHQRPHQRQ FDXVHG E

WKH DLU sea interaction and with the complicity of topography, is called “Flash Flood”. This strong 

WKXQGHUVWRUPV WKDW DUH PDLQO IRUPHG RQ FRDVWDO DUHDV )ODVK IORRGV DUH WKH UHVXOW RI WKH IRUPDWLRQ RI

FRQYHUJHQFH OLQHV DW WKH JURXQG EHWZHHQ GU DQG IUHVK DLU PDVVHV FRPLQJ IURP WKH SODLQV RU IURP

PRXQWDLQ DUHD DQG WKH PLOG DQG KXPLG DLU PDVVHV WKDW DUH JHQHUDWHG IURP SUHIURQWDO IOX[ 'DYROLR HW

DO 7KHVH SKHQRPHQD FDQ FDXVH SUHFLSLWDWLRQ ZLWK WRWDO DFFXPXODWHG UDLQIDOO RIWHQ EHWZHHQ

DQG PP YHU VPDOO DUHDV

)L XUH 9DULDWLRQ RI YRUWLFLW GXULQJ WKH RYHUFRPLQJ DQ RURJUDSKLF EDUULHU E DQ DLU PDVV



� ϴ�

ROG LU 2XWEUHDN 2

ROG LU 2XWEUHDNV 2V DUH IUHTXHQW DWPRVSKHULF HYHQWV WKDW DSSHDU DV FROG DLU DGYHFWLRQ IURP

KLJK ODWLWXGHV WR PLGGOH ODWLWXGHV )LJXUH SDQHO % DXVHV RI DQ 2 HYHQW FDQ EH YDULRXV ,Q

JHQHUDO ZH FDQ VD WKDW D 2 HYHQW LV FDXVHG E LQWHQVH PHULGLDQ XQGXODWLRQ RI WKH SRODU IURQW

2 HYHQWV DUH IDLUO FRPPRQ DQG DQ GHSUHVVLRQ WKDW LV IRUPHG FORVH WR WKH SRODU IURQW ZLWK LWV

RZQ IURQWRJHQHVLV LV SRWHQWLDOO FDSDEOH RI JHQHUDWLQJ D 2 DW PHGLXP ODWLWXGHV +RZHYHU WKH

PRVW LQWHQVH DQG ORQJ ODVWLQJ 2V GHYHORS ZLWKLQ ORQJ WHUP DWPRVSKHULF ZDYHV RU DQWLF FORQLF

EORFN FRQILJXUDWLRQV 2V WKHUHIRUH KDYH WR HYDOXDWH IRXU PDLQ IDFWRUV GXUDWLRQ LQWHQVLW WKH

RULJLQ RI DLU PDVV VHFRQGDU SKHQRPHQD WKDW DUH JHQHUDWHG E 2 DQG ZKLFK FDQ DPSOLI RU OLPLW

HYROXWLRQ 7KH GXUDWLRQ RI D 2 HYHQW GHSHQGV PDLQO RQ WKH SUHVVXUH ILHOGV FRQILJXUDWLRQ ,QGHHG

WZR PDLQ W SHV RI 2 FDQ EH IRUPHG RQ WKH 0HGLWHUUDQHDQ EDVLQ 7KH 2 FDXVHG E GHSUHVVLRQV

ORFDWHG RQ HQWUDO (XURSH DQG ZLWK QRUWK VRXWK D[LV )LJXUH SDQHO ZKLFK FRQYH RQ WKH

0HGLWHUUDQHDQ FROG VHD DLU KXPLG DQG PLWLJDWHG E WKH SDVVDJH RQ WKH 1RUWK 6HD 7KLV DLU PDVV LV

FROGHU DW WKH JURXQG LI FRPSDUHG ZLWK WKH XSSHU DWPRVSKHUH DQG EHIRUH DUULYLQJ RQ WKH 0HGLWHUUDQHDQ

EDVLQ PXVW WKH (XURSHDQ FRQWLQHQW DQG DOVR WKH PRXQWDLQ VXFK DV WKH OSV RU WKH 3 UHQHHV )UHTXHQWO

WKHVH 2 HYHQWV DUH OHVV LQWHQVH DQG OHVV GXUDEOH QRWKHU FDWHJRU RI 2V RQ WKH 0HGLWHUUDQHDQ

EDVLQ DUH WKRVH JHQHUDWHG E WKH FORVXUH RI WKH WODQWLF FLUFXODWLRQ FDXVHG E DQ DQWL F FORQLF EULGJH

9RHMNRY V EULGJH WKDW LV IRUPHG EHWZHHQ WKH G QDPLF DQWLF FORQH RI WKH ]RUHV SUHVHQW RQ:HVWHUQ

(XURSH DQG WKH WKHUPDO DQWLF FORQH WKDW IRUP RYHU WKH 5XVVLDQ 6LEHULDQ DUHD 7KH D[LV RI WKLV

DQWLF FORQLF EULGJH ZKLFK LV XVXDOO VRXWKZHVW WR WKH QRUWKHDVW SUHYHQWV WKH DUULYDO RI WODQWLF

SHUWXUEDWLRQV RYHU WKH 0HGLWHUUDQHDQ 6HD DQG FDXVHV D YHU FROG DQG GU DLU DGYHFWLRQ WKDW IORZ

DORQJ WKH VRXWKHUQ HGJH RI WKH KLJK SUHVVXUH ILHOG )LJXUH SDQHO % 7KH GU DQG FROG DLU ZKLFK

SRXUV RXW LQWR WKH 0HGLWHUUDQHDQ VHD TXLFNO H[WUDFW D ODWHQW DQG VHQVLWLYH KHDW IURP WKH VHD ZLWK QHW

KHDW IORZV RIWHQ UHDFKLQJ �/� RYHU WKH GULDWLF EDVLQ DQG WKH HJHDQ 6HD 7KLV VWURQJ

WKHUPDO JUDGLHQW FDQ JHQHUDWH GHSUHVVLRQV RQ WKH FHQWUDO 0HGLWHUUDQHDQ XVXDOO FHQWHUHG RQ WKH

7 UUKHQLDQ 6HD 7KHVH GHSUHVVLRQV LQFUHDVH WKH KRUL]RQWDO SUHVVXUH JUDGLHQW WKDW LQWHQVLILHV WKH

DGYHFWLRQ RI FROG DLU IURP WKH FRQWLQHQW 7KLV EORFNLQJ VLWXDWLRQ PD ODVW IRU VHYHUDO GD V RU ZHHNV

)RU H[DPSOH WKLV KDSSHQHG EHWZHHQ -DQXDU DQG )HEUXDU DQG LV RQH RI WKH PRVW IDYRUDEOH

FRQGLWLRQV IRU LQWHQVH DQG SHUVLVWHQW 2V RQ WKH 0HGLWHUUDQHDQ 6HD EDVLQ
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H VH :DWHU )RUPDWLR :)

'HQVH :DWHU )RUPDWLRQ LV RQH RI WKH IXQGDPHQWDO SURFHVVHV XQGHUO LQJ WKH JOREDO RFHDQ FLUFXODWLRQ

ERWK SK VLFDOO DQG ELRORJLFDOO DQG FOLPDWRORJLFDOO 7KLV FRQYHFWLYH FLUFXODWLRQ ZKLFK IHDWXUHV

DERXW VSRWV ,YDQRY HW DO LV RQH RI WKH FDXVHV RI WKH VXUIDFH G QDPLFV RI ODUJH RFHDQ PDVVHV

VXFK DV WKH *XOI 6WUHDP G* OWKRXJK WKH G* LV DFWLYDWHG DQG PDLQWDLQHG E WKH (DUWK V URWDWLRQ

WKH ':) DUHD LQ 1RUWK WODQWLF UHJXODWHV WKH LQWHQVLW DQG H[WHQVLRQ WRZDUGV 1RUWK DQG RQFH

DFWLYDWHG GHQVLILFDWLRQ SURFHVVHV EHFRPHV DQ DFWLYH SDUW RI WKH RQYH RU %HOW ':) SURFHVVHV FDQ

EH RI GLIIHUHQW W SHV GHSHQGLQJ RQ WKH FKDUDFWHULVWLFV RI ZDWHU PDVVHV DQG FOLPDWH ,Q DGGLWLRQ WKHUH

DUH SUHFRQGLWLRQLQJ SKHQRPHQRQ RI ZDWHU PDVVHV WKDW OLPLW RU SUHYHQW WKH ':) ':) FDQ EH

REWDLQHG E KHDW H[WUDFWLQJ IURP WKH DWPRVSKHULF SKHQRPHQD IRU SUHVHQFH RI DOUHDG FROG ZDWHU

PDVVHV IRU H[DPSOH 3RODU :DWHUV 0DVVHV RU IRU WKH SUHVHQFH RI ZDUPHU ZDWHUV EXW ZLWK D KLJKHU

VDOLQLW 6DOLQLW KDV D FDSDFLW WR LQFUHDVH WKH GHQVLW JUHDWHU WKDQ WKH GHFUHDVH LQ WHPSHUDWXUH 7KH

VHFRQG G QDPLF RI ':) SUHYDLOV DW SRODU ODWLWXGHV ,Q WKH 0HGLWHUUDQHDQ EDVLQ ZH FDQ REVHUYH WKH

':) PDLQO GXH WR KLJK KHDW IOX[HV IURP VHD WR WKH DWPRVSKHUH FDXVHG E 2 SKHQRPHQD ,Q WKH

0HGLWHUUDQHDQ ':) DUHDV DUH LQ WKH *XOI RI /HyQ XQGHU WKH DFWLRQ RI 0LVWUDO ZLQG LQ HJHDQ 6HD

FDXVHG E 2 FRQWLQHQWDO HYHQWV DQG LQ WKH GULDWLF 6HD GXULQJ FRQWLQHQWDO 2 HYHQWV WKDW RFFXU

WKURXJK WKH %RUD )LJXUH 'XH WR WKH FRPSOH[LW RI WKH MHWV RI VQRZ WKH ':) LQ GULDWLF RFFXUV

LQ WKUHH VXE EDVLQV WKH 1RUWK GULDWLF WKH QRUWKHUQ FRDVW RI URDWLD WKH GULDWLF VRXWK ,Q WKH 1RUWK

GULDWLF WKH ODUJHVW YROXPH RI GHQVH ZDWHUV LV IRUPHG 7KLV LV GXH WR WKH EDWK PHWU RI WKH EDVLQ DQG

WKH LQWHQVLW RI WKH %RUD ZKLFK UHDFKHV WKH VHD WKURXJK WKH *XOI RI 7ULHVWH ZKLFK FDXVHV KHDW IOX[HV

of more than 1000 W/m2 (Benetazzo et al 2014, Supić and Orlić, 1999) . River flows are very 

LPSRUWDQW IRU G QDPLFV RI WKH 1RUWK GULDWLF ':) LV SRVVLEOH RQO LQ DEVHQFH RI ODUJH ULYHU RXWIORZ

)DOFLHUL HW DO PDLQO FDXVHG E WKH 3R ULYHU WKDW LVRODWHV WKH DWPRVSKHUH IURP WKH UHVW RI WKH

ZDWHU FROXPQ DQG UHVWULFWV WKH PL[LQJ DQG ':) 7KH PHDQ GHQVLW RI ': LQ 1RUWK GULDWLF LV

DURXQG NJ � 2 HYHQWV VXFK DV WKRVH LQ DQG VXEMHFW WR WKH VWXG RI WKLV WKHVLV XQGHU

WKH DHVWKHWLF DVSHFW DUH LQYHVWLJDWHG DQG VWXGLHG E PHDQV RI PRGHOLQJ WHFKQLTXHV %HQHWD]]R HW DO

%HQHWD]]R HW DO DUQLHO HW DO
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7URSLFDO LNH FOR HV 7

V SUHYLRXVO GLVFXVVHG WKH 0HGLWHUUDQHDQ 6HD LV FKDUDFWHUL]HG E D VWURQJ VHDVRQDO FOLPDWLF

YDULDELOLW VWURQJO DPSOLILHG E WKH RURJUDSK 7KH 667 RI WKH EDVLQ IDLUO PLOG LV D YHU LPSRUWDQW

IDFWRU LQ WHUPV RI YDULDELOLW RI WKH FOLPDWH DQG H[WUHPH HYHQWV 7KHUH DUH ZLGH GLIIHUHQFHV LQ 667

EHWZHHQ WKH :HVWHUQ 0HGLWHUUDQHDQ VHD ZLWK D KLJKHU DQQXDO WKHUPDO H[FXUVLRQ DQG WKH (DVWHUQ

0HGLWHUUDQHDQ ZLWK OHVV WKHUPDO H[FXUVLRQ V D UHVXOW ZH FDQ VD WKDW WKH 0HGLWHUUDQHDQ LQWHUDFWV

VWURQJO ZLWK DWPRVSKHULF G QDPLFV RQ D V QRSWLF VFDOH DQG WKDW WKURXJK WKH KHDW UHVHUYH SURYLGHG

E WKH VHD DQG WKH HIIHFW RI WKH RURJUDSK LW LV DEOH WR PRGLI WKH EDURFOLQLF ZDYHV WKDW SDVV WKURXJK

WKH VXUURXQGLQJ EDVLQV ,W LV VXEMHFW WR D ZLGH YDULHW RI EDULF VWUXFWXUHV DQG DWPRVSKHULF SKHQRPHQD

7KH GLVWULEXWLRQ RI F FORQLF DUHDV LV GULYHQ E RURJUDSK DQG WKH IRUPDWLRQ DUHDV DUH TXLWH ZHOO

NQRZQ 0HGLWHUUDQHDQ F FORQHV KDYH H[WUDWURSLFDO FKDUDFWHULVWLFV DQG XQOLNH WURSLFDO F FORQHV WKDW

FDSWXUH WKHLU HQHUJ ERWK IURP 667 DQG IURP WKH ODWHQW FRQGHQVDWLRQ KHDW UHOHDVH GXULQJ FRQYHFWLRQ

EDURWURSLF VWUXFWXUH WKH DUH FKDUDFWHUL]HG E D VWURQJ EDURFOLQLF VWUXFWXUH ZLWK ZHOO GHILQHG

IURQWRJHQHVLV DQG WKHUHIRUH WDNLQJ WKHLU HQHUJ IURP WKH KRUL]RQWDO JUDGLHQWV RI WHPSHUDWXUH LRQL

HW DO W PHGLXP DQG KLJK ODWLWXGHV H[FHSW IRU UDUH FDVHV VXFK DV 3RODU /RZ WKH F FORQHV

KDYH EDURFOLQLF FDUDFWHULVWLFV EXW QRWKLQJ SURKLELWV WKDW EDURFOLQLF SKHQRPHQD GHYHORS D GHHS

FRQYHFWLRQ DURXQG WKH PLQLPXP SUHVVXUH DQG DVVLVWHG E WKH UHOHDVH RI ODWHQW FRQGHQVDWLRQ KHDW LQ

WKH DWPRVSKHUH FDQ JHQHUDWH D :DUP FRUH LQ WKH DLU FROXPQ DQG WKXV FKDQJLQJ IURP DQ H[WUD

WURSLFDO V VWHP WR D K EULG V VWHP RU D V VWHP WKDW KDV DVVXPHG WURSLFDO FKDUDFWHULVWLFV LQ WKH

VXUURXQGLQJ DUHD RI WKH F FORQH H H ZKRVH PDLQWHQDQFH GHSHQGV DW OHDVW LQ SDUW RQ WKLV

WURSLFDOL]DWLRQ RI WKH PLQLPXP RI SUHVVXUH ,Q WKH HDUO V ZLWK WKH LPSURYHPHQW RI VDWHOOLWH

WHFKQRORJLHV GHSUHVVLRQV ZHUH LGHQWLILHG ZLWK YHU VLPLODU FKDUDFWHULVWLFV WR VPDOO KXUULFDQHV DQG

ZHUH FDOOHG 0HGLFDQHV 0HGLWHUUDQHDQ KXUULFDQHV (PDQXHO EXW ZKLFK FDQ LQ IDFW EH

GHILQHG DV H[WUDWURSLFDO V VWHPV WURSLFDOL]HG VR FDOOHG 7URSLFDO /LNH F FORQHV 7/ 7KHVH

H[WUD WURSLFDO F FORQHV HYROYH LQWR D QHZ SKDVH ZKHUH LQWHQVLILFDWLRQ LV JXDUDQWHHG E GHHS

FRQYHFWLRQ ZKLFK UHOHDVHV ODWHQW KHDW 7KLV SKHQRPHQRQ JHQHUDWHV DGGLWLRQDO XVHIXO HQHUJ IRU

FRQYHFWLRQ 7KLV F FORJHQHVLV PD EH LQWHQVLILHG E LQWHQVH DLU VHD KHDW IOX[HV FDXVHG E DQ 667

WKUHVKROG RI DW OHDVW 7RXV HW DO 'HVSLWH WKLV LW LV REVHUYHG WKDW D GHFLVLYH IDFWRU LV QRW

667 EXW WKH DLU VHD WKHUPDO JUDGLHQW 0LJOLHWWD HW DO 'DYROLR HW DO LRQL HW DO

5LFFKL HW DO 7KH FKDUDFWHULVWLFV RI WKH 7/ DUH D ZDUP FRUH SUHVHQW DURXQG WKH H H RI WKH

F FORQH H[WHQGLQJ WR DW OHDVW KSD D GHYHORSHG YHUWLFDO V PPHWU FORXG FRYHU DQG SUHFLSLWDWLRQV

RUJDQL]HG LQ VSLUDOO EDQGV DURXQG WKH PLQLPXP SUHVVXUH DQG GLVWLQFW DQG YLVLEOH H H 7KH VL]H RI

WKHVH SKHQRPHQD LV VKRUW LI FRPSDUHG WR 7URSLFDO FORQHV 7 DQG DUH FORVH WR NP RI

GLDPHWHU DJDLQVW PRUH WKDQ NP LQ 7 0RGHOLQJ 7/ LV DOZD V YHU FRPSOH[ HVSHFLDOO
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IRU RSHUDWLRQDO PRGHOV ZKLFK RIWHQ IDLO WR LGHQWLI WKH IRUPDWLRQ RI FRQYHFWLRQ DURXQG WKH PLQLPXP

SUHVVXUH 7KH PDLQ UHDVRQ FRXOG EH WKDW WKH RSHUDWLRQDO PRGHOV GR QRW LPSOHPHQW D KLJK UHVROXWLRQ

667 DQG WKHUHIRUH GR QRW JHQHUDWH WKH YHUWLFDO JUDGLHQWV DQG KHDW IOX[HV QHFHVVDU IRU WKH IRUPDWLRQ

RI 7/ 8VXDOO WKH 667 XVHG E RSHUDWLRQDO PRGHOV LV ORZ UHVROXWLRQ GRHV QRW HYROYH LQ WLPH

GXULQJ VLPXODWLRQ WKHUHIRUH LW GRHV QRW YDU LQ DFFRUGLQJ WR WKH DWPRVSKHULF G QDPLFV Q

LPSRUWDQW DVSHFW RI WKH VDWHOOLWH 667 LV WKDW LW LV JHQHUDWHG E DQ DYHUDJH RI WKH PHDVXUHPHQWV PDGH

during the previous seven days (this technique is often used to eliminate the “observational holes” 

FDXVHG E FORXGLQHVV 7KLV FDQ FDXVH VLJQLILFDQW ELDV LQ WKH GDWD HVSHFLDOO GXULQJ ZLQWHU DQG LQ

FRDVWDO DUHDV DQG RYHU VHPL FORVHG EDVLQV 5LFFKL HW DO DUQLHO HW DO ,W LV WKHUHIRUH YHU

important to use a “realistic” SST (Cioni et al 2016), so for this thesis we have used numerical 

WHFKQLTXHV WR XQGHUVWDQG KRZ GLIIHUHQW LPSOHPHQWDWLRQ WHFKQLTXHV FDQ EH XVHIXO IRU 7/ PRGHOLQJ

5LFFKL HW DO

1XPHULFDO DSSURDFK – 2 :67 0RGHO

1XPHULFDO HQYLURQPHQWDO PRGHOLQJ LV D EUDQFK RI (DUWK VFLHQFHV WKDW KDV EHFDPH PRUH DQG PRUH

LPSRUWDQW LQ UHFHQW HDUV 7KURXJK FRPSOH[ QXPHULFDO PHWKRGV WKH FOLPDWH V VWHP LQ LWV

FRPSOHWHQHVV DQG DV GHWDLOHG DV SRVVLEOH LV WKHQ WUDQVODWHG LQWR DSSURSULDWH HTXDWLRQV VROYHG

QXPHULFDOO LQ RUGHU WR LQYHVWLJDWH DQG VLPXODWH SKHQRPHQD WKDW RWKHUZLVH ZRXOG QRW EH SRVVLEOH

WR UHSUHVHQW 1XPHULFDO PRGHOLQJ UHTXLUHV D VLJQLILFDQW VFLHQWLILF HIIRUW VLQFH PRGHOV PXVW EH

YDOLGDWHG DQG WHVWHG DJDLQVW REVHUYDWLRQV ,Q SUDFWLFH UHO LQJ RQ WKH VFLHQWLILF PHWKRG WKH VFLHQWLVW

PXVW EH DEOH WR GLVFHUQ WKH XVH RI WKH QXPHULFDO PRGHO DV PHDQV WR DFKLHYH D FHUWDLQ UHVXOW VXFK DV

VLPXODWLQJ DQ HQYLURQPHQWDO HYHQW RU DV HQG WKDW LV WKH VFLHQWLILF DSSOLFDWLRQ WR LPSURYH DQG WHVW

WKH TXDOLWLHV DQG FKDUDFWHULVWLFV RI WKH PRGHO LQ XVH RQ FHUWDLQ HQYLURQPHQWDO SKHQRPHQD RIWHQ WKLV

VHFRQG PHWKRG LV GHILQHG DV D QXPHULFDO VHQVLWLYLW VWXG ,Q WKLV WKHVLV ZH KDYH FKRVHQ WR XVH

ERWK PHWKRGV E IRFXVLQJ DWWHQWLRQ RQ D ILUVW SDUW RQ WKH VHQVLWLYLW VWXG LQ RUGHU WR FDOLEUDWH WKH

QXPHULFDO PRGHO ZLWK WKH EHVW SDUDPHWUL]DWLRQV IRU WKH VWXG RI WKH H[WUHPH HYHQWV DQDO ]HG ,Q D

VHFRQG SKDVH ZH VWXGLHG DLU VHD LQWHUDFWLRQV E DGRSWLQJ WKH FRXSOHG PRGHOV WHFKQLTXH V

PHQWLRQHG DERYH WKH SXUSRVH RI WKLV GLVVHUWDWLRQ LV WR DQDO ]H H[WUHPH DWPRVSKHULF DQG RFHDQLF

HYHQWV RQ WKH 0HGLWHUUDQHDQ EDVLQ )RU this reason we have chosen to use "coupled” numerical 

PRGHOV 7KLV FDWHJRU RI QXPHULFDO PRGHOV LV VWLOO UDWKHU H[SHULPHQWDO FRPSOH[ DQG FRVWO LQ WHUPV

RI FRPSXWLQJ UHVRXUFHV EXW KDV WKH SRWHQWLDO DGYDQWDJH RI GHVFULELQJ WKH RFHDQ DWPRVSKHUH ZDYH

V VWHP LQ D FRQVLVWHQW DQG PRUH UHDOLVWLF ZD OWKRXJK QXPHURXV DWPRVSKHULF RFHDQLF DQG ZDYH
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PRGHOV H[LVW WKH PDLQ SUREOHP LV WKHUHIRUH UHSUHVHQWHG E FRXSOLQJ WKHP WRJHWKHU LQ RUGHU WR

GHVFULEHG WKH FRPSOH[ HQHUJ IHHGEDFNV DPRQJ WKH GLIIHUHQW FRPSDUWPHQWV )LJXUH

)L XUH DUWRRQ UHSUHVHQWDWLRQ RI IHHGEDFN EHWZHHQ DWPRVSKHUH DQG RFHDQ

7KH PRVW FRPPRQ XVH RI HQYLURQPHQWDO QXPHULF PRGHOV LV WR XVH D VLQJOH PRGHO IRU WKH VSHFLILF

FRPSDUWPHQW DLU ZDYH RFHDQ E UHFHLYLQJ WKH QHFHVVDU LQSXW IRUP RWKHU PRGHOV 7KLV PHDQV WKDW

IRU H[DPSOH ZKHQ ZH XVH DQ RFHDQ QXPHULFDO PRGHO ZH GR UHFHLYH WKH ZLQG ILHOG GDWD IURP DQRWKHU

QXPHULFDO PRGHO WKDW ZDV UXQ GHWDFKHG IURP WKH RQH ZH DUH DFWXDOO UXQQLQJ 7KLV XQFRXSOHG

DSSURDFK LV WKH PRVW FRPPRQ ZD RI XVLQJ HQYLURQPHQWDO QXPHULF PRGHOV DQG DOWKRXJK LW FDQ

SURYLGH UHDOLVWLF UHVXOWV LW FDQ QHYHUWKHOHVV EH UHVSRQVLEOH RI SURGXFLQJ YHU GLIIHUHQW UHVXOW ZKHQ

FRPSDUHG ZLWK UHDOLW DV VKRZQ LQ KDSWHU 2EYLRXVO HYHQ XVLQJ FRXSOHG PRGHOV PLVWDNHV

UHODWLYH WR WKH GLYHUJHQFH RI HDFK PRGHO FDQ DSSHDU ,Q IDFW HDFK PRGHO VLPXODWHV D GLIIHUHQW

HQYLURQPHQW ZKLFK KDV GLIIHUHQW SK VLFDO FKDUDFWHULVWLFV VR LW PD KDYH D GLIIHUHQW GLYHUJHQFH VSHHG

WKDQ RWKHU PRGHOV % XVLQJ FRXSOHG PRGHOV KRZHYHU ZH FDQ VLPXODWH WKH WKUHH HQYLURQPHQWV

FRQVLVWHQWO DQG HYDOXDWH WKH EHKDYLRU RI HDFK PRGHO ZKHQ LQWHUDFWLQJ ZLWK RWKHUV 7KH WKHVLV

SUHVHQWHG KHUH ILWV LQ WKLV FRQWH[W E VLPXODWLQJ XQFRXSOHG DQG FRXSOHG WHFKQLTXHV WR YDULRXV

DWPRVSKHULF DQG RFHDQLF SKHQRPHQD 7KH QXPHULFDO PRGHOLQJ V VWHP XVHG LQ WKLV ZRUN LV FDOOHG

2 :67 RXSOHG 2FHDQ WPRVSKHUH :DYH 6HGLPHQW 6 VWHP :DUQHU HW DO :DUQHU HW DO
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YHUDJHG 1DYLHU 6WRNHV LQ D WKUHH GLPHQVLRQDO GRPDLQ LQ FXUYLOLQHDU FRRUGLQDWHV XVLQJ WKH

WHFKQLTXH RI WKH ILQLWH GLIIHUHQFHV RQ YHUWLFDO FRRUGLQDWHV 6LJPD WHUUDLQ IROORZLQJ 7LPLQJ

LQWHJUDWLRQ RFFXUV ZLWK WKH GHFRPSRVLWLRQ RI ' ILHOGV LQ EDURWURSLF SDUW GHSWK PHGLDWHG DQG

EDURFOLQLF SDUW LQ RUGHU WR OLPLW WKH HIIHFW RI VKRUW WHUP VXUIDFH JUDYLW ZDYHV DQG KLJKHU SKDVH

YHORFLWLHV JDLQ LW LV D FRPPXQLW PRGHO IXOO SDUDOOHO )RU WKH JHQHUDWLRQ DQG HYROXWLRQ RI ZDYH

PRWLRQ 2 :67 XVHV WKH 6: 1 VSHFWUDOPRGHO 6LPXODWLQJ:DYH LQ1HDUVKRUH %RRLM HW DO

ZKLFK LV D ZDYH DFWLRQ PRGHO RU D WKLUG JHQHUDWLRQ PRGHO WKDW GHVFULEHV WKH HYROXWLRQ RI WKH

VSHFWUXP RI HQHUJ GHQVLW LQ DUELWUDU ZLQG FRQGLWLRQV FXUUHQWV DQG EDWK PHWU 7KH FRXSOLQJ

EHWZHHQ WKH GLIIHUHQW PRGHOV LV GRQH WKURXJK WKH 0RGHO RXSOLQJ 7RRONLW 0 7 OLEUDULHV ZKLFK

GHDO ZLWK PRGHO PDQDJHPHQW ZKHQ H[FKDQJLQJ YDULDEOHV DQG GLVWULEXWLQJ GDWD DFURVV WKH GLIIHUHQW

JULGV GHFRPSRVHG GXULQJ FRPSXWDWLRQDO SDUDOOHOL]DWLRQ 7KH LQWHUSRODWLRQ EHWZHHQ WKH JULGV RI

GLIIHUHQW PRGHOV ZKLFK FDQ XVH GLIIHUHQW FRPSXWLQJ GRPDLQV LV WKURXJK WKH 6 5,3 VRIWZDUH -RQHV

HW DO ZKLFK FUHDWHV DUUD V RQ ZKLFK LQWHUSRODWLRQ RI GDWD H[FKDQJHG WKURXJK 0 7 RFFXUV

2 :67 LV D YHU IOH[LEOH QXPHULFDO V VWHP WKDW DOORZV RX WR XVH HYHU VLQJOH PRGHO HLWKHU LQ

XQFRXSOHG PRGH RU IRUFHG H[WHUQDOO EXW ZLWKRXW FRXSOLQJ HLWKHU LQ RXSOHG PRGH ,Q WKLV WKHVLV

ZRUN ZH KDYH WKH REMHFWLYH RI VWXG LQJ WKH LPSRUWDQFH RI 667 DQG H[FKDQJHV DW WKH DLU VHD LQWHUIDFH

LQ H[WUHPH HYHQWV 7R GR WKLV LQ HDFK FKDSWHU DQG ZRUN SUHVHQWHG ZH DSSO WKH VDPH WHFKQLTXH RI

DQDO VLV ,W VWDUWV ZLWK XQFRXSOHG UXQV ZKHUH 667 FRPHV IURP VDWHOOLWH GDWD )LJXUH SDQHO ,Q WKLV

FDVH 667 LV XVHG LQ WZR ZD V 7KH VLPSOHVW FDVH XVHV VDWHOOLWH 667 WKDW GRHV QRW FKDQJH RYHU WLPH

7KH VHFRQG FDVH HYROYHV 667 GXULQJ VLPXODWLRQ HYHU KRXUV ,Q WKLV ZD ZH ZLOO HYDOXDWH ERWK WKH

)RUHFDVW DSSOLFDWLRQ ZKHUH RQO WKH ILUVW 667 ILHOG LV DYDLODEOH DQG WKH +LQGFDVW DSSOLFDWLRQ

ZKHUH 667 GDLO GDWD LV DOZD V LQWHUSRODWHG HYHU VL[ KRXUV IRU FRQVLVWHQF ZLWK WKH %RXQGDU

RQGLWLRQ RI WKH WPRVSKHULF 0RGHO 7KH VHFRQG W SH RI FRQILJXUDWLRQ XVHG LV WKH FRXSOLQJ EHWZHHQ

WKH DWPRVSKHULF PRGHO DQG WKH RFHDQ PRGHO )LJXUH SDQHO % ,Q WKLV FDVH WKH WZR PRGHOV

FRPPXQLFDWH ZLWK HDFK RWKHU DQG H[FKDQJH PRPHQWXP DQG KHDW IOX[HV ,Q WKLV FDVH :5) UHFHLYHV

667 IURP 5206 HYHU WLPHVWHS VHOHFWHG E XVHUV DQG 5206 UHFHLYHV VXSHUILFLDO VWUHVV YDULDEOHV

PW WHPSHUDWXUH VRODU UDGLDWLRQ DWPRVSKHULF SUHVVXUH SUHFLSLWDWLRQ FORXGLQHVV DQG KXPLGLW WR

FRPSXWH WKH IOX[HV ZLWK WKH VDPH DOJRULWKP XVHG E :5) 2 5( )DLUIDOO HW DO ,Q WKLV

FRQILJXUDWLRQ WKHUHIRUH WKH DWPRVSKHUH LQIOXHQFHV EL GLUHFWLRQDOO WKH RFHDQ DQG YLFH YHUVD ,Q WKH

WKLUG WHFKQLTXH XVHG WKH ZDYH PRGHO LV DGGHG WR WKH SUHYLRXV FDVH )LJXUH SDQHO 7KHUHIRUH WKH

ZDYH PRGHO FRPSXWHV WKH JHRPHWULF SDUDPHWHUV RI WKH ZDYH PRWLRQ DQG H[FKDQJHV WKHP ZLWK 520V

DQG :5) XVLQJ WKH VDPH VFKHPDWLF GLDJUDP IRU VXUIDFH URXJKQHVV 3%/ DQG 0'/ )LJXUH F ,Q

UHWXUQ 6: 1 UHFHLYHV WKH VXUIDFH FLUFXODWLRQ FRPSRQHQWV E XVLQJ WKHP LQ WKH QH[W ZDYH ILHOG

FDOFXODWLRQ 2 :67 SURSRVHV VHYHUDO FDOFXODWLRQ VFKHPHV IRU VXUIDFH URXJKQHVV LQ WKH DWPRVSKHUH
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DQG RFHDQ ,Q WKH FDVH RI XQFRXSOHG UXQV DQG LQ WKH FDVH RI FRXSOHG RFHDQ DWPRVSKHUH WKH KDUQRFN

VFKHPH KDUQRFN HW DO LV DXWRPDWLFDOO XVHG ,Q WKH FDVH RI IXOO FRXSOHG ZLWK WKH ZDYH

PRGHO WKH URXJKQHVV DOJRULWKP ZLWK 7D ORU HOODQG 7D ORU DQG HOODQG 'UHQQDQ 'UHQQDQ

HW DO 2RVW 2RVW HW DO DUH XVHG 7KHVH VFKHPHV XWLOL]H ZDYH JHRPHWU SDUDPHWHUV ZLWK

GLIIHUHQW SK VLFDO DSSURDFKHV WDNLQJ FRXQW RI ZDYH DJH RU ZDYH VWLIIQHVV WR FRYHU D ZLGH UDQJH RI

DSSOLFDWLRQV XQGHU GLIIHUHQW ZDYH FRQGLWLRQV DQG RQ GLIIHUHQW EDVLQV VKRUWDJH RI WKLV DSSOLFDWLRQ LV

WR QRW XVH WKH KDUQRFN VFKHPH KDUQRFN WKDW WDNHV DFFRXQW RI ZDYH JHRPHWU -DQVVHQ HW DO

,Q WKH IROORZLQJ FKDSWHUV WKUHH FDVHV RI DSSOLFDWLRQV DUH SURSRVHG LQ ZKLFK WKUHH H[WUHPH

HYHQWV RQ WKH 0HGLWHUUDQHDQ EDVLQ DUH VWXGLHG ZLWK WKH YDULRXV WHFKQLTXHV GHVFULEHG DERYH

)L XUH RXSOHG DQG 8QFRXSOHG QXPHULFDO DSSURDFK XVDEOH LQ 2 :67 DQG XVHG LQ WKLV WKHVLV ZRUN

U

U

U

U
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�2 WKH XVH RI FRXSOHG RFHD DWPRVSKHUH DYH PRGHO
GXUL D H WUHPH FROG DLU RXWEUHDN RYHU WKH GULDWLF
6HD

� 2YHUYLH

Q LQWHQVH FROG DLU RXWEUHDN DIIHFWHG WKH QRUWKHUQ GULDWLF 6HD GXULQJ ZLQWHU GHWHUPLQLQJ DQ

H[FHSWLRQDO SHUVLVWHQFH RI QRUWKHDVWHUO %RUD ZLQG RYHU WKH EDVLQ ZKLFK ODVWHG IRU DERXW ZHHNV

7KH FROG DLU FRPLQJ IURP WKH %DONDQV SURGXFHG LFLQJ LQ WKH 9HQLFH ODJRRQ DQG YHU LQWHQVH VQRZIDOO

LQ WKH SHQQLQHV 0RXQWDLQV DQG HYHQ QHDU WKH FRDVWV ,Q RUGHU WR XQGHUVWDQG WKH LPSRUWDQFH DQG UROH

RI DLU–VHD LQWHUDFWLRQV IRU WKH HYROXWLRQ RI WKH DWPRVSKHULF ILHOGV VLPXODWLRQV ZLWK WKH :HDWKHU

5HVHDUFK DQG )RUHFDVWLQJ :5) PRGHO HQFRPSDVVLQJ WKH ZKROH SHULRG KDYH EHHQ SHUIRUPHG XVLQJ

VHD VXUIDFH WHPSHUDWXUH 667 ILHOGV ZLWK DQ LQFUHDVLQJ OHYHO RI FRPSOH[LW 6WDUWLQJ IURP D ODUJH

VFDOH VWDWLF VHD WHPSHUDWXUH WKH 667 LQ WKH LQLWLDO DQG ERXQGDU FRQGLWLRQV KDV EHHQ SURJUHVVLYHO

PDGH PRUH UHDOLVWLF )LUVW D PRUH UHILQHG ILHOG UHWULHYHG IURP D VDWHOOLWH UDGLRPHWHU ZDV XVHG WKHQ

WKH VDPH ILHOG ZDV XSGDWHG HYHU K 1H[W WKH HIIHFW RI LQFOXGLQJ D VLPSOLILHG ' RFHDQ PRGHO

UHSURGXFLQJ WKH 2FHDQLF 0L[HG /D HU 20/ HYROXWLRQ KDV EHHQ WHVWHG )LQDOO WKH SRWHQWLDO

LPSURYHPHQWV FRPLQJ IURP D FRXSOHG GHVFULSWLRQ RI DWPRVSKHUH–RFHDQ DQG DWPRVSKHUH–RFHDQ–

ZDYHV LQWHUDFWLRQV KDYH EHHQ H[SORUHG ZLWKLQ WKH RXSOHG 2FHDQ– WPRVSKHUH–:DYH 6HGLPHQW

7UDQVSRUW 2 :67 PRGHOLQJ V VWHP 5HVXOWV KLJKOLJKW WKDW WKH HQHUJ H[FKDQJH EHWZHHQ DLU DQG

VHD GRHV QRW VLJQLILFDQWO LPSDFW WKH DWPRVSKHULF ILHOGV LQ SDUWLFXODU P ZLQG DQG P WHPSHUDWXUH

DOVR EHFDXVH RI WKH JHRJUDSK RI WKH EDVLQ DQG WKH SUHGRPLQDQFH RI V QRSWLF VFDOH IORZ LQ LQWHQVH

HYHQWV RI %RUD LQ WKH QRUWKHUQ GULDWLF +RZHYHU ZKHQ VHQVLEOH DQG ODWHQW KHDW IOX[HV ZKLFK DUH

GHSHQGHQW RQ DWPRVSKHULF DQG RFHDQLF YDULDEOHV DUH DQDO ]HG WKH PRUH UHDOLVWLF UHSUHVHQWDWLRQ RI

667 GUDVWLFDOO LPSURYHV WKH PRGHO SHUIRUPDQFHV
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� , WURGXFWLR

7KH ZLQWHU KDV EHHQ D PLOG DQG GU VHDVRQ FKDUDFWHUL]HG E SRVLWLYH 1 2 DQG VWURQJ DFWLYLW

RI WKH ]RUHV DQWLF FORQH RQ WKH ZHVWHUQ EDVLQ RI WKH 0HGLWHUUDQHDQ 6HD 7KH VHDVRQ H[KLELWHG

SHFXOLDU PHWHR RFHDQLF SURFHVVHV LQYROYLQJ WKH 0HGLWHUUDQHDQ %DVLQ VLQFH LW ZDV FKDUDFWHUL]HG ZLWK

D FROG DLU RXWEUHDN 2 QDPHO DQ LQWUXVLRQ RI SRODU DLU GRZQ WR PLG ODWLWXGHV UHJLRQV RI

RXWVWDQGLQJ LQWHQVLW 2QH RI WKH DUHDV PRVW H[SRVHG WR VXFK H[WUHPH FRROLQJ ZDV WKH QRUWKHUQ

GULDWLF 6HD ZKHUH WKH 9HQLFH ODJRRQ SDUWLDOO LFHG DQ H[FHSWLRQDO RFFXUUHQFH DV GLVFXVVHG LQ

DPXIIR 7KH HIIHFWV RI VXFK LQWHQVH ZHDWKHU HYHQW ZHUH UHPDUNDEOH DOVR LQODQG ZKHUH ODUJH

VQRZ DFFXPXODWLRQ HYHQ LQ WKH SUR[LPLW RI FRDVWDO UHJLRQV OHG WR UHPDUNDEOH GDPDJHV WR

WUDQVSRUWDWLRQ V VWHPV DQG DJULFXOWXUDO DFWLYLWLHV 6LPLODU HYHQWV ZHUH DOUHDG GRFXPHQWHG LQ WKH

QRUWKHUQ GULDWLF EDVLQ EXW UDUHO ZLWK VXFK D VHYHULW DQG ORQJ SHUVLVWHQFH 0LKDQRYLć HW DO

'DYROLR HW DO 7KH PRVW FULWLFDO SHULRG ODVWHG IURP -DQXDU WR )HEUXDU ZKHQ UHSHDWHG

cold air spits originating in eastern Europe brought temperatures down to −23 °C in northern Italy 

ZHVWHUQ 3R YDOOH 7KH HIIHFWV RI VXFK D VWURQJ FRROLQJ DIIHFWHG QRW RQO WKH DWPRVSKHULF ILHOGV

'DYROLR HW DO EXW DOVR WKH VHD ZLWK XQXVXDOO FROG DQG GHQVH ZDWHU SURGXFWLRQ 5DLFLFK HW

DO -DQHNRYLć HW DO %HQHWD]]R HW DO 2Q WKH RQH KDQG VRPH LQWHQVH ZLQG HSLVRGHV

LQ WKH GULDWLF 6HD ZHUH DQDO ]HG LQ WKH SDVW XVLQJ LQ VLWX GDWD 'RUPDQ HW DO 6XFK VWXGLHV

KDG WKH PHULW WR KLJKOLJKW WKH UROH DQG WR LQFUHDVH WKH NQRZOHGJH RI WKHUPDO DQG PRPHQWXP H[FKDQJHV

DW WKH DLU–VHD LQWHUIDFH ,Q SDUWLFXODU WKH KHDW IOX[HV DQG WKH ZLQG VWUHVVHV HPHUJHG DV WKH PDLQ

IRUFLQJV WKURXJK ZKLFK WKH DWPRVSKHUH GULYHV WKH RFHDQ G QDPLFV GXULQJ 2 HYHQWV +RZHYHU

HYHQ ZKHQ DFFHVVLQJ WR D UHODWLYHO ODUJH DPRXQW RI LQ VLWX GDWD PDQ DVSHFWV VWLOO QHHG WR EH

XQGHUVWRRG
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)L /HIW 'RPDLQV IRU :5) PRGHO H[WHUQDO ER[ DQG 5206 6: 1 PRGHOV EOXH ER[ ULJKW ORFDWLRQ RI VWDWLRQV

FRQVLGHUHG LQ QRUWKHUQ GULDWLF

The availability of long time series in coastal observatories, such as the CNR tower “Acqua Alta” 

SRVLWLRQ VKRZQ LQ )LJ ZLWK FDQ EH YHU KHOSIXO LQ VKHGGLQJ IXUWKHU OLJKW RQ WKLV WRSLF 2Q WKH

RWKHU KDQG QXPHULFDO VWXGLHV 'DYROLR HW DO IUDPHG WKHVH 2 HYHQWV IURP D GLIIHUHQW

SHUVSHFWLYH IRFXVLQJ RQ WKH H[LVWLQJ OLPLWV ZLWKLQ QXPHULFDO PRGHOV VXFK DV WKH LQDFFXUDWH

GHVFULSWLRQ RI WKH DWPRVSKHULF ERXQGDU OD HU %/ SK VLFV RU WKH FRDUVH KRUL]RQWDO UHVROXWLRQ )LWD

HW DO )RUWXQDWHO LQ WKH ODVW HDUV VHYHUDO DVSHFWV FRQWULEXWHG WR LQFUHDVH WKH TXDOLW RI

PHWHRURORJLFDO ILHOGV VXFK DV ORZ OHYHO ZLQG VLPXODWHG E QXPHULFDO ZHDWKHU SUHGLFWLRQ 1:3

PRGHOV ERYH DOO WKH LQFUHDVHG DYDLODELOLW RI FRPSXWDWLRQDO UHVRXUFHV DOORZHG IRU D ILQHU KRUL]RQWDO

UHVROXWLRQ LQ QXPHULFDO PRGHOV VXFK DQ DGYDQFHPHQW LV SDUWLFXODUO UHOHYDQW LQ D UHJLRQZLWK FRPSOH[

RURJUDSK VXFK DV WKH QRUWKHUQ GULDWLF EDVLQ FKDUDFWHUL]HG E YHU VWHHS PRXQWDLQ ULGJHV HVSHFLDOO

RQ LWV HDVWHUQ SDUW H J 6LJQHOO HW DO 1HYHUWKHOHVV RSHUDWLRQDO 1:3 V VWHPV ZHUH QRW DEOH WR

DGHTXDWHO IRUHFDVW WKH SUHFLSLWDWLRQ DPRXQW GXULQJ WKH 2 HYHQW ZLWK D VLJQLILFDQW

XQGHUHVWLPDWLRQ RI WKH VQRZ DFFXPXODWLRQ RQ WKH ,WDOLDQ VLGH 7KH LQWHUDFWLRQ RI WKH DWPRVSKHULF IORZ

ZLWK WKH GULDWLF 6HD DSSHDUV DV DQ LPSRUWDQW IRUFLQJ LQ VXFK HSLVRGHV EHLQJ UHVSRQVLEOH IRU WKH

“Lake Effect Snow” (Liu and Moore, 2004). Therefore, a deeper analysis of the interaction between 

WKH DWPRVSKHUH DQG WKH RFHDQ DSSHDUV QHFHVVDU WR XQGHUVWDQG WKH QDWXUH RI WKH HYHQW DQG
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DGGUHVVHV WKH UHDVRQV RI WKH IDLOXUH LQ WKH DWPRVSKHULF PRGHO VLPXODWLRQV 'LIIHUHQW OHYHOV RI

FRPSOH[LW H[LVW ZKHQ SURFHVVHV DQG LQWHUDFWLRQV IRFXVHG DW WKH DLU–VHD LQWHUIDFH DUH FRQVLGHUHG

ZLWKLQ QXPHULFDO PRGHOV *HQHUDOO VSHDNLQJ WKH UHDO WLPH PHWHRURORJLFDO IRUHFDVWV DYDLODEOH

QRZDGD V DUH JHQHUDWHG E DWPRVSKHULF PRGHOV ZKLFK XVH WKH VHD VXUIDFH WHPSHUDWXUH UHVXOWLQJ IURP

D ODUJHVFDOH DQDO VLV RU IURP UDGLRPHWHU PHDVXUHPHQWV DV D FRQVWDQW ILHOG GXULQJ WKH ZKROH

integration period. This “stand alone” methodology includes only the evolution of the atmospheric 

YDULDEOHV DQG NHHSV WKH RFHDQ YDULDEOHV IL[HG DW WKH LQLWLDO WLPH 6XFK DQ DSSURDFK KDV VHYHUDO

GUDZEDFNV VLQFH WKH UHDO 667 PD VLJQLILFDQWO HYROYH GXULQJ WKH WLPH RI WKH VLPXODWLRQ DQG GXH WR

WKH FRDUVH UHVROXWLRQ RI WKH GDWXP PD EH ORFDOO DIIHFWHG E VLJQLILFDQW ELDVHV *HPPLOO HW DO

7KLV LV WUXH HVSHFLDOO LQ FRDVWDO UHJLRQV RU LQ VXE DUHDV ZKHUH FRPSOH[ WKHUPDO SDWWHUQV DSSHDU

DW WKH VXE PHVRVFDOH ,Q RUGHU WR EHWWHU UHSUHVHQW WKH KHDW DQG PRLVWXUH H[FKDQJHV DW WKH DLU–VHD

LQWHUIDFH DWPRVSKHULF DQG RFHDQLF PRGHOV KDYH EHHQ ILUVW LPSOHPHQWHG LQ D RQH ZD FRXSOHG

FRQILJXUDWLRQ )URP WKH RFHDQLF SHUVSHFWLYH ZLQG ILHOGV DQG DLU WHPSHUDWXUH SURGXFHG E

DWPRVSKHULF PRGHO VLPXODWLRQV DUH DGRSWHG WR IRUFH RQH ZD FRXSOLQJ RFHDQ PRGHOV 6HYHUDO

VWXGLHV KDYH FRQVLGHUHG WKLV NLQG RI DSSOLFDWLRQ LQ WKH GULDWLF 6HD %ROGULQ HW DO %LJQDPL HW

DO DUQLHO HW DO %HQHWD]]R HW DO OWKRXJK VXFK D URXWLQH DSSURDFK JHQHUDOO

SURGXFHV VDWLVIDFWRU UHVXOWV IRU VHD VXUIDFH WHPSHUDWXUH 667 HVWLPDWHV LW GRHV QRW WDNH LQWR DFFRXQW

WKH IHHGEDFN RI WKH RFHDQRJUDSKLF ILHOGV LQWR WKH DWPRVSKHULF G QDPLFV ZKLFK LPSOLHV WKDW WKH

G QDPLFDOO FRQVLVWHQW 667 SURYLGHG E DQ RFHDQLF PRGHO LV XVHG DV D ERXQGDU FRQGLWLRQ IRU WKH

DWPRVSKHULF FRXQWHUSDUW OVR HVSHFLDOO GXULQJ LQWHQVH PHWHRURORJLFDO HYHQWV WKH GLIIHUHQW

IRUPXODWLRQV DGRSWHG IRU WKH FDOFXODWLRQ RI KHDW IOX[HV UHVSHFWLYHO LQ WKH RFHDQLF DQG DWPRVSKHULF

PRGHOV PD OHDG WR VLJQLILFDQW LQFRQVLVWHQFLHV EHWZHHQ WKH WZRPRGHOLQJ V VWHPV 2ODEDUULHWD HW DO

D 7R VXUPRXQW WKLV OLPLWDWLRQ LQ WKH UHFHQW SDVW WKH XVH RI WZR ZD FRXSOHG DWPRVSKHUH–RFHDQ

PRGHOV KDV EHHQ SURSRVHG ZLWK WKH DLP RI SURSHUO UHSUHVHQWLQJ WKH DLU–VHD LQWHUDFWLRQV SURYLGLQJ

D PRUH UHDOLVWLF DQG FRQVLVWHQW HYROXWLRQ RI DWPRVSKHULF DQG RFHDQLF ILHOGV ,Q VXFK DQ

LPSOHPHQWDWLRQ WKH DWPRVSKHULF DQG WKH RFHDQLF PRGHOV H[FKDQJH LQIRUPDWLRQ DW WKH DLU–VHD

LQWHUIDFH LQ D FRQVLVWHQW ZD SLRQHHULQJ ZRUN IRU WKH GULDWLF UHJLRQ ZDV SUHVHQWHG LQ 3XOOHQ HW DO

ZKHUH WKH DWPRVSKHULF PRGHO ZDV VXSSOLHG ZLWK KRXUO 667 ILHOGV SURGXFHG E DQ RFHDQ

PRGHO 7KH DXWKRUV ZHUH DEOH WR GHPRQVWUDWH WKDW VXFK D WZR ZD FRXSOHG DSSURDFK LQFUHDVHG WKH

VNLOO LQ ZLQG VSHHG IRUHFDVWV ZKLFK ZHUH JHQHUDOO RYHUHVWLPDWHG LQ WKH XQFRXSOHG FDVH DW VHOHFWHG

VLWHV LQ WKH QRUWKHUQ GULDWLF 7XUEXOHQW IOX[HV ZHUH H[DPLQHG LQ 3XOOHQ HW DO H[WHQGLQJ WKH

SUHYLRXV VWXG WR D )HEUXDU KLQGFDVW OWKRXJK IRFXVLQJ PRVWO RQ WKH FRPSDULVRQ EHWZHHQ

WZR %RUD ZLQG FDVHV WKDW ZRUN VKRZHG WKDW WZR ZD FRXSOHG VLPXODWLRQV LPSURYHG WKH KHDW IOX[HV

HVWLPDWLRQ GLPLQLVKLQJ WKHP ZLWK UHVSHFW WR WKH RQH ZD FRXSOHG UXQ IXUWKHU LPSURYHPHQW LQ
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WKH FRXSOLQJ V VWHP LV WKH LQFOXVLRQ RI D WKLUG NLQG RI PRGHOV H[SOLFLWO GHVFULELQJ ZLQG ZDYH

G QDPLFV :DYH PRGHOV SURYLGH UHOHYDQW LQIRUPDWLRQ DERXW WKH ZDYH SDWWHUQV ZKLFK DUH QHFHVVDU

IRU WKH SURSHU UHSUHVHQWDWLRQ RI WKH VHD VXUIDFH URXJKQHVV LQ WKH DWPRVSKHULF PRGHOV DQG WR PRGXODWH

PRPHQWXP H[FKDQJHV DW WKH DLU–VHD LQWHUIDFH DQG WKURXJKRXW WKH ZDWHU FROXPQ DUQLHO HW DO

%HQHWD]]R HW DO %HQHWD]]R HW DO 7KH SXUSRVH RI WKH SUHVHQW ZRUN LV WR XQGHUVWDQG WKH

HIIHFW RI WKH DLU–VHD LQWHUDFWLRQ RQ GLIIHUHQW DWPRVSKHULF YDULDEOHV GXULQJ WKH 2 HYHQW WKDW

DIIHFWHG WKH QRUWKHUQ GULDWLF 6HD 7R DFFRPSOLVK WKLV WDVN DWPRVSKHULF PRGHO VLPXODWLRQV DUH

SHUIRUPHG XVLQJ DQ 667 ZLWK DQ LQFUHDVLQJ OHYHO RI FRPSOH[LW DQG WKHQ YDOLGDWHG DJDLQVW LQ VLWX

PHDVXUHPHQWV )LUVW WKH :HDWKHU 5HVHDUFK DQG )RUHFDVWLQJ PRGHO :5) LV LPSOHPHQWHG LQ D VWDQG

DORQH DSSURDFK XVLQJ GLIIHUHQW 667 ILHOGV ZKLFK UDQJH IURP FRQVWDQW LQ WLPH DQG FRDUVHO UHVROYHG

LQ VSDFH WR YDULDEOH RYHU WLPH DQG ZLWK D KLJK VSDWLDO UHVROXWLRQ V D VHFRQG DSSURDFK WKH :5)

PRGHO LV WZR ZD FRXSOHG LQ WKH IUDPHZRUN RI WKH 2 :67 RXSOHG 2FHDQ– WPRVSKHUH–:DYH

DQG 6HGLPHQW 7UDQVSRUW :DUQHU HW DO D PRGHOLQJ V VWHP LQFOXGLQJ 5206 5HJLRQDO 2FHDQ

0RGHOLQJ 6 VWHP +DLGYRJHO HW DO DV RFHDQ FLUFXODWLRQ PRGHO DQG 6: 1 6LPXODWLQJ :DYHV

1HDUVKRUH %RRLM HW DO DV ZDYH PRGHO ILUVW WHVW LV SHUIRUPHG FRXSOLQJ RQO WKH DWPRVSKHULF

DQG RFHDQLF PRGXOHV ,Q WKH WKLUG LPSOHPHQWDWLRQ WKH ZDYH PRGXOH LV DOVR LQFOXGHG UHDFKLQJ D IXOO

FRXSOHG DWPRVSKHUH–RFHDQ–ZDYH FRQILJXUDWLRQ 7R RXU NQRZOHGJH WKLV LV WKH ILUVW WLPH D IXOO

FRXSOHG PRGHOLQJ V VWHP LV LPSOHPHQWHG LQ WKH GULDWLF EDVLQ SUHYLRXV VWXGLHV LQ WKH UHJLRQ

FRQVLGHUHG RQO WKH FRXSOLQJ EHWZHHQ DWPRVSKHUH DQG RFHDQ FRPSRQHQWV ZLWKRXW ZDYHV VHH DOVR

/RJOLVFL HW DO 'XERLV HW DO 7KH SUHVHQW SDSHU ZLOO PRVWO GHDO ZLWK DWPRVSKHULF RU

DLU–VHD LQWHUIDFH DVSHFWV IRFXV RQ WKH RFHDQLF VLGH ZLOO EH WUHDWHG ZLWK PRUH GHWDLOV LQ D FRPSDQLRQ

SDSHU DUQLHO HW DO E 7DEOH VXPPDUL]HV WKH PDLQ IHDWXUHV RI WKH VLPXODWLRQV FRQVLGHUHG LQ

WKLV VWXG 7KH SDSHU LV RUJDQL]HG DV IROORZV 7KH V QRSWLF FRQGLWLRQV UHSRUWHG GXULQJ WKH HYHQW DUH

EULHIO DQDO ]HG LQ 6HFWLRQ 7KH REVHUYDWLRQV DYDLODEOH LQ WKH QRUWKHUQ GULDWLF 6HD DQG WKH

PRGXOHV LQ 2 :67 PRGHOLQJ V VWHP DUH GHVFULEHG LQ 6HFWLRQ 7KH GLIIHUHQW QXPHULFDO

H[SHULPHQWV DUH LQWURGXFHG LQ 6HFWLRQ 5HVXOWV DUH SUHVHQWHG LQ 6HFWLRQ ZKLOH GLVFXVVLRQ DQG

FRQFOXVLRQV FRYHU UHVSHFWLYHO 6HFWLRQ DQG



� ϮϮ�

� 7KH 2 HYH W

,Q PLG -DQXDU WKH V QRSWLF VLWXDWLRQ RYHU (XURSH LV FKDUDFWHUL]HG E D EORFNLQJ FRQILJXUDWLRQ

DVVRFLDWHG ZLWK WKH ]RUHV KLJK H[WHQGLQJ RYHU WKH WODQWLF DQG WKH 6LEHULDQ KLJK SUHVVXUH RYHU

(DVWHUQ (XURSH WKH GHWDLOHG HYROXWLRQ RI WKH V QRSWLF FRQGLWLRQV FDQ EH UHFRQVWUXFWHG LQ )LJ

VRXUFH KWWS ZZZ ZHWWHU]HQWUDOH GH WRSNDUWHQ IVUHDHXU KWPO EDVHG RQ *)6 )1/ GDWDVHW URXQG

-DQXDU D ORZ SUHVVXUH V VWHP GHYHORSV RYHU QRUWKHUQ ,WDO DQG WKHQ PRYHV WRZDUGV WKH %DONDQV

ZKLOH WKH WZR KLJK SUHVVXUH V VWHPV MRLQ LVRODWLQJ WKH 0HGLWHUUDQHDQ FLUFXODWLRQ IURP WKH WODQWLF

IORZ GXULQJ WKH IROORZLQJ GD V V D FRQVHTXHQFH RI WKLV FRQILJXUDWLRQ DQ LQWHQVH IORZ RI FROG DLU

EORZV IURP WKH HDVW RQ WKH VRXWKHUQ HGJH RI WKH KLJK SUHVVXUH EDQG LQ WKH ORZHU OD HUV 0HDQZKLOH

DQ LQWHQVH XSSHU OHYHO UFWLF IORZ DIIHFWV WKH ZHVWHUQ 0HGLWHUUDQHDQ ,Q WKH IROORZLQJ GD V WKH

VLWXDWLRQ UHPDLQV QHDUO VWDWLRQDU ZLWK QHZ PLQLPD JHQHUDWHG LQ WKH *XOI RI *HQRD RQ -DQXDU

)LJ D E DQG RQ )HEUXDU SHUVLVWLQJ IRU VHYHUDO GD V LQ WKH ,RQLDQ 6HD DQG WKH ZLGHQLQJ RI WKH

KLJK SUHVVXUH EDQG LQWHQVLI LQJ DERYH K3D RYHU QRUWKHUQ (XURSH V D FRQVHTXHQFH RI WKH

persistent advection of very cold air, on February 3 the 850 hPa temperature falls down to −18 °C on 

1RUWKHDVWHUQ ,WDO ZKLOH LQWHQVH VQRZIDOOV VWDUW DIIHFWLQJ WKH 3R 9DOOH UHDFKLQJ HYHQ WKH GULDWLF

FRDVWV )URP WR )HEUXDU WKH QRUWKHDVWHUO DLU FXUUHQWV UHPDLQ LQWHQVH SXVKLQJ WKH K3D

temperature down to −20 °C in northeastern Italy (Fig. 2F G )HEUXDU LV WKH FROGHVW GD DW WKH

JURXQG GXULQJ WKH HQWLUH HYHQW ZLWK KLJK WHPSHUDWXUHV EHORZ DOPRVW HYHU ZKHUH LQ QRUWKHUQ

Italy and with minimum values of about −15 °C spread across northern Italy, down to −23 °C in the 

ZHVWHUQ 3R YDOOH )LJ H I ,QWHQVH VQRZIDOOV SHUVLVW HVSHFLDOO XSZLQG HDVWZDUG RI WKH

SHQQLQHV ZKHUH VQRZ DFFXPXODWLRQV DW WKH JURXQG DUH GLIIXVHO ODUJHU WKDQ P EXW H[WHQGLQJ DOVR

GRZQZLQG XS WR WKH 7 UUKHQLDQ FRDVW ZLWK FP RI JURXQG DFFXPXODWLRQ PHDVXUHG LQ 5RPH )LJ

VKRZV WKH K3D JHRSRWHQWLDO KHLJKW DQG WKH PHDQ VHD OHYHO SUHVVXUH PDS DW 87 )HEUXDU

ZKLFK LV UHSUHVHQWDWLYH IRU WKH V QRSWLF FRQGLWLRQV GXULQJ WKH ZKROH HYHQW 7KH KLJK SUHVVXUH EDQG

IURP WKH WODQWLF WR 1RUWKHUQ (XURSH FDQ EH HDVLO LGHQWLILHG WRJHWKHU ZLWK WKH LQWHQVH SUHVVXUH

JUDGLHQW DFURVV WKH ,WDOLDQ SHQLQVXOD DVVRFLDWHG DOVR ZLWK D ORZ SUHVVXUH IDU VRXWK LQ WKH

0HGLWHUUDQHDQ Q LQWHQVH XSSHU OHYHO QRUWKHUO IORZ DIIHFWV WKH ZHVWHUQ 0HGLWHUUDQHDQ GRZQ WR

QRUWKHUQ IULFD IWHU D WHPSRUDU ZHDNHQLQJ RQ )HEUXDU D QHZ ERRVW RI YHU FROG DLU DIIHFWV

,WDO EHWZHHQ DQG )HEUXDU DVVRFLDWHG ZLWK D QHZ ORZ SUHVVXUH FHQWHU RULJLQDWHG RQ WKH

7 UUKHQLDQ 6HD DQG PRYLQJ DFURVV WKH ,RQLDQ VHD LQ WKH IROORZLQJ GD V )LJ J K OEHLW ZLWK OHVV

extreme values, the 850 hPa temperature is still below −10 °C in northern Italy and snowfall still 

DIIHFWV QRUWKHUQ DQG FHQWUDO ,WDO RQ )HEUXDU IWHUZDUG WKH V QRSWLF FLUFXODWLRQ FKDQJHV DQG

WKH FROG UFWLF DLU UHPDLQV ORFDOL]HG PRVWO WR WKH QRUWK RI WKH OSV VR WKDW WKH WHPSHUDWXUH

SURJUHVVLYHO LQFUHDVHV RYHU ,WDO DOWKRXJK WKH VQRZSDFN SHUVLVWV WR WKH JURXQG IRU VHYHUDO GD V
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)URP WKH DERYH DQDO VLV LW LV FOHDU WKDW WKH 2 HYHQW ZDV H[FHSWLRQDO QRW RQO IRU WKH UHOHYDQW

VQRZIDOO DFFXPXODWLRQ EXW DOVR IRU WKH LQWHQVLW DQG WKH GXUDWLRQ RI WKH %RUD ZLQG XQFHDVLQJO

SHUVLVWLQJ RYHU WKH QRUWKHUQ GULDWLF 6HD IRU PRUH WKDQ ZHHNV )LJ %RUD LV D YHU VWURQJ

QRUWKHDVWHUO ZLQG EORZLQJ RQ WKH GULDWLF DQG RULJLQDWHV ZKHQ D FROG DQG GU DLU PDVV RYHU WKH

'LQDULF OSV EHFRPHV WKLFN HQRXJK WR FURVV WKH PRXQWDLQ JDSV 7KHQ LW FUHDWHV FKDUDFWHULVWLF

SURSDJDWLRQ OREHV +RUYDWK HW DO DV LW IORZV LQWR WKH GULDWLF EDVLQ IURP ZKLFK LW GUDZV KHDW

DQG PRLVWXUH 7KH GLVWULEXWLRQ RI %RUD LV UDWKHU FRPSOH[ DQG YDULDEOH DPRQJ GLIIHUHQW HSLVRGHV ZKLOH

JHQHUDOO LWV GXUDWLRQ LV OLPLWHG WR D IHZ GD V %LJQDPL HW DO )LJ VKRZV WKH P ZLQG

VSHHG EHWZHHQ -DQXDU DQG )HEUXDU UHFRUGHG DW WKH FTXD OWD 3ODWIRUP ORFDWHG DERXW

NP RIIVKRUH 9HQLFH 7KH EHJLQQLQJ RI WKH 2 HYHQW FDQ EH LGHQWLILHG DURXQG -DQXDU 5DLFLFK

HW DO ZKHQ WKH VWURQJ SUHVVXUH JUDGLHQW GHWHUPLQHG E WKH EORFNLQJ FRQILJXUDWLRQ DFURVV

HQWUDO (XURSH FRPELQHG ZLWK DQ LQWHQVH GHSUHVVLRQ RYHU HQWUDO ,WDO JHQHUDWHG LQWHQVH ZLQG

VSHHGV H[FHHGLQJ P V LQ WKH WZR REVHUYLQJ VWDWLRQV RI SODWIRUP DQG 3DORPD EXR %3 VHH

)LJ LQ WKH QRUWKHUQ GULDWLF VHD 5DLFLFK HW DO
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7DEOH /LVW RI PRGHO UXQV WKH 667 ILHOG XVHG LQ GLIIHUHQW UXQV DQG WKH ZD LW KDV EHHQ XSGDWHG DUH DOVR VKRZQ ,Q DOO

“stand alone” simulations no data is exchanged between the various models. In the AO case, the WRF model passes wind 

FRPSRQHQWV DLU SUHVVXUH KXPLGLW WHPSHUDWXUH FORXG FRYHU UDLQ HYDSRUDWLRQ KHDW IOX[HV VRODU UDGLDWLRQ WR 5206

ZKLOH 5206 SURYLGHV 667 WR:5) ,Q WKH 2: FDVH WKH:5) H[FKDQJHV WKH VDPH YDULDEOH DV LQ WKH 2 FDVH WR 5206

DQG SDVVHV WKH P ZLQG ILHOG WR 6: 1 ZKLOH 6: 1 H[FKDQJHV SHDN ZDYHOHQJWK SHDN VLJQLILFDWLYH ZDYH KHLJKW DQG

SHDN ZDYH SHULRG ZLWK :5) DQG 5206
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)L )LHOGV RI VHD OHYHO SUHVVXUH DQG JHRSRWHQWLDO KHLJKW DW K3D OHIW DQG WKH WHPSHUDWXUH DW K3D ULJKW

DQG % LQLWLDO SKDVH RI WKH HYHQW -DQXDU DQG ' LQWHQVLILFDWLRQ RI WKH KLJK SUHVVXUH DQG DUULYDO RI WKH FROG

DLU RQ WKH FHQWUDO 0HGLWHUUDQHDQ UHJLRQ )HEUXDU ( DQG ) 2 DW LWV PD[LPXP LQWHQVLW RYHU WKH GULDWLF

EDVLQ )HEUXDU * DQG + QHZ LQWHQVLILFDWLRQ RI 2 RYHU ,WDO DQG ZHDNHQLQJ RI WKH DQWLF FORQH RYHU (XURSH

)HEUXDU VRXUFH ZZZ ZHWWHU]HQWUDOH GH *)6 )1/ GDWDVHW



� Ϯϲ�

,Q WKH SHULRG IURP WR )HEUXDU WKH LQWHQVLW RI WKH PLQ DYHUDJH ZLQG UHPDLQHG DURXQG –

P V EXW ZLWK JXVWV XS WR P V )LJ IWHU D WHPSRUDU ZHDNHQLQJ D QHZ LQWHQVLILFDWLRQ ZDV

UHFRUGHG DURXQG )HEUXDU IROORZHG E D UDSLG GHFUHDVH XQWLO )HEUXDU ZKHQ DQRWKHU LQWHQVH

GHSUHVVLRQ GHHSHQHG RYHU VRXWKHUQ ,WDO GHWHUPLQLQJ VWURQJ QRUWKHDVWHUO ZLQGV XQWLO )HEUXDU

)LQDOO WKH ]RQDO IORZ H[WHQGHG DJDLQ RYHU WKH FHQWUDO0HGLWHUUDQHDQ GHWHUPLQLQJ WKH HQG RI WKH %RUD

HSLVRGH V ZHOO WKH PHDVXUHG WRWDO KHDW IOX[HV UHDFKHG H[FHSWLRQDO YDOXHV WKURXJKRXW WKH 1RUWKHUQ

GULDWLF ,Q SDUWLFXODU SHDN YDOXHV FORVH to −800 W/m2 were estimated at AA, and of about −1000 

: P DW %3 5DLFLFK HW DO 7KH IRUPHU YDOXH LV SDUWLFXODUO UHOHYDQW FRQVLGHULQJ WKDW WKH

SODWIRUP LV ORFDWHG LQ DQ DUHD ZKHUH KHDW IOX[HV DUH JHQHUDOO – WLPHV VPDOOHU LQ DEVROXWH

YDOXH WKDQ WKRVH UHSRUWHG RIIVKRUH LQ WKH 1RUWK GULDWLF 3XOOHQ HW DO

)L K3D JHRSRWHQWLDO KHLJKW JSP DQG PHDQ VHD OHYHO SUHVVXUH DW 87 )HEUXDU EDVHG RQ *)6

)1/ 5HDQDO VLV GHJUHHV VRXUFH ZZZ ZHWWHU]HQWUDOH GH
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0DWHULDOV D G PHWKRGV

YDLODEOH GDWDVHWV RI DWPRVSKHULF D G RFHD LF GDWD

7KUHH REVHUYDWLRQDO VWDWLRQV KDYH EHHQ VHOHFWHG LQ WKH QRUWKHUQ GULDWLF IRU WKH DQDO VLV RI WKH %RUD

HSLVRGH DQG IRU HYDOXDWLQJ WKH SHUIRUPDQFHV RI WKH QXPHULFDO VLPXODWLRQV :H KDYH DOUHDG

PHQWLRQHG WKH GDWD VDPSOHG DW WKH 3DORPD EXR LQ WKH PLGGOH RI WKH *XOI RI 7ULHVWH RQ D EDWK PHWU

RI P DQG DW WKH FTXD OWD 3ODWIRUP RIIVKRUH RI WKH 9HQLFH ODJRRQ RQ D EDWK PHWU RI P

667 LV PHDVXUHG E VHQVRUV ORFDWHG P EHORZ VHD VXUIDFH DW ERWK VDPSOLQJ SRLQWV 0HWHRURORJLFDO

REVHUYDWLRQV DUH DOVR SHUIRUPHG DW DQG %3 ,Q DGGLWLRQ ZH XVHG PHWHRURORJLFDO GDWD IURP WKH

VWDWLRQ DW WKH SRUW RI QFRQD 1 EHORQJLQJ WR WKH 1DWLRQDO WLGH JDXJH QHWZRUN ZKLFK LV

UHSUHVHQWDWLYH RI WKH FHQWUDO GULDWLF EDVLQ ZHVWHUQ FRDVW )URP UDZ GDWD ODWHQW DQG VHQVLEOH KHDW

IOX[HV VSHFLILF KXPLGLW ERWK DW VHD OHYHO DQG P KHLJKW DUH FDOFXODWHG ZLWK WKH DLG RI WKH RXSOHG

2FHDQ– WPRVSKHUH 5HVSRQVH ([SHULPHQW 2 5( PRGHO )DLUDOO HW DO 7KH 3DORPD EXR

LV ORFDWHG ZHVWZDUG RI WKH RURJUDSK RI WKH HDVWHUQ GULDWLF EDVLQ )LJ MXVW NP RII IURP WKH

FRDVW ZKHUH WKH VHD ZDYH VWDWH LV JHQHUDOO QRW IXOO GHYHORSHG 6LQFH WKH JULG VSDFLQJ LQ WKH :5)

PRGHO LV NP LQ WKH QXPHULFDO JULG WKH EXR LV ORFDWHG YHU FORVH WR WKH ILUVW VHD JULG SRLQW ZHVW RI

7ULHVWH 7KXV LW LV SRWHQWLDOO VWURQJO DIIHFWHG E WKH LQWHUDFWLRQ RI WKH IORZ ZLWK WKH RURJUDSK

ZKLOH WKH DLU–VHD LQWHUDFWLRQ DORQJ WKH GULDWLF 6HD KDV RQO D PDUJLQDO UROH % FRQWUDVW VLQFH

LV ORFDWHG IXUWKHU GRZQZLQG RI 3DORPD LW LV PRUH DIIHFWHG E WKH LQWHUDFWLRQ RI WKH IORZ ZLWK ZDYHV

DQG RFHDQ FRQGLWLRQV WKXV WKH HIIHFW RI DLU–VHD LQWHUDFWLRQ RQ WKH DWPRVSKHULF YDULDEOHV FDQ EH

UHOHYDQW

)L 10 m wind speed (m s−1) and 2 m temperature (°C) recorded at BP, AA and Ancona stations.
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'XH WR LWV SRVLWLRQ WKH SODWIRUP XQGHUJRHV SURFHVVHV UHODWHG WR WKH FRDVWDO IURQW RSHQ VHD

FLUFXODWLRQ DQG PHVRVFDOH G QDPLFV 6FODYR HW DO 7KHUHIRUH WKH YDULDELOLW DQG

LQKRPRJHQHLW RI WKH FLUFXODWLRQ QH[W WR FDQ EH GHSLFWHG ZLWK GLIILFXOWLHV E VDWHOOLWH GDWD DOVR

EHFDXVH RI WKH SUHVHQFH RI VHGLPHQW ULFK ZDWHUV SK WRSODQNWRQ DQG VXVSHQGHG PDWHULDO WKDW RIWHQ

LQGXFH UHOHYDQW HUURUV LQ WKH UDGLRPHWULF PHDVXUHPHQW %LJQDPL HW DO )LQDOO WKH 1 VWDWLRQ

ORFDWHG IDUWKHU VRXWK DOORZV D FRPSUHKHQVLYH UHSUHVHQWDWLRQ RI WKH IOX[HV WKDW DUH PRUH W SLFDO RI WKH

FHQWUDO GULDWLF UHIOHFWLQJ WKH LQWHUDFWLRQ RI WKH IORZ FRPLQJ IURP WKH URDWLDQ VLGH DQG WKH VHD

VXUIDFH LQ WKH DUHD

7KH 2 :67 PRGHOL V VWHP

7KH FRXSOHG PRGHOLQJ V VWHP 2 :67 :DUQHU HW DO D FRQVLVWV PDLQO RI IRXU PRGXOHV

QDPHO WKH DWPRVSKHULF PRGHO :5) WKH RFHDQ PRGHO 5206 DQG WKH ZDYH PRGHO 6: 1 WRJHWKHU

ZLWK WKH RPPXQLW 6HGLPHQW 7UDQVSRUW 0RGHOLQJ 6 VWHP 6706 QRW GLVFXVVHG LQ WKLV

PDQXVFULSW ,Q LWV VLPSOHVW FRQILJXUDWLRQ WKH 2 :67 V VWHP DOORZV WKH XVH RI HDFK PRGHO ZLWK

WKH H[FHSWLRQ RI 6706 LQ SXUH VWDQG DORQH PRGH L H UXQQLQJ LQGHSHQGHQWO RI DQ RWKHU ,Q PRUH

FRPSOH[ VHWXSV 2 :67 SHUPLWV WR LPSOHPHQW WKH GLIIHUHQW PRGHOV LQ RQH RU WZR ZD FRXSOLQJ

FRQILJXUDWLRQV RPPXQLFDWLRQ DPRQJ WKH GLIIHUHQW PRGHOV LV SHUIRUPHG WKURXJK WKH 0RGHO

RXSOLQJ 7RRONLW 0 7 DQG WKURXJK WKH 6 5,3 VRIWZDUH ZKLFK DOORZV WKH LQWHUSRODWLRQ RI PRGHO

RXWSXW ILHOGV DPRQJ QXPHULFDO JULGV RI GLIIHUHQW UHVROXWLRQ ,Q WKH IXOO FRXSOHG UXQV WKH ZD WKH

VXUIDFH IOX[HV DUH FDOFXODWHG LQ WKH DWPRVSKHULF DQG WKH RFHDQ PRGHOV DUH FRQVLVWHQW =DPERQ HW DO

D 7KHUHIRUH 2 :67 DOORZV VLPXODWLQJ LQ D UHDOLVWLF ZD WKH FRPSOH[ SURFHVVHV WKDW UHJXODWH

WKH DWPRVSKHULF DQG PDULQH G QDPLFV DQG WKHLU PXWXDO IHHGEDFNV 7KLV FRXSOLQJ FDSDELOLW WXUQV RXW

WR EH SDUWLFXODUO XVHIXO IRU FOLPDWH VLPXODWLRQV EXW DOVR IRU VSHFLILF DSSOLFDWLRQV LQ WKH PHGLXP RU

HYHQ VKRUW WLPH UDQJH HVSHFLDOO LQ FDVHV ZKHUH WKH DLU–VHD LQWHUDFWLRQV DUH LPSRUWDQW H J WURSLFDO

F FORQHV – VHH 2ODEDUULHWD HW DO D -XOOLHQ DW DO RU WURSLFDO OLNH F FORQHV LQ WKH

0HGLWHUUDQHDQ 6HD 0RVFDWHOOR HW DO 0LJOLHWWD HW DO NKWDU HW DO

6LJQLILFDQW LPSURYHPHQWV LQ UHSURGXFLQJ WKH LQWHQVLW RI +XUULFDQH ,YDQ ZHUH IRXQG E

=DPERQ HW DO D ZKHQ DGRSWLQJ 2 :67 LQ LWV FRXSOHG FRQILJXUDWLRQ 2Q WKH RWKHU KDQG WKH

H[WHQW WR ZKLFK LQWHUIDFH SURFHVVHV FDQ LQIOXHQFH VWURQJ PHWHR RFHDQLF SURFHVVHV LV VWLOO WR EH

FRPSOHWHO XQGHUVWRRG )RU LQVWDQFH =DPERQ HW DO E GRFXPHQWHG WKDW WKH G QDPLFV RI

VXSHUVWRUP 6DQG WKDW KLW WKH HDVWHUQ FRDVW RI WKH 8QLWHG 6WDWHV LQ ZHUH PDLQO FRQWUROOHG E

ODUJH VFDOH V QRSWLF DWPRVSKHULF FLUFXODWLRQ ZLWK RQO D PLQRU HIIHFW IURP VPDOOHU VFDOH SURFHVVHV

GHVFULEHG E PRGHO FRXSOLQJ 7KH DWPRVSKHULF PRGHO HPSOR HG LQ 2 :67 LV WKH GYDQFHG
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5HVHDUFK:5) YHUVLRQ 6NDPDURFN HW DO ,W LV D VWDWH RI WKH DUW QXPHULFDO PRGHO ZKLFK

VLPXODWHV D ZLGH UDQJH RI PHWHRURORJLFDO SURFHVVHV E PHDQV RI D YDULHW RI GHGLFDWHG QXPHULFDO

VFKHPHV GHYHORSHG DQG FRQVROLGDWHG ZLWKLQ D EURDG FRPPXQLW RI XVHUV 7KH SK VLFV

SDUDPHWHUL]DWLRQ VFKHPHV FDQ EH VHOHFWHG DPRQJ VHYHUDO SRVVLELOLWLHV +HUH :5) LV HPSOR HG XVLQJ

D KRUL]RQWDO JULG KDYLQJ SRLQWV DQG JULG VSDFLQJ RI NP VHH )LJ ZLWK VLJPD WHUUDLQ

IROORZLQJ YHUWLFDO OHYHOV PRUH FORVHO VSDFHG LQ WKH DWPRVSKHULF ERXQGDU OD HU FRPSUHKHQVLYH

VHQVLWLYLW VWXG WR GLIIHUHQW SK VLFV SDUDPHWHUL]DWLRQ VFKHPHV IRU D FDVH RI LQWHQVH VHD VXUIDFH IOX[HV

LQ WKH 0HGLWHUUDQHDQ 6HD LV SURYLGHG LQ 0LJOLHWWD HW DO VKRZLQJ WKDW WKH FKRLFH RI

SDUDPHWHUL]DWLRQ VFKHPHV PD VOLJKWO PRGLI WKH VLPXODWLRQ UHVXOWV EXW WKDW VXFK FKDQJHV DUH PLQRU

FRPSDUHG WR WKRVH GXH WR GLIIHUHQW LQLWLDO FRQGLWLRQV +HUH WKH FRQYHFWLRQ VFKHPH DGRSWHG LV WKH

PRGLILHG .DLQ )ULWVFK .DLQ WKH /LQ HW DO LV XVHG DV PLFURSK VLFV ZKLOH WKH VXUIDFH

PRGHO LV 1RDK KHQ HW DO .RUHQ HW DO )LQDOO WKH 5DSLG 5DGLDWLYH 7UDQVIHU 0RGHO

5570 EDVHG RQ 0ODZHU HW DO LV XVHG IRU ORQJZDYH UDGLDWLRQ WKH 'XGKLD VFKHPH

IRU VKRUWZDYH UDGLDWLRQ ERXW ERXQGDU OD HU 2 :67 DOORZV FXUUHQWO RQO WZR RSWLRQV ZKLFK

LPSOHPHQW WKH ZDYH JHRPHWU LQ WKH FDOFXODWLRQ RI WKH VHD VXUIDFH URXJKQHVV 7KHVH DUH EDVHG RQ

0HOORU– DPDGD–-DQMLF -DQMLć D RUGHU FORVXUH VFKHPH DQG RQ 0HOORU– DPDGD–

1DNDQLVKL–1LLQR 0 11 1DNDQLVKL DQG 1LLQR 1DNDQLVKL DQG 1LLQR D RUGHU

VFKHPH DSSOLFDEOH WR D YDULHW RI GLIIHUHQW VWDWLF VWDELOLW UHJLPHV RKHQ HW DO 3UHOLPLQDU

VWDQG DORQH VLPXODWLRQV VKRZ WKDW 0 11 SURGXFHV UHVXOWV PRUH FRQVLVWHQW ZLWK REVHUYDWLRQV WKXV

WKH ODWWHU VFKHPH KDV EHHQ VHOHFWHG 7KH K GURG QDPLF PRGHO HPSOR HG LQ 2 :67 LV WKH 5HJLRQDO

2FHDQ 0RGHOLQJ 6 VWHP 5206 +DLGYRJHO DQG %HFNPDQQ 6KFKHSHWNLQ DQG 0F:LOOLDPV

YHUVLRQ 5206 LV D IUHHVXUIDFH PRGHO WKDW VROYHV WKH 5H QROGV YHUDJHG 1DYLHU–6WRNHV

HTXDWLRQV LQ FXUYLOLQHDU FRRUGLQDWHV ,Q RXU LPSOHPHQWDWLRQ WKH WXUEXOHQFH FORVXUH VFKHPH LV WKH

*HQHULF /HQJWK 6FDOH 8PODXI DQG %XUFKDUG :DUQHU HW DO :DYH HIIHFWV DUH LQFOXGHG

LQ WKH FLUFXODWLRQ PRGHO XVLQJ WKH 9RUWH[ )RUFHV IRUPXODWLRQ 0F:LOOLDPV HW DO 8FKL DPD HW

DO LQWURGXFHG LQ 2 :67 E .XPDU HW DO D 7KH DWPRVSKHUH–RFHDQ LQWHUDFWLRQ

WKURXJK KHDW DQG PRPHQWXP IOX[ H[FKDQJHV FDQ EH IRUPXODWHG LQ 2 :67 FKRRVLQJ DPRQJ WKUHH

GLIIHUHQW FORVXUH PRGHOV ,Q WKLV ZRUN WKH IRUPXODWLRQ RI VXUIDFH URXJKQHVV GXH WR ZDYH PRWLRQ LV

WKDW SURYLGHG LQ 2RVW HW DO ZKLFK LV DSSURSULDWH WR UHSUHVHQW D IXOO GHYHORSHG VHD

FKDUDFWHUL]HG E VKRUW SHULRG DQG KLJK VWHHSQHVV 2ODEDUULHWD HW DO D +HUH 5206 LV

LPSOHPHQWHG XVLQJ D QXPHULFDO JULG KDYLQJ KRUL]RQWDO VSDFLQJ RI NP VHH )LJ DQG VLJPD

YHUWLFDO OHYHOV ,Q 2 :67 VHD ZDYHV DUH UHSURGXFHG XVLQJ WKH 6LPXODWLQJ:DYHV 1HDUVKRUH PRGHO

6: 1 %RRLM HW DO YHUVLRQ 6: 1 LV D SKDVH DYHUDJHG VSHFWUDO ZDYH PRGHO WKDW

UHSUHVHQWV WKH HYROXWLRQ RI WKH HQHUJ VSHFWUXP LQ DUELWUDU FRQGLWLRQV RI ZLQG FXUUHQWV DQG
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EDWK PHWU DQG LW ZDV VSHFLILFDOO GHVLJQHG WR RYHUFRPH WKH GLIILFXOWLHV LQ WKH DSSOLFDWLRQ RI ZDYH

PRGHOV : 0', *URXS .RPHQ HW DO WR VKDOORZ FRDVWDO DUHDV 6: 1 VROYHV WKH ZDYH

DFWLRQ HTXDWLRQV WDNLQJ LQWR DFFRXQW IRU GLIIHUHQW PHFKDQLVPV RI HQHUJ LQMHFWLRQ WUDQVSRUW DQG

GLVVLSDWLRQ VXFK DV ZLQG GULYHQ JHQHUDWLRQ GLVVLSDWLRQ GXH WR ZKLWH FDSSLQJ ZDYH EUHDNLQJ ERWWRP

IULFWLRQ DQG UHGLVWULEXWLRQ RI WKH HQHUJ VSHFWUXP GXH WR QRQOLQHDU WKUHH DQG IRXU ZDYH LQWHUDFWLRQV

:KHQ DFWLYDWHG LQ RXU H[SHULPHQWV 6: 1 LV LPSOHPHQWHG RYHU WKH VDPH JULG DV 5206 )LJ

ZLWK WKH ZDYH VSHFWUXP GLVFUHWL]HG LQ HTXDOO VSDFHG GLUHFWLRQV DQG JHRPHWULFDOO GLVWULEXWHG

LQWULQVLF IUHTXHQFLHV 4XDQWLWLHV H[FKDQJHG ZKHQ PRGHO FRXSOLQJ LV HQDEOHG DUH VXPPDUL]HG LQ

6HFWLRQ DQG LQ 7DEOH

1XPHULFDO H SHULPH WV

7KH QXPHULFDO VLPXODWLRQV HQFRPSDVV WKH HQWLUH HYHQW H[WHQGLQJ IURP -DQXDU WR )HEUXDU

7KH VWDUWLQJ GDWH DQWLFLSDWHV WKH FROG DLU RXWEUHDN E D IHZ GD V ZKHQ WKH ZDWHU FLUFXODWLRQ

WKH DWPRVSKHULF FLUFXODWLRQ DQG WKH ZDYH DFWLRQ DUH QRW IRUFHG HW E WKH LQWHQVLILFDWLRQ RI %RUD ZLQG

LQ WKH GULDWLF OO DWPRVSKHULF VLPXODWLRQV DUH LQLWLDOL]HG XVLQJ KHUH WKH *OREDO )RUHFDVWLQJ 6 VWHP

)LQDO 5HDQDO VLV *)6 )1/ GDWDVHW ZLWK D JULG VSDFLQJ RI 7KH VDPH GDWD DOVR SURYLGH

WKH ERXQGDU FRQGLWLRQV HYHU K V EULHIO GLVFXVVHG DERYH D VHULHV RI :5) VWDQG DORQH UXQV DQG

RI FRXSOHG VLPXODWLRQV DUH SHUIRUPHG ZKHUH WKH 667 LV SURYLGHG LQ GLIIHUHQW ZD V 7KH IXOO OLVW RI

H[SHULPHQWV LV SURYLGHG LQ 7DEOH DQG GHVFULEHG KHUHDIWHU 7KH IRUPHU IRXU H[SHULPHQWV XVH WKH

DWPRVSKHULF PRGHO DORQH ZKLOH WKH ODWWHU WZR VLPXODWLRQV UHO RQ WKH RWKHU PRGXOHV DYDLODEOH ZLWKLQ

2 :67 UHVSHFWLYHO IRU WKH VLPXODWLRQ RI WKH RFHDQLF FLUFXODWLRQ 5206 DQG RI WKH ZDYH

G QDPLFV 6: 1 ,Q WKHVH FRXSOHG UXQV 5206 LV LQLWLDOL]HG DW 87 RQ -DQXDU XVLQJ

WKH 667 ILHOG UHVXOWLQJ IURP SUHYLRXV UXQV XVHG IRU DQ RFHDQRJUDSKLF DQDO VLV RI WKH ZLQWHU–

VSULQJ FRQGLWLRQV %HQHWD]]R HW DO 'XH WR WKH LGHQWLFDO JULG VWUXFWXUH WKH ODWWHU VLPXODWLRQV

FDQ EH XVHG DW DQ WLPH VWHS DV LQLWLDO FRQGLWLRQV IRU WKH UXQ GLVFXVVHG LQ WKH SUHVHQW SDSHU ZLWKRXW

UHTXLULQJ DQ VSLQ XS SURFHGXUH ZKLFK KDV UHFHQWO EHHQ VKRZQ WR EH DQ LPSRUWDQW LVVXH IRU RFHDQ

VLPXODWLRQV :LQWHUERWWRP HW DO 7KH ERXQGDU FRQGLWLRQV IRU 5206 DW WKH VRXWKHUQ

ERXQGDU QDPHO 2WUDQWR 6WUDLW DUH SUHVFULEHG DV UH LQWHUSRODWHG GDLO YDOXHV RI VHD VXUIDFH

HOHYDWLRQ ' DQG ' PRPHQWXP SRWHQWLDO WHPSHUDWXUH DQG VDOLQLW RULJLQDOO SURYLGHG DV

KRUL]RQWDO UHVROXWLRQ E WKH 0HGLWHUUDQHDQ )RUHFDVWLQJ 6 VWHP 0)6 VHH 3LQDUGL HW DO

V LQ SUHYLRXV 6: 1 LPSOHPHQWDWLRQV FDUULHG RXW LQ WKH GULDWLF 6HD H J %HQHWD]]R HW DO

%HQHWD]]R HW DO QR LQFLGHQW ZDYHV DUH LPSRVHG DW 2WUDQWR 6WUDLW IRU 6: 1 ZKHUHDV WKH VHD

VWDWH JHQHUDWHG ZLWKLQ WKH EDVLQ LV DOORZHG WR UDGLDWH RII WKH GRPDLQ
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7KH IXOO OLVW RI WKH H[SHULPHQWV SHUIRUPHG LQ WKH SUHVHQW VWXG LV VKRZQ KHUHDIWHU

D 5X )6

7KH :5) PRGHO XVHV WKH ODUJH VFDOH 667 GHULYHG IURP WKH *)6 )1/ UHDQDO VLV 7KH 667 KDV D

UHVROXWLRQ RI DERXW NP DQG LV NHSW FRQVWDQW WKURXJKRXW WKH GXUDWLRQ RI WKH VLPXODWLRQ 7KLV UXQ

WKHUHIRUH DOORZV XQGHUVWDQGLQJ KRZ WKH :5) PRGHO EHKDYHV ZLWKRXW UHFHLYLQJ D UHDOLVWLF VHD VXUIDFH

WHPSHUDWXUH DQG UHSUHVHQWV D VRUW RI LQLWLDO EHQFKPDUN

E 5X 67

V LQ WKH SUHYLRXV UXQ WKH 667 UHPDLQV VWDWLF EXW LQ WKLV FDVH LW LV REWDLQHG IURP VDWHOOLWH GDWD WKH

57*B667 5HDO 7LPH *OREDO 667 QDO VLV +LJK 5HVROXWLRQ GDWDVHW *HPPLOO HW DO

SURYLGHG E WKH 1DWLRQDO HQWHU IRU (QYLURQPHQWDO 3UHGLFWLRQ 1 (3 7KH GDWDVHW FRQVLVWV RI GDLO

GDWD ZLWK KRUL]RQWDO UHVROXWLRQ RI DERXW NP :LWK WKLV VLPXODWLRQ WKH EHQHILW RI XVLQJ D KLJKHU

UHVROXWLRQ LQLWLDO 667 LV H[SORUHG FRPSDUHG WR WKH YHU FRDUVH GDWD DGRSWHG LQ *)6 UXQ +RZHYHU WKH

667 LV QRW XSGDWHG GXULQJ WKH VLPXODWLRQ

F 5X 1

7KH LQLWLDO 667 LV WKH VDPH SURYLGHG LQ 5XQ 67 57*B667 EXW QRZ WKH 667 XSGDWH LV FDUULHG RXW

HYHU K 7KH RULJLQDO GDWD ZKLFK DUH DYDLODEOH ZLWK GDLO IUHTXHQF DUH WKXV LQWHUSRODWHG HYHU

K GXULQJ D SUH SURFHVVLQJ SKDVH V D FRQVHTXHQFH WKH 667 LQFOXGHV WKH ORQJ WHUP YDULDWLRQV EXW

GRHV QRW FRQWDLQ DQ GLXUQDO YDULDWLRQ

G 5X 20

,Q WKLV UXQ D VLPSOLILHG RFHDQ PRGHO DYDLODEOH LQ :5) LV XVHG WR VLPXODWH WKH DWPRVSKHUH–RFHDQ

LQWHUDFWLRQ VFKHPDWLF ' RFHDQ PRGHO UHSURGXFHV WKH 2FHDQLF 0L[HG /D HU HYROXWLRQ 3ROODUG HW

DO DQG UHTXLUHV DV LQSXW WKH LQLWLDO 667 DQG WZR SDUDPHWHUV WKDW DUH NHSW XQLIRUP LQ WKH ZKROH

EDVLQ QDPHO WKH PL[HG OD HU GHSWK DQG WKH WKHUPDO JUDGLHQW ZLWKLQ WKH WKHUPRFOLQH ,Q RXU

VLPXODWLRQV WKH WKHUPRFOLQH GHSWK ZDV VHW WR P DQG WKH WKHUPDO JUDGLHQW WR P 'HSHQGLQJ

RQ WKH WKLFNQHVV RI WKH PL[HG OD HU :5) FDOFXODWHV KRZ PXFK KHDW WKH RFHDQ FDQ H[FKDQJH ZLWK WKH

DWPRVSKHUH DQG XSGDWHV WKH YDOXH RI 667 DFFRUGLQJ WR WKH KHDW IOX[HV DW WKH LQWHUIDFH 7KH LQLWLDO VHD

VXUIDFH WHPSHUDWXUH LV JLYHQ E 57*B667

H 5X 2
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7KH 2 WPRVSKHUH–2FHDQ FRQILJXUDWLRQ DGRSWV ERWK :5) DQG 5206 WZR ZD FRXSOHG ZLWKLQ

WKH 2 :67 V VWHP 7KH K GURG QDPLF PRGHO IHHGV EDFN WKH 667 WR WKH DWPRVSKHULF PRGHO HYHU

V ZKLOH :5) SURYLGHV P DLU WHPSHUDWXUH P ZLQG VSHHG DQG GLUHFWLRQ PHDQ VHD OHYHO

SUHVVXUH KXPLGLW VKRUW ZDYH UDGLDWLRQ FORXG FRYHU DQG UDLQ WR 5206 7DEOH 7KHVH ILHOGV DUH

QHFHVVDU IRU 5206 WR FRPSXWH WKH KHDW DQG PRPHQWXP IOX[HV YLD EXON IRUPXODH 7KH VXUIDFH

URXJKQHVV LV FRPSXWHG XVLQJ WKH KDUQRFN IRUPXOD KDUQRFN ZKLFK LV DOVR DGRSWHG LQ WKH

VWDQG DORQH FDVHV 1R ZDYH LQIRUPDWLRQ LV DFFRXQWHG IRU LQ WKLV FRQILJXUDWLRQ

I 5X 2:

7KH ODVW VLPXODWLRQ XVHV DOO WKH PRGHOV DYDLODEOH ZLWKLQ 2 :67 H[FHSW IRU WKH VHGLPHQW WUDQVSRUW

PRGXOH ZLWK :5) 5206 DQG 6: 1 UXQQLQJ LQ D IXOO WZR ZD FRXSOHG FRQILJXUDWLRQ DJDLQ

H[FKDQJLQJ LQIRUPDWLRQ HYHU V 'LIIHUHQW YDOXHV RI WKH H[FKDQJH LQWHUYDO KDYH EHHQ WHVWHG LQ

WKH GULDWLF EDVLQ LQ %HQHWD]]R HW DO V UHSUHVHQWLQJ D VXLWDEOH FRPSURPLVH

EHWZHHQ FRPSXWDWLRQDO FRVWV DQG FDSDELOLWLHV RI UHVROYLQJ WKH EDVLQ DVVRFLDWHG G QDPLFV VHH DOVR

2ODEDUULHWD HW DO D RPSDUHG WR WKH 2 UXQ DQ DGGLWLRQDO PRGHO LQWHUDFWLRQ LV SURYLGHG E

WKH LQFOXVLRQ RI 6: 1 PRGHO 7DEOH :5) XVHV WKH UHVXOWV IURP WKH ZDYH PRGHO WR XSGDWH WKH

VXUIDFH URXJKQHVV ZKLOH 6: 1 LV IRUFHG ZLWK WKH ZLQG ILHOG FRPSRQHQWV IURP WKH DWPRVSKHULF

PRGHO ,Q WXUQ 5206 PRGLILHV WKH FLUFXODWLRQ DFFRUGLQJ WR WKH HQHUJ DQG PRPHQWXP LQSXWV

UHFHLYHG E 6: 1 DQG WKH ODWWHU H[SORLWV WKH FLUFXODWLRQ ILHOGV WR PRGLI WKH ZDYH FRQGLWLRQV

DFFRUGLQJ WR ZDYH–FXUUHQW LQWHUDFWLRQV DV GHVFULEHG E %HQHWD]]R HW DO

5HVXOWV
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,Q WKH SUHVHQW VHFWLRQ WKH UHVXOWV RI WKH VLPXODWLRQV DUH GLVFXVVHG FRQVLGHULQJ RFHDQLF ILHOGV 667

DWPRVSKHULF YDULDEOHV P DLU WHPSHUDWXUH DQG P ZLQG DQG WKH WXUEXOHQW IOX[HV GHWHUPLQHG E

WKH DLU– VHD LQWHUDFWLRQ )LJ VKRZV WKH 667 ILHOGV LQ WKH GLIIHUHQW UXQV DW 87 )HEUXDU

GXULQJ WKH PRVW LQWHQVH SKDVH RI WKH 2 ZKLOH 7DEOH LQFOXGHV VRPH VWDWLVWLFV RQ 667 IRU

WKH VL[ H[SHULPHQWV 7KLV ILHOG UHSUHVHQWV WKH ERXQGDU FRQGLWLRQ IRU WKH VWDQG DORQH UXQV ZKLOH LW LV

D UHVXOW RI WKH 2 :67 DQG LQ SDUWLFXODU RI 5206 VLPXODWLRQV LQ WKH FRXSOHG LPSOHPHQWDWLRQV

ILUVW VLJKW UHYHDOV WKDW WKH GLIIHUHQFHV DPRQJ WKH VLPXODWLRQV DUH UHOHYDQW VKRZLQJ LQ SDUWLFXODU WKDW

PHVRVFDOH VWUXFWXUHV HPHUJLQJ LQ WKH FRXSOHG VLPXODWLRQV DUH FRPSOHWHO DEVHQW LQ WKH VWDQG DORQH

UXQV V DQWLFLSDWHG HDUOLHU WKH *)6 UXQ SDQHO D LV DQ LQLWLDO EHQFKPDUN ZKHUH D YHU FRDUVH

VHD VXUIDFH WHPSHUDWXUH ILHOG LV NHSW FRQVWDQW GXULQJ WKH VLPXODWLRQ WKXV LW LV QRW DEOH WR UHSUHVHQW

WKH 667 ILHOG HYROXWLRQ DQG LV SDUWLFXODUO SRRU QHDUE FRDVWDO UHJLRQV RPSDUHG WR RWKHU SDQHOV LQ

)LJ WKH 667 DSSHDUV ZDUPHU E VHYHUDO GHJUHHV HVSHFLDOO LQ WKH QRUWKHUQ VLGH RI WKH GULDWLF

)LJ D 6LQFH WKH 67 UXQ NHHSV DV ZHOO WKH 667 FRQVWDQW WKURXJKRXW WKH VLPXODWLRQ WKRXJK DW D

ILQHU UHVROXWLRQ HYHQ WKLV LPSOHPHQWDWLRQ GRHV QRW LQFOXGH WKH 667 HYROXWLRQ L H FRROLQJ HPHUJLQJ

LQ WKH QRUWKHUQ GULDWLF FI )LJ E ZLWK )LJ G V D FRQVHTXHQFH LQ WKH FRDVWDO VWDWLRQV DQG

%3 D VLJQLILFDQW RYHUHVWLPDWLRQ RI 667 LV HYLGHQW E DQG UHVSHFWLYHO 7DEOH ,Q

WKH 20/ UXQ WKH 667 HYROXWLRQ LV GHWHUPLQHG E D VLPSOH ' RFHDQ PRGHO 7KH UHVXOWLQJ 667 ILHOG

RQ )HEUXDU )LJ F LV SUHWW FORVH WR WKH UDGLRPHWULF ILHOG RQ -DQXDU )LJ E ZKLFK LV LWV

LQLWLDO FRQGLWLRQ DOWKRXJK LW LV VOLJKWO ZDUPHU LQ WKH VRXWKZHVWHUQ SDUW RI WKH GULDWLF DQG FRROHU

QHDU URDWLD ZKHUH WKH HYROXWLRQ LV PRUH VLPLODU WR WKDW VLPXODWHG LQ WKH FRXSOHG UXQV FRPSDUH )LJ

F ZLWK )LJ H % LQFOXGLQJ WKH ILHOG HYROXWLRQ DV UHWULHYHG E WKH VDWHOOLWH WKH ' 1 UXQ LV DPRQJ

WKH XQFRXSOHG LPSOHPHQWDWLRQV WKH FORVHVW WR WKH 667 PHDVXUHPHQWV LQ WKH QRUWKHUQ GULDWLF ,W

LQFOXGHV WKHUHIRUH WKH FRROLQJ IURP WKH LQLWLDO FRQGLWLRQ VHH )LJ G E DQG LWV RYHUHVWLPDWLRQ RI

667 LV OLPLWHG WR RQO LQ DQG LQ %3 7DEOH
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)L 6HD VXUIDFH WHPSHUDWXUH DW WKH SHDN RI 2 DW 87 )HEUXDU 3DQHOV UHSUHVHQW UHVSHFWLYHO UXQV

*)6 67 % 20/ ' 1 ' 2 ( DQG 2: ) VHH 7DEOH
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+RZHYHU WKH UHODWLYHO FRDUVH UHVROXWLRQ RI WKH ILHOG SUHYHQWV IURP DQ DFFXUDWH UHSUHVHQWDWLRQ RI 667

IHDWXUHV QHDU WKH FRDVWV RI WKH FHQWUDO GULDWLF ZKHUH WKH VPDOOHU VFDOH SDWWHUQV FKDUDFWHUL]LQJ WKH

RFHDQ FLUFXODWLRQ LQ WKDW DUHD 21HLOO HW DO FDQQRW EH SURSHUO UHVROYHG E VDWHOOLWH V D

FRQVHTXHQFH WKH 667 LV VWLOO VWURQJO RYHUHVWLPDWHG QHDU QFRQD FI )LJ G ZLWK )LJ H I DQG 7DEOH

)LQDOO 2 DQG 2: UXQV VKRZ VLPLODU UHVXOWV DQG DSSHDU WR EH WKH FORVHVW WR WKH SRLQW

PHDVXUHPHQWs over the basin, being characterized by a bias of −1 °C at AA, 0.6 °C at BP and 0.2 °C 

in Ancona (Table 2). In particular, the improvement compared to all the “stand alone” runs is very 

KLJK HVSHFLDOO LQ WKH FHQWUDO GULDWLF DUHD 0RUHRYHU WKH VSDWLDO GLVWULEXWLRQ DQG WHPSRUDO HYROXWLRQ

RI 667 VHHP WR EH PRUH DFFXUDWH DQG FRQVLVWHQW ZLWK WKH RFHDQLF VWUXFWXUHV REVHUYHG LQ WKH GULDWLF

EDVLQ GXULQJ VXFK HYHQWV 21HLOO HW DO 7KHVH PHVRVFDOH IHDWXUHV DUH NQRZQ WR EH UHVSRQVLEOH

IRU D VXEVWDQWLDO FKDQJH LQ KHDW DQG PRLVWXUH IOX[HV LQ WKH SUR[LPLW RI WKH FRDVW OHDGLQJ WR WKH

IRUPDWLRQ RI D VLJQLILFDQW DPRXQW RI GHQVH ZDWHUV LQ WKH QRUWKHUQ EDVLQ %HQHWD]]R HW DO )LJ

VKRZV WKH P ZLQG YHFWRUV LQ WKH QRUWKHUQ GULDWLF DW WKH VDPH WLPH DV )LJ 87

)HEUXDU IRU WKH VL[ VLPXODWLRQV 0RGHOHG ZLQG ILHOGV DUH YHU VLPLODU DPRQJ WKH GLIIHUHQW

UXQV VKRZLQJ VXEVWDQWLDOO WKH VDPH SDWWHUQV LQ WHUPV RI VSHHG DQG GLUHFWLRQ

7DEOH 6WDWLVWLFDO UHVXOWV IRU 667 LQ DOO H[SHULPHQWV 7KH ELDV LQ 667 VLPXODWHG PLQXV REVHUYHG YDOXHV DW WKH VWDUWLQJ

WLPH OHIW FROXPQ DW WKH SHDN RI WKH FROG DLU RXWEUHDN )HE 87 PLG GOH FROXPQ DQG WKH DYHUDJH ELDV RYHU WKH

ZKROH VLPXODWLRQ GXUDWLRQ ULJKW FROXPQ LQ WKH YDULRXV UXQV DUH VKRZQ IRU WKH PHDVXUHPHQW VWDWLRQV %3 1

7KXV WKH SUHVHQFH RI GLIIHUHQW 667 ILHOGV DSSDUHQWO DIIHFWV WKH ORZ OHYHO IORZ RQO WR D OHVVHU H[WHQW

6WDQGLQJ WKH YHU LQWHQVH ZLQG VSHHG FKDUDFWHUL]LQJ WKH 2 LW LV VRPHZKDW H[SHFWHG WKDW WKH

V QRSWLF VFDOH IRUFLQJ SUHYDLOV RYHU WKH SRVVLEOH LQIOXHQFH RI 667 RQ WKH DLU–VHD LQWHUDFWLRQV 7KH

ODUJHVW DOEHLW QRW YHU ODUJH GLIIHUHQFHV LQ WKH ZLQG ILHOGV DPRQJ WKH VLPXODWLRQV DUH UHJLVWHUHG

VOLJKWO RXW RI WKH PDMRU %RUD MHWV DV LQ WKH YLFLQLW RI WKH 3R 'HOWD ,VWULD VHFWLRQ ZKHUH WKH ZLQG

VSHHG LV VPDOOHU DQG WKH DLU–VHD LQWHUDFWLRQ SURFHVVHV DUH DEOH WR H[HUW WKHLU LQIOXHQFH IRU D ORQJHU

WLPH 7KH FRPSDULVRQ EHWZHHQ WKH VLPXODWHG DQG WKH REVHUYHG WLPH VHULHV LQ WKH VWDWLRQV FRQVLGHUHG

KHUH LV VKRZQ LQ )LJ IRU WKH DQG %3 VWDWLRQV )URP )LJ XSSHU SDQHOV LW LV SRVVLEOH WR

FRQFOXGH WKDW DW %3 WKH ZLQG LV JHQHUDOO RYHUHVWLPDWHG LQ DOO UXQV RQ DYHUDJH E PRUH WKDQ P V
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GXULQJ WKH PRVW LQWHQVH 2 SKDVH EHWZHHQ )HEUXDU DQG %HLQJ %3 ORFDWHG YHU FORVH WR WKH

QRUWKHDVWHUQ FRDVW RQ WKH OHH VLGH RI WKH VWHHS RURJUDSK RI WKH .DUVW UHJLRQ WKH VWDWLRQ LV LQGHHG

PDUJLQDOO LQIOXHQFHG E WKH DLU–VHD LQWHUDFWLRQ SURFHVVHV :H DUJXH WKDW WKH RYHUHVWLPDWLRQ PD EH

GXH WR D ZHOO DFNQRZOHGJHG PRGHOLQJ SUREOHP QDPHO WKH XQGHUHVWLPDWLRQ RI WKH VXUIDFH VXE JULG

URXJKQHVV LQ :5) ZKLFK LV NQRZQ WR RFFXU LQ PRXQWDLQRXV DUHDV -LPpQH] DQG 'XGKLD 2Q

WKH FRQWUDU LV ORFDWHG RQ WKH :HVW RDVW DIWHU WKH DLUIORZ KDV FURVVHG WKH GULDWLF DQG D PRUH

UHOHYDQW LQIOXHQFH RI WKH DLU–VHD H[FKDQJH LV H[SHFWHG 7KXV WKH PRGHO XQGHUHVWLPDWLRQ RI WKH ZLQG

ILHOG REVHUYHG LQ WKH ODWWHU VWDWLRQ IRU PRVW RI WKH VLPXODWLRQ SHULRG DV VKRZQ LQ )LJ ERWWRP

SDQHOV FDQ EH DVFULEHG WR WKH KDUQRFN IRUPXOD DGRSWHG LQ :5) ZKLFK LV NQRZQ WR RYHUHVWLPDWH

WKH VHD VXUIDFH URXJKQHVV IRU ODUJH ZLQG VSHHGV VHH 'DYLV HW DO .LP DQG +RQJ

'LIIHUHQFHV LQ WKH P ZLQG ILHOGV EHWZHHQ WKH FRXSOHG UXQV 2 DQG 2: DSSHDU QHJOLJLEOH )LJ

H I 7KH PDLQ HIIHFW RI WKH LQFOXVLRQ RI WKH ZDYHV LV D VOLJKW URWDWLRQ RI ZLQG GLUHFWLRQ DQG D VOLJKW

FKDQJH LQ %RUD MHW PDJQLWXGH LQ UXQ 2: ZKLFK FDQ KRZHYHU KDUGO EH GHWHFWHG IURP )LJ )LJV

DQG VKRZ UHVSHFWLYHO WKH VQDSVKRW RI P DLU WHPSHUDWXUH LQ WKH GLIIHUHQW UXQV DW 87

)HEUXDU DQG WKH P WHPperature observations in the different “in situ” stations in comparison 

ZLWK WKH PRGHO GDWD 7KH VLPXODWHG WHPSHUDWXUH ILHOGV DUH YHU VLPLODU LQ WKH QRUWKHUQ GULDWLF

ZKHUHDV LQ WKH FHQWUDO UHJLRQ WKH VKRZ ODUJHU GLIIHUHQFHV RI DERXW RQ DYHUDJH 7KH GLIIHUHQW

UHVSRQVH LQ WKH GLIIHUHQW VXE UHJLRQV RI WKH EDVLQ LV D FRQVHTXHQFH RI WKH GRPLQDQW SURFHVVHV LQ WKH

WZR DUHDV 7KH YHU LQWHQVH %RUD ZLQG DIIHFWV PDLQO WKH QRUWKHUQ UHJLRQ DQG V QRSWLF VFDOH

SURFHVVHV DUH GRPLQDQW RYHU DLU–VHD LQWHUDFWLRQ GYHFWLRQ LV UHSUHVHQWHG LQ D VLPLODU ZD E WKH

GLIIHUHQW UXQV DV LW GHSHQGV PDLQO RQ WKH ODUJH VFDOH IRUFLQJ WKXV DOO VLPXODWLRQV SURYLGH YHU

VLPLODU P WHPSHUDWXUHV LQ %3 IRU DOO WKHLU GXUDWLRQ )LJ W WKH VLWXDWLRQ LV VOLJKWO GLIIHUHQW

ZLWK UHVSHFW WR %3 VLQFH EHIRUH UHDFKLQJ WKH ZHVWHUQ GULDWLF FRDVW ZKHUH LV ORFDWHG WKH DLUIORZ

IURP WKH %DONDQV LQWHUDFWV IRU D ORQJHU SHULRG ZLWK WKH VHD VXUIDFH 7KH HIIHFW RI WKH DLU–VHD LQWHUDFWLRQ

LV WKXV PRUH UHOHYDQW LQ DQG WKH VSUHDG DPRQJ WKH VLPXODWLRQV LV PRUH HYLGHQW VKRZLQJ PRUH

FOHDUO WKH EHQHILW RI DGRSWLQJ D PRUH UHDOLVWLF 667 ILHOG FRPSDUHG WR WKH %3 VWDWLRQ )LQDOO WKH IHWFK

LQ WKH FHQWUDO GULDWLF LV PXFK ORQJHU FRPSDUHG WR WKH QRUWKHUQ EDVLQ WKXV WKH DLU–VHD LQWHUDFWLRQV

KDYH PRUH WLPH WR GHYHORS DQG WKHLU HIIHFW EHFRPHV HYLGHQW LQ 1 VWDWLRQ 7KH DLU–VHD H[FKDQJH

GHSHQGV RQ 667 ZKLFK GLIIHUV VLJQLILFDQWO DPRQJ WKH VLPXODWLRQV WKXV LQ 1 WKH VSUHDG LV ODUJHU

)LJ DQG FRXSOHG UXQV FDQ JHQHUDOO GLVFULPLQDWH EHWWHU WKH WHPSHUDWXUH HYROXWLRQ 7KLV

LPSURYHPHQW LV D FRQVHTXHQFH RI WKH PHVRVFDOH VHD SDWWHUQV DQG LQ SDUWLFXODU RI WKH FROG FRDVWDO

IHDWXUHV QHDU WKH ZHVWHUQ GULDWLF FRDVW ZKLFK DUH EHWWHU GLVFULPLQDWHG LQ WKH FRXSOHG UXQV ZKLOH WKH

DUH DEVHQW LQ WKH RWKHU VLPXODWLRQV IRUFHG ZLWK UDGLRPHWHU RU VWDWLF GDWD )LJ 7KH VXP RI WKH

VHQVLEOH DQG ODWHQW KHDW IOX[HV QDPHO WRWDO WXUEXOHQW KHDW IOX[HV KHUHDIWHU 7+) DW 87
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)HEUXDU LV VKRZQ LQ )LJ IRU DOO WKH FRQVLGHUHG UXQV )URP WKH GHILQLWLRQ EXON IRUPXODH 7+)

GHSHQG DPRQJ RWKHUV RQ WKH GLIIHUHQFH LQ WHPSHUDWXUH DQG KXPLGLW EHWZHHQ WKH VHD VXUIDFH DQG P

KHLJKW DQG RQ WKH ZLQG VSHHG 7KH QHW IOX[HV RQ WKH QRUWKHUQ GULDWLF EDVLQ DUH WKXV VWURQJO DIIHFWHG

E WKH 667 ILHOG XVHG LQ WKH YDULRXV UXQV DQG DV D FRQVHTXHQFH UHODWLYHO VPDOO GLIIHUHQFHV LQ

WHPSHUDWXUH DQG KXPLGLW FDQ EH VWURQJO DPSOLILHG ZKHQ FRPELQHG LQ 7+) 7KH GLIIHUHQFHV DPRQJ

WKH VLPXODWLRQV HPHUJLQJ LQ )LJ DUH VLJQLILFDQW LQ WHUPV RI LQWHQVLW ZKLOH WKH VSDWLDO GLVWULEXWLRQ

LV UDWKHU VLPLODU 7KH *)6 FDVH SDQHO D LV FKDUDFWHUL]HG E YHU LQWHQVH 7+) HVSHFLDOO LQ WKH *XOI

RI 7ULHVWH DQG LQ EHWZHHQ WKH URDWLDQ LVODQGV ZLWK PRGHOHG SHDN LQWHQVLW RI DERXW : P

7+) DEVROXWH YDOXHV DUH KLJKHU WKDQ LQ WKH RWKHU UXQV RQ DYHUDJH E DERXW – RYHU WKH ZKROH

domain, with the Bora jets appearing more intense and wider. The other “stand alone” simulations 

)LJ SDQHOV E WR G DUH DOVR FKDUDFWHUL]HG E YHU LQWHQVH KHDW IOX[HV ZLWK SHDNV RI DERXW –

: P 2Q WKH RSSRVLWH WKH FRXSOHG UXQV SDQHO H–I VKRZ PXFK ORZHU 7+) LQ SDUWLFXODU DORQJ

WKH %RUD MHWV UHDFKLQJ SHDNV RI DERXW : P RQO LQ D IHZ JULG SRLQWV QHDU WKH URDWLDQ LVODQGV

DQG RI DERXW – : P LQ WKH JXOI RI 7ULHVWH 7KH GLIIHUHQFH LQ KHDW IOX[HV DPRQJ WKH UXQV LV

PDLQO GXH WR 667 ZKLFK KDV EHHQ VKRZQ WR H[KLELW D ODUJHU YDULDELOLW FRPSDUHG WR WKH DWPRVSKHULF

YDULDEOHV ,Q WKH *)6 UXQ 667 LV VLJQLILFDQWO RYHUHVWLPDWHG HVSHFLDOO LQ WKH FRDVWDO VWULS RI WKH

QRUWKHUQ GULDWLF ZKHUH GLIIHUHQFHV RI DERXW DULVH DW WKH SHDN RI WKH HYHQW )HEUXDU LQ

FRPSDULVRQ ZLWK WKH REVHUYHG YDOXHV 7KHVH UHVXOWV DUH FRQVLVWHQW ZLWK WKRVH UHSRUWHG E 'DYROLR HW

DO ZKHUH GLIIHUHQW OLPLWHG DUHD DWPRVSKHULF PRGHO VLPXODWLRQV ZHUH SHUIRUPHG IRU WKH VDPH

FDVH VWXG DQDO ]HG KHUH VWDUWLQJ IURP GLIIHUHQW 667 SURYLGHG HLWKHU E JOREDO PRGHOV RU VDWHOOLWH

DQDO VHV
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)L 10 m wind speed (m s−1) and direction at the peak of CAO, at 00:00 UTC, February 6. Panels represent, 

UHVSHFWLYHO UXQV *)6 67 % 20/ ' 1 ' 2 ( DQG 2: ) VHH 7DEOH
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/DUJH GLIIHUHQFHV ZHUH IRXQG LQ WKH VLPXODWHG VHQVLEOH DQG ODWHQW KHDW IOX[HV VKRZLQJ WKDW WKH

VSHFLILF 667 ILHOGV XVHG DV LQLWLDO FRQGLWLRQV UHSUHVHQW D FULWLFDO LVVXH IRU DQ DFFXUDWH GHVFULSWLRQ RI

WKH VHD VXUIDFH IOX[HV DW OHDVW IRU WKLV H[FHSWLRQDOO VHYHUH HYHQW 7KH ZDUP ELDV LQ WKH 667 ILHOG

SURYLGHG E *)6 LV WKXV LQ GHWULPHQW RI WKH PRGHO SHUIRUPDQFH 2Q WKH RWKHU KDQG WKH FRXSOHG UXQV

VKRZQ KHUH UHSUHVHQWLQJ PRUH DFFXUDWHO WKH 667 YDOXHV DQG LWV VSDWLDO SDWWHUQV SURYLGH YDOXHV RI

7+) PXFK FORVHU WR WKH REVHUYDWLRQV

)L P ZLQG VSHHG WLPH VHULHV DW %3 WZR XSSHU SDQHOV DQG WZR ORZHU SDQHOV 5XQ ODEHOV DUH VKRZQ LQ 7DEOH
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7LPH VHULHV RI WKH VLPXODWHG KHDW IOX[HV FRPSDUHG WR REVHUYDWLRQV LQ WKH WKUHH FRQVLGHUHG VWDWLRQV

)LJ JLYH D EHWWHU TXDQWLILFDWLRQ RI WKH GLIIHUHQFHV DPRQJ WKH UXQV DQG WKHLU PRGXODWLRQ WLPH

OWKRXJK LQ WKH QRUWKHUQ GULDWLF EDVLQ WKH IHWFK DQG WKH HIIHFW RI WKH DLU–VHD SURFHVVHV DUH OLPLWHG

the spread in SST among the “stand alone” simulations is remarkable and affects significantly the 

7+) ZKLFK DUH ODUJHO RYHUHVWLPDWHG ERWK LQ %3 WZR XSSHU SDQHOV DQG LQ WZR FHQWUDO SDQHOV

7KH PRUH GHWDLOHG 667 ILHOG LQ WKH FRXSOHG UXQV SURYLGHV D IXUWKHU LPSURYHPHQW FRPSDUHG WR ' 1

VKRZLQJ 7+) YDOXHV YHU FORVH WR WKH REVHUYDWLRQV 2Q WKH RSSRVLWH LQ QFRQD )LJ ORZHU

SDQHOV WKH REVHUYHG QHW KHDW IOX[HV UHDFK : P RQO GXULQJ WKH PRVW LQWHQVH SKDVH RI WKH HYHQW

remaining generally around 100 W/m2. All “stand alone” simulations generate results similar to each 

RWKHU EXW DOO UDWKHU GLVWDQW IURP WKH REVHUYDWLRQV ZLWK YDOXHV RI DERXW : P GXULQJ WKH SHDN

OVR WKH ' 1 H[SHULPHQW VWURQJO RYHUHVWLPDWHV WKH LQWHQVLW RI WKH IOX[HV FRQILUPLQJ WKDW WKH

VDWHOOLWH LV QRW DEOH WR UHSURGXFH WKH ILQH 667 SDWWHUQ REVHUYHG QHDU WKH FRDVW 7KHVH VWUXFWXUHV DUH

UHSURGXFHG RQO E WKH FRXSOHG VLPXODWLRQV VHH DJDLQ )LJ ZKLFK WKXV HPHUJH DV WKH RQO UXQV

FDSDEOH WR VLPXODWH 7+) YDOXHV WKDW DUH YHU FORVH WR WKH PHDVXUHPHQWV 2QO PLQRU GLIIHUHQFHV FDQ

EH GHSLFWHG ZKHQ FRPSDULQJ 2 DQG 2: UHVXOWV LQ DOO VWDWLRQV )LJ 7KH LQFOXVLRQ RI WKH ZDYH

PRGHO LQ WKH FRXSOHG V VWHP GRHV QRW VHHP WR DGG UHOHYDQW LQIRUPDWLRQ IRU WKH 7+) VLPXODWLRQ DW

OHDVW IRU WKLV VSHFLILF FDVH 7KH 7D ORU GLDJUDP )LJ VXPPDUL]HV WKH SUHYLRXV DQDO VHV :LWK WKH

LQFUHDVHG UHDOLVP RI WKH 667 SURYLGHG WR WKH DWPRVSKHULF PRGHO WKH P WHPSHUDWXUH QRW VKRZQ

VWDQGDUG GHYLDWLRQ JHWV FORVHU WR WKH REVHUYDWLRQV ZKLOH WKH FKDQJHV DUH QHJOLJLEOH IRU P ZLQG

VSHHG QRW VKRZQ % FRQWUDVW KHDW IOX[HV VKRZ D UHOHYDQW LPSURYHPHQW HVSHFLDOO LQ WHUPV RI

VWDQGDUG GHYLDWLRQ 3DUWLFXODUO DW 1 WKH LPSURYHPHQW RI 7+) GXH WR WKH FRXSOHG VLPXODWLRQV LV

indeed very significant. The overall performance of the coupled simulations compared to the “stand

alone” runs suggests that the presence of a realistic SST is crucial for a correct simulation of THF—

HVSHFLDOO LQ D EDVLQ VXFK DV WKH GULDWLF 6HD FKDUDFWHUL]HG E D YHU FROG FRDVWDO FLUFXODWLRQ RQ WKH

,WDOLDQ VLGH 6XFK DQ RFHDQLF FXUUHQW JUHDWO LQIOXHQFHV WKH KHDW IOX[HV DORQJ WKH ,WDOLDQ GULDWLF

FRDVWDO DUHD SDUWLFXODUO LQ WKH FHQWUDO SDUW RI WKH EDVLQ ZKHUH WKH RQVKRUH 667 JUDGLHQWV DUH YHU

VWURQJ DQG VKDUSHU WKDQ WKH VSDWLDO UHVROXWLRQ RI WKH VDWHOOLWH GDWD 7KH GLIILFXOW LQ UHSURGXFLQJ H[DFWO

WKLV FLUFXODWLRQ HYHQ E PHDQV RI FRXSOHG PRGHOV PD EH UHVSRQVLEOH IRU WKH VPDOOHU 7+) FRUUHODWLRQ

FRHIILFLHQW EHWZHHQ VLPXODWLRQV DQG PHDVXUHPHQWV HPHUJLQJ LQ 1 IURP DOO UXQV VHH DJDLQ )LJ

,Q DGGLWLRQ DQ RXWVWDQGLQJ HOHPHQW FRQILUPLQJ WKH LPSRUWDQFH RI FRPSXWLQJ 667 ZLWKLQ D FRXSOHG

PRGHOLQJ V VWHP OLHV LQ WKH FRQVLVWHQW IUDPH RI RFHDQ DQG DWPRVSKHUH LQ ZKLFK HQHUJ IOX[HV DUH

FRPSXWHG OHDGLQJ WR UHDOLVWLF WKHUPRG QDPLF HYDOXDWLRQV
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LVFXVVLR

7KH LQFUHDVLQJ DYDLODELOLW RI FRPSXWDWLRQDO UHVRXUFHV DOORZV D ZLGHU XVH RI FRXSOHG PRGHOLQJ

V VWHPV WR GHVFULEH DWPRVSKHULF DQG PDULQH G QDPLFV +RZHYHU VHYHUDO DVSHFWV QHHG WR EH

FRQVLGHUHG ZKHQ SURFHHGLQJ DORQJ WKLV GLUHFWLRQ 7KH QHHG IRU DGGLWLRQDO GDWD LV DQ REVWDFOH WKDW FDQ

EH PLWLJDWHG E WKH QHZ JHQHUDWLRQ RI RSHUDWLRQDO RFHDQRJUDSKLF PRGHOV 5XVVR HW DO DQG WKH

standardization of interoperable “large model outputs” (Bergamasco, 2012). It is expected that using 

VXFK FRXSOHG QXPHULFDO V VWHPV VKRXOG QRW RQO LPSURYH WKH GHVFULSWLRQ RI SURFHVVHV GLUHFWO OLQNHG

WR WKH DLU ZDWHU LQWHUDFWLRQ EXW DOVR OHDG WR D PRUH UHDOLVWLF SUHGLFWLRQ RI VRPH DWPRVSKHULF YDULDEOHV

GHSHQGLQJ RQ LW ,Q RXU H[DPSOH WKH KHDW IOX[HV DQG WKH YDSRU IOX[HV RYHU WKH VHD VXUIDFH DVVRFLDWHG

ZLWK WKH 2 HYHQW SRRUO VLPXODWHG E WKH RSHUDWLRQDO 1:3 LQ PLJKW EHQHILW WKH SURSHU

UHSUHVHQWDWLRQ RI WKH FRXSOHG DLU–VHD LQWHUDFWLRQV DFURVV WKH GULDWLF 7KH UHVXOWV RI WKH SUHVHQW VWXG

FRXOG SRVVLEO EH IXUWKHU LPSURYHG ZLWK WKH XVH RI JULG VSDFLQJ LQ WKH DWPRVSKHULF PRGHO ILQHU WKDQ

WKH NP DFWXDOO HPSOR HG 7KH ILQHU UHVROXWLRQ DOORZV VROYLQJ ZLWK EHWWHU GHWDLO WKH RURJUDSKLF

REVWDFOHV GHOLPLWLQJ WKH GULDWLF 6HD RQ LWV HDVWHUQ VLGH DQG WKXV WKH LPSDFW RI WKH RURJUDSK RQ WKH

GLVWULEXWLRQ RI %RUD MHWV 7KH OLPLWDWLRQV LQ FRPSXWDWLRQDO WLPH GLG QRW DOORZ XV WR IXOO H[SORUH WKLV

DVSHFW SDUWLFXODUO LPSRUWDQW DOVR ZKHQ FRQYHFWLYH SURFHVVHV ZKLFK UHTXLUH D JULG VSDFLQJ RI IHZ

NP IRU EHLQJ WUHDWHG H[SOLFLWO SOD DQ LPSRUWDQW UROH QXPEHU RI LVVXHV RI H[WUHPH LPSRUWDQFH IRU

WKH PDULQH HQYLURQPHQW ZRXOG EHQHILW IURP WKH DYDLODELOLW RI D FRXSOHG DWPRVSKHUH– RFHDQ–ZDYH

PRGHO RQVLGHU IRU H[DPSOH WKH SURFHVVHV RI SUHFRQGLWLRQLQJ JHQHUDWLRQ IRUPDWLRQ DQG GLVSHUVLRQ

RI GHQVH ZDWHUV LQ WKH GULDWLF 6HD RQH RI WKH YHU IHZ IRUPDWLRQ EDVLQV RI GHQVH ZDWHUV ZKLFK DUH

VR LPSRUWDQW IRU ERWK HFRORJLFDO GHHS ZDWHU YHQWLODWLRQ QXWULHQW WUDQVSRUW DQG KDELWDW VKDSLQJ DQG

K GURORJLFDO ZDWHU WUDQVSRUW IURP WKH /HYDQWLQH EDVLQ FOLPDWLF WHOHFRQQHFWLRQV HWF DVSHFWV 7KHVH

SURFHVVHV %HQHWD]]R HW DO KDYH VWLOO PDQ DVSHFWV WR EH GHWHUPLQHG PDQ RI ZKLFK DUH OLQNHG

WR WKH FRUUHFW HVWLPDWLRQ RI WKH IORZV DQG YROXPHV RI ZDWHU JHQHUDWHG GXULQJ WKH ZLQWHU PRQWKV ZKLFK

LQ WXUQ DUH VWURQJO FRQWUROOHG E WKHUPDO DQG NLQHWLF HQHUJ IOX[HV DW WKH DLU–VHD LQWHUIDFH DQG

WKURXJKRXW WKH ZDWHU FROXPQ DUQLHO HW DO E 7KHUHIRUH LW DSSHDUV QHFHVVDU WKDW WKH ZLOO EH

SURSHUO LQYHVWLJDWHG E PHDQV RI FRXSOHG QXPHULFDO WRROV DQG VXSSRUWHG E DGHTXDWH LQ VLWX

PHDVXUHPHQWV OVR WKH SRVVLELOLW RI DFFXUDWH HVWLPDWHV RI ZDYH FKDUDFWHULVWLFV SURYLGHV

DSSOLFDWLRQV RI LPPHGLDWH XVH LQFOXGLQJ WKH GHWHUPLQDWLRQ RI VDIH VKLS URXWHV WKH LGHQWLILFDWLRQ RI

VHD VWDWHV SRVVLEO KDPSHULQJ HQJLQHHULQJ DFWLYLWLHV RU XVHIXO LQIRUPDWLRQ IRU FRDVWDO YXOQHUDELOLW

DVVHVVPHQW DQG WKH GHILQLWLRQ RI VKRUH SURWHFWLRQ VWUDWHJLHV
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)L 7ZR PHWHU DLU WHPSHUDWXUH DW WKH SHDN RI 2 DW 87 )HEUXDU 3DQHOV UHSUHVHQW UHVSHFWLYHO

UXQV *)6 67 % 20/ ' 1 ' 2 ( DQG 2: ) VHH 7DEOH
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)LJ P DLU WHPSHUDWXUH WLPH VHULHV DW %3 XSSHU WZR SDQHOV FHQWUDO WZR SDQHOV DQG QFRQD ORZHU WZR SDQHOV

VWDWLRQV 5XQ ODEHOV DUH VKRZQ LQ 7DEOH



� ϰϰ�

)L 7XUEXOHQW KHDW IOX[HV : P DW WKH SHDN RI 2 DW 87 )HEUXDU 3DQHOV UHSUHVHQW UHVSHFWLYHO UXQV

*)6 67 % 20/ ' 1 ' 2 ( DQG 2: ) VHH 7DEOH
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R FOXVLR V

7KH SUHVHQW SDSHU LQYHVWLJDWHV D FDVH VWXG RI SHUVLVWHQW FROG DLU RXWEUHDN WKDW DIIHFWHG WKH QRUWKHUQ

GULDWLF EDVLQ QRUWKHUQ 0HGLWHUUDQHDQ IRU ZHHNV EHWZHHQ -DQXDU DQG )HEUXDU 6LQFH WKLV

FDVH UHSUHVHQWV RQH RI WKH PRVW LQWHQVH 2 HYHQWV LQ WKH ODVW HDUV LW KDV EHHQ DQDO ]HG LQ

GLIIHUHQW VWXGLHV H J VHH 0LKDQRYLć HW DO -DQHNRYLć HW DO %HQHWD]]R HW DO

'DYROLR HW DO SURYLGLQJ D VROLG EDFNJURXQG RI WKH JHQHUDO IHDWXUHV RI WKH SURFHVV ,Q RUGHU WR

XQGHUVWDQG WKH HIIHFWV RI DLU–VHD LQWHUDFWLRQV LQ VXFK DQ H[FHSWLRQDO PHWHRURORJLFDO SKHQRPHQRQ

KHUH WKH HYHQW LV DQDO ]HG XVLQJ WKH 2 :67 PRGHOLQJ V VWHP IRU WKH ILUVW WLPH DOVR ZLWK D ZDYH–

RFHDQ–DWPRVSKHUH FRXSOHG FRQILJXUDWLRQ 7KLV V VWHP ZDV SUHYLRXVO VXFFHVVIXOO DGRSWHG WR

VLPXODWH LQWHQVH PHWHR RFHDQLF SKHQRPHQD LQ WKH WODQWLF 2FHDQ :DUQHU HW DO D 2ODEDUULHWD

HW DO D =DPERQ HW DO D DQG LQ WKH 0HGLWHUUDQHDQ 6HD 5HQDXOW HW DO ZKLOH UHFHQW

DSSOLFDWLRQV LQ WKH GULDWLF 6HD PDLQO IRFXVHG RQ WKH HIIHFW RI ZDYH–FXUUHQW LQWHUDFWLRQV %HQHWD]]R

HW DO RQ WUDFHUV DQG VHGLPHQW WUDQVSRUW SURFHVVHV 6FODYR HW DO DQG RQ WKH IRUPDWLRQ

DQG IDWH RI GHQVH ZDWHUV %HQHWD]]R HW DO DUQLHO HW DO D ,Q SDUWLFXODU WKH ZRUN ILUVW

H[SORUHV WKH HIIHFW UHODWHG WR WKH XVH RI GLIIHUHQW 667 ILHOGV DV LQLWLDO DQG ERXQGDU FRQGLWLRQV LQ

VRPH SXUHO DWPRVSKHULF :5) PRGHO VLPXODWLRQV FDUULHG RXW ZLWKRXW FRXSOLQJ VWDQG DORQH UXQV

7KH VLPXODWLRQ UHVXOWV DUH FRPSDUHG ZLWK GDWD IURP FRDVWDO SODWIRUPV DQG EXR V ORFDWHG LQ WKH

QRUWKHUQ DQG FHQWUDO GULDWLF DOORZLQJ VRPH LQVLJKW RQ WKH VSDWLDO VFDOH DQG WKH DORQJ D[LV YDULDELOLW

RI WKH HIIHFWV RI WKH 667 IRUFLQJ 7KH XVH RI D VDWHOOLWH UHWULHYHG KLJK UHVROXWLRQ 667 ILHOG UHJXODUO

XSGDWHG LQ WLPH UXQ ' 1 VLJQLILFDQWO LPSURYHV WKH VLPXODWLRQ RI WXUEXOHQW KHDW IOX[HV FRPSDUHG

WR UXQV SHUIRUPHG ZLWK FRQVWDQW DQG RU ORZ UHVROXWLRQ 667 ,Q IDFW D VWDWLF SUHVFULSWLRQ RI WKH LQLWLDO

667 ILHOG WKURXJKRXW WKH ZKROH VLPXODWLRQ SHULRG UXQV *)6 DQG 67 LV VKRZQ WR LQGXFH DQ LQFRUUHFW

UHSUHVHQWDWLRQ RI WKH DLU–VHD H[FKDQJHV HVSHFLDOO GXULQJ LQWHQVH HYHQWV VLPSOLILHG RFHDQ PRGHO

LV DOVR WHVWHG WR FRQWLQXRXVO XSGDWH WKH 667 UXQ 20/ KRZHYHU WKH RYHUVLPSOLILFDWLRQ RI WKH PRGHO

IRUPXODWLRQ LPSURYHV RQO PDUJLQDOO WKH UHVXOWV FRPSDUHG WR WKH RQHV REWDLQHG E XVLQJ D FRQVWDQW

667 7KH LPSURYHPHQW LQGXFHG E WKH LQJHVWLRQ RI D ILQH VFDOH KRXUO XSGDWHG 667 UXQ ' 1

UHSUHVHQWV DQ LPSRUWDQW LQGLFDWLRQ RI WKH QHFHVVLW RI XVLQJ UHDOLVWLF DQG G QDPLF 667 ILHOGV LQ

QXPHULFDO VLPXODWLRQV DV DOUHDG QRWHG IRU LQWHQVH HYHQWV LQ WKH 0HGLWHUUDQHDQ 8QIRUWXQDWHO WKH

UHVROXWLRQ RI WKH 667 UHWULHYHG IURP VDWHOOLWH NP IURP VDWHOOLWH LQWHUSRODWHG DW NP RYHU :5)

JULG LQ UXQ ' 1 LV VWLOO WRR FRDUVH WR SURSHUO UHSURGXFH PHVRVFDOH DQG VPDOOHU VFDOH FRDVWDO IHDWXUHV

LQ FHQWUDO GULDWLF
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)L 7XUEXOHQW KHDW IOX[HV WLPH VHULHV DW %3 XSSHU WZR SDQHOV FHQWUDO WZR SDQHOV DQG QFRQD ORZHU WZR

SDQHOV VWDWLRQV 5XQ ODEHOV DUH VKRZQ LQ 7DEOH
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)L 7D ORU GLDJUDP UHODWLYH WR 7+) 7KH FRORUV DQG LQLWLDO OHWWHU UHIHU WR WKH GLIIHUHQW PRGHO VLPXODWLRQV VHH 7DEOH

7KH ODVW WZR OHWWHUV UHIHU WR WKH VWDWLRQ  FTXD OWD 3ODWIRUP %3  3DORPD EXR 1  QFRQD

7KH FRXSOHG UXQV FOHDUO VKRZ KRZ WKH HIIHFW RI D KLJK UHVROXWLRQ 667 XSGDWHG FRQVLVWHQWO ZLWK

RFHDQ FLUFXODWLRQ DQG ZDYH G QDPLFV LV UHOHYDQW LQ SDUWLFXODU IRU WKH GHWHUPLQDWLRQ RI WKH KHDW IOX[HV

ZKLOH LW LV OHVV LPSRUWDQW IRU RWKHU DWPRVSKHULF YDULDEOHV VXFK DV P WHPSHUDWXUH DQG P ZLQG

7KLV KDSSHQV EHFDXVH LQ D VHPL HQFORVHG EDVLQ RI UHODWLYHO VPDOO GLPHQVLRQV VXFK DV WKH QRUWKHUQ

GULDWLF DQG GXULQJ D YHU LQWHQVH DQG SURORQJHG HYHQW FKDUDFWHUL]HG E VWURQJ GLUHFWLRQDO

SHUVLVWHQFH P ZLQG DQG P WHPSHUDWXUHV DUH PRVWO LQIOXHQFHG E WKH V QRSWLF VFDOH DWPRVSKHULF

FLUFXODWLRQ UDWKHU WKDQ E IDFWRUV DW D ORFDO VFDOH =DPERQ HW DO E % FRQWUDVW VSHFLILF DQG

ODWHQW KHDW IOX[HV DUH GULYHQ E 667 H[KLELWLQJ D VWURQJ KRUL]RQWDO JUDGLHQW WKURXJKRXW WKH EDVLQ DQG

WKHUHIRUH DUH VWURQJO VHQVLWLYH WR WKH ZD DQG WKH VSDFH–WLPH UHVROXWLRQ E ZKLFK 667 LV GHVFULEHG

DQG VDPSOHG LQ WKH PRGHO PRQJ RWKHU DGYDQWDJHV D FRXSOHG V VWHP FDUULHV RXW WKH FDOFXODWLRQ RI

KHDW IOX[HV LQ WKH RFHDQ DQG LQ WKH DWPRVSKHUH FRQVLVWHQWO ,Q DGGLWLRQ WKH XVH RI WKH ZDYH PRGHO

DOORZV SURSHUO FRQVLGHULQJ WKH ZDYH VWHHSQHVV LQWR WKH FDOFXODWLRQ RI WKH VHD VXUIDFH URXJKQHVV

DOWKRXJK WKLV HIIHFW DSSHDUV DW OHDVW IRU WKLV FDVH VWXG UHODWLYHO PLQRU ,Q FRQFOXVLRQ GHVSLWH WKH

GLIILFXOWLHV VWLOO LQKHUHQW LQ WKH LPSOHPHQWDWLRQ RI D FRXSOHG DSSURDFK WKH DYDLODELOLW RI D YDOLGDWHG

RFHDQ– DWPRVSKHUH–ZDYH QXPHULFDO V VWHP DSSHDUV WR EH DV DQ LPSRUWDQW DFKLHYHPHQW IRU WKH
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VFLHQWLILF DQG RSHUDWLRQDO FRPPXQLWLHV ,Q WKLV VWXG ZH GR QRW DQDO ]H WKH UHVXOWV LQ WHUPV RI

SUHFLSLWDWLRQ EHFDXVH GXULQJ WKLV DWPRVSKHULF HYHQW WKH UDLQIDOO ZDV DOPRVW FRPSOHWHO VQRZ

8QIRUWXQDWHO LW LV H[WUHPHO GLIILFXOW WR ILQG VQRZ GHSWKV GDWD UHFRUGHG DQG UHOLDEOH VR WKH

FRPSDULVRQV ZRXOG KDYH EHHQ H[WUHPHO GLVWRUWHG DQG XQUHOLDEOH

5HIHUH FHV

NKWDU 1 %UDXFK - 'REOHU %pUDQJHU . KUHQV % 0HGLFDQHV LQ DQ RFHDQ–
DWPRVSKHUH FRXSOHG UHJLRQDO FOLPDWH PRGHO 1DW +D]DUGV (DUWK 6 VW 6FL 'LVFXVV –
KWWS G[ GRL RUJ QKHVVG

%HQHWD]]R )HGHOH ) DUQLHO 6 5LFFKL %XFFKLJQDQL ( 6FODYR 0 :DYH FOLPDWH
RI WKH GULDWLF 6HD D IXWXUH VFHQDULR VLPXODWLRQ 1DW +D]DUGV (DUWK 6 VW 6FL –

%HQHWD]]R DUQLHO 6 6FODYR 0 %HUJDPDVFR :DYH–FXUUHQW LQWHUDFWLRQ HIIHFW RQ
WKH ZDYH ILHOG LQ D VHPL HQFORVHG EDVLQ 2FHDQ 0RGHO – KWWS G[
GRL RUJ M RFHPRG

%HQHWD]]R %HUJDPDVFR %RQDOGR ' )DOFLHUL ) 0 6FODYR 0 /DQJRQH / DUQLHO 6
5HVSRQVH RI WKH GULDWLF 6HD WR DQ LQWHQVH FROG DLU RXWEUHDN GHQVH ZDWHU G QDPLFV DQG

ZDYH LQGXFHG WUDQVSRUW 3URJ 2FHDQRJU – KWWS G[ GRL
RUJ M SRFHDQ

%HUJDPDVFR 0 RQWLQXRXV WLPH PRGHO LGHQWLILFDWLRQ ZLWK DSSOLFDWLRQV WR URWRUFUDIW
G QDPLFV 3K' 7KHVLV 3ROLWHFQLFR GL 0LODQR

%LJQDPL ) 6FLDUUD 5 DUQLHO 6 6DQWROHUL 5 9DULDELOLW RI GULDWLF 6HD FRDVWDO WXUELG
ZDWHUV IURP 6HD:L)6 LPDJHU - *HRSK V 5HV 6 KWWS G[ GRL RUJ

-

%ROGULQ DUQLHO 6 *LDQL 0 0DULQL 0 %HUQDUGL XEU ) DPSDQHOOL *ULOOL )
5XVVR (IIHFWV RI %RUD ZLQG RQ SK VLFDO DQG ELRJHRFKHPLFDO SURSHUWLHV RI VWUDWLILHG
ZDWHUV LQ WKH QRUWKHUQ GULDWLF - *HRSK V 5HV 6 KWWS G[
GRL RUJ -

Booij, N., Holthuijsen, L.H., Ris, R.C., 1996. The “SWAN” wave model for shallow water. Coast. 
(QJ 3URF KWWS G[ GRL RUJ LFFH Y S

DPXIIR ' )UHH]LQJ RI WKH YHQHWLDQ ODJRRQ VLQFH WKH WK FHQWXU ' LQ FRPSDULVRQ WR WKH
FOLPDWH RI ZHVWHUQ (XURSH DQG (QJODQG OLP KDQJ –

DUQLHO 6 :DUQHU - KLJJLDWR - 6FODYR 0 ,QYHVWLJDWLQJ WKH LPSDFW RI VXUIDFH ZDYH
EUHDNLQJ RQ PRGHOOLQJ WKH WUDMHFWRULHV RI GULIWHUV LQ WKH QRUWKHUQ GULDWLF VHD GXULQJ D ZLQG VWRUP
HYHQW 2FHDQ 0RGHO – KWWS G[ GRL RUJ M RFHPRG
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DUQLHO 6 %HQHWD]]R %HUJDPDVFR %ROGULQ %RQDOGR ' )DOFLHUL ) /DQJRQH /
6FODYR 0 D 2II VKHOI IOX[HV DFURVV WKH VRXWKHUQ GULDWLF PDUJLQ IRUFLQJ IDFWRUV FRQWUROOLQJ
GHQVHZDWHU GULYHQ WUDQVSRUW SKHQRPHQD 0DU *HRO KWWS G[ GRL RUJ

M PDUJHR

DUQLHO 6 %HQHWD]]R %RQDOGR ' )DOFLHUL ) 0 0LJOLHWWD 0 0 5LFFKL 6FODYR 0
E QDO VLV RI D 'HQVH :DWHU )RUPDWLRQ (YHQW 8VLQJ D RXSOHG 0RGHOLQJ 6 VWHP 2FHDQ

0RGHOOLQJ LQ SUHVV

KDUQRFN + :LQG VWUHVV RQ D ZDWHU VXUIDFH 4XDUW - 5R 0HWHRURO 6RF –

KHQ ) 0LWFKHOO . 6FKDDNH - ;XH 3DQ + .RUHQ 9 'XDQ (N 0 %HWWV
0RGHOLQJ RI ODQG VXUIDFH HYDSRUDWLRQ E IRXU VFKHPHV DQG FRPSDULVRQ ZLWK ),)( REVHUYDWLRQV -
*HRSK V 5HV –   RKHQ ( DYDOOR 6 0 RQLJOLR 0 %URRNV + (
UHYLHZ RI SODQHWDU ERXQGDU OD HU SDUDPHWHUL]DWLRQ VFKHPHV DQG WKHLU VHQVLWLYLW LQ VLPXODWLQJ D

VRXWKHDVW 8 6 FROG VHDVRQ VHYHUH ZHDWKHU HQYLURQPHQW :HDWKHU )RUHFDVW KWWS G[ GRL RUJ
: ) '

'DYLV :DQJ : KHQ 6 6 KHQ RUERVLHUR . 'H0DULD 0 'XGKLD - +ROODQG *
.OHPS - 0LFKDODNHV - 5HHYHV + 5RWXQQR 5 6Q GHU ;LDR 4 3UHGLFWLRQ RI
ODQGIDOOLQJ KXUULFDQHV ZLWK WKH DGYDQFHG KXUULFDQH :5) PRGHO 0RQ :HDWKHU 5HY –

KWWS G[ GRL RUJ 0:5

'DYROLR 6 6WRFFKL 3 %HQHWD]]R %RKP ( 5LPLQXFFL ) 5DYDLROL 0 /L ; 0 DUQLHO
6 ([FHSWLRQDO %RUD RXWEUHDN LQ ZLQWHU YDOLGDWLRQ DQG DQDO VLV RI KLJK UHVROXWLRQ
DWPRVSKHULF PRGHO VLPXODWLRQV LQ WKH QRUWKHUQ GULDWLF DUHD ' Q WPRV 2FHDQV –
KWWS G[ GRL RUJ M G QDWPRFH

'RUPDQ ( HW DO )HEUXDU PDULQH DWPRVSKHULF FRQGLWLRQV DQG WKH ERUD RYHU WKH
QRUWKHUQ GULDWLF - *HRSK V 5HV 6 KWWS G[ GRL RUJ -

'XERLV 6RPRW 6 DOPDQWL 6 DULOOR D 'pTXp 0 'HOO TXLOOD D (OL]DOGH D *XDOGL 6
-DFRE ' /+pYpGHU % /L / 2GGR 3 6DQQLQR * 6FRFFLPDUUR ( 6HYDXOW ) )XWXUH
SURMHFWLRQV RI WKH VXUIDFH KHDW DQG ZDWHU EXGJHWV RI WKH 0HGLWHUUDQHDQ 6HD LQ DQ HQVHPEOH RI
FRXSOHG DWPRVSKHUH–RFHDQ UHJLRQDO FOLPDWH PRGHOV OLP ' Q –
KWWS G[ GRL RUJ V

'XGKLD - 1XPHULFDO VWXG RI FRQYHFWLRQ REVHUYHG GXULQJ WKH:LQWHU 0RQVRRQ ([SHULPHQW
XVLQJ D PHVRVFDOH WZR GLPHQVLRQDO PRGHO - WPRV 6FL – )DLUDOO : %UDGOH
( ) 5RJHUV ' 3 (GVRQ - 3 RXQJ * 6 %XON SDUDPHWHUL]DWLRQ RI DLU–VHD IOX[HV LQ
72* 2 5( - *HRSK V 5HV –  

)LWD / )HUQiQGH] - *DUFtD 'tH] 0 /:5) :5) PRGLILFDWLRQV IRU UHJLRQDO FOLPDWH
VLPXODWLRQ XQGHU IXWXUH VFHQDULRV 3URF WK :5) 8Vers’ Workshop, 21−25 June 2010. Boulder, 
2  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*HPPLOO : .DW] % /L ; 'DLO 5HDO 7LPH *OREDO 6HD 6XUIDFH 7HPSHUDWXUH +LJK
5HVROXWLRQ QDO VLV 57*B667B5+ 12 1:6 1 (3 00 % 7HFKQLFDO 1RWH
SS  +DLGYRJHO ' % %HFNPDQQ 1XPHULFDO 2FHDQ LUFXODWLRQ 0RGHOOLQJ ,PSHULDO
ROOHJH 3UHVV S

+DLGYRJHO ' % UDQJR + %XGJHOO : 3 RUQXHOOH % ' XUFKLWVHU ( 'L /RUHQ]R (
)HQQHO . *H HU : 5 +HUPDQQ - /DQHUROOH / /HYLQ - 0F:LOOLDPV - 0LOOHU -
0RRUH 0 3RZHOO 7 0 6KFKHSHWNLQ ) 6KHUZRRG 5 6LJQHOO 5 3 :DUQHU -
:LONLQ - 2FHDQ IRUHFDVWLQJ LQ WHUUDLQ IROORZLQJ FRRUGLQDWHV IRUPXODWLRQ DQG VNLOO
DVVHVVPHQW RI WKH UHJLRQDO RFHDQ PRGHOLQJ V VWHP - RPSXW 3K V –
KWWS G[ GRL RUJ M MFS

+RUYDWK . %DMLć ,YDWHN Šahdan, S., 2011. Dynamical downscaling of wind speed in complex 
WHUUDLQ SURQH WR %RUD W SH IORZV - SSO 0HWHRURO OLPDWRO –
KWWS G[ GRL RUJ - 0

-DQHNRYLć , 0LKDQRYLć + 9LOLELć , 7XGRU 0 ([WUHPH FRROLQJ DQG GHQVH ZDWHU
IRUPDWLRQ HVWLPDWHV LQ RSHQ DQG FRDVWDO UHJLRQV RI WKH GULDWLF VHD GXULQJ WKH ZLQWHU RI -
*HRSK V 5HV 2FHDQV – KWWS G[ GRL RUJ -

-DQMLć = , 7KH VWHS PRXQWDLQ FRRUGLQDWH SK VLFDO SDFNDJH 0RQ :HDWKHU 5HY –
KWWS G[ GRL RUJ E 760 33 2

-DQMLć = , 7KH VWHS PRXQWDLQ HWD FRRUGLQDWH PRGHO IXUWKHU GHYHORSPHQWV RI WKH FRQYHFWLRQ
YLVFRXV VXEOD HU DQG WXUEXOHQFH FORVXUH VFKHPHV 0RQ :HDWKHU 5HY
KWWS G[ GRL RUJ E 760( 01 2

-LPpQH] 3 'XGKLD - ,PSURYLQJ WKH UHSUHVHQWDWLRQ RI UHVROYHG DQG XQUHVROYHG
WRSRJUDSKLF HIIHFWV RQ VXUIDFH ZLQG LQ WKH :5) PRGHO - SSO 0HWHRURO OLPDWRO –
KWWS G[ GRL RUJ - 0 '

-XOOLHQ 6 0DUFKHVLHOOR 3 0HQNHV ( /HIqYUH - -RXUGDLQ 1 6DPVRQ * /HQJDLJQH 0
2FHDQ IHHGEDFN WR WURSLFDO F FORQHV FOLPDWRORJ DQG SURFHVVHV OLP ' Q –

.DLQ - 6 7KH .DLQ–)ULWVFK FRQYHFWLYH SDUDPHWHUL]DWLRQ DQ XSGDWH - SSO 0HWHRURO
–

.LP ( - +RQJ 6 ,PSDFW RI DLU–VHD LQWHUDFWLRQ RQ HDVW VLDQ VXPPHU PRQVRRQ FOLPDWH
LQ :5) - *HRSK V 5HV ' KWWS G[ GRL RUJ -'

.RPHQ * - DYDOHUL / 'RQHODQ 0 +DVVHOPDQQ . +DVVHOPDQQ 6 -DQVVHQ 3 ( 0
' QDPLFV DQG 0RGHOOLQJ RI 2FHDQ :DYHV

.RUHQ 9 6FKDDNH - 0LWFKHOO . 'XDQ 4 KHQ ) SDUDPHWHUL]DWLRQ RI VQRZSDFN
DQG IUR]HQ JURXQG LQWHQGHG IRU 1 (3 ZHDWKHU DQG FOLPDWH PRGHOV - *HRSK V 5HV –
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.XPDU 1 9RXOJDULV * :DUQHU - 2ODEDUULHWD 0 D ,PSOHPHQWDWLRQ RI WKH YRUWH[ IRUFH
IRUPDOLVP LQ WKH FRXSOHG RFHDQ–DWPRVSKHUH–ZDYH–VHGLPHQW WUDQVSRUW 2 :67 PRGHOLQJ
V VWHP IRU LQQHU VKHOI DQG VXUI ]RQH DSSOLFDWLRQV 2FHDQ 0RGHO –
KWWS G[ GRL RUJ M RFHPRG

/LQ / )DUOH 5 ' 2UYLOOH + ' %XON SDUDPHWHUL]DWLRQ RI WKH VQRZ ILHOG LQ D FORXG
PRGHO - OLP SSO 0HWHRURO – KWWS G[ GRL RUJ

E %3276)1 2

/LX 4 0RRUH * : . /DNH (IIHFW 6QRZVWRUPV RYHU 6RXWKHUQ 2QWDULR DQDGD DQG
7KHLU VVRFLDWHG 6 QRSWLF 6FDOH (QYLURQPHQW 0RQ :HDWKHU 5HY –

/RJOLVFL 1 4LDQ 0 : 5DFKHY 1 DVVDUGR /RQJKHWWR 3XULQL 5 7ULYHUR 3
)HUUDUHVH 6 *LUDXG 'HYHORSPHQW RI DQ DWPRVSKHUH–RFHDQ FRXSOHG PRGHO DQG LWV
DSSOLFDWLRQ RYHU WKH GULDWLF VHD GXULQJ D VHYHUH ZHDWKHU HYHQW RI %RUD ZLQG - *HRSK V 5HV
' KWWS G[ GRL RUJ -'

0F:LOOLDPV - 5HVWUHSR - 0 /DQH ( 0 Q DV PSWRWLF WKHRU IRU WKH LQWHUDFWLRQ RI
ZDYHV DQG FXUUHQWV LQ FRDVWDO ZDWHUV - )OXLG 0HFK – KWWS G[ GRL
RUJ 6

0LJOLHWWD 0 0 0RVFDWHOOR RQWH ' 0DQQDULQL * /DFRUDWD * 5RWXQQR 5
Numerical analysis of a Mediterranean ‘hurricane’ over south HDVWHUQ ,WDO VHQVLWLYLW H[SHULPHQWV
WR VHD VXUIDFH WHPSHUDWXUH WPRV 5HV –  

0LJOLHWWD 0 0 /DYLROD 6 0DOYDOGL RQWH ' /HYL]]DQL 9 3ULFH QDO VLV RI
WURSLFDO OLNH F FORQHV RYHU WKH 0HGLWHUUDQHDQ 6HDWKURXJK D FRPELQHG PRGHOLQJ DQG VDWHOOLWH
DSSURDFK *HRSK V 5HV /HWW – KWWS G[ GRL RUJ JUO

0LJOLHWWD 0 0 0DVWUDQJHOR ' RQWH ' ,QIOXHQFH RI SK VLFV SDUDPHWHUL]DWLRQ VFKHPHV
RQ WKH VLPXODWLRQ RI D WURSLFDO OLNH F FORQH LQ WKH 0HGLWHUUDQHDQ 6HD WPRV 5HV –
KWWS G[ GRL RUJ M DWPRVUHV

0LKDQRYLć + 9LOLELć , DUQLHO 6 7XGRU 0 5XVVR %HUJDPDVFR %XELć, N., Ljubešić
= 9LOLčLć ' %ROGULQ 0DODčLč 9 HOLR 0 RPLFL 5DLFLFK ) ([FHSWLRQDO GHQVH
ZDWHU IRUPDWLRQ RQ WKH GULDWLF VKHOI LQ WKH ZLQWHU RI 2FHDQ 6FL –
KWWS G[ GRL RUJ RV  

0ODZHU ( - 7DXEPDQ 6 - %URZQ 3 ' ,DFRQR 0 - ORXJK 6 5DGLDWLYH WUDQVIHU IRU
LQKRPRJHQHRXV DWPRVSKHUH 5570 D YDOLGDWHG FRUUHODWHG N PRGHO IRU WKH ORQJZDYH - *HRSK V
5HV –  0RVFDWHOOR

0LJOLHWWD 0 0 5RWXQQR 5 Numerical analysis of a Mediterranean “hurricane” over 
VRXWK HDVWHUQ ,WDO 0RQ :HDWKHU 5HY –

http://dx.doi.org/10.1002/grl.50432
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1DNDQLVKL 0 1LLQR + 'HYHORSPHQW RI DQ LPSURYHG WXUEXOHQFH FORVXUH PRGHO IRU WKH
DWPRVSKHULF ERXQGDU OD HU - 0HWHRURO 6RF -SQ –
KWWS G[ GRL RUJ MPVM  

1DNDQLVKL 0 1LLQR + Q LPSURYHG 0HOORU DPDGD OHYHO PRGHO LWV QXPHULFDO VWDELOLW
DQG DSSOLFDWLRQ WR D UHJLRQDO SUHGLFWLRQ RI DGYHFWLRQ IRJ %RXQG /D HU 0HWHRURO –
KWWS G[ GRL RUJ V  

2ODEDUULHWD 0 :DUQHU - UPVWURQJ % =DPERQ - % +H 5 D 2FHDQ–DWPRVSKHUH
G QDPLFV GXULQJ KXUULFDQH ,GD DQG QRU ,GD DQ DSSOLFDWLRQ RI WKH FRXSOHG RFHDQ– DWPRVSKHUH–
ZDYH–VHGLPHQW WUDQVSRUW 2 :67 PRGHOLQJ V VWHP 2FHDQ 0RGHO –
KWWS G[ GRL RUJ M RFHPRG  

21HLOO / : KHOWRQ ' % (VEHQVHQ 6 . :HQW] ) - +LJK UHVROXWLRQ VDWHOOLWH
PHDVXUHPHQWV RI WKH DWPRVSKHULF ERXQGDU OD HU UHVSRQVH WR 667 YDULDWLRQV DORQJ WKH JXOKDV
UHWXUQ FXUUHQW - OLP – KWWS G[ GRL RUJ - /,

2RVW : .RPHQ * - -DFREV 0 - 9DQ 2RUW 1HZ HYLGHQFH IRU D UHODWLRQ EHWZHHQ
ZLQG VWUHVV DQG ZDYH DJH IURP PHDVXUHPHQWV GXULQJ 6* 0 *( %RXQG /D HU 0HWHRURO

–  3LQDUGL 1 OOHQ , 'HPLURY ( 0H 3 ' .RUUHV * /DVFDUDWRV 7UDRQ 3 /

0DLOODUG 0DQ]HOOD * 7]LDYRV 7KH 0HGLWHUUDQHDQ RFHDQ IRUHFDVWLQJ V VWHP ILUVW
SKDVH RI LPSOHPHQWDWLRQ – QQ *HRSK V –  

3ROODUG 5 7 5KLQHV 3 % 7KRPSVRQ 5 2 5 7KH GHHSHQLQJ RI WKH ZLQG PL[HG OD HU
*HRSK V VWURSK V )OXLG ' Q –  

3XOOHQ - 'R OH - ' 6LJQHOO 5 3 7ZR ZD DLU–VHD FRXSOLQJ D VWXG RI WKH GULDWLF 0RQ
:HDWKHU 5HY – KWWS G[ GRL RUJ 0:5  

3XOOHQ - 'R OH - ' 'RUPDQ 6LJQHOO 5 3 +DDFN 7 /HH 0 %RUD HYHQW
YDULDELOLW DQG WKH UROH RI DLU–VHD IHHGEDFN - *HRSK V 5HV 6
KWWS G[ GRL RUJ -  

5DLFLFK ) 0DODčLč 9 HOLR 0 *LDLRWWL ' DQWRQL ROXFFL 5 5 ̌HUPHOM % 3XFLOOR
([WUHPH DLU–VHD LQWHUDFWLRQV LQ WKH JXOI RI 7ULHVWH QRUWK GULDWLF GXULQJ WKH VWURQJ %RUD

HYHQW LQ ZLQWHU - *HRSK V 5HV 2FHDQV – KWWS
G[ GRL RUJ MJUF

5HQDXOW / KLJJLDWR - :DUQHU - *RPH] 0 9L]RVR * 7LQWRUp - RXSOHG
DWPRVSKHUH–RFHDQ–ZDYH VLPXODWLRQV RI D VWRUP HYHQW RYHU WKH *XOI RI /LRQ DQG %DOHDULF 6HD -
*HRSK V 5HV 2FHDQV KWWS G[ GRL RUJ - Q D–Q D

5XVVR ROXFFHOOL DUQLHO 6 %HQHWD]]R 9DOHQWLQL 3 FFDJQHOOD 7 5DYDLROL 0
%RUWROX]]L * 2SHUDWLRQDO PRGHOV KLHUDUFK IRU VKRUW WHUP PDULQH SUHGLFWLRQV WKH GULDWLF
6HD H[DPSOH 2 ( 16 %HUJHQ 076 ,(((

http://dx.doi.org/10.1175/JCLI3415.1
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6FODYR 0 %HQHWD]]R DUQLHO 6 %HUJDPDVFR )DOFLHUL ) 0 %RQDOGR ' :DYH
FXUUHQW LQWHUDFWLRQ HIIHFW RQ VHGLPHQW GLVSHUVDO LQ D VKDOORZ VHPL HQFORVHG EDVLQ - RDVW 5HV

– KWWS G[ GRL RUJ 6,

6KFKHSHWNLQ ) 0F:LOOLDPV - 7KH UHJLRQDO RFHDQLF PRGHOLQJ V VWHP 5206 D
VSOLW H[SOLFLW IUHH VXUIDFH WRSRJUDSK IROORZLQJ FRRUGLQDWH RFHDQLF PRGHO 2FHDQ 0RGHO –

KWWS G[ GRL RUJ M RFHPRG

6LJQHOO 5 3 DUQLHO 6 DYDOHUL / KLJJLDWR - 'R OH - ' 3XOOHQ - 6FODYR 0
VVHVVPHQW RI ZLQG TXDOLW IRU RFHDQRJUDSKLF PRGHOOLQJ LQ VHPL HQFORVHG EDVLQV - 0DU 6 VW

– KWWS G[ GRL RUJ M MPDUV V

6NDPDURFN : .OHPS - % 'XGKLD - *LOO ' 2 %DUNHU ' 0 :DQJ : 3RZHUV - *
'HVFULSWLRQ RI WKH GYDQFHG 5HVHDUFK :5) 9HUVLRQ

8FKL DPD 0F:LOOLDPV - 6KFKHSHWNLQ ) :DYH–FXUUHQW LQWHUDFWLRQ LQ DQ RFHDQLF
FLUFXODWLRQ PRGHO ZLWK D YRUWH[ IRUFH IRUPDOLVP SSOLFDWLRQ WR WKH VXUI ]RQH 2FHDQ 0RGHO

–

8PODXI / %XUFKDUG + JHQHULF OHQJWK VFDOH HTXDWLRQ IRU JHRSK VLFDO WXUEXOHQFH PRGHOV
- 0DU 5HV – KWWS G[ GRL RUJ :DPGL *URXS

7KH : 0 PRGHO D WKLUG JHQHUDWLRQ RFHDQ ZDYH SUHGLFWLRQ PRGHO

- 3K V 2FHDQRJU –  :DUQHU - 6KHUZRRG 5 UDQJR + * 6LJQHOO 5 3
3HUIRUPDQFH RI IRXU WXUEXOHQFH FORVXUH PRGHOV LPSOHPHQWHG XVLQJ D JHQHULF OHQJWK VFDOH

PHWKRG 2FHDQ

0RGHO – – KWWS G[ GRL RUJ M RFHPRG  :DUQHU -
UPVWURQJ % +H 5 =DPERQ - % D 'HYHORSPHQW RI D FRXSOHG RFHDQ– DWPRVSKHUH–ZDYH–

VHGLPHQW WUDQVSRUW 2 :67 PRGHOLQJ V VWHP 2FHDQ 0RGHO

– KWWS G[ GRL RUJ M RFHPRG  :LQWHUERWWRP + 5 8KOKRUQ ( :
KDVVLJQHW ( 3 GHVLJQ DQG DQ DSSOLFDWLRQ RI D UHJLRQDO FRXSOHG DWPRVSKHUH–RFHDQ PRGHO

IRU WURSLFDO F FORQH SUHGLFWLRQ KWWS G[ GRL RUJ 06  

=DPERQ - % +H 5 :DUQHU - D ,QYHVWLJDWLRQ RI +XUULFDQH ,YDQ XVLQJ WKH FRXSOHG
RFHDQ–DWPRVSKHUH–ZDYH–VHGLPHQW WUDQVSRUW 2 :67 PRGHO 2FHDQ ' Q
KWWS G[ GRL RUJ V –  

=DPERQ - % +H 5 :DUQHU - E 7URSLFDO WR H[WUDWURSLFDO PDULQH HQYLURQPHQWDO FKDQJHV
DVVRFLDWHG ZLWK VXSHUVWRUP VDQG SULRU WR LWV ODQGIDOO *HRSK V 5HV /HWW
KWWS G[ GRL RUJ */ Q D–Q D
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�6FUDWFKL EH HDWK WKH VXUIDFH KLOH FRXSOL
DWPRVSKHUH RFHD D G DYHV DO VLV R H VH

DWHU IRUPDWLR

� 2YHUYLH

ROG LU 2XWEUHDNV 2V RYHU VKDOORZ VHDV PD OHDG WR GHQVH ZDWHU IRUPDWLRQ HSLVRGHV HQKDQFLQJ

ZDWHU KHDW QXWULHQW DQG VHGLPHQW H[FKDQJHV DFURVV WKH FRQWLQHQWDO PDUJLQ ZLWK DVVRFLDWHG VHDEHG

UHVKDSLQJ 'XULQJ ZLQWHU D 2 HSLVRGH FKDUDFWHULVHG E H[FHSWLRQDO LQWHQVLW VWURNH WKH

QRUWKHUQ GULDWLF 6HD RQH RI WKH PRVW HIIHFWLYH FRRO HQJLQHV GULYLQJ WKH 0HGLWHUUDQHDQ FLUFXODWLRQ

SURYLGLQJ D SDUDPRXQW RSSRUWXQLW IRU DQ LQWHJUDWHG LQYHVWLJDWLRQ RI GHQVH VKHOI ZDWHU G QDPLFV ,Q

WKH SUHVHQW VWXG ZH GHVFULEH WKLV HYHQW XVLQJ D IXOO FRXSOHG PRGHOLQJ DSSURDFK H[SORULQJ WKH

HIIHFWV RI PXWXDO LQWHUDFWLRQV DPRQJ DWPRVSKHUH RFHDQ FXUUHQWV DQG VHD VXUIDFH ZDYHV XVXDOO QRW

FRPSOHWHO DFFRXQWHG IRU LQ WKH UHVXOWLQJ GHQVH ZDWHU IRUPDWLRQ :KLOVW DWPRVSKHULF ILHOGV DSSHDU

WR EH PDUJLQDOO DIIHFWHG E FRXSOHG G QDPLFV LQ WKH SUHVHQW FDVH LPSOLFDWLRQV IRU VHD VXUIDFH

HOHYDWLRQ DQG FLUFXODWLRQ DUH IDU IURP QHJOLJLEOH 0HDVXUHPHQWV FROOHFWHG LQ WKH QRUWKHUQ GULDWLF 6HD

VKRZHG WKDW D SK VLFDOO FRQVLVWHQW GHVFULSWLRQ RI HQHUJ H[FKDQJHV EHWZHHQ RFHDQ DQG DWPRVSKHUH

SURYLGHV DQ LPSURYHG HVWLPDWH RI KHDW IOX[HV DQG RI DLU DQG VHD WHPSHUDWXUHV ,Q DGGLWLRQ WKH H[SOLFLW

LQFOXVLRQ RI ZDYH DFWLRQ ZLWKLQ WKH PRGHOLQJ V VWHP IXUWKHU HQKDQFHV WKH PRGXODWLRQ RI DLU VHD

H[FKDQJHV DQG WKH SURSDJDWLRQ RI LWV HIIHFW DORQJ WKH ZDWHU FROXPQ UHVXOWLQJ LQ D GLIIHUHQW LQWHQVLW

RI QRUWKHUQ GULDWLF J UHV DQG LQ GLIIHUHQW ZDWHU IOX[HV IORZLQJ WKURXJK WKH IRUPDWLRQ EDVLQ 7KURXJK

WKHVH PDLQ FRQWUROV RQ WKH ZDWHU YROXPH LQYROYHG LQ WKH GHQVLILFDWLRQ SURFHVV DQG RQ WKH LQWHQVLW RI

PRPHQWXP LQSXW DQG FRROLQJ D FRXSOHG PRGHOLQJ VWUDWHJ DFFRXQWLQJ IRU DWPRVSKHUH ZDYHV

FXUUHQWV LQWHUDFWLRQV FDQ WXUQ RXW WR EH FUXFLDO IRU LPSURYLQJ WKH TXDQWLILFDWLRQ RI WKHUPRKDOLQH

SURSHUWLHV DQG HQHUJ FRQWHQW QHZO IRUPHG GHQVH ZDWHU PDVV DQG SURYLGH D EHWWHU GHVFULSWLRQ RI

LWV PLJUDWLRQ SDWKZD V DQG UDWHV RI RII VKHOI GHVFHQW 'HQVH ZDWHU G QDPLFV DUH JHQHUDOO

DFNQRZOHGJHG DV RQH RI WKH PDLQ RFHDQ GULYHUV IRU ODUJH VFDOH FLUFXODWLRQ DQG GHHS VHD YHQWLODWLRQ

DURXQG WKH ZRUOG ,YDQRY HW DO 'HQVH ZDWHU GRZQIORZ DOVR DFWV DV D PDMRU FRQYH RU IRU

VHGLPHQW DQG QXWULHQWV RII WKH FRQWLQHQWDO VKHOI WRZDUGV WKH GHHSHU VHD DQDOV HW DO 7HVL HW

DO 7XUFKHWWR HW DO DUQLHO HW DO WKXV SOD LQJ D UROH LQ ORQJ WHUP VHJUHJDWLRQ RI

RUJDQLF FDUERQ 0DODQRWWH 5L]]ROL HW DO 2Q WKH RWKHU KDQG WKLV FDQ EH VHHQ DV D SDUW RI D
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EURDGHU F FOH GULYLQJ RII VKHOI WUDQVSRUW DORQJ GLIIHUHQW PRUSKRORJLFDO IHDWXUHV RI WKH FRQWLQHQWDO

VORSH DUQLHO HW DO DQG RQ VKHOI IORZV GXH WR FDQ RQ LQGXFHG XSZHOOLQJ RQQROO DQG

+LFNH EHLQJ D SULPDU UHJXODWRU IRU WKH VHDVRQDO PLJUDWLRQ RI D QXPEHU RI ELRORJLFDO VSHFLHV

ZLWK SDUDPRXQW HFRORJLFDO FRQVHTXHQFHV RQ PDULQH WURSKLF QHWZRUNV %RHUR )XUWKHUPRUH

GHQVH ZDWHU G QDPLFV DQG WKHLU LQWHUDFWLRQV ZLWK ODUJH VFDOH FLUFXODWLRQ KDYH EHHQ LGHQWLILHG DV D

PDLQ IDFWRU IRU FRQWLQHQWDO PDUJLQ UHVKDSLQJ JLYLQJ ULVH WR SHFXOLDU HURVLRQDO DQG GHSRVLWLRQDO

EHGIRUP SDWWHUQV 9HUGLFFKLR DQG 7ULQFDUGL %RQDOGR HW DO

� , WURGXFWLR

'HQVH ZDWHU IRUPDWLRQ RYHU FRQWLQHQWDO VKHOI VHDV PD RFFXU DV D UHVSRQVH WR VHYHUH ZHDWKHU HYHQWV

WKDW XQGHU D VHW RI FRQGLWLRQV JHQHUDOO LGHQWLILHG DV “SUHFRQGLWLRQLQJ” 9LOLELF ́ DQG 6XSLF ́

FDQ GUDVWLFDOO PRGLI WKH WKHUPRKDOLQH SURSHUWLHV RI WKH EDVLQ 'XULQJ WKHVH HSLVRGHV QHZO IRUPHG

GHQVH ZDWHU PDVVHV WHQG WR VLQN DQG IORZ DSSURDFKLQJ D JHRVWURSKLF HTXLOLEULXP SURJUHVVLYHO

GHVFHQGLQJ DV ERWWRP IULFWLRQ DQG H[WHUQDO IRUFLQJV WRSRJUDSK VLQJXODULWLHV WLGHV LQWHUQDO ZDYHV

HWF SHUWXUE WKH VWUHDP PRWLRQ :KLOH WKH PHFKDQLVPV GULYLQJ SURSDJDWLRQ DQG IDWH RI WKHVH PDVVHV

KDYH EHHQ SURJUHVVLYHO EHWWHU XQGHUVWRRG LQ WKH ODVW GHFDGHV 6PLWK HW DO *ULIILWKV XS

WR WKH PRVW UHFHQW HIIRUWV E +ROODQG %HQHWD]]R HW DO DQG %RQDOGR HW DO WKH

IRUPDWLRQ SKDVH QHHGV WR EH IXUWKHU HOXFLGDWHG 7KH HVWLPDWHG DPRXQW RI GHQVH ZDWHUV SURGXFHG LV

LQGHHG UDWKHU YDULDEOH +HUUPDQQ HW DO DQG DUQLHO HW DO GHSHQGLQJ RQ WKH UHODWLYH

ZHLJKW RI ULYHU GLVFKDUJHV DLU DQG VHD WHPSHUDWXUHV DQG ZLQG GULYHQ FLUFXODWLRQ +DQVHQ HW DO

DQG ,YDQRY HW DO EHIRUH DQG GXULQJ WKH HYHQW 7KHUHIRUH WKLV SKDVH LV FOHDUO FRQWUROOHG E

LQWHUDFWLQJ G QDPLFV LQYROYLQJ DLU DQG VHD EXW WKH H[WHQW DQG WKH GRPLQDQW GLUHFWLRQ RI WKHVH

LQWHUDFWLRQV DV ZHOO DV WKH UROH RI ZDYHV LQ WKHLU PRGXODWLRQ LV PXFK OHVV FOHDU ,Q DGGLWLRQ PRGHOLQJ

DSSURDFKHV FRPPRQO XVHG IRU GHVFULELQJ WKHVH HYHQWV DUH JHQHUDOO EDVHG RQ D RQH ZD FRXSOLQJ

L H ZLWKRXW DQ IHHGEDFN IURP WKH RFHDQ WR WKH DWPRVSKHUH EHWZHHQ DWPRVSKHUH DQG VHD UHVXOWLQJ

LQ D GLDJQRVWLF FRPSXWDWLRQ RI KHDW IOX[HV DW WKH LQWHUIDFH WKDW GRHV QRW ZDUUDQW FRQVLVWHQF RI WKH

HQHUJ EXGJHW LQ WKH WZR V VWHPV 7KLV QRWZLWKVWDQGLQJ UHFHQW HIIRUWV KDYH EHHQ FDUULHG RXW WRZDUGV

D FRPSUHKHQVLYH GHVFULSWLRQ RI DLU VHD LQWHUDFWLRQ ZLWKLQ D FRXSOHG PRGHOLQJ IUDPHZRUN % PHDQV

RI WKH RXSOHG 2FHDQ WPRVSKHUH :DYH 6HGLPHQW 7UDQVSRUW 2 :67 VHH :DUQHU HW DO

PRGHOLQJ V VWHP 5HQDXOW HW DO H[SORUHG WKH LPSOLFDWLRQV RI WKHVH DVSHFWV E LPSOHPHQWLQJ

GLIIHUHQW PRGHOLQJ VWUDWHJLHV IRU WKH GHVFULSWLRQ RI D VHYHUH VWRUP RFFXUUHG LQ WKH 0HGLWHUUDQHDQ 6HD

V WKH DVVHVVHG WKH HIIHFW RI LPSURYHG LQWHUIDFH SURFHVVHV RQ ZLQG ILHOGV VHD VXUIDFH WHPSHUDWXUH

DQG RFHDQ YHUWLFDO PL[LQJ WKH ODFN RI D FRXSOLQJ EHWZHHQ RFHDQ DQG ZDYH PRGHOV GLG QRW DOORZ WR
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H[SOLFLWO UHSUHVHQW WKH HIIHFW RI ZDYH FXUUHQW LQWHUDFWLRQ ZKLFK FDQ SOD D UHOHYDQW UROH LQ WKH

GLVWULEXWLRQ RI NLQHWLF HQHUJ DORQJ WKH ZDWHU FROXPQ DQG LQ WKH PRGXODWLRQ RI DGYHFWLYH SURFHVVHV

DW WKH VXE PHVRVFDOH DUQLHO HW DO %HQHWD]]R HW DO DQG 6FODYR HW DO ,Q WXUQ

=DPERQ HW DO UHFHQWO UHOLHG RQ WKH VDPH PRGHOLQJ V VWHP IRU LQYHVWLJDWLQJ WKH G QDPLFV RI

D WURSLFDO VWRUP HYROYLQJ LQWR DQ H[WUDWURSLFDO VXSHUVWRUP LQ WKH WODQWLF RFHDQ LQ WKLV FDVH ZLWK D

WKUHH ZD IXOO FRXSOLQJ RI RFHDQ DWPRVSKHUH DQG ZDYHV ,Q WKDW FDVH UHVXOWV LQGLFDWHG WKDW WKHUH ZDV

D GRPLQDQFH RI ODUJH VFDOH V QRSWLF FLUFXODWLRQ RYHU VPDOOHU VFDOH SKHQRPHQD FDSWXUHG E PRGHO

FRXSOLQJ LQ GULYLQJ WKH SURFHVV LPSO LQJ D OLPLWHG LPSURYHPHQW RI RYHUDOO VNLOOV LQ UHVSRQVH WR PRGHO

FRXSOLQJ SDUDPRXQW FDVH VWXG IRU GHQVH ZDWHU G QDPLFV LV SURYLGHG E DQ H[FHSWLRQDO FRROLQJ

HYHQW WKDW WRRN SODFH LQ ZLQWHU ZKHQ WKH LQWUXVLRQ RI FROG DQG GU 6LEHULDQ DLU PDVVHV D ROG

LU 2XWEUHDN 2 KHUHLQDIWHU LQGXFHG H[WUHPHO ORZ WHPSHUDWXUHV LQ WKH QRUWK HDVWHUQ HSL

FRQWLQHQWDO EDVLQ RI WKH 0HGLWHUUDQHDQ 6HD QDPHO WKH GULDWLF 6HD 'DYROLR HW DO 7KLV JDYH

ULVH WR WKH IRUPDWLRQ RI DQ H[WHQVLYH PDVV RI KLJK GHQVLW ZDWHU ZKRVH PLJUDWLRQ DFURVV WKH GULDWLF

EDVLQ ZDV VXEVHTXHQWO UHFRUGHG RQ WKH VKHOI DQG DORQJ WKH FRQWLQHQWDO PDUJLQ 0LKDQRYLF ́ HW DO

1DMGHN HW DO DQG /DQJRQH HW DO IWHU WKH ZRUN RI 0LKDQRYLF ́ HW DO

ZKHUH KHDW IOX[HV UHVXOWLQJ IURP RSHUDWLRQDO PRGHOV ZHUH EULHIO DVVHVVHG DJDLQVW PHDVXUHPHQWV

UHFHQW HVWLPDWHV RQ WKH GULDWLF EHKDYLRU GXULQJ WKH 2 HYHQW KDYH EHHQ DFKLHYHG E

-DQHNRYLF ́ HW DO DQG %HQHWD]]R HW DO EDVHG RQ RQH ZD RFHDQ DWPRVSKHUH FRXSOHG

PRGHOV ZLWK DWPRVSKHULF IRUFLQJ SURYLGHG UHVSHFWLYHO E / ',1 +5 DQG 2602 , OLPLWHG

DUHD PRGHOV DOORZLQJ D GHHS LQVLJKW RQ GHQVH ZDWHU G QDPLFV DW WKH EDVLQ VFDOH ,Q WKDW FRQWH[W

%HQHWD]]R HW DO KLJKOLJKWHG WKH HIIHFW RI ZDYH FXUUHQW LQWHUDFWLRQV LQ PRGXODWLQJ NLQHWLF

HQHUJ GLVWULEXWLRQ DORQJ WKH ZDWHU FROXPQ ZLWK PDMRU LPSOLFDWLRQV IRU FLUFXODWLRQ DQG DGYHFWLYH

SURFHVVHV )RU WKH VDPH HYHQW PRVW UHFHQW HIIRUWV PDGH XVH RI FRXSOHG PRGHOLQJ VWUDWHJLHV IRU

LQYHVWLJDWLQJ WKH HIIHFW RI H[SOLFLWO GHVFULELQJ DLU VHD LQWHUDFWLRQV RQ WKH HYDOXDWLRQ RI KHDW IOX[HV

and evaporation rates (Licˇer et al., 2016). After a first attempt to include the seD VXUIDFH ZDYHV

EHVLGHV WKH DWPRVSKHULF SURFHVVHV DUQLHO HW DO 5LFFKL HW DO SUHVHQWHG VRPH UHVXOWV

IROORZLQJ WKH VWUDWHJ SURSRVHG LQ WKLV ZRUN DOWKRXJK IRFXVLQJ RQ WKH LPSOLFDWLRQV RI GLIIHUHQW VHD

VXUIDFH WHPSHUDWXUH GHVFULSWLRQV IRU WKH UHSURGXFWLRQ RI DWPRVSKHULF G QDPLFV DQG YDOLGDWLQJ WKH

PRGHOLQJ WRROV PRVWO LQ WKH DWPRVSKHULF FRPSDUWPHQW ,Q WKH SUHVHQW VWXG XVLQJ WKH 2 :67

FRXSOHG DWPRVSKHUH ZDYH RFHDQ PRGHOLQJ V VWHP ZH FKDUDFWHULVH WKH LQWHUIDFH SURFHVVHV DQG WKHLU

UROH LQ WKH PHFKDQLVPV RI GHQVH ZDWHU IRUPDWLRQ ,Q SDUWLFXODU ZH H[SORUH WKH UROH RI FRXSOHG

SURFHVVHV LQ WHUPV RI ERWK DLU VHD H[FKDQJHV DQG ZDYH PRGXODWHG DGYHFWLYH SURFHVVHV LQ RUGHU WR

DVVHVV WKHLU LPSDFW RQ GHQVH ZDWHU IRUPDWLRQ UDWHV DQG H[WHQW ,Q DFFRUGDQFH ZLWK :DUQHU HW DO

(2010), Zambon et al. (2014) and Licˇer et al. (2016), results presented here are not accounting for 
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WKH UHODWLYH ZLQG YHORFLW ZLWK UHVSHFW WR VHD VXUIDFH FXUUHQWV ZKHQ FRPSXWLQJ WKH VXUIDFH KHDW IOX[HV

OWKRXJK DSSOLHG LQ D GLIIHUHQW DUHD WKH SRWHQWLDO LPSDFW RI VXUIDFH FXUUHQWV LQ VXUIDFH IOX[HV

FRPSXWDWLRQV KDV EHHQ UHFHQWO KLJKOLJKWHG E 2OLWD HW DO LQ D SXUHO VWDQG DORQH

K GURG QDPLF FDVH OWKRXJK UHVXOWLQJ HIIHFWV PD EH UHIOHFWLQJ LQWR SRWHQWLDOO UHOHYDQW SK VLFDO

ELRORJLFDO SURFHVVHV DW VHD DV ZHOO SULPDU SURGXFWLRQ ELRPDVV UHGLVWULEXWLRQ DQG H[SRUW HWF ZH

VXJJHVW WKLV PRGLILFDWLRQ WR EH LQFOXGHG LQ VWDWH RI WKH DUW FRXSOHG PRGHOLQJ VXLWHV DIWHU FDUHIXO

DQDO VLV 6HFWLRQ SUHVHQWV DYDLODEOH REVHUYDWLRQV DQG QXPHULFDO H[SHULPHQWV UHVXOWV DQG

GLVFXVVLRQV DUH JURXSHG LQWR 6HFWLRQ DQG VRPH ILQDO FRQVLGHUDWLRQV DUH SUHVHQWHG LQ 6HFWLRQ

7KH 2 L WKH RUWKHU GULDWLF 6HD

2EVHUYDWLR V

7KH 2 HYHQW VWURNH WKH 1 EDVLQ EHWZHHQ -DQXDU DQG )HEUXDU %HQHWD]]R HW DO

OWKRXJK LPPHGLDWHO DIWHU WKLV SHULRG D VHULHV RI PRQLWRULQJ DFWLYLWLHV ZDV SURPRWHG LQ WKH

UHJLRQ VHH 0LKDQRYLF ́ HW DO IRU D FRPSOHWH OLVW GXULQJ WKH SURSHU 2 YHU IHZ FRQWLQXRXV

PHDVXUHPHQWV ZHUH DYDLODEOH LQ 1 PRVWO UHVRXUFLQJ WR WKH RSHUDWLQJ FRDVWDO REVHUYDWRULHV

0LKDQRYLF ́ HW DO 5DLFLFK HW DO UHSUHVHQWHG E WKH 15 ,60 5 “ FTXD OWD” 

WRZHU ORFDWHG LQ D P GHHS DUHD DERXW NP RII WKH WRZQ RI 9HQLFH DQG “3DORPD” EXR 3%

ORFDWHG LQ WKH FHQWUDO SDUW RI WKH *XOI RI 7ULHVWH DERXW NP ZHVW RI WKH WRZQ RI 7ULHVWH )LJ

:KLOVW GHWDLOV RQ GDWD DFTXLVLWLRQ DQG VHQVRUV DUH JLYHQ LQ 0LKDQRYLF ́ HW DO DQG 5DLFLFK HW DO

KHUH ZH UHFDOO WKH PDLQ REVHUYHG IHDWXUHV RI WKLV HYHQW ORQJ ODVWLQJ PRUH WKDQ ZHHNV

Bora storm, with observed wind speed exceeding 15 m s−1 and gusts up to 29 m s−1 in the northern 

GULDWLF 6HD 'DYROLR HW DO ZDV GULYHQ E D SHUVLVWHQW SUHVVXUH JUDGLHQW DVVRFLDWHG WR D VWDEOH

DQWLF FORQH H[WHQGLQJ RYHU QRUWK HDVWHUQ (XURSH DQG F FORQLF FRQGLWLRQV RYHU WKH0HGLWHUUDQHDQ 6HD

7KLV UHVXOWHG LQ FRROLQJ DQG PL[LQJ WKH ZKROH ZDWHU FROXPQ DQG LQFUHDVLQJ WKH 1RUWK GULDWLF 1

VDOLQLW XQGHU WKH MRLQW HIIHFW RI DXJPHQWHG HYDSRUDWLRQ DQG VDOW ZDWHU PDVVHV LQWUXVLRQ IURP WKH

/HYDQWLQH UHJLRQ V D VWULNLQJ FRQVHTXHQFH RI WKHVH PHWHRURORJLFDO FRQGLWLRQV DQ H[WUHPHO UDUH

HYHQW VXFK DV WKH SDUWLDO IUHH]LQJ RI WKH 9HQLFH ODJRRQ ZDV IDFHG DPXIIR ZKLOH H[LVWLQJ

1 FRDVWDO REVHUYDWRULHV UHJLVWHUHG YHU ORZ ZDWHU WHPSHUDWXUHV ,Q WKH *XOI RI 7ULHVWH WKLV YDOXH

ZDV JHQHUDOO EHORZ ZLWK D PLQLPXP REVHUYHG DW 3% LQ WKH FHQWUDO SDUW RI WKH *XOI

WRZDUGV WKH HQG RI WKH HYHQW )HEUXDU DQG VHH 0LKDQRYLF ́ HW DO ORQJ WKH ZHVWHUQ

FRDVW D WHPSHUDWXUH GURS GRZQ WR ZDV UHFRUGHG DW 2YHUDOO VDWHOOLWH UHWULHYHG 6HD 6XUIDFH

7HPSHUDWXUH 667 ILHOGV GHSLFWHG D GHFUHDVH RI DERXW GXULQJ WKH ZKROH VSDQ RI WKH 2
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)L *HRJUDSKLFDO VHWWLQJ RI WKH VWXG /HIW SDQHO :5) RXWHU ER[ DQG 5206 LQQHU ER[ QXPHULFDO GRPDLQ DQG 6HD

6XUIDFH 7HPSHUDWXUH ILHOG 5206 LQ WKH GULDWLF 6HD UDGLRPHWHU LQ WKH 0HGLWHUUDQHDQ DW WKH EHJLQQLQJ RI WKH HYHQW

5LJKW GULDWLF 6HD DQG QFRQD 1RYDOMD WUDQVHFW UHIHUHQFH FURVV VHFWLRQ LQ WKH VWXG JUH WKLFN OLQH FRQYHQWLRQDOO

encompassing the “cooling” or “formation” basin. Thin (thick) grey contours represent 50 (250) m isobaths. AA and PB 

UHSUHVHQW WKH SRVLWLRQ RI FTXD OWD WRZHU DQG 3DORPD %XR UHVSHFWLYHO

7KXV HVWLPDWHG WXUEXOHQW KHDW IOX[HV DW GXULQJ WKH 2 ZHUH FKDUDFWHULVHG E WZR SHDNV GRZQ

to −800 W m−2 on February 3 and −700 W m−2 on February 11 (Fig. 2), whereas maximum heat 

ORVV UHDFKHG : P−2 DW 3% 5DLFLFK HW DO DQG ZDV HVWLPDWHG WR ODUJHO H[FHHG WKLV YDOXH

DPRQJ WKH URDWLDQ LVODQGV -DQHNRYLF ́ HW DO 7KH IDFW WKDW LQ WKHVH SDSHUV VOLJKWO GLIIHUHQW

EXON IRUPXODH SDUDPHWHUL]DWLRQV ZHUH XVHG LV QRW FKDQJLQJ WKH RYHUDOO LQWHQVH SLFWXUH RI WKH 2

KRZHYHU LW LV ZRUWK SRLQWLQJ RXW WKDW WKHVH YDOXHV PD EH HYHQ ODUJHU LQ SUR[LPLW RI WKH FRUH RI WKH

ZLQG MHWV 3XOOHQ HW DO )XUWKHUPRUH WKH VPDOO DPRXQW RI ULYHULQH IUHVKZDWHU VXSSOLHG GXULQJ

WKH 2 D ODUJH DPRXQW RI SUHFLSLWDWLRQ RFFXUUHG DV VQRZIDOO RQ WKH 3R 9DOOH QRUWKHUQ ,WDO DQG

DFFXPXODWLRQV RI – FP VWD HG RQ WKH JURXQG IRU GD V ZDV QRW VXIILFLHQW IRU VLJQLILFDQWO

GLOXWLQJ VDOW ZDWHU RI /HYDQWLQH RULJLQ LQWUXGLQJ DORQJ WKH HDVWHUQ GULDWLF FRDVW OHDGLQJ VDOLQLW WR

H[FHHG DW DQG LQ WKH *XOI RI 7ULHVWH 7KH FRQFXUUHQFH RI WKHVH IDFWRUV JDYH ULVH WR

exceptionally high Potential Density Anomaly (PDA) values, exceeding 30 kg m−3 at AA and 

WKURXJKRXW WKH ZKROH *XOI RI 7ULHVWH H[FHSW QHDUE WKH PRXWK RI WKH ,VRQ]R ULYHU XS WR UHFRUG
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EUHDNLQJ RI NJ P−3 0LKDQRYLF ́ HW DO 9DWRYD %DVHG RQ WKLV GDWDVHW WKH

PRGHOLQJ DQDO VLV FDUULHG RXW E %HQHWD]]R HW DO GHSLFWHG D IRUPDWLRQ HYHQW WDNLQJ SODFH QRUWK

RI WKH LGHDO QFRQD 1RYDOMD WUDQVHFW )LJ ZLWK WKH VWURQJHVW GHQVLILFDWLRQ ZLWKLQ D F FORQLF J UH

HQFORVHG LQ WKH QRUWKHUQ HQG RI WKH EDVLQ EHWZHHQ 3R ULYHU PRXWK DQG WKH ,VWULDQ SHQLQVXOD 7KH

HQVXLQJ VSUHDGLQJ SKDVH ZDV FKDUDFWHULVHG E D GHQVH ZDWHU YHLQ IORZLQJ WLGDOO PRGXODWHG DQG

QHDUO JHRVWURSKLFDOO DGMXVWHG DORQJ WKH ,WDOLDQ FRDVW DW D GHSWK GHSHQGLQJ RQ WKH YHLQ GHQVLW DQG

SRWHQWLDO YRUWLFLW DQG DQRWKHU GHQVH PDVV VSLOOLQJ IURP WKH URDWLDQ LVODQGV WRZDUGV WKH PLG

GULDWLF SLW 6RXWK RI QFRQD WKH ZHVWHUQPRVW GHQVH YHLQ SDUWHG LQWR WZR Eranches. A “shallow” 

RQH IORZLQJ VRXWKZDUGV FORVH WR WKH FRDVW DSSURDFKHV WKH FRQWLQHQWDO PDUJLQ RII WKH SXOLDQ FRDVW

SDUWO LQWHUFHSWHG E WKH VKHOI EUHDN DQG GRZQIORZLQJ WRZDUGV WKH 6RXWKHUQ GULDWLF 3LW %RQDOGR HW

DO DQG SDUWO FURVVLQJ WKH Otranto strait over the continental shelf. A “deep” stream, in turn, 

SOXQJHV LQWR WKH PLG Adriatic pit and thence flows towards the southern basin across the Palagruža 

VLOO :RUWK QRWLQJ LQ WKDW FDVH ZDYHV DSSHDUHG WR HQKDQFH NLQHWLF HQHUJ LQMHFWLRQ GXULQJ WKH

JHQHUDWLRQ SKDVH DQG VLJQLILFDQWO LQFUHDVHG WKH RYHUDOO GHQVLILFDWLRQ LQIOXHQFLQJ WKH VXEVHTXHQW

PLJUDWLRQ SDWKZD V DQG E FRQVHTXHQFH WKH VKHOI HGJH HIILFLHQF LQ WULJJHULQJ GHQVH ZDWHU

GRZQIORZ DUQLHO HW DO ,Q WKLV IUDPHZRUN RXU DQDO VLV IRFXVHV RQ WKH JHQHUDWLRQ SKDVH

EUDFNHWLQJ WKH SHULRG IURP -DQXDU WR )HEUXDU ZLWK SDUWLFXODU HPSKDVLV WR WKH

LQYHVWLJDWLRQ RI WKH UROH DQG DFWLQJ PHFKDQLVPV RI DWPRVSKHUH RFHDQ ZDYHV LQWHUDFWLRQV

1XPHULFDO PRGHO VHW XS

7KH PRGHOLQJ DSSURDFK GLVFXVVHG LQ WKLV SDSHU H[SORUHV WKH PXOWLSOH PRGHO FRXSOLQJ SRVVLELOLWLHV

SURYLGHG E WKH 2 :67 V VWHP :DUQHU HW DO %DVHG RQ WKH 0RGHO RXSOLQJ 7RRONLW

2 :67 HQDEOHV WKH H[FKDQJH RI LQIRUPDWLRQ DPRQJ QXPHULFDO PRGHOV UHSUHVHQWLQJ GLIIHUHQW

SURFHVVHV RI WKH PHWHR RFHDQLF V VWHP :5) :HDWKHU 5HVHDUFK )RUHFDVWLQJ PRGHO IRU DWPRVSKHUH

G QDPLFV 6: 1 6LPXODWLQJ:DYHV 1HDUVKRUH IRU ZDYH PRWLRQ 5206 5HJLRQDO 2FHDQ0RGHOLQJ

V VWHP IRU RFHDQ FXUUHQWV DQG WKH RPPXQLW 6HGLPHQW 7UDQVSRUW 0RGHOLQJ 6 VWHP IRU VHGLPHQW

WUDQVSRUW WKXV DOORZLQJ DQ H[SOLFLW GHVFULSWLRQ RI WKHLU LQWHUDFWLRQV :5) 6NDPDURFN HW DO

LV D QRQ K GURVWDWLF IXOO FRPSUHVVLEOH DWPRVSKHULF PRGHO LQ VLJPD YHUWLFDO FRRUGLQDWHV IRU WKH

SUHGLFWLRQ DPRQJ RWKHUV RI WKUHH GLPHQVLRQDO ZLQG PRPHQWXP FRPSRQHQWV DLU SUHVVXUH

GLVWULEXWLRQ UHODWLYH KXPLGLW GHZ SRLQW KHDW IOX[HV DQG SUHFLSLWDWLRQ 6: 1 %RRLM HW DO

LV D WKLUG JHQHUDWLRQ SKDVH DYHUDJHG ZDYH PRGHO FRPSXWLQJ VSHFWUDO TXDQWLWLHV RI VKRUW FUHVWHG

ZLQG JHQHUDWHG VHD VWDWHV E VROYLQJ WKH UDGLDWLYH ZDYH DFWLRQ HTXDWLRQ 6HYHUDO PHFKDQLVPV RI

HQHUJ LQMHFWLRQ WUDQVSRUW UHGLVWULEXWLRQ DQG GLVVLSDWLRQ H J ZLQG GULYHQ ZDYH JHQHUDWLRQ ZKLWH



� ϲϬ�

FDSSLQJ ERWWRP IULFWLRQ QRQ OLQHDU WKUHH DQG IRXU ZDYH LQWHUDFWLRQV ZDYH EUHDNLQJ FDQ EH

UHSURGXFHG XQGHU DUELWUDU ZLQG FRQGLWLRQV 5206 +DLGYRJHO HW DO LV D IUHH VXUIDFH RFHDQ

PRGHO VROYLQJ WKUHH GLPHQVLRQDO 5H QROGV YHUDJHG 1DYLHU 6WRNHV HTXDWLRQV LQ FXUYLOLQHDU

FRRUGLQDWHV XQGHU WKH K GUostatic approximation. After having performed four WRF “stand alone” 

UXQV LQ ZKLFK WKH HIIHFWV RI GLIIHUHQW IRUPXODWLRQV IRU LQSXWWLQJ 667 LQWR WKH DWPRVSKHULF PRGHO ZHUH

H[SORUHG DUQLHO HW DO 5LFFKL HW DO D :5) 5206 RQH ZD VLPXODWLRQ LV DQDO ]HG DV

a benchmark (ATM run, see Table 1). This represents a “classical” approach, where no feedbacks to 

WKH DWPRVSKHUH DUH SURYLGHG E WKH RFHDQ PRGHO 5206 EXW PRPHQWXP DQG KHDW IOX[HV DUH

LPSRVHG E WKH PHWHRURORJLFDO PRGHO :5) YLD WKH 2 :67 70B)/8; RSWLRQ DUQLHO HW DO

+RZHYHU GLIIHUHQWO IURP 5HQDXOW HW DO ZKHUH WKH RII OLQH :5) PRGHO UHFHLYHG QR

667 XSGDWH EHLQJ NHSW FRQVWDQW DQG HTXDO WR WKH VQDSVKRW DFTXLUHG DW WKH EHJLQQLQJ RI WKH

VLPXODWLRQ LQ RUGHU WR SURYLGH WKH EHVW GHVFULSWLRQ DYDLODEOH IRU DQ XQFRXSOHG PRGHO LQ WKLV FDVH

667 ILHOGV DUH XSGDWHG HYHU K )LHOGV ZHUH REWDLQHG IURP VDWHOOLWH UHWULHYHG GDWD REWDLQHG IURP WKH

57*B667 5HDO 7LPH *OREDO 667 QDO VLV +LJK 5HVROXWLRQ GDWDVHW *HPPLOO HW DO

SURYLGHG E WKH 1DWLRQDO HQWHU IRU (QYLURQPHQWDO 3UHGLFWLRQ 1 (3 V D VHFRQG QXPHULFDO WHVW

WKH :5) 5206 WZR ZD FRXSOHG FDVH 2 UXQ LV SURSRVHG ZKHUH WKH PRGHOV PXWXDOO H[FKDQJH

PRPHQWXP DQG KHDW PRLVWXUH IOX[HV DLU WR VHD DQG 667 VHD WR DLU
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)L Model results (color lines) and observations (black line) at the “Acqua Alta” tower. (For interpretation of the 

UHIHUHQFHV WR FRORXU LQ WKLV ILJXUH OHJHQG WKH UHDGHU LV UHIHUUHG WR WKH ZHE YHUVLRQ RI WKLV DUWLFOH
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)LQDOO WKH :5) 5206 6: 1 WZR ZD IXOO FRXSOHG FDVH IRU ZDYHV RFHDQ DWPRVSKHUH LV

GLVFXVVHG 2: UXQ )RU D JUDSKLFDO UHSUHVHQWDWLRQ RI WKH PRGHO LQWHUDFWLRQV DQG GHWDLOHG

GHVFULSWLRQ RI WKH YDULDEOHV H[FKDQJHG UHDGHUV DUH UHIHUUHG WR SSHQGL[ DQG WR 5HQDXOW HW DO

DQG =DPERQ HW DO ,W VXIILFHV KHUH WR VD WKDW LQ 2 UXQ WKH VXUIDFH URXJKQHVV LV FRPSXWHG

EDVHG RQ ZLQG IULFWLRQ YHORFLW DFFRUGLQJ WR KDUQRFN HW DO ZKLOH LQ 2: UXQ ZKHUH WKH

DWPRVSKHULF PRGHO SURYLGHV WKH ZLQG FRPSRQHQWV WR WKH ZDYH PRGHO DQG UHFHLYHV EDFN WKH ZDYH

SDUDPHWHUV IURP ZKLFK LW GHULYHV WKH VXUIDFH URXJKQHVV WKH 2RVW HW DO IRUPXODWLRQ ZDV

HPSOR HG

7DEOH 0RGHO SHUIRUPDQFHV FRPSDUHG ZLWK REVHUYDWLRQV IRU GLIIHUHQW LPSOHPHQWDWLRQV LQ WKH SHULRG -DQXDU –

)HEUXDU 70 UHSUHVHQWV 5206 IRUFHG E :5) 2 WZR ZD FRXSOHG 5206 DQG :5) 2: IXOO WZR ZD

FRXSOLQJ 5206 6: 1 DQG :5) RUUHODWLRQ FRHffiFLHQWV DUH H[SUHVVHG LQ GLPHQVLRQOHVV XQLWV

RPSDUHG WR RWKHU DSSURDFKHV LPSOHPHQWHG LQ WKH 2 :67 V VWHP VHH 7D ORU DQG HOODQG

'UHQQDQ HW DO 2RVW IRUPXODWLRQ EDVHG RQ ZDYH DJH DQG LQGLUHFWO RQ VWHHSQHVV H[KLELWHG

EHWWHU SHUIRUPDQFHV IRU WKH FRQVLGHUHG VHD VWDWH 2ODEDUULHWD HW DO 0RUHRYHU LQ 2: UXQ WKH

ZDYH PRGHO SURYLGHV WKH ZDYH SDUDPHWHUV WR WKH RFHDQ PRGHO DQG 5206 JLYHV EDFN YHORFLW

FRPSRQHQWV VXUIDFH KHLJKW DQG EDWK PHWULF YDULDWLRQ WR WKH ZDYH PRGHO %HQHWD]]R HW DO

7KH GRPDLQ XVHG IRU WKH PHWHRURORJLFDO PRGHO HQFRPSDVVHV D ODUJHU UHJLRQ ZLWKLQ (XURSH UDQJLQJ

IURP ′ WR ( DQG ′WR 1 GLVFUHWL]HG LQWR YHUWLFDO OHYHOV DQG ZLWK D XQLIRUP

KRUL]RQWDO JULG VSDFLQJ RI NP VHH DJDLQ )LJ )ROORZLQJ WKH ZRUNV %HQHWD]]R HW DO

%HQHWD]]R HW DO WKH 5206 K GURVWDWLF PRGHO LV VXLWDEOH IRU WKH VWXG RI FRQYHFWLYH SKHQRPHQD

VXFK DV WKH IRUPDWLRQ RI GHQVH ZDWHUV ERWK IRU WKH PL[LQJ VFKHPHV XVHG DQG IRU WKH KLJK QXPEHU RI

YHUWLFDO OHYHOV WKLFNHQHG HVSHFLDOO LQ WKH PL[HG OD HU 5206 KDV YHUWLFDO OHYHOV XQHYHQO

GLVWULEXWHG LQ RUGHU WR LQFUHDVH UHVROXWLRQ FORVH WR WKH VXUIDFH DQG FORVH WR WKH VHDEHG DQG UXQV RQ WKH

NP E NP EDWK PHWU DGRSWHG E %HQHWD]]R HW DO %RQDOGR HW DO DQG DUQLHO HW
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DO 6: 1PRGHO KRUL]RQWDO UHVROXWLRQ LV DOVR NP ZKLOH WKH VSHFWUDO VSDFH LV GLVFUHWL]HG LQWR

LQWULQVLF IUHTXHQFLHV DQG HTXDOO VSDFHG GLUHFWLRQV ,QLWLDO DQG ERXQGDU FRQGLWLRQV IRU :5)

PRGHO ZHUH SURYLGHG E *OREDO )RUHFDVWLQJ 6 VWHP )LQDO QDO VLV *)6 )1/ ZKHUHDV WKH RFHDQ

ZDV LQLWLDOL]HG ZLWK ' ILHOGV SURYLGHG E WKH PRGHO GLVFXVVHG LQ %HQHWD]]R HW DO DQG FDOP

VHD VWDWH 3RWHQWLDO WHPSHUDWXUH VDOLQLW PRPHQWXP DQG VHD VXUIDFH HOHYDWLRQ DW WKH VRXWKHUQ RSHQ

ERXQGDU 2WUDQWR 6WUDLW ZHUH SURYLGHG E LQWHUSRODWHG 0HGLWHUUDQHDQ )RUHFDVWLQJ 6 VWHP 3LQDUGL

HW DO ILHOGV DQG WKH WLGDO IRUFLQJ ZDV REWDLQHG IURP WKH 2UHJRQ 6WDWH 8QLYHUVLW 7LGDO 0RGHO

(JEHUW DQG (URIHHYD ULYHULQH LQSXWV ZHUH QRW DFFRXQWHG IRU LQ FRQVLGHUDWLRQ DOVR RI WKH VPDOO

IUHVKZDWHU GLVFKDUJH LQ WKH DQDO ]HG SHULRG 0LKDQRYLF HW DO 5LFFKL HW DO DQG

%HQHWD]]R HW DO DQG IROORZLQJ WKH FRQVLGHUDWLRQV RQ WKH SOXPH VWUXFWXUH SUHVHQWHG E )DOFLHUL

HW DO RPPRQ GDWD ILHOGV VKDUHG DPRQJ GLIIHUHQW PRGHOV DUH H[FKDQJHG E WKH FRXSOLQJ WRRONLW

HYHU V

5HVXOWV D G GLVFXVVLR

0RGHO SHUIRUPD FHV RYHUYLH

'XH WR LWV SRVLWLRQ D IHZ NLORPHWHUV GRZQVWUHDP RI D PRXQWDLQRXV FRDVW H[SRVHG WR WKH GRPLQDQW

%RUD ZLQG DWPRVSKHULF PRGHOLQJ DW 3% ORFDWLRQ XQGHUJRHV D QXPEHU RI ZHOO GRFXPHQWHG LVVXHV

UHODWHG IRU H[DPSOH WR WKH UHSUHVHQWDWLRQ RI WKH RURJUDSK LQ WKH PRGHO +RUYDWK HW DO WKDW

PD KDPSHU WKH HYDOXDWLRQ DQG FRPSDULVRQ RI WKH FRXSOHG XQFRXSOHG PRGHOV VNLOOV 7KHUHIRUH ZH

ZLOO EDVH RXU HYDOXDWLRQV PRVWO RQ PHDVXUHPHQWV FROOHFWHG DW IDU GRZQVWUHDP RI WKH GRPLQDQW

ZLQG DQG PRUH UHSUHVHQWDWLYH RI WKH HIIHFWV RI DLU VHD LQWHUDFWLRQ RFFXUUHG DORQJ WKH 1 *HQHUDOO

VSHDNLQJ ZLQGV DUH ZHOO UHSURGXFHG LQ WKH SUR[LPLW RI LQ WHUPV RI SHDNV DQG WLPLQJ )LJ

7KH GLIIHUHQFHV DPRQJ WKH YDULRXV QXPHULFDO UXQV DUH QRW VLJQLILFDQW ZLWK DOO VLPXODWLRQV WHQGLQJ WR

XQGHUHVWLPDWH WKH PHDVXUHG ZLQG DW 7DEOH DQG WKH DLU WHPSHUDWXUH WLPH VHULHV DUH UDWKHU FORVH

WR HDFK RWKHU )RU DLU WHPSHUDWXUH P DERYH WKH PHDQ VHD OHYHO 7 70 UXQ LV SURYLGLQJ WKH

ZDUPHVW VFHQDULR /LNHO GXH WR WKH DIRUHPHQWLRQHG WRSRJUDSKLF LVVXHV WKH VLWXDWLRQ LV UHYHUVHG LQ

WKH PLGGOH RI WKH 7ULHVWH JXOI ZKHUH 3% UHJLVWHUHG IDVWHU ZLQGV ZLWK UHVSHFW WR PRGHOHG RQHV DQG

DIWHU D VOLJKW RYHUHVWLPDWLRQ RI DLU WHPSHUDWXUH WKDW FKDUDFWHULVHV PRVWO 70 WKH WUHQGV DUH YHU

FORVH WR HDFK RWKHU ZLWK 2 SURYLGLQJ WKH FROGHVW VFHQDULR ,QWHUHVWLQJO DW ERWK VWDWLRQV LQ WKH ODVW

SDUW RI WKH 2 HYHQW 2 DQG 2: VHHP WR GHSDUW IURP 70 LQ SURYLGLQJ ORZHU DLU WHPSHUDWXUHV

EHWWHU PDWFKLQJ ZLWK REVHUYDWLRQV 7KLV SRLQWV RXW WKDW PRGHO FRXSOLQJ PD KHOS RYHUULGLQJ SRVVLEOH

VKRUWFRPLQJV UHODWHG WR OLPLWDWLRQV LQ DYDLODEOH UDGLRPHWHU GDWD ZKLFK LQ WKLV FDVH ZDV SURYLGLQJ D
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667 YDOXH VLJQLILFDQWO KLJKHU WKDQ UHDOLW PLVVLQJ PHVRVFDOH WKHUPDO SDWWHUQV DQG FROGHU FRDVWDO

IHDWXUHV DUQLHO HW DO V VXJJHVted in previous works (Mihanovic’ HW DO DQG %HQHWD]]R

HW DO 7XUEXOHQW +HDW )OX[HV 7+) FRPSXWHG IURP REVHUYHG GDWD GXULQJ WKH 2 FRXOG UHDFK

the extreme values of −800 : � 2QFH DJDLQ VHH 7DEOH WKH WUHQGV RI 7+) FRPSXWHG DW YLD

WKH 2 5( DOJRULWKP )DLUDOO HW DO DUH RYHUDOO VDWLVIDFWRULO FDSWXUHG E WKH WKUHH QXPHULFDO

UXQV DOWKRXJK VRPH GLIIHUHQFHV DUH WR EH QRWHG 0RUH VSHFLILFDOO DW WKH 70 UXQ GULYHQ

LQLWLDOO E D 667 ILHOG SURYLGHG E WKH UDGLRPHWHU HVWLPDWHG PXFK VWURQJHU QHJDWLYH 7+) V WKH

LQWHJUDWLRQ SURFHHGV WKLV SUREOHP LV SURJUHVVLYHO PLWLJDWHG E WKH DYDLODELOLW RI QHZ PRUH UHDOLVWLF

VDWHOOLWH ILHOGV EHIRUH GLYHUJLQJ DJDLQ WRZDUGV WKH HQG RI WKH UXQ 7+) HVWLPDWHV DW SURYLGH D

V QWKHWLF RXWORRN RI WKH PRGHO VNLOOV LQ FDSWXULQJ WKH PDLQ IHDWXUHV RI WKH SURFHVV HYROXWLRQ ZLWK

YHU VLPLODU FRUUHODWLRQV IRU DOO WKUHH UXQV VWDQGDUG GHYLDWLRQV VOLJKWO EHWWHU LQ WKH XQFRXSOHG

FDVH : � IRU 70 2 DQG 2: UHVSHFWLYHO DQG 5RRW 0HDQ 6TXDUH 'HYLDWLRQ

506' DJDLQ YHU VLPLODU IRU FRXSOHG FDVH : � IRU 2 DQG : � IRU 2: DQG

: � IRU XQFRXSOHG FDVH 7KLV QRWZLWKVWDQGLQJ WKH DYHUDJH VSUHDG EHWZHHQ XQFRXSOHG DQG FRXSOHG

HVWLPDWHV IRU 7+) LV RQ WKH RUGHU RI : � , with a −55 : � ELDV IRU WKH XQFRXSOHG 70 UXQ

against a −7 : � DQG DURXQd −3 : � ELDV IRU WKH FRXSOHG 2 DQG 2: UXQV UHVSHFWLYHO 7+)

DW 3% VKRZ D 506' RI DERXW : � IRU UXQ 70 DQG : � IRU WKH UXQ 2 DQG

2: UHVSHFWLYHO FRQVLVWHQWO ZLWK WKH UHVXOWV REWDLQHG IRU DQG ZLWK WKH GLIIHUHQW EHKDYLRU

REVHUYHG LQ WKH YDULRXV UXQV 7KH FRUUHODWLRQ FRHIILFLHQW DW 3% LV IRU 70 DQG IRU FDVHV

AO and AOW. The Bias in THF at the PB station is −117 : � for the run ATM, around −22 : �
for AO and −9 : � IRU 2: DJDLQ FRQVLVWHQWO ZLWK WKH ILQGLQJV REWDLQHG LQ ,W LV ZRUWK WR

QRWH WKDW WKH GLIIHUHQFHV LQ PRGHO SHUIRUPDQFHV DW 3% DUH ODUJHU WKDQ WKRVH REWDLQHG DW 7KLV LV

DWWULEXWDEOH SDUWO WR D ODUJHU PLVPDWFK EHWZHHQ UDGLRPHWHU UHWULHYHG DQG VHD WUXWK PHDVXUHG 667 DW

3% DQG SDUWO WR WKH HIIHFW RI ODUJHU HYDSRUDWLRQ LQGXFHG E WKH GU DQG YHU FROG DLU FRPLQJ IURP

WKH KLQWHUODQG DQG VSLOOLQJ RYHU WKH VHD MXVW QHDU WKH 3% VWDWLRQ DV ZHOO DV WKURXJKRXW WKH 1RUWK (DVWHUQ

SDUW RI 1
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)L 7LPH DYHUDJHG -DQXDU –)HEUXDU VHD VXUIDFH WHPSHUDWXUH DQG FXUUHQW YHORFLW LQ WKH QRUWKHUQ GULDWLF

6HD IRU GLIIHUHQW UXQV 9HFWRUV UHODWHG WR FXUUHQW VSHHG KDYH EHHQ RPLWWHG

RQFHUQLQJ PRGHO VNLOOV LQ WHUPV RI WKHUPRKDOLQH SURSHUWLHV WKH H[WHQW RI WKH ELDV DV UHSRUWHG IRU DOO

UXQV LQ 7DEOH LV ODUJHO GXH WR XQFHUWDLQWLHV LQ WKH LQLWLDOL]DWLRQ 7KLV LV LQGHHG D ZHOO DFNQRZOHGJHG

FLUFXPVWDQFH UHODWHG WR WKH GULIW RI ORQJ term operational models (Benetazzo et al., 2014 and Licˇer 

HW DO )XUWKHU YDOLGDWLRQV RI WKH PRGHOLQJ VXLWH HPSOR HG DUH SUHVHQWHG E 5LFFKL HW DO

ZKLFK GLVFXVVHG UHVXOWV IURP WKLV FRQILJXUDWLRQ PRVWO IRFXVHG RQ WKH DWPRVSKHULF VLGH ,Q WKHLU ZRUN

D IXUWKHU VWDWLRQ LQ FHQWUDO ,WDO QFRQD ZDV XVHG WR YDOLGDWH WKH VXUIDFH IOX[HV ZKLOH WKH DLU

WHPSHUDWXUHV LQ WKUHH GLIIHUHQW VWDWLRQV ZHUH XVHG WR YDOLGDWH WKH FRXSOHG DSSURDFKHV DV ZHOO 5HVXOWV

VKRZHG WKDW WKH 2: DQG 2 VHWXS ZHUH SURGXFLQJ PRUH UHDOLVWLF YDOXHV VHH IRU LQVWDQFH 7DEOH

5LFFKL HW DO

6XE EDVL VFDOH FRXSOHG G DPLFV

7KH VPDOO GLIIHUHQFHV LQ WKH HVWLPDWHV RI ZLQG LQWHQVLW DQG 7+) LQ WKH SUR[LPLW RI EHLQJ

FRQILQHG ZLWKLQ D VPDOO SHUFHQWDJH DSSHDU DV DQ LQGLFDWLRQ RI RYHUDOO JRRG PRGHO SHUIRUPDQFHV

+RZHYHU WKLV LV QRW FRQFOXVLYH DERXW WKH HIIHFW RI WKH FRXSOHG V VWHP VLQFH WKH YDULDEOHV H[SORUHG

XQWLO QRZ GR QRW QHFHVVDULO SURYLGH FRPSOHWH GLUHFW LQIRUPDWLRQ DERXW WKH G QDPLFDO DGMXVWPHQW RI

WKH EDVLQ WR WKH FRPSOH[ HQHUJ LQWHUSOD RI DWPRVSKHUH FXUUHQWV DQG ZDYHV V VKRZQ E 6FODYR HW

DO DQG %HQHWD]]R HW DO IRU LQVWDQFH D WZR ZD FRXSOHG GHVFULSWLRQ RI ZDYH FXUUHQW

LQWHUDFWLRQV PD JHQHUDWH HQHUJ DQG WUDFHU WUDQVSRUW DGMXVWPHQWV WKDW DUH QRW UHIOHFWHG DW D VLQJOH
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SRLQW LQ WHUPV RI ORFDO EXGJHW EXW FDQ EH QHYHUWKHOHVV SURSDJDWHG LQWR EDVLQ ZLGH SDWWHUQV DV D UHVXOW

RI DGYHFWLYH G QDPLFV 7KHUHIRUH LW PD EH KHOSIXO IRU RXU VFRSHV WR GHVFULEH PRGHOHG SK VLFDO

SDWWHUQV SURGXFHG E WKH 2 DQG VXEVHTXHQWO VXPPDUL]H WKH PDLQ IHDWXUHV RI WKH SURFHVV LQWR D

IHZ JOREDO TXDQWLWLHV UHIHUUHG WR WKH UHJLRQ QRUWK RI WKH QFRQD 1RYDOMD WUDQVHFW DV D ZKROH VHH )LJ

1), namely the “formation basin” for 2012 Northern Adriatic Dense Water (NAdDW). As a response 

WR WKH SDWWHUQ RI %RUD MHWV EORZLQJ IURP WKH 'LQDULF OSV ZLWK WZR PDLQ MHWV RQ WKH .DUVW RQ WKH

QRUWK HDVWHUQPRVW VHFWRU RI WKH EDVLQ DQG VRXWK RI ,VWULD WKH W SLFDO PHDQ RFHDQ FLUFXODWLRQ SDWWHUQ

GXULQJ WKH SHULRG LV FKDUDFWHULVHG E WZR PDMRU F FORQLF J UHV QRUWKHUQPRVW RQH LV HQFORVHG E

WKH 3R 'HOWD 1 ′ ( DQG WKH ,VWULDQ 3HQLQVXOD ZKLOVW DQRWKHU LQYROYHV WKH UHJLRQ EHWZHHQ

WKH 3R 'HOWD QFRQD DQG WKH .YDUQHU %D ZLWK D QHW ZHVWZDUG WUDQVSRUW RII WKH .YDUQHU %D

′1 ′( DQG VRXWK HDVWZDUGV DORQJ WKH ,WDOLDQ FRDVW )LJ ,Q EHWZHHQ D VPDOOHU

DQWLF FORQLF J UH LV HVWDEOLVKHG RII WKH ,VWULDQ FRDVW FDOOHG 5RYLQM J UH E .X]PLF ́ HW DO

%LJQDPL HW DO SDUWLDOO SURPRWLQJ PDVV UHFLUFXODWLRQ IURP WKH VRXWKHUQ J UH WRZDUGV WKH

QRUWKHUQ VXE EDVLQ )LJ ,Q DOO FDVHV WKH F FORQLF FLUFXODWLRQ LV ZHOO HVWDEOLVKHG GXULQJ WKH 2

EXW WKH ZD FRXSOLQJ ZLWK DWPRVSKHUH DQG ZDYHV 2: SURYLGHV WKH VWURQJHVW UHFLUFXODWLRQ LQ

WKH *XOI RI 9HQLFH DQG LQ WKH 3R QFRQD .YDUQHU J UH 7KH VPDOO ULYHULQH LQIORZ GXULQJ WKH HYHQW

ZDV VKRZQ WR KDYH OLPLWHG LPSOLFDWLRQV 0LKDQRYLF ́ HW DO %HQHWD]]R HW DO 5LFFKL HW

DO DOWKRXJK 6XSLF ́ HW DO DQG ODWHU RQ .UDXV HW DO .UDXV HW DO VXJJHVWHG

WKDW WKH YDULDELOLW RI IUHVKZDWHU VRXUFHV LQ FLUFXODWLRQ SDWWHUQV PD LQ SULQFLSOH UHOHYDQWO DIIHFW WKH

UDWLR RI ULYHULQH ZDWHU HQWUDLQHG LQWR WKH J UH DQG WKHUHIRUH LWV WKHUPRKDOLQH SURSHUWLHV DQG ELRORJLFDO

ORDG 7KLV GLIIHUHQFH LV DOVR DVVRFLDWHG WR D IHZ GHJUHH GLIIHUHQWLDO URWDWLRQ RI WKH PHDQ ZLQG VWUHVV

DQG WKH LQWHQVLW RI WKH %RUD LQGXFHG VHD VXUIDFH HOHYDWLRQ JUDGLHQWV .X]PLF ́ HW DO HQKDQFHG

DORQJ WKH FURVV EDVLQ 1( WR 6: GLUHFWLRQ GXH WR WKH LQFUHDVHG ZDYH LQGXFHG WUDQVSRUW 2Q WKH RWKHU

KDQG ZLQG VWUHVV LQWHQVLW LQ WKH WKUHH UXQV LV UDWKHU VLPLODU )LJ WRS URZ DOWKRXJK WHPSRUDU

GLIIHUHQFHV DULVH HVSHFLDOO LQ HDUO )HEUXDU SHDNV ERWK LQ JOREDO VXE EDVLQ VFDOH DYHUDJH VHH )LJ

DQG ORFDO SRLQW PHDVXUHPHQWV VHH )LJ WHUPV RQ WKH RUGHU RI XS WR ,Q DGGLWLRQ 70 UXQ

SURYLGHV WKH PRVW LQWHQVH QHJDWLYH KHDW IOX[HV WKURXJKRXW WKH ZKROH FRROLQJ EDVLQ )LJ ERWWRP

URZ DQG GXULQJ WKH ZKROH VLPXODWLRQ )LJ VHFRQG URZ ZKLOH 2: DQG 2 LPSOHPHQWDWLRQV

DSSHDU QHDUO RYHUODSSLQJ DQG SURGXFLQJ ZHDNHU 7+) ZLWK D GLIIHUHQFH RI DERXW – ,Q WKLV

VLWXDWLRQ D SUR[ RI WKH RYHUDOO G QDPLFDO VWDWH RI WKH IRUPDWLRQ EDVLQ DV D ZKROH FDQ EH JLYHQ E WKH

HYROXWLRQ RI LWV PHDQ GHQVLW DQG NLQHWLF HQHUJ FRQWHQW )LJ ORZHU SDQHOV 5XQ 70 SURGXFHV

WKH GHQVHVW ZDWHU ZKHUHDV WKH IXOO FRXSOHG UXQ 2: WKH OHDVW GHQVH RI WKH VHW ,Q WXUQ LW DSSHDUV

FOHDU WKDW 70 SURYLGHV D ORZ NLQHWLF HQHUJHWLF VFHQDULR LQ VSLWH RI WKH ODUJHVW ZLQG VWUHVV YDOXH DW

WKH VXUIDFH ,I ZH ORRN DW WKH PHDQ 7.( GLVWULEXWLRQ DORQJ WKH YHUWLFDO ZH FDQ GHSLFW KRZ UXQ 2:
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ZLWK ZDYH LQFOXVLRQ GHVFULEHV WKH NLQHWLF HQHUJ GLVWULEXWLRQ DORQJ WKH ZDWHU FROXPQ LQ D GLIIHUHQW

ZD ZLWK UHVSHFW WR RWKHU UXQV )LJ :LQG YHORFLW LV LQGHHG XVHG E WKH ZDYH PRGHO WKDW UHWXUQV

WR WKH RFHDQ D SRUWLRQ RI WKH DWPRVSKHULF HQHUJ LQ WKH IRUP RI DGGLWLRQDO FRQVHUYDWLYH DQG QRQ

FRQVHUYDWLYH ZDYH IRUFHV .XPDU HW DO WKDW QRZ VWDUWV DFWLQJ LQWR WKH RFHDQ PRGXODWLQJ WKH

SHQHWUDWLRQ RI PRPHQWXP LQMHFWLRQ LQWR WKH ZDWHU FROXPQ *HQHUDOO D PRUH HIIHFWLYH WUDQVIHU RI

NLQHWLF HQHUJ DORQJ WKH ZDWHU FROXPQ ZLWK D PRUH XQLIRUP GLVWULEXWLRQ RI WKLV TXDQWLW FDQ PRGLI

YHORFLW SURILOHV DQG QHW EDURWURSLF WUDQVSRUW PHFKDQLVPV LQ WKLV FDVH IDYRULQJ ZDWHU DFFXPXODWLRQ

DORQJ WKH QRUWKHUQ ,WDOLDQ FRDVW DQG WKH GHYHORSPHQW RI VWDEOH J UH FLUFXODWLRQ IHDWXUHV 7KXV

DSSDUHQWO VPDOO PRGLILFDWLRQV RQ EXON G QDPLF YDULDEOHV VXFK DV DYHUDJH ZLQG VWUHVV PD EH WKH

VLJQ RI FUXFLDO GLIIHUHQFHV LQ NH SURFHVVHV JRYHUQLQJ FLUFXODWLRQ DQG WUDQVSRUW SDWWHUQV ,Q WKH

IROORZLQJ SDUDJUDSK ZH ZLOO H[SORUH WR ZKDW H[WHQW WKLV FDQ LPSDFW WKH IRUPDWLRQ PLJUDWLRQ DQG WKH

IDWH RI GHQVH ZDWHUV

)L 'LIIHUHQFHV EHWZHHQ WLPH DYHUDJHG -DQXDU –)HEUXDU ILHOGV RI ZLQG VWUHVV WRS URZ DQG KHDW IOX[HV

ERWWRP URZ DW WKH VHD VXUIDFH IRU HDFK UXQ DQG WKH PHDQ YDOXH IURP DOO WKUHH VHSDUDWH 70 2 2: UXQV IRU WKH

VDPH SHULRG LGHQWLILHG E EODFN FRQWRXU OLQHV
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( HU D G PDVV IOX HV D G WKH IDWH RI GH VH DWHUV

6LQFH LQ DOO PRGHO LPSOHPHQWDWLRQV WKH ZDWHU IOX[HV LQGXFHG E WKH 2 DUH FRPSDUDEOH ZLWK WKH

RYHUDOO YROXPH RI WKH EDVLQ HQFORVHG QRUWK RI WKH QFRQD 1RYDOMD WUDQVHFW )LJ KHDW DQG GHQVH

ZDWHU EXGJHWV VKRXOG LQ SULQFLSOH DFFRXQW IRU WKH FRROHG ZDWHU PDVVHV OHDYLQJ WKH GHQVLILFDWLRQ EDVLQ

0RUH VSHFLILFDOO HQHUJ GHQVLW H[WUDFWLRQ L H HQHUJ H[WUDFWHG SHU XQLW PDVV IURP WKH RFHDQ LV D

IXQFWLRQ RI 7+) DQG RI WKH HIILFLHQF RI FLUFXODWLRQ LQ IOXVKLQJ DQG UHQHZLQJ WKH FRROLQJ EDVLQ ,Q

RUGHU WR VLPSOLI WKH SK VLFDO LQWHUSUHWDWLRQ RI WKH UHVXOWV WKRXJK UHWDLQLQJ WKH LQWHU FRPSDUDELOLW

DPRQJ GLIIHUHQW UXQV DOO WHPSHUDWXUH VDOLQLW DQG SRWHQWLDO GHQVLW YDOXHV ZLOO EH KHUHLQDIWHU

GLVFXVVHG LQ WHUPV RI XQELDVHG YDOXHV 6XFK UHIHUHQFH YDOXHV DUH WKH ELDVHV DIIHFWLQJ WKHUPRKDOLQH

TXDQWLWLHV LQ WKH 2: FDVH FKRVHQ DV D EHQFKPDUN VLQFH WKLV LV WKH UXQ FKDUDFWHULVHG E WKH PRVW

complete physical description, providing −1.01°C in ZDWHU WHPSHUDWXUH LQ VDOLQLW DQG

NJ � LQ SRWHQWLDO GHQVLW 7KLV DSSURDFK LQWURGXFHG DQG EURDGO GLVFXVVHG E %HQHWD]]R HW DO

DQG IROORZHG E %RQDOGR HW DO DQG DUQLHO HW DO DOORZV D PRUH UHDOLVWLF

LGHQWLILFDWLRQ RI ZDWHU PDVVHV ZLWK JLYHQ WKHUPRKDOLQH SURSHUWLHV VXFK DV 1 G': DQG DSSHDUV

SDUWLFXODUO HIIHFWLYH LQ IDYRULQJ WKH FRQWH[WXDOL]DWLRQ RI WKH ILQGLQJV DQG WKHLU GLVFXVVLRQ LQ WKH

IUDPHZRUN RI RWKHU VWXGLHV 7KXV ZKLOVW )LJ VXPPDUL]HV RYHUDOO PHWULFV RI PDVV DQG KHDW IOX[HV

LUUHVSHFWLYH RI ZDWHU GHQVLW )LJ IRFXVHV RQ WKH HIIHFW RI WKH FRROLQJ SURFHVV LQ WHUPV RI GHQVLW

GLVWULEXWLRQ ZLWK UHIHUHQFH WR XQELDVHG UHVXOWV )LJ VKRZV WKDW WLPH DYHUDJHG FLUFXODWLRQ GXULQJ WKH

2 -DQXDU –)HEUXDU LQ WKH 2: UXQ SURYLGHV ODUJHU PDVVHV RI ZDWHU OHDYLQJ WKH FRROLQJ

EDVLQ )LJ OHIW SDQHO FRPSDUHG WR ZDYH XQFRXSOHG UXQV ZLWK D QHW H[SRUW RI ( �
( � DQG ( � LQ WKH 2 DQG 70 FDVH UHVSHFWLYHO DJDLQVW DQ RYHUDOO VXE

EDVLQ YROXPH RI ( P ,Q SDUWLFXODU )LJ WRS URZ DQG )LJ VHFRQG URZ VXJJHVW WKDW

WKLV VXUSOXV LV GXH WR DQ HQKDQFHG GUDZDO RI UHODWLYHO ZDUP DQG OHVV GHQVH ZDWHUV IURP WKH VRXWKHUQ

URDWLDQ FRDVWDO ]RQH VXEVHTXHQWO WUDSSHG ZLWKLQ WKH 3R QFRQD .YDUQHU J UH DQG OHDYLQJ WKH

EDVLQ DORQJ WKH ,WDOLDQ FRDVW ,Q WXUQ GXH WR WKH 667 RYHUHVWLPDWH LQ WKH UDGLRPHWHU GDWD WKH 70

VLPXODWLRQ LV FKDUDFWHULVHG E VWURQJHU VXUIDFH KHDW H[WUDFWLRQ ( - FRPSDUHG WR

DWPRVSKHUH FRXSOHG UXQV ( - DQG ( - LQ 2 DQG 2: UHVSHFWLYHO VHH )LJ

PLGGOH SDQHO ZKLOVW WKH VOLJKW GLIIHUHQFH EHWZHHQ 2 DQG 2: LV DVVRFLDWHG WR D GLIIHUHQW

FDOFXODWLRQ RI WKH YDULDEOHV LQYROYHG LQ DLU VHD LQWHUIDFH H[FKDQJHV DQG WR WKH GUDZDO RI FROGHU ZDWHU

IURP WKH YLFLQLW RI WKH URDWLDQ LVODQGV )LJ ILUVW SDQHO LQWR WKH QRUWKHUQ EDVLQ )LJ VHFRQG

SDQHO
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)L 2YHUDOO PHDQ SURSHUWLHV HYROXWLRQ LQ WKH IRUPDWLRQ EDVLQ GXULQJ :LQWHU HYHQW VXUIDFH PRPHQWXP VWUHVV WRS

SDQHO WXUEXOHQW KHDW IOX[ VHFRQG SDQHO ZDWHU SRWHQWLDO GHQVLW WKLUG SDQHO NLQHWLF HQHUJ ERWWRP SDQHO
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7KXV WKH KLJKHVW ( - NJ 70 UXQ DQG ORZHVW ( - NJ 2: UXQ KHDW GHQVLW

QDPHO KHDW SHU XQLW PDVV H[WUDFWLRQ IURP WKH RFHDQ UHVSHFWLYHO FRUUHVSRQG WR D VPDOOHU YROXPH

RI GHQVHU ZDWHU DQG WR D ODUJHU YROXPH RI OHVV GHQVH ZDWHU LUFXODWLRQ DQG DGYHFWLYH WUDQVSRUWV

SURYLGH D VXEVWDQWLDO FRQWULEXWLRQ LQ FRQWUROOLQJ WKHUPRKDOLQH SURSHUWLHV WKH DPRXQW RI SURGXFHG

ZDWHU YROXPH DQG WKH H[SRUW RI GHQVH ZDWHU PDVVHV RQVLGHULQJ WKH ZDWHU GHQVLW GLVWULEXWLRQ ZLWKLQ

WKH EDVLQ DW WKH HQG RI WKH 2 LW WXUQV RXW WKDW WKH H[WUD GHQVLILFDWLRQ DFWLQJ LQ WKH 70 UXQ UHVXOWV

LQ WKH SURGXFWLRQ RI D ODUJHU PDVV RI GHQVH VD 3' NJ � ZDWHU ( NJ FRPSDUHG

WR 2 ( NJ DQG 2: ( NJ ZLWK RYHUDOO KLJKHU YDOXHV RI 3' )LJ ERWWRP

SDQHO :RUWK QRWLQJ LQ WKH FRXSOHG FDVHV 2 DQG 2: WKH FLUFXODWLRQ SDWWHUQ LQGXFHV D UHODWLYHO

VPDOO H[SRUW RI QHZO IRUPHG ZDWHU PDVVHV ZKLOH PRVW RI WKH RXWIORZ LQYROYHV WKH OLJKWHU IUDFWLRQ

FLUFXODWLQJ VRXWK RI WKH FRUH RI WKH GHQVLILFDWLRQ EDVLQ DQG RQO SDUWLDOO KLW E WKH FRROLQJ SURFHVV

YHUDJH 3' RI WKH H[SRUWHG PDVVHV DQG NJ NJ � UHVSHFWLYHO % FRQWUDVW

XQFRXSOHG UXQ 70 H[SRUWV D ODUJHU DPRXQW RI GHQVH ZDWHUV )LJ WKLUG SDQHO GXULQJ WKH 2

YHUDJH 3' RI WKH H[SRUWHG PDVVHV EHLQJ NJ � 7KH PDLQ LPSOLFDWLRQV RI GHQVH ZDWHU

IRUPDWLRQ DUH UHODWHG WR WKH SRWHQWLDOLW RI D SDUWLDO RU FRPSOHWH UHQHZDO RI0LG GULDWLF -DEXND DQG

6RXWK GULDWLF 3LW 6 3 VHH )LJ DQG WR WKH UHVKDSLQJ RI WKH FRQWLQHQWDO PDUJLQ VHDEHG %RQDOGR

HW DO %HQHWD]]R HW DO LGHQWLILHG VRPH UHIHUHQFH WKUHVKROGV IRU GHQVH ZDWHU SURSDJDWLRQ

DORQJ WKH GULDWLF EDVLQ VHH )LJ LQ WKHLU SDSHU )ROORZLQJ WKH JHQHUDWLRQ RI D 3' H[FHHGLQJ

NJ � LQ WKH QRUWKHUQ EDVLQ -DEXND SLW UHQHZDO WDNHV SODFH ZLWK 3' H[FHHGLQJ NJ � ZKHUHDV

GHQVH ZDWHU DSSURDFKLQJ WKH VKHOI EUHDN DORQJ WKH 6RXWKHUQ GULDWLF 0DUJLQ KDV 3' DURXQG

NJ � W SLFDOO GURSSLQJ WR NJ � DV WKH GHQVH ZDWHU YHLQ GHVFHQGV WKH FRQWLQHQWDO VORSH

WRZDUGV WKH DE VVDO SODLQ 7KLV PHDQV WKDW GHQVH ZDWHU PLJUDWLRQ LQGXFHV HQWUDLQPHQW DQG PL[LQJ XS

WR DQ RYHUDOO SRWHQWLDO GHQVLW GURS RI NJ � IURP WKH JHQHUDWLRQ EDVLQ WR -DEXND SLW DQG RI

NJ � IURP WKH JHQHUDWLRQ EDVLQ WR WKH 6 3 V D FRQVHTXHQFH WKH QHZO IRUPHG FRUH SRWHQWLDOO

DYDLODEOH IRU GLUHFW DGYHFWLRQ RI ZDWHU GLUHFWO FRPLQJ IURP WKH 1 RU LQGLUHFW ZDWHU PDVVHV

HQWUDLQPHQW RXW RI WKH JHQHUDWLRQ EDVLQ ZKLFK FDQ EH D ODUJH IUDFWLRQ RI WKH RYHUDOO YROXPH VHH

%HQHWD]]R HW DO 6 3 UHQHZDO LV ( NJ LQ WKH 2 DQG 2: UXQV DQG ( NJ LQ

WKH 70 UXQ
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)L +RUL]RQWDOO DYHUDJHG NLQHWLF HQHUJ SHU XQLW YROXPH SURILOHV LQ WKH IRUPD WLRQ EDVLQ IRU WKH WKUHH UXQV

2Q WKH RWKHU KDQG WKH DFWXDO FRQWLQHQWDO VORSH IOXVKLQJ DQG SLW YHQWLODWLRQ DUH DOVR IXQFWLRQ RI WKH

WUDMHFWRU RI WKH GHQVH ZDWHU VWUHDP DQG LQ SDUWLFXODU RI WKH GHSWK DW ZKLFK D G QDPLF JHRVWURSKLF

DGMXVWPHQW LV HVWDEOLVKHG )RU D JLYHQ GRPDLQ WKLV GHSWK LQ WXUQ LV D IXQFWLRQ RI WKH ZDWHU GHQVLW

(proportional to −1/g’, being g’ the reduced gravity of the water mass) and of the initial velocity oI

the stream leaving the cooling basin (proportional to −v2; for a detailed treatise refer to Griffiths, 

7KHUHIRUH ZDWHU PDVVHV OHDYLQJ WKH EDVLQ ZLWK D VPDOOHU GHQVLW DQG RU D KLJKHU FXUUHQW VSHHG

ZLOO OLNHO KDYH D VPDOOHU UROH LQ YHQWLODWLQJ -DEXND SLW DQG WKH 6 3 DQG ZLOO WHQG WR FRQFHQWUDWH PRVW

RI WKHLU HIIHFWV VXFK DV ELRJHRFKHPLFDO WUDQVSRUW SKHQRPHQD VHDEHG UHVKDSLQJ RQ WKH FRDVWDO ]RQH

XS WR WKH RXWHU FRQWLQHQWDO VKHOI DQG XSSHU VORSH ,Q WXUQ GHQVHU ZDWHUV ZLWK VPDOOHU NLQHWLF HQHUJ

70 UXQ ZLOO JHQHUDOO WHQG WR HVWDEOLVK GHHSHU SDWKZD V HQGLQJ XS LQ D KLJKHU LQWHUFHSWLRQ UDWH

IURP WKH VKHOI EUHDN DUQLHO HW DO ZLWK D VLJQLILFDQW UROH RI WKH -DEXND SLW LQ PRGXODWLQJ DQG

ODPLQDWLQJ WKH IOX[HV WKXV VPRRWKLQJ SDUW RI WKH SRVVLEOH HSLVRGLF HQHUJ SHDNV KLWWLQJ WKH ERWWRP

DQG JLYLQJ ULVH WR HURVLRQDO IHDWXUHV ,Q WKLV SHUVSHFWLYH DQG LQ RXU LPSOHPHQWDWLRQ XQFRXSOLQJ

ZDYHV LQ DQ RFHDQ DWPRVSKHUH FRXSOHG UXQ 2 FDVH DW WKH VHDVRQDO VFDOH PD OHDG WR D VOLJKW

LQFUHDVH LQ HVWLPDWHG GHQVH ZDWHU FDVFDGLQJ YROXPHV 7KLV RFFXUV DV D FRQVHTXHQFH RI D SRVVLEO

VPDOOHU HVWLPDWH RI FXUUHQW LQWHQVLW GXH WR WKH LQFRPSOHWH GHVFULSWLRQ RI DWPRVSKHUH RFHDQ
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PRPHQWXP WUDQVIHU UHVXOWLQJ LQ D OHVV LQWHQVH FLUFXODWLRQ DQG WKHUHIRUH LQ D ORQJHU FRROLQJ HVSHFLDOO

IRU WKH ZDWHU PDVVHV H[FOXGHG IURP WKH J UH DQG D GHHSHU GHVFHQW SDWKZD PDMRU GLVFUHSDQF

PD LQVWHDG DULVH LQ WKH DEVHQFH RI D WZR ZD FRXSOLQJ RFHDQ DQG DWPRVSKHUH DV LQ WKH FDVH RI WKH

70 UXQ ,Q JHQHUDO LQFRQVLVWHQFLHV UHODWHG WR WKH ODFN RI D IHHGEDFN EHWZHHQ WKHVH ILHOGV HYHQWXDOO

SURSDJDWH D QXPEHU RI SRVVLEOH VKRUWFRPLQJV UHODWHG WR LQLWLDOL]DWLRQ DQG IRUFLQJV WKURXJKRXW WKH

PRGHOLQJ FKDLQ ZLWKRXW D G QDPLF UHVSRQVH RI WKH V VWHP DV D ZKROH DQG YLUWXDOO HQKDQFLQJ WKH

H[WHQW RI D SRVVLEOH GULIW LQ LWV HQHUJHWLF SURSHUWLHV ,Q WKH FDVH RI WKH 70 UXQ DQ RYHUHVWLPDWLRQ RI

WKH 667 GXH WR D SRRU UDGLRPHWHU UHQGHULQJ VHH 5LFFKL HW DO IRU D GLVFXVVLRQ OHG WKH

DWPRVSKHULF PRGHO WR SDUWLDOO RYHUHVWLPDWH VXUIDFH KHDW IOX[HV LQWHQVLW JLYLQJ ULVH WR DQ H[FHVV LQ

EDVLQ GHQVLILFDWLRQ ,Q DGGLWLRQ WKH GLIIHUHQW FLUFXODWLRQ LQGXFHG E NLQHWLF HQHUJ GLVWULEXWLRQ DORQJ

WKH ZDWHU FROXPQ FDQ VWURQJO LQIOXHQFH WKH PDLQ IHDWXUHV RI WKH GHQVLILFDWLRQ SURFHVV RYHUDOO PDVV

LQYROYHG GHQVLW GLVWULEXWLRQ PD[LPXP GHQVLW DQG WKH G QDPLF SURSHUWLHV RI WKH GHQVH ZDWHU PDVV

WKXV DIIHFWLQJ WKH H[WHQW WLPLQJ DQG SDWKZD RI GHQVH ZDWHU PLJUDWLRQ DQG WKH UHQHZDO RI WKH GULDWLF

GHSUHVVLRQV

)L .H PHWULFV IRU GHQVH ZDWHU IRUPDWLRQ -DQXDU –)HEUXDU /HIW WRWDO ZDWHU PDVV LQYROYHG LQ WKH

GHQVLILFDWLRQ SURFHVV DV D VXP RI ZDWHU PDVVHV SDVVLQJ WKURXJK WKH IRUPDWLRQ EDVLQ DQG HYHQWXDOO H[SRUWHG UHG DQG

RYHUDOO PDVV RI WKH IRUPDWLRQ EDVLQ 0LGGOH 7RWDO VXUIDFH KHDW H[WUDFWLRQ GXULQJ WKH HYHQW 5LJKW 7RWDO VXUIDFH H[WUDFWLRQ

SHU XQLW PDVV QRWH WKDW SRVLWLYH YDOXHV IRU VXUIDFH KHDW DQG KHDW GHQVLW H[WUDFWLRQ PHDQ KHDW GLUHFWHG IURP WKH RFHDQ WR

WKH DWPRVSKHUH )RU LQWHUSUHWDWLRQ RI WKH UHIHUHQFHV WR FRORXU LQ WKLV ILJXUH OHJHQG WKH UHDGHU LV UHIHUUHG WR WKH ZHE

YHUVLRQ RI WKLV DUWLFOH
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)L 3RWHQWLDO GHQVLW FRPSRVLWLRQ RI WKH ZDWHU PDVVHV LQYROYHG LQ WKH FRROLQJ HYHQW XQELDVHG YDOXHV LQLWLDO -DQXDU

FRQGLWLRQ RI WKH FRROLQJ EDVLQ WRS SDQHO WLPH LQWHJUDWHG LQIORZ VHFRQG SDQHO WLPH LQWHJUDWHG RXWIORZ WKLUG

SDQHO ILQDO )HEUXDU FRQGLWLRQ LQ WKH JHQHUDWLRQ EDVLQ LQFOXGLQJ WRWDO H[SRUW ERWWRP SDQHO WKLFN OLQHV

UHSUHVHQWLQJ WKH H[SRUW GHSLFW LWV UHODWLYH FRQWULEXWLRQ WR WKH RYHUDOO PDVV LQYROYHG LQ WKH SURFHVV
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R FOXGL UHPDUNV

7KH ZRUN DLPV DW HYDOXDWLQJ WKH GLIIHUHQW FRQWULEXWLRQV RI WKH LQWHUSOD EHWZHHQ RFHDQ DWPRVSKHUH

DQG ZDYHV LQ D VHPL HQFORVHG EDVLQ GXULQJ D VWURQJ 2 HYHQW IRFXVLQJ RQ WKH LPSOLFDWLRQV RI WKH

GHVFULSWLRQ RI WKHVH SURFHVVHV RQ GHQVH VKHOI ZDWHU IRUPDWLRQ DQG GHHSHU VHD YHQWLODWLRQ ,Q WKH ZDNH

RI D VHW RI SUHYLRXV RFHDQ DWPRVSKHUH H J 3XOOHQHWDO DQG Licˇer et al., 2016) or wave FXUUHQWV

H J %HQHWD]]R HW DO FRXSOLQJ H[SHULPHQWV WR RXU EHVW NQRZOHGJH WKLV VWXG WRJHWKHU ZLWK

WKH SUHOLPLQDU DWPRVSKHUH IRFXVHG H[DPSOH E 5LFFKL HW DO DQG DUQLHO HW DO

UHSUHVHQWV WKH ILUVW H[DPSOH RI D IXOO WZR ZD FRXSOHG DSSURDFK WR ZDYH DWPRVSKHUH DQG RFHDQ

G QDPLFV LQ WKH 1 EDVLQ ,QWHUDFWLYH RFHDQ IHHGEDFN SURGXFHV LPSURYHG KHDW IOX[HV DQG DLU

WHPSHUDWXUHV HVWLPDWHV FRPSDUHG WR WKRVH RI D VWDQG DORQH DWPRVSKHULF PRGHO IRUFHG ZLWK SHUVLVWLQJ

667 DQRPDOLHV VHH 5LFFKL HW DO 2XU ILQGLQJV LQGLFDWH WKDW VNLOO PHWULF WHQGHQWLDOO LPSURYHG

(especially in the case of THF, with a bias improvement from −55 to −7 : � LQ WKH FRXSOHG

YHUVLRQ 2 UXQ ZLWK UHVSHFW WR WKH RQH ZD DWPRVSKHUH RFHDQ YHUVLRQ 70 UXQ ZKLFK VWLOO

UHSUHVHQWV D ZLGHO DFFHSWHG DSSURDFK LQ WKH ILHOG ,PSURYHPHQWV DUH UHODWHG ZLWK WKH G QDPLF 667

SUHGLFWLRQ EURXJKW LQWR WKH V VWHP E WKH RFHDQLF SDUW ZKLOH WKH IXOO FRXSOLQJ ZLWK VXUIDFH ZDYHV

2: UXQ IXUWKHU Lmproves the figures, albeit to a lesser extent (THF bias improving from −7 to 

around −3 : � 0RUHRYHU WKH HYROXWLRQ RI WKH PHDQ NLQHWLF HQHUJ RI WKH EDVLQ FHUWLILHV WKDW

DOWKRXJK 2: UXQ SURGXFHV VXUIDFH PRPHQWXP VWUHVVHV WKDW RQO VOLJKWO GLIIHU IURP 70 DQG DUH

YHU VLPLODU WR WKH RQHV SURGXFHG LQ WKH 2 FDVH WKH H[SOLFLW LQFOXVLRQ RI ZDYH HIIHFW LQ DWPRVSKHUH

RFHDQ LQWHUDFWLRQV SURYLGHV D GLIIHUHQW G QDPLFDO FKDUDFWHUL]DWLRQ RI WKH EDVLQ 2YHUDOO LW DSSHDUV

WKDW FRXSOLQJ RFHDQ DQG DWPRVSKHUH HYHQ LQ D VXE UHJLRQ RI WKH PRGHO GRPDLQ PD VLJQLILFDQWO

PRGLI WKH ZDWHU FLUFXODWLRQ DQG FKDUDFWHULVWLFV LQ D PXFK ODUJHU DUHD LQ VSLWH RI WKHLU DSSDUHQWO

VPDOO H[WHQW 7KLV FDQ VWURQJO DIIHFW WKH YROXPH RI ZDWHU LQYROYHG LQ WKH FRROLQJ SURFHVV ZLWKLQ WKH

ZKROH 1 EDVLQ LWV GHQVLW DQG LWV NLQHWLF HQHUJ DFWXDOO FRQGLWLRQLQJ LWV SRWHQWLDO FRQWULEXWLRQ LQ

GHHS VHD YHQWLODWLRQ ,Q WKLV FRQWH[W WKH UROH RI ZDYHV OLHV VXEVWDQWLDOO LQ PRGXODWLQJ DLU VHD

H[FKDQJHV DQG HQHUJ GLVWULEXWLRQ DORQJ WKH ZDWHU FROXPQ % H[SOLFLWO DFFRXQWLQJ IRU DGGLWLRQDO

PRPHQWXP WHUPV LQ WKH RFHDQ D ZDYH RFHDQ FRXSOLQJ LQ WKH DEVHQFH RI D IHHGEDFN WR WKH DWPRVSKHUH

QRW FRQVLGHUHG LQ WKLV VWXG EXW SHUIRUPHG DQG GLVFXVVHG E %HQHWD]]R HW DO PD EDVLFDOO

LQGXFH D NLQHWLF HQHUJ VXUSOXV LQWR WKH V VWHP ZLWK UHOHYDQW LPSOLFDWLRQV IRU EDVLQ VFDOH FLUFXODWLRQ

DQG GHQVLILFDWLRQ SURFHVVHV
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)L 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH SURSRVHG 2 :67 H[SHULPHQWV 70 2 2: 7KH DUURZV UHSUHVHQW WKH

FRXSOLQJ GLUHFWLRQ ZLWK LQ HYLGHQFH WKH H[FKDQJHG YDULDEOHV 667 LV WKH 6HD 6XUIDFH 7HPSHUDWXUH 66( WKH VHD VXUIDFH

HOHYDWLRQ
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/DVW EXW QRW OHDVW ZH VKRXOG UHFDOO WKDW SDUDPHWHUL]DWLRQV IRU PRVW VWDWH RI DUW PRGHOV KDYH EHHQ

FDOLEUDWHG DQG FRQVROLGDWHG LQ D ORQJ WLPH IRU PLPLFNLQJ REVHUYHG G QDPLFV LQ WKH DEVHQFH RI DQ

H[SOLFLW FRXSOLQJ ZLWKLQ D FRPSOHWH ZDYH FXUUHQW DWPRVSKHUH V VWHP %HVLGHV DQ XQGRXEWHG

LPSURYHPHQW LQ WKH SK VLFDO LQVLJKW WKH EHQHILWV RI D VKLIW WRZDUGV D FRXSOHG DSSURDFK LQ WHUPV RI

PRGHO SHUIRUPDQFHV DUH WKHUHIRUH H[SHFWHG WR DSSHDU SURJUHVVLYHO DV D IXUWKHU ILQH WXQLQJ LV FDUULHG

RXW EDVHG RQ WKH QHZ PRGHOLQJ IUDPHZRUN )RU WKLV UHDVRQ LW LV QRW SUHVHQWO VWUDLJKWIRUZDUG WR

ZLGHO JHQHUDOL]H DQ HYDOXDWLRQ RI FRXSOHG PRGHOV VNLOOV FRPSDUHG WR XQFRXSOHG RQHV DQG DQ

H[WHQVLYH V VWHPDWLF FRPSDULVRQ DJDLQVW REVHUYDWLRQDO HYLGHQFHV LV VWLOO UHTXLUHG ,Q SDUWLFXODU

HYLGHQFHV SUHVHQWHG LQ WKLV VWXG KLJKOLJKW WKH LPSRUWDQFH RI FKRRVLQJ EDVLQ VFDOH TXDQWLWLHV DQG WKHLU

SDWWHUQV DV LQGLFDWRUV IRU WKH TXDOLW RI WKH SURFHVV GHVFULSWLRQ ZDUQLQJ DERXW SRVVLEOH PLVOHDGLQJ

KLQWV WKDW FDQ UHVXOW IURP SRLQW RU EXON DQDO VLV DORQH
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5HIHUH FH

%HQHWD]]R %HUJDPDVFR %RQDOGR ' )DOFLHUL ) 0 6FODYR 0 /DQJRQH / DUQLHO 6
5HVSRQVH RI WKH GULDWLF 6HD WR DQ LQWHQVH FROG DLU RXWEUHDN 'HQVH ZDWHU G QDPLFV DQG ZDYH

LQGXFHG WUDQVSRUW 3URJ 2FHDQRJU – GRL M SRFHDQ

%HQHWD]]R DUQLHO 6 6FODYR 0 %HUJDPDVFR :DYH–FXUUHQW LQWHUDFWLRQ (IIHFW RQ
WKH ZDYH ILHOG LQ D VHPL HQFORVHG EDVLQ 2FHDQ 0RGHO –

%HUJDPDVFR %HQHWD]]R DUQLHO 6 )DOFLHUL ) 0LQX]]R 7 6LJQHOO 5 3 6FODYR 0
.QRZOHGJH GLVFRYHU LQ ODUJH PRGHO GDWDVHWV LQ WKH PDULQH HQYLURQPHQW 7KH 7+5(''6'DWD 6HUYHU
H[DPSOH GY 2FHDQRJU /LPQRO – GRL

%LJQDPL ) 6FLDUUD 5 DUQLHO 6 6DQWROHUL 5 7KH YDULDELOLW RI WKH GULDWLF VHD FRDVWDO
WXUELG ZDWHUV IURP 6HD:L)6 LPDJHU - *HRSK V 5HV 2FHDQV 6
GRL -

%RRLM 1 5LV 5 +ROWKXLMVHQ / + WKLUG JHQHUDWLRQ ZDYH PRGHO IRU FRDVWDO UHJLRQV
0RGHO GHVFULSWLRQ DQG YDOLGDWLRQ - *HRSK V 5HV GRL - 6
DUQLHO HW DO 2FHDQ 0RGHOOLQJ –

%RQDOGR ' %HQHWD]]R %HUJDPDVFR DPSLDQL ( )RJOLQL ) 6FODYR 0 7ULQFDUGL )
DUQLHO 6 ,QWHUDFWLRQV DPRQJ GULDWLF FRQWLQHQWDO PDUJLQ PRUSKRORJ GHHS FLUFXODWLRQ DQG

EHGIRUP SDWWHUQV 0DU *HRO GRL M PDUJHR

%RHUR ) 7KH IXWXUH RI WKH 0HGLWHUUDQHDQ 6HD (FRV VWHP 7RZDUGV D GLIIHUHQW WRPRUURZ
5HQG )LV FF /LQFHL – GRL V DPXIIR ' )UHH]LQJ RI
WKH 9HQHWLDQ /DJRRQ VLQFH WKH WK FHQWXU ' LQ FRPSDULVLRQ WR WKH FOLPDWH RI ZHVWHUQ (XURSH DQG
(QJODQG OLPDWLF KDQJH –

DQDOV 0 3XLJ 3 GH 0DGURQ ; ' +HXVVQHU 6 3DODQTXHV )DEUHV - )OXVKLQJ
VXEPDULQH FDQ RQV 1DWXUH – GRL QDWXUH

DUQLHO 6 :DUQHU - KLJJLDWR - 6FODYR 0 ,QYHVWLJDWLQJ WKH LPSDFW RI VXUIDFH ZDYH
EUHDNLQJ RQ PRGHOOLQJ WKH WUDMHFWRULHV RI GULIWHUV LQ WKH 1RUWKHUQ GULDWLF 6HD GXULQJ D ZLQG VWRUP
HYHQW 2FHDQ 0RGHO – GRL M RFHPRG

DUQLHO 6 %DUEDULRO ) %HQHWD]]R %RQDOGR ' )DOFLHUL ) 0 0LJOLHWWD 0 0 5LFFKL
6FODYR 0 2Q WKH XVH RI RFHDQ DWPRVSKHUH ZDYH PRGHOV GXULQJ DQ H[WUHPH 2 HYHQW 7KH
LPSRUWDQFH RI EHLQJ FRXSOHG ,Q (*8 *HQHUDO VVHPEO RQIHUHQFH EVWUDFWV (*8
*HQHUDO VVHPEO

DUQLHO 6 7ULQFDUGL ) %RQDOGR ' %HQHWD]]R %HUJDPDVFR %ROGULQ )DOFLHUL ) 0
/DQJRQH / 6FODYR 0 2II VKHOI IOX[HV DFURVV WKH 6RXWKHUQ GULDWLF 0DUJLQ )DFWRUV
FRQWUROOLQJ GHQVH ZDWHU GULYHQ WUDQVSRUW SKHQRPHQD 0DU *HRO GRL M PDUJHR

KDUQRFN + :LQG VWUHVV RQ D ZDWHU VXUIDFH 4XDUW - 5R 0HWHRURO 6RF –

RQQROO 7 3 +LFNH % 0 5HJLRQDO LPSDFW RI VXEPDULQH FDQ RQV GXULQJ VHDVRQDO
XSZHOOLQJ - *HRSK V 5HV 2FHDQV – GRL MJUF
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'DYROLR 6 6WRFFKL 3 %HQHWD]]R %RKP ( 5LPLQXFFL ) 5DYDLROL 0 /L ; 0 DUQLHO 6
([FHSWLRQDO %RUD RXWEUHDN LQ ZLQWHU 9DOLGDWLRQ DQG DQDO VLV RI KLJK UHVROXWLRQ

DWPRVSKHULF PRGHO VLPXODWLRQV LQ WKH QRUWKHUQ GULDWLF DUHD ' Q WPRV 2FHDQV –
GRL M G QDWPRFH

'UHQQDQ : 0 7D ORU 3 . HOODQG 0 - 3DUDPHWHUL]LQJ WKH VHD VXUIDFH URXJKQHVV - 3K V
2FHDQRJU – GRL -32

(JEHUW * ' (URIHHYD 6 (IILFLHQW LQYHUVH PRGHOLQJ RI EDURWURSLF RFHDQ WLGHV - WPRV
2FHDQLF 7HFKQRO –

)DLUDOO : %UDGOH ( ) +DUH - ( *UDFKHY (GVRQ - % %XON SDUDPHWHUL]DWLRQ RI
DLU VHD IOX[HV 8SGDWHV DQG YHULILFDWLRQ IRU WKH 2 5( DOJRULWKP - OLPDWH –

)DOFLHUL ) 0 %HQHWD]]R 6FODYR 0 5XVVR DUQLHO 6 3R 5LYHU SOXPH SDWWHUQ
YDULDELOLW LQYHVWLJDWHG IURP PRGHO GDWD RQW 6KHOI 5HV – GRL M FVU

*HPPLOO : .DW] % /L ; 'DLO UHDO WLPH JOREDO 667 KLJK UHVROXWLRQ DQDO VLV
57*B667B+5 12 1 (3 12 1:6 1 (3 00 % 2IILFH 1RWH 1U
KWWS SRODU QFHS QRDD JRY VVW

*ULIILWKV 5 : *UDYLW FXUUHQWV LQ URWDWLQJ V VWHPV QQ 5HY )OXLG 0HFK –

+DLGYRJHO ' % UDQJR + %XGJHOO : 3 RUQXHOOH % ' XUFKLWVHU ( 'L /RUHQ]R ( )HQQHO
. *H HU : 5 +HUPDQQ - /DQHUROOH / /HYLQ - 0F:LOOLDPV - 0LOOHU - 0RRUH
0 3RZHOO 7 0 6KFKHSHWNLQ ) 6KHUZRRG 5 6LJQHOO 5 3 :DUQHU - :LONLQ -

2FHDQ IRUHFDVWLQJ LQ WHUUDLQ IROORZLQJ FRRUGLQDWHV )RUPXODWLRQ DQG VNLOO DVVHVVPHQW RI WKH 5HJLRQDO
2FHDQ 0RGHOLQJ 6 VWHP - RPSXW 3K V – GRL M MFS

+DQVHQ % VWHUKXV 6 4XDGIDVHO ' 7XUUHOO : OUHDG WKH GD DIWHU WRPRUURZ" 6FLHQFH
XJXVW –

+HUUPDQQ 0 (VWRXUQHO 'pTXp 0 0DUVDOHL[ 3 6HYDXOW ) 6RPRW 6 'HQVH ZDWHU
IRUPDWLRQ LQ WKH *XOI RI /LRQV VKHOI ,PSDFW RI DWPRVSKHULF LQWHUDQQXDO YDULDELOLW DQG FOLPDWH
FKDQJH RQW 6KHOI 5HV – GRL M FVU

+ROODQG 3 5 2VFLOODWLQJ GHQVH SOXPHV - 3K V 2FHDQRJU –
GRL -32

+RUYDWK . %DMLF ́ ,YDWHN Šahdan, S., 2011. Dynamical downscaling of wind speed in complex 
WHUUDLQ SURQH WR ERUD W SH IORZV - SSO 0HWHRURO OLPDWRO –
GRL - 0

,YDQRY 9 9 6KDSLUR * , +XWKQDQFH - 0 OH QLN ' / *RORYLQ 3 1 DVFDGHV RI GHQVH
ZDWHU DURXQG WKH ZRUOG RFHDQ 3URJ 2FHDQRJU – GRL M SRFHDQ

-DQHNRYLF ́ , 0LKDQRYLF ́ + 9LOLELF ́ , 7XGRU 0 ([WUHPH FRROLQJ DQG GHQVH ZDWHU
IRUPDWLRQ HVWLPDWHV LQ RSHQ DQG FRDVWDO UHJLRQV RI WKH GULDWLF 6HD GXULQJ WKH ZLQWHU RI -
*HRSK V 5HV 2FHDQV – GRL -
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.UDXV 5 6XSLF ́,N.,Lucˇic ́ ' 1MLUH - ,PSDFWRIZLQWHURFHDQRJUDSKLFFRQGLWLRQV RQ ]RRSODQNWRQ
DEXQGDQFH LQ QRUWKHUQ GULDWLF ZLWK LPSOLFDWLRQV RQ GULDWLF DQFKRY VWRFN SURJQRVLV (VWXDULQH DQG
RDVWDO 6KHOI 6FLHQFH – GRL M HFVV

.UDXV 5 6XSLF ́ 1 3UHFDOL 5 )DFWRUV IDYRXULQJ SK WRSODQNWRQ EORRPV LQ WKH QRUWKHUQ
GULDWLF 7RZDUGV WKH QRUWKHUQ GULDWLF HPSLULFDO HFRORJLFDO PRGHO 2FHDQ 6FL –

GRL RV

.XPDU 1 9RXOJDULV * :DUQHU - 2ODEDUULHWD 0 ,PSOHPHQWDWLRQ RI WKH YRUWH[ IRUFH
IRUPDOLVP LQ WKH FRXSOHG RFHDQ DWPRVSKHUH ZDYH VHGLPHQW WUDQVSRUW 2 :67 PRGHOLQJ V VWHP
IRU LQQHU VKHOI DQG VXUI ]RQH DSSOLFDWLRQV 2FHDQ 0RGHO –
GRL M RFHPRG

.X]PLF ́ 0 -DQHNRYLF ́ , %RRN - : 0DUWLQ 3 - 'R OH - ' 0RGHOLQJ WKH QRUWKHUQ
GULDWLF GRXEOH J UH UHVSRQVH WR LQWHQVH ERUD ZLQG UHYLVLW - *HRSK V 5HV 2FHDQV –

/DQJRQH / RQHVH , 0LVHURFFKL 6 %ROGULQ %RQDOGR ' DUQLHO 6 KLJJLDWR -
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3URFHVVHV LQYROYHG LQ WUDQVIHUULQJ SDUWLFXODWH PDWWHU WR WKH GHHS EDVLQ 0DU *HRO
GRL M PDUJHR

Licˇer,M.,Smerkol,P.,Fettich,A.,Ravdas,M.,Papapostolou,A.,Mantziafou,A.,Strajnar, B., Cedilnik, 
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DWPRVSKHUH–RFHDQ FRXSOLQJ 2FHDQ 6FL – GRL RV

0DODQRWWH 5L]]ROL 3 HW DO 3K VLFDO IRUFLQJ DQG SK VLFDO ELRFKHPLFDO YDULDELOLW RI WKH
0HGLWHUUDQHDQ 6HD UHYLHZ RI XQUHVROYHG LVVXHV DQG GLUHFWLRQV IRU IXWXUH UHVHDUFK 2FHDQ 6FL

– GRL RV

0LKDQRYLF ́ + 9LOLELF ́ , DUQLHO 6 7XGRU 0 5XVVR %HUJDPDVFR %XELF ́ , N., Ljubešic ́
Z., Vilicˇic ́, D., Boldrin, A., Malacˇicˇ, V., Celio, M. RPLFL 5DLFLFK ) ([FHSWLRQDO
GHQVH ZDWHU IRUPDWLRQ RQ WKH GULDWLF VKHOI LQ WKH ZLQWHU RI 2FHDQ 6FL –
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RI WKH VRXWKHUQ GULDWLF 6HD %LRJHRVFLHQFHV –

2ODEDUULHWD 0 :DUQHU - UPVWURQJ % =DPERQ - % +H 5 2FHDQ– DWPRVSKHUH
dynamics during Hurricane Ida and Nor’Ida: An application of the coupled ocean–DWPRVSKHUH–ZDYH–
VHGLPHQW WUDQVSRUW 2 :67 PRGHOLQJ V VWHP 2FHDQ 0RGHO –
GRL M RFHPRG

2OLWD ,HUPDQR , )D]LROL / 5LERWWL 7HGHVFR 3HVVLQL ) 6RUJHQWH 5 ,PSDFW RI
FXUUHQWV RQ VXUIDFH IOX[ FRPSXWDWLRQV DQG WKHLU IHHGEDFN RQ G QDPLFV DW UHJLRQDO VFDOHV 2FHDQ 6FL

– GRL RV
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2RVW : .RPHQ * - -DFREV 0 - 9DQ 2RUW 1HZ HYLGHQFH IRU D UHODWLRQ
EHWZHHQZLQG VWUHVV DQG ZDYH DJH IURP PHDVXUHPHQWV GXULQJ 6* 0 *( %RXQG /D HU 0HWHRURO

–

3LQDUGL 1 OOHQ , 'HPLURY ( 'H 0H 3 .RUUHV * HW DO 7KH 0HGLWHUUDQHDQ RFHDQ
IRUHFDVWLQJ V VWHP )LUVW SKDVH RI LPSOHPHQWDWLRQ QQ *HRSK V –

3XOOHQ - 'R OH - ' 6LJQHOO 5 3 7ZR ZD DLU VHD FRXSOLQJ VWXG RI WKH GULDWLF 0RQ
:HDWKHU 5HY – GRL 0:5

Raicich, F., Malacˇicˇ, V., Celio, M., Giaiotti, D., Cantoni, C., Colucci, R.R., Cˇermelj, B., Pucillo, 
([WUHPH DLU VHD LQWHUDFWLRQV LQ WKH *XOI RI 7ULHVWH 1RUWK GULDWLF GXULQJ WKH VWURQJ %RUD

HYHQW LQ ZLQWHU - *HRSK V 5HV 2FHDQ –

5HQDXOW / KLJJLDWR - :DUQHU - *RPH] 0 9L]RVR * 7LQWRUp - RXSOHG
DWPRVSKHUH RFHDQ ZDYH VLPXODWLRQV RI D VWRUP HYHQW RYHU WKH *XOI RI /LRQ DQG %DOHDULF 6HD -
*HRSK V 5HV 2FHDQ

5LFFKL 0LJOLHWWD 0 0 )DOFR 3 3 %HQHWD]]R %RQDOGR ' %HUJDPDVFR 6FODYR 0
DUQLHO 6 2Q WKH XVH RI D FRXSOHG RFHDQ DWPRVSKHUH ZDYH PRGHO GXULQJ DQ H[WUHPH ROG
LU 2XWEUHDN RYHU WKH GULDWLF 6HD WPRV 5HV –

GRL M DWPRVUHV

6FODYR 0 %HQHWD]]R DUQLHO 6 %HUJDPDVFR )DOFLHUL ) 0 %RQDOGR ' :DYH
FXUUHQW LQWHUDFWLRQ HIIHFW RQ VHGLPHQW GLVSHUVDO LQ D VKDOORZ VHPL HQFORVHG EDVLQ - RDVWDO 5HV

–

6NDPDURFN : .OHPS - % 'XGKLD - *LOO ' 2 %DUNHU ' 0 :DQJ : DQG 3RZHUV - *
'HVFULSWLRQ RI WKH GYDQFHG 5HVHDUFK :5) 9HUVLRQ

6LJQHOO 5 3 DUQLHO 6 KLJJLDWR - -DQHFRYLF , 3XOOHQ - 6KHUZRRG ROODERUDWLRQ
WRROV DQG WHFKQLTXHV IRU ODUJH PRGHO GDWDVHWV - 0DU 6 VW –
GRL M MPDUV V

6PLWK 3 VWUHDPWXEH PRGHO IRU ERWWRP ERXQGDU FXUUHQWV LQ WKH RFHDQ 'HHS 6HD 5HV
–

6XSLF ́ 1 .UDXV 5 .X]PLF ́ 0 3DVFKLQL ( 3UHFDOL 5 5XVVR 9LOLELF ́ ,
3UHGLFWDELOLW RI QRUWKHUQ GULDWLF ZLQWHU FRQGLWLRQV - 0DU 6 VW –

7HVL 7 0LVHURFFKL 6 *RxL 0 /DQJRQH / %ROGULQ 7XUFKHWWR 0 2UJDQLF
PDWWHU RULJLQ DQG GLVWULEXWLRQ LQ VXVSHQGHG SDUWLFXODWH PDWHULDOV DQG VXUILFLDO VHGLPHQWV IURP
WKH ZHVWHUQ GULDWLF 6HD ,WDO (VWXDULQH RDVWDO DQG 6KHOI 6FLHQFH –
GRL M HFVV

7D ORU 3 . HOODQG 0 - 7KH GHSHQGHQFH RI VHD VXUIDFH URXJKQHVV RQ WKH KHLJKW DQG
VWHHSQHVV RI WKH ZDYHV - 3K V 2FHDQRJU –
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7XUFKHWWR 0 %ROGULQ /DQJRQH / 0LVHURFFKL 6 3K VLFDO DQG ELRJHRFKHPLFDO
SURFHVVHV FRQWUROOLQJ SDUWLFOH IOX[HV YDULDELOLW DQG FDUERQ H[SRUW LQ WKH 6RXWKHUQ GULDWLF RQW
6KHOI 5HV – GRL M FVU

Vatova, A., 1934. L’anormale regimH ILVLFR chimico dell’Alto Adriatico nel 1929 e le sue 
ULSHUFXVVLRQL VXOOD IDXQD LQ ,WDOLDQ 7KDODVVLD , –

9HUGLFFKLR * 7ULQFDUGL ) 6KRUW GLVWDQFH YDULDELOLW LQ VORSH EHG IRUPV DORQJ WKH
6RXWKZHVWHUQ GULDWLF 0DUJLQ HQWUDO 0HGLWHUUDQHDQ 0DU *HRO –
GRL M PDUJHR

9LOLELF ́ , 6XSLF ́ 1 'HQVH ZDWHU JHQHUDWLRQ RQ D VKHOI 7KH FDVH RI WKH GULDWLF 6HD 2FHDQ
' Q –

:DUQHU - UPVWURQJ % +H 5 =DPERQ - % 'HYHORSPHQW RI D RXSOHG 2FHDQ
WPRVSKHUH :DYH 6HGLPHQW 7UDQVSRUW 2 :67 0RGHOLQJ 6 VWHP 2FHDQ 0RGHO –

=DPERQ - % +H 5 :DUQHU - ,QYHVWLJDWLRQ RI KXUULFDQH ,YDQ XVLQJ WKH FRXSOHG RFHDQ–
DWPRVSKHUH–ZDYH–VHGLPHQW WUDQVSRUW 2 :67 PRGHO 2FHDQ ' Q –
GRL V
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�6H VLWLYLW RI 0HGLWHUUD HD 7URSLFDO LNH FOR H WR
GLIIHUH W PRGHO FR IL XUDWLR D G FRXSOL VWUDWH

� EVWUDFW

,Q 1RYHPEHU DQ WODQWLF GHSUHVVLRQ DIIHFWHG WKH 0HGLWHUUDQHDQ EDVLQ HYHQWXDOO HYROYLQJ LQWR

D 7URSLFDO /LNH FORQH 7/ RU 0HGLWHUUDQHDQ +XUULFDQH XVXDOO GHVLJQDWHG DV 0HGLFDQH ,Q WKH

UHJLRQ DIIHFWHG E WKH 0HGLFDQH PHDQ VHD OHYHO SUHVVXUHV GRZQ WR K3D ZLQG VSHHGV RI KXUULFDQH

LQWHQVLW FORVH WR WKH H H DURXQG NP K DQG LQWHQVH UDLQIDOO LQ WKH SUHIURQWDO ]RQH ZHUH UHSRUWHG

7KH LQWHQVLW RI WKLV HYHQW WRJHWKHU ZLWK LWV ORQJ SHUPDQHQFH RYHU WKH VHD VXJJHVWHG LWV VXLWDELOLW

DV D SDUDGLJPDWLF FDVH IRU LQYHVWLJDWLQJ WKH VHQVLWLYLW RI D QXPHULFDO PRGHOLQJ V VWHP WR GLIIHUHQW

FRQILJXUDWLRQV DLU VHD LQWHUIDFH SDUDPHWHUL]DWLRQV DQG FRXSOLQJ DSSURDFKHV 7RZDUG WKLV DLP D VHW

RI QXPHULFDO H[SHULPHQWV ZLWK GLIIHUHQW SDUDPHWHUL]DWLRQ VFKHPHV DQG OHYHOV RI FRXSOLQJ FRPSOH[LW

ZDV FDUULHG RXW ZLWKLQ WKH RXSOHG 2FHDQ WPRVSKHUH :DYH 6HGLPHQW 7UDQVSRUW 6 VWHP

2 :67 ZKLFK DOORZV WKH GHVFULSWLRQ RI DLU VHD G QDPLFV E FRXSOLQJ DQ DWPRVSKHULF PRGHO

:5) DQ RFHDQ FLUFXODWLRQ PRGHO 5206 DQG D ZDYH PRGHO 6: 1 7KH VHQVLWLYLW WR GLIIHUHQW

LQLWLDOL]DWLRQ WLPHV DQG 3ODQHWDU %RXQGDU /D HU 3%/ SDUDPHWHUL]DWLRQV ZDV ILUVWO LQYHVWLJDWHG

E UXQQLQJ D VHW RI :5) VWDQGDORQH DWPRVSKHULF RQO VLPXODWLRQV ,Q RUGHU WR EHWWHU XQGHUVWDQG WKH

HIIHFW RI FRXSOLQJ RQ WKH 7/ IRUPDWLRQ LQWHQVLILFDWLRQ DQG WUDMHFWRU GLIIHUHQW FRQILJXUDWLRQV RI

DWPRVSKHUH RFHDQ FRXSOLQJ ZHUH VXEVHTXHQWO WHVWHG HYHQWXDOO LQFOXGLQJ WKH IXOO FRXSOLQJ DPRQJ

DWPRVSKHUH RFHDQ DQG ZDYHV DOVR FKDQJLQJ WKH 3%/ SDUDPHWHUL]DWLRQ DQG WKH IRUPXODWLRQ RI WKH

VXUIDFH URXJKQHVV 5HVXOWV VKRZ D VWURQJ VHQVLWLYLW RI ERWK WKH WUDMHFWRU DQG WKH LQWHQVLW RI WKLV

7/ WR WKH LQLWLDO FRQGLWLRQV ZKLOH WKH WUDFNV DQG LQWHQVLWLHV SURYLGHG E WKH FRXSOHG PRGHOLQJ

DSSURDFKHV H[SORUHG LQ WKLV VWXG GR QRW LQWURGXFH GUDVWLF PRGLILFDWLRQV ZLWK UHVSHFW WR WKRVH

UHVXOWLQJ IURP D ILQH WXQHG VWDQGDORQH DWPRVSKHULF UXQ WKRXJK WKH SURYLGH E GHILQLWLRQ D EHWWHU

SK VLFDO DQG HQHUJHWLF FRQVLVWHQF 1HYHUWKHOHVV WKH XVH RI GLIIHUHQW VFKHPHV IRU WKH FDOFXODWLRQ RI

WKH VXUIDFH URXJKQHVV IURP ZDYH PRWLRQ ZKLFK UHIOHFWV WKH GHVFULSWLRQ RI DLU VHD LQWHUIDFH SURFHVVHV

FDQ VLJQLILFDQWO DIIHFW WKH UHVXOWV LQ WKH IXOO FRXSOHG UXQV
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, WURGXFWLR

:LWK WKH DGYHQW RI UHPRWH VHQVLQJ VRPH SHFXOLDU YRUWLFHV KDYLQJ FKDUDFWHULVWLFV YHU VLPLODU WR

WURSLFDO F FORQHV KDYH EHHQ GHWHFWHG RYHU WKH 0HGLWHUUDQHDQ 6HD (UQVW HW DO 0RVFDWHOOR HW DO

DQG KHQFH DUH QDPHG 7URSLFDO /LNH FORQHV 7/ V RU 0HGLFDQHV 0HGLWHUUDQHDQ

+XUULFDQHV OWKRXJK WKHUH LV VWLOO DQ RSHQ GHEDWH LQ WKH OLWHUDWXUH DERXW ZKDW VKRXOG EH H[DFWO

FRQVLGHUHG DV D 0HGLFDQH WKHVH YRUWLFHV DUH XVXDOO FKDUDFWHUL]HG IURP VDWHOOLWHV E VSLUDO OLNH FORXG

EDQGV HORQJDWHG IURP WKH FHnter, a calm “eye” without cloud coverage, and intense wind speed 

PD[LPD VRPH WHQV RI NP IDU IURP WKH FHQWHU RI WKH F FORQH )URP D G QDPLF SRLQW RI YLHZ WKH DUH

FKDUDFWHUL]HG E DQ D[L V PPHWULF VWUXFWXUH ZLWK WKH YHUWLFDO DOLJQPHQW RI WKH SUHVVXUH PLQLPD DW

GLIIHUHQW OHYHOV ZHDN YHUWLFDO ZLQG VKHDU DQG GHHS ZDUP DQRPDO 7/ V KDYH D W SLFDO GLDPHWHU RI

– NP NWDU HW DO 7RXV HW DO ZKLOH WKH DVVRFLDWHG VXUIDFH ZLQG VSHHGV FDQ

RFFDVLRQDOO UHDFK KXUULFDQH VWUHQJWK DFFRUGLQJ WR 6DIILU 6LPSVRQ VFDOH 7KHVH F FORQHV PD ODVW

IRU VHYHUDO GD V DOWKRXJK WKH SUHVHQFH RI WURSLFDO FKDUDFWHULVWLFV PD EH OLPLWHG WR D IHZ KRXUV

0LJOLHWWD HW DO (PDQXHO )LWD HW DO 7KH IRUP SUHGRPLQDQWO GXULQJ WKH HQG RI

VXPPHU RU GXULQJ DXWXPQ ZKHQ WKH ODWHQW DQG VHQVLEOH KHDW IOX[HV DUH PRUH LQWHQVH LRQL HW DO

GXH WR WKH UHODWLYHO KLJK VHD VXUIDFH WHPSHUDWXUHV 667V FRPELQHG ZLWK XSSHU OHYHO FROG DLU

LQWUXVLRQV 0LJOLHWWD HW DO 7KH RULJLQDOO GHYHORS LQ EDURFOLQLF HQYLURQPHQWV DVVRFLDWHG ZLWK

WKH FXW RII (PDQXHO RI DQ WODQWLF GHSUHVVLRQ LQ WKH 0HGLWHUUDQHDQ VRPHWLPHV DVVRFLDWHG

ZLWK WKH KLJK YRUWLFLW LQ WKH ORZ OHYHO DVVRFLDWHG ZLWK DQ RURJUDSKLF GHSUHVVLRQ 0RVFDWHOOR HW DO

W SLFDO IHDWXUH RI 0HGLFDQHV LV WKH SUHVHQFH RI D ZDUP FRUH GHYHORSLQJ RYHU WKH ZKROH

H[WHQVLRQ RI WKH WURSRVSKHUH DVVRFLDWHG ZLWK WKH UHOHDVH RI ODWHQW KHDW FDXVHG E WKH FRQYHFWLRQ

DURXQG WKH SUHVVXUH PLQLPXP NKWDU HW DO 0LJOLHWWD HW DO 7KH LQWHQVLW RI VXUIDFH KHDW

IOX[HV FDQ EH YHU LPSRUWDQW PDLQO GXULQJ WKH LQWHQVLILFDWLRQ RI 7/ IRU WKLV UHDVRQ WKH 667 SOD V

D NH UROH LQ WKH 0HGLFDQHV HYROXWLRQ LRQL HW DO 6HQVLWLYLW H[DPLQDWLRQ RI ERWK WKH LQLWLDO

FRQGLWLRQV DQG SDUDPHWHUL]DWLRQ VFKHPHV UHYHDOV WKDW PLFURSK VLFV DQG FRQYHFWLRQ PD DIIHFW WKH

VLPXODWLRQ UHVXOWV EXW WKH PDLQ VHQVLWLYLW LV WR WKH LQLWLDO FRQGLWLRQV 'DYROLR HW DO 0LJOLHWWD

HW DO 'XH WR WKH FHQWUDO UROH RI DLU VHD LQWHUDFWLRQ WKH LQWHUSOD EHWZHHQ DWPRVSKHUH DQG RFHDQ

LQ JHQHUDWLQJ DQG PDLQWDLQLQJ WKHVH 0HGLWHUUDQHDQ KXUULFDQHV VKRXOG EH SURSHUO PRGHOHG LQ D ZD

VLPLODU WR ZKDW LV DFWXDOO SHUIRUPHG IRU KXUULFDQHV ,Q IDFW WKH ODWWHU KDYH EHHQ VWXGLHG FRQVLGHULQJ

WKH IHHGEDFN EHWZHHQ WKH WZR HQYLURQPHQWV ZLWK WKH DLG RI QXPHULFDO FRXSOHG DWPRVSKHUH RFHDQ

ZDYH PRGHOV :DUQHU HW DO 2ODEDULHWWD HW DO 5HVXOWV DFKLHYHG LQ WKHVH VWXGLHV KDYH

VKRZQ WKDW WKH FRXSOLQJ EHWZHHQ DWPRVSKHUH DQG RFHDQ FDQ EH LPSRUWDQW IRU VLPXODWLQJ SURSHUO

VRPH RI WKHVH F FORQHV 2ODEDUULHWD HW DO ZKLOH LQ RWKHU FDVHV LW GRHV QRW SURYLGH VLJQLILFDQW

LPSURYHPHQWV ZLWK UHVSHFW WR VWDQGDORQH VLPXODWLRQV =DPERQ HW DO 7KH SXUSRVH RI WKLV ZRUN
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LV WR H[SORUH WKH VHQVLWLYLW WR GLIIHUHQW FRQILJXUDWLRQV RI D FRXSOHG PRGHOLQJ V VWHP 2 :67

RXSOHG 2FHDQ WPRVSKHUH :DYH 6HGLPHQW 7UDQVSRUW 6 VWHP DSSOLHG WR WKH VWXG RI DQ LQWHQVH

0HGLWHUUDQHDQ F FORQH 5HVXOWV FDQ EH XVHG IRU UHVHDUFK SXUSRVHV VXFK DV PRGHO ILQH WXQLQJ WR REWDLQ

GHHSHU SK VLFDO LQVLJKWV LQWR WKH JHQHVLV DQG HYROXWLRQ RI WKHVH SURFHVVHV DV ZHOO DV IRU RSHUDWLRQDO

VFRSHV GHDOLQJ ZLWK WKH SUHGLFWLRQ RI VHYHUH HYHQWV DQG WKH GHILQLWLRQ RI HPHUJHQF UHVSRQVH

VWUDWHJLHV 7KH PRGHOLQJ DFWLYLW SURSRVHG KHUH ZDV SHUIRUPHG XVLQJ WKUHH GLIIHUHQW FRQILJXUDWLRQV

)ROORZLQJ DQ DSSURDFK VLPLODU WR =DPERQ HW DO 5LFFKL HW DO LQ WKH ILUVW LPSOHPHQWDWLRQ

we used “standalone” runs, using only the atmospheric WRF model (Weather Research and 

)RUHFDVWLQJ 6 VWHP ,Q WKHVH UXQV WKUHH GLIIHUHQW DSSURDFKHV IRU WKH GHVFULSWLRQ RI 667 6HD 6XUIDFH

7HPSHUDWXUH DQG WZR GLIIHUHQW 3%/ 3ODQHWDU %RXQGDU /D HU VFKHPHV WKDW LPSOHPHQW WKH

FRXSOLQJ RI ZDYHV LQ WKH DWPRVSKHULF PRGHO ZHUH DGRSWHG 7KH VHFRQG FRQILJXUDWLRQ FRXSOHV EL

GLUHFWLRQDOO :5) DQG WKH 5206 5HJLRQDO 2FHDQLF 0RGHOOLQJ 6 VWHP RFHDQ PRGHO 7KH ODVW DQG

PRVW FRPSOH[ QXPHULFDO DSSURDFK LV EDVHG RQ WKH IXOO FRXSOLQJ DPRQJ:5) 5206 DQG WKH 6: 1

6LPXODWLQJ : YHV LQ 1HDUVKRUH ZDYH PRGHO ,Q DGGLWLRQ ZH DOVR DQDO ]HG WKH HIIHFW RI GLIIHUHQW

URXJKQHVV VFKHPHV ZKLFK LQFOXGH ZDYH FKDUDFWHULVWLFV LQ WKHLU FDOFXODWLRQ 7KH SDSHU LV RUJDQL]HG DV

IROORZV 6HFWLRQ VKRZV DQ RYHUYLHZ RI WKH HYHQW DW WKH V QRSWLF VFDOH ,Q 6HFWLRQ ZH GHVFULEH WKH

QXPHULFDO PRGHOLQJ V VWHPV DQG WKH QXPHULFDO DSSURDFK 6HFWLRQ GHVFULEHV WKH QXPHULFDO UHVXOWV

DQG VRPH FRQFOXVLRQV DUH GUDZQ LQ 6HFWLRQ

� DVH 6WXG 0HGLFD H 52 )

,Q WKLV ZRUN ZH VWXG WKH 7/ QDPHG 52/) RIILFLDO QDPH SURYLGHG E WKH 8QLYHUVLW RI %HUOLQ

WKH LQVWLWXWLRQ LQ FKDUJH WR QDPH WKH F FORQHV RYHU WKH (XURSean area), selected as a “reference” case 

VWXG DPRQJ VHYHUDO HYHQWV GHVFULEHG LQ 0LJOLHWWD HW DO GXH WR WKH ORQJ SHUVLVWHQFH PRUH WKDQ

K RI LWV WURSLFDO IHDWXUHV 52/) GHYHORSHG IURP D FXW RII ORZ RYHU 6SDLQ RQ 1RYHPEHU

0LJOLHWWD HW DO DVVRFLDWHG ZLWK D ODUJH DQG GHHS WODQWLF GHSUHVVLRQ FHQWHUHG WR WKH ZHVW RI

(QJODQG ZKLOH D KLJK SUHVVXUH DUHD DIIHFWHG HDVWHUQ (XURSH )LJXUH SDQHO D 7KH WODQWLF

depression was “locked” between the high over central Europe and the Azores KLJK 7KH PHULGLRQDO

stretching of the Atlantic depression (Figure 1 panel (b)) induced the baroclinic wave to “cut off” 

RYHU WKH *XOI RI /LRQ DQG WR IRUP D SUHVVXUH PLQLPXP RQ 1RYHPEHU DURXQG K3D

)LJXUH SDQHO F G 7KH GHSUHVVLRQ ZDV LVRODWHG IURP WKH V QRSWLF FLUFXODWLRQ DQG ZDV WLOWHG ZLWK

UHVSHFW WR WKH YHUWLFDO D[LV VKRZLQJ WKH W SLFDO FKDUDFWHULVWLFV RI DQ H[WUD WURSLFDO F FORQH +DUW HW DO

2Q 1RYHPEHU WKH SUHVVXUH PLQLPD DW VHD OHYHO DQG DW K3D ZHUH DOLJQHG H J WKH

JHRSRWHQWLDO FXW RII ZDV ORFDWHG RYHU WKH 6/3 6HD /HYHO 3UHVVXUH PLQLPXP )LJXUH SDQHO H
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ZKLOH WKH F FORQH FURVVHG WKH %DOHDULF ,VODQGV DQG PRYHG WR WKH HDVW )LJXUH SDQHOV D E 2Q WKH

IROORZLQJ GD LW PRYHG VORZO QRUWKZDUG WRZDUGV WKH *XOI RI /LRQ LQ WKLV SKDVH WKH 7/ UHDFKHG

its highest intensity, with 10 m wind speed up to 30 m s−1 and the lowest estimated pressure of around 

K3D /DQGIDOO RFFXUUHG RQ 1RYHPEHU DURXQG 87 QHDU WKH HDVW FRDVW RI WKH *XOI RI /LRQ

)LJXUH SDQHO (d)). During this period, ROLF reached 10 m wind speeds of around 30 m s−1, 

JHQHUDWHG VLJQLILFDQW ZDYH KHLJKWV XS WR P KLJK DQG D ODUJH UDLQIDOO DPRXQW SDUWLFXODUO LQ FRDVWDO

DUHDV )ROORZLQJ 0LJOLHWWD HW DO WKH HVWLPDWHG PD[LPXP ZLQG VSHHG DW K3D ZDV

DSSUR[LPDWHO P V WKH PD[LPXP UDGLXV ZDV DURXQG NP DQG WKH SKDVH ZLWK WURSLFDO

FKDUDFWHULVWLFV ODVWHG IRU DSSUR[LPDWHO GD V DQG KDOI V VKRZQ LQ )LJXUH WKH 667 DQRPDO LQ

WKH DUHD RI JHQHUDWLRQ DQG WUDQVLW RI WKH 0HGLFDQH ZDV DERXW ◦ DQG DSSUR[LPDWHO ◦ LQ WKH

HQWLUH ZHVWHUQ 0HGLWHUUDQHDQ EDVLQ H[FHSW IURP WKH FRDVWDO DUHDV ZKHUH VRPH QHJDWLYH DQRPDO ZDV

UHFRUGHG PDLQO GXH WR WKH LQWHQVH FRDVWDO XSZHOOLQJ ZKLFK LV YHU IUHTXHQW LQ WKH DUHD 0LOORW HW DO

5HQDXOW HW DO 7KH 6DWHOOLWH 6HUYLFH 'LYLVLRQ RI WKH 1DWLRQDO 2FHDQLF DQG WPRVSKHULF

GPLQLVWUDWLRQ 12 FDUULHG RXW D SUHOLPLQDU DQDO VLV RI WKH 7/ 12 1(6',6 LGHQWLI LQJ

LWV WUDMHFWRU HVWLPDWLQJ WKH PLQLPXP SUHVVXUH DQG WKH PD[LPXP ZLQG DURXQG WKH H H 7KLV DQDO VLV

ZDV FDUULHG RXW GXULQJ WKH HYHQW EDVHG RQ UHDGLO DYDLODEOH GDWD DLPLQJ DW D UHDO WLPH DVVHVVPHQW RI

WKH HYROXWLRQ RI WKH 7/ IRU RSHUDWLRQDO SXUSRVHV EXW VXIIHUHG IURP VRPH LQFRQVLVWHQFLHV DV HPHUJHV

IURP FRPSDULVRQ ZLWK WKH 6 7 GYDQFHG 6 7WHURPHWHU ZLQG GDWD H J )LJXUH )RU WKLV

UHDVRQ LQ WKLV ZRUN ZH HVWLPDWHG WKH WUDMHFWRU RI WKH F FORQH E LGHQWLI LQJ WKH SRVLWLRQ RI WKH H H

EDVHG RQ D VHW RI JHRUHIHUHQFHG KRXUO VSDFHG VDWHOOLWH LPDJHV (XPHWVDW LQIUDUHG GDWDVHWV
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)L XUH 6QDSVKRWV RI VXUIDFH SUHVVXUH ZKLWH OLQHV F L  K3D DQG K3D JHRSRWHQWLDO KHLJKW FRORUV RQ

1RYHPEHU 87 SDQHO D DQG 1RYHPEHU 87 SDQHO E —GXULQJ WKH WUDQVLW RI WKH WODQWLF

EDURFOLQLF ZDYH RYHU 6SDLQ FORVH WR WKH %DOHDULF 6HD 1RYHPEHU 87 SDQHO F —GXULQJ WKH IRUPDWLRQ

RI WKH 52/) GHSUHVVLRQ RYHU 6SDLQ RQ 1RYHPEHU 87 SDQHO G —GXULQJ WKH FXW RII ORZ RYHU WKH

%DOHDULF VHD RQ 1RYHPEHU 87 SDQHO H DQG 1RYHPEHU 87 SDQHO I 'DWD DUH IURP

( 0:) (5 (XURSHDQ HQWHU IRU 0HGLXP UDQJH :HDWKHU )RUHFDVWLQJ
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)L XUH 9LVLEOH FKDQQHO RI 0HWHRVDW 6DWHOOLWH LPDJHV RQ 1RYHPEHU 87 SDQHO D 1RYHPEHU

87 SDQHO E 1RYHPEHU 87 SDQHO F DQG 1RYHPEHU 87 SDQHO G VRXUFH

ZZZ VDW FRP FRS ULJKW (80(76 7 ,Q SDQHO D ZH FDQ VHH WKH IRUPDWLRQ RI WKH 7/ ZKHUHDV LQ WKH SDQHO E WKH

7/ LV IRUPHG DQG LQ SDQHO F 52/) LV VWLOO ZHOO LGHQWLILHG ,Q SDQHO G WKH ODQGIDOO RI F FORQH LV VKRZQ

�

�

�Ȍ �Ȍ

�Ȍ �Ȍ
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)L XUH 667 DQRPDO SURGXFHG E WKH 0HGLWHUUDQHDQ )RUHFDVWLQJ 6 VWHP 0)6 ,1*9 > RQ 1RYHPEHU

FRQVLVWLQJ RI WKH GLIIHUHQFH EHWZHHQ DQDO VHG 667 IURP 0)6 DQG WKH FOLPDWRORJ – VXSSOLHG E WKH 1XFOHXV

IRU (XURSHDQ 0RGHOOLQJ RI WKH 2FHDQ 1(02 ZLWK D YDULDWLRQDO GDWD DVVLPLODWLRQ VFKHPH 2FHDQ9 5 IRU WHPSHUDWXUH

DQG VDOLQLW YHUWLFDO SURILOHV DQG VDWHOOLWH 6HD /HYHO QRPDO DORQJ WUDFN GDWD 7KH PRGHO KRUL]RQWDO JULG UHVROXWLRQ LV

FD – NP DQG WKH XQHYHQO VSDFHG YHUWLFDO OHYHOV DUH 3LQDUGL HW DO ,Q WKLV ILJXUH ZH FDQ VHH WKH

SRVLWLYH 667 DQRPDO LQ WKH ZHVWHUQ 0HGLWHUUDQHDQ 6HD EHWZHHQ – LQ SDUWLFXODU RYHU WKH IRUPDWLRQ DUHD RI WKH

7/

�
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1XPHULFDO 0RGHOOL D G SSURDFK

7KH 2 :67 0RGHOL 6XLWH

2 :67 LV D FRPSOH[ V VWHP WKDW PDQDJHV GLIIHUHQW QXPHULFDO PRGHOV DQG DOORZV IHHGEDFNV DW WKH

DLU VHD LQWHUIDFH WKURXJK WKH LQWHUDFWLRQ DPRQJ 667 PDULQH FLUFXODWLRQ ZDYHV DQG DWPRVSKHULF

G QDPLFV 7KH 2 :67 LQIUDVWUXFWXUH LV VKRZQ LQ )LJXUH ZKHUH WKH PRGHOV LPSOHPHQWHG LQ WKH

V VWHP DUH UHSUHVHQWHG :5) IRU WKH DWPRVSKHUH 5206 IRU WKH RFHDQ DQG 6: 1 IRU WKH JHQHUDWLRQ

DQG SURSDJDWLRQ RI ZLQG ZDYHV ,Q 2 :67 WKH FRXSOLQJ LV SHUIRUPHG ZLWK WKH XVH RI WZR WRROV

UHVSRQVLEOH IRU WKH RUJDQL]DWLRQ DQG FRPPXQLFDWLRQ RI WKH LQIRUPDWLRQ DPRQJ GLIIHUHQW PRGHOV 7KH

WRRO WKDW SURYLGHV WKH GDWD IORZ PDQDJHPHQW LV WKH 0RGHO RXSOLQJ 7RRONLW 0 7 /DUVRQ HW DO

ZKLFK LV D GHGLFDWHG OLEUDU WRRO LQWHUIDFLQJ ZLWK WKH PRGHOV UHVSRQVLEOH IRU WKH H[FKDQJH

WUDQVPLVVLRQ DQG SURFHVVLQJ RI QXPHULFDO GDWD DPRQJ WKH PRGHOV XVLQJ FRXSOHG DQG SDUDOOHO DSSURDFK

E PHDQV RI 03, OLEUDULHV :DUQHU HW DO 7KH H[FKDQJH RI YDULDEOHV WDNHV SODFH ZLWK D XVHU

GHILQHG WLPH VWHS V LQ WKLV ZRUN 7R DOORZ WKH H[FKDQJH RI YDULDEOHV DPRQJ WKH JULGV RI WKH

GLIIHUHQW PRGHOV 2 :67 UHOLHV RQ WKH 6SKHULFDO RRUGLQDWH 5HPDSSLQJ ,QWHUSRODWLRQ 3DFNDJH

6 5,3 -RQHV HW DO WR FRPSXWH LQWHUSRODWLRQ ZHLJKWV RYHUFRPLQJ WKH SRVVLEOH GLIIHUHQFHV LQ

UHVROXWLRQ URWDWLRQ DQG VSDWLDO FRYHUDJH DPRQJ WKH JULGV
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)L XUH KH WKUHH GLIIHUHQW FRQILJXUDWLRQV DGRSWHG LQ WKLV VWXG 3DQHO D :5) UXQ DWPRVSKHUH VWDQGDORQH :5) XVHV

WKH 667 GDWD IURP WKH 57*B667 GDWDVHW HYHU K 3DQHO E 2 WPRVSKHUH 2FHDQ UXQ FRXSOLQJ EHWZHHQ

DWPRVSKHUH DQG RFHDQ :5) UHFHLYHV WKH 667 IURP 5206 PRGHO DW NP UHVROXWLRQ HYHU V DQG H[FKDQJHV WKH

WXUEXOHQW KHDW IOX[HV ZLWK 5206 3DQHO F 2: WPRVSKHUH 2FHDQ :DYH UXQ IXOO DWPRVSKHUH RFHDQ ZDYH

FRXSOLQJ :5) DQG 5206 H[FKDQJH 667 DQG IOX[HV :5) DQG 6: 1 H[FKDQJH WKH ZLQG ILHOGV DQG WKH ZDYH

SDUDPHWHUV 5206 DQG 6: 1 H[FKDQJH FXUUHQWV ILHOGV DQG ZDYH SDUDPHWHUV

��	�ȋ� ���������Ȍ
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2FHD 0RGHO

5206 LV D K GURVWDWLF ILQLWH GLIIHUHQFHV VSOLW H[SOLFLW IUHH VXUIDFH QXPHULFDO PRGHO IRU RFHDQ

FLUFXODWLRQ DQG WKHUPRKDOLQH SURFHVVHV 6KFKHSHWNLQ HW DO ,W VROYHV WKH 5 16 5H QROGV

YHUDJH 1DYLHU 6WRNHV HTXDWLRQV LQ D KRUL]RQWDO UDNDZD JULG DQG V FRRUGLQDWH σ WHUUDLQ

IROORZLQJ FRRUGLQDWH LV D VSHFLDO FDVH RI V FRRUGLQDWH LQ YHUWLFDO 6KFKHSHWNLQ HW DO

6KFKHSHWNLQ HW DO +DXGYRJHO HW DO ,Q WKLV ZRUN ZH UDQ 5206 VLPXODWLRQV RYHU D JULG

ZLWK NP KRUL]RQWDO UHVROXWLRQ IRU FRQVLVWHQF ZLWK WKH DWPRVSKHULF PRGHO DQG YHUWLFDO OHYHOV

XVLQJ *(% 2 EDWK PHWU DW ′′ 7KH JULG KDV JULG SRLQWV DQG FRYHUV WKH HQWLUH

0HGLWHUUDQHDQ EDVLQ )LJXUH UHG ER[ LQ RUGHU WR SUHYHQW SRVVLEOH LQWHUSRODWLRQ QRLVH RQ DQ RSHQ

VHD ERXQGDU 7KH JULG LV FORVHG DW WKH 'DUGDQHOOHV DQG DW WKH 6WUDLW RI *LEUDOWDU V JRRG SUDFWLFH

ZH UDQ D GD VSLQ XS LQLWLDOL]LQJ 5206 ZLWK 0) 67(3 ILHOGV UHWULHYHG IURP 0 2FHDQ QRZ

0(06 KWWS PDULQH FRSHUQLFXV HX GDWD UHIHUUHG WR 2FWREHU DW 87 7KH VSLQ XS

ZDV SHUIRUPHG ZLWK WKH FRXSOLQJ WHFKQLTXH EHWZHHQ DWPRVSKHUH DQG RFHDQ UXQ 2 GHVFULEHG

IXUWKHU RQ LQ RUGHU WR DFKLHYH FRQVLVWHQF ZLWK WKH G QDPLF DWPRVSKHULF ILHOGV ZLWK WKH XVH RI WKH

*)6 )1/ GDWDVHW IRU LQLWLDO DQG ERXQGDU FRQGLWLRQV ,Q WKHVH VLPXODWLRQV 5206 XVHG WKH *HQHULF

/HQJWK 6FDOH PL[LQJ VFKHPH DV LQ 0(06

:DYH 0RGHO

7KH FRPSXWDWLRQ RI ZLQG ZDYH G QDPLFV LQ WKH 0HGLWHUUDQHDQ 6HD ZLWKLQ WKH 2 :67 V VWHP

UHOLHG RQ 6: 1 6LPXODWLQJ: YHV 1HDUVKRUH D WKLUG JHQHUDWLRQZDYHPRGHO WKDW FRPSXWHV ZLQG

JHQHUDWHG ZDYHV LQ RIIVKRUH DQG FRDVWDO UHJLRQV %RRML HW DO 7KLV PRGHO GHVFULEHV WKH

JHQHUDWLRQ HYROXWLRQ DQG GLVVLSDWLRQ RI WKH ZDYH DFWLRQ YDULDQFH GHQVLW VSHFWUXP ( ω θ ZLWKω WKH

ZDYH DQJXODU IUHTXHQF DQG θ WKH ZDYH GLUHFWLRQ 6: 1 VROYHV D UDGLDWLYH WLPH GHSHQGHQW WUDQVSRUW

HTXDWLRQ LQ ( ω θ DFFRXQWLQJ IRU WKH ZLQG LQSXW WKH ZDYH ZDYH LQWHUDFWLRQV DQG VHYHUDO GLVVLSDWLRQ

WHUPV ERWK LQ GHHS DQG VKDOORZ ZDWHUV )URP ( ω θ YDULRXV ZDYH SDUDPHWHUV FDQ WKHQ EH HVWLPDWHG

DW DQ SRLQW RI WKH FRPSXWDWLRQDO GRPDLQ 7 SLFDO RXWSXW ILHOGV DUH WKH VLJQLILFDQW ZDYH KHLJKW

KHUHDIWHU GHQRWHG DV +V WKH SHDN DQG PHDQ ZDYH SHULRGV DQG WKH PHDQ ZDYH SURSDJDWLRQ GLUHFWLRQ

,Q RXU VLPXODWLRQV FRYHULQJ WKH ZKROH 0HGLWHUUDQHDQ 6HD ZH XVHG D FRQVROLGDWHG FRQILJXUDWLRQ IRU

WKH FRXSOHG XVH RI 6: 1 LQ WKH 2 :67 V VWHP DV GLVFXVVHG LQ DUQLHO HW DO 5LFFKL HW DO

%RRLM HW DO %HQHWD]]R HW DO ,Q GHWDLO 6: 1 KDV EHHQ LPSOHPHQWHG ZLWK WKH VDPH

KRUL]RQWDO UHVROXWLRQ DGRSWHG IRU 5206 LQ RUGHU WR EH FRXSOHG LQ 2 :67 6: 1 DQG 5206

PRGHOV PXVW XVH WKH VDPH JULG EHLQJ WKH ZDYH DFWLRQ VSHFWUXP GLVFUHWL]HG ZLWK HTXDOO VSDFHG
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GLUHFWLRQV DQG JHRPHWULFDOO GLVWULEXWHG IUHTXHQFLHV I VXFK WKDW IQ IQ ZLWK IQ  +]

7KH 6: 1 PRGHO UXQV LQ QRQ VWDWLRQDU PRGH QDPHO ZLWK ( ω θ HYROYLQJ LQ WLPH ZLWK D ZLQG

LQSXW IURP :5) HYHU V DQG WKH RXWSXW VDYHG HYHU V

0RGHO RXSOL L 2 :67

V PHQWLRQHG EHIRUH 2 :67 DOORZV YDULRXV OHYHOV RI FRXSOLQJ DPRQJ PRGHOV DFFRUGLQJ WR WKH

GHJUHH RI FRPSOH[LW LQ WKH LPSOHPHQWDWLRQ DQG WKH QXPEHU RI YDULDEOHV WKDW DUH H[FKDQJHG DV VKRZQ

LQ )LJXUH 7KH DWPRVSKHULF PRGHO WKH ZDYH PRGHO DQG WKH RFHDQ FXUUHQW PRGHO FDQ WKHQ EH

PXWXDOO FRQQHFWHG RU H[FOXGHG DV LQ WKH H[SHULPHQWV GHVFULEHG KHUHLQDIWHU

:5) 2 O ( SHULPH WV

)LUVW WKH VLPXODWLRQV XVLQJ :5) LQ VWDQGDORQH PRGH :5) H[SHULPHQWV VHH 7DEOH DQG )LJXUH

SDQHO D L H ZLWKRXW DQ FRXSOLQJ WR RWKHU PRGHOV DUH FRQVLGHUHG V GLVFXVVHG LQ 5LFFKL HW DO

WKH LQLWLDO 667 IRUFLQJ FDQ EH UHSUHVHQWHG LQ GLIIHUHQW ZD V ,Q WKLV ZRUN ZH KDYH FKRVHQ WKH

57*B667 VDWHOOLWH GDWDVHW %HQHWD]]R HW DO DYDLODEOH HYHU K ZLWK NP KRUL]RQWDO

UHVROXWLRQ 7KH FRQILJXUDWLRQ RI WKH PRGHO LQ WKH FRQWURO UXQ LV EDVHG RQ WKH VDPH VHWXS XVHG LQ

0LJOLHWWD HW DO .DLQ )ULWVFK IRUPXODWLRQ .DLQ ZDV XVHG IRU FXPXOXV VFKHPH ZKLOH

7KRPSVRQ VFKHPH .DLQ HW DO ZDV DGRSWHG IRU FORXG SK VLFV DQG 5570* 7KRPSVRQ HW DO

IRU VKRUW DQG ORQJ ZDYH UDGLDWLRQ VFKHPHV 7KH LQLWLDOL]DWLRQ GDWD RI WKH VWDQGDORQH VLPXODWLRQV

DUH SURYLGHG E WKH JOREDO PRGHO UHDQDO VHV *)6 )1/ )LQDO 5HDQDO VLV RI WKH *OREDO )RUHFDVWLQJ

6 VWHP KWWSV ZZZ QFGF QRDD JRY GDWD DFFHVV PRGHO GDWD PRGHO GDWDVHWV JOREDO IRUFDVW V VWHP

JIV ZLWK D UHVROXWLRQ RI 7KH VDPH GDWD ZHUH XVHG IRU WKH ERXQGDU FRQGLWLRQV XSGDWHG HYHU

K 6HYHQ VLPXODWLRQV ZHUH SHUIRUPHG XVLQJ GLIIHUHQW LQLWLDOL]DWLRQ WLPHV VKLIWLQJ WKH VWDUWLQJ WLPH

HYHU K IURP 1RYHPEHU 87 WR 1RYHPEHU 87 LQ RUGHU WR WHVW WKH VHQVLWLYLW WR WKH

LQLWLDO FRQGLWLRQ UXQ :5) DQG WR LGHQWLI WKH RQH OHDGLQJ WR WKH EHVW PRGHO SHUIRUPDQFHV 7KH

UROH RI WKH 3ODQHWDU %RXQGDU /D HU 3%/ VFKHPH LV DOVR DQDO ]HG XVLQJ ERWK VFKHPHV DYDLODEOH

in COAWST (WRF5 and WRF8), namely “Mellor DPDGD Janjic” MYJ (Mlawer et al 19 DQG

0HOORU DPDGD 1DNDQLVKL 1LLQR 0 11 RPSR HW DO VWDUWLQJ IURP WKH LQLWLDO FRQGLWLRQ

SURYLGLQJ WKH EHVW UHVXOWV L H 87 1RYHPEHU—:5) DQG :5) OO RI WKHVH GLIIHUHQW

FRQILJXUDWLRQV DUH VKRZQ LQ 7DEOH IRU D WRWDO RI H[SHULPHQWV XVLQJ WKH :5) VWDQGDORQH

FRQILJXUDWLRQ 7KH QXPHULFDO IRUPXODWLRQ IRU VXUIDFH URXJKQHVV LV WDNHQ IURP 12 *)6 )1/

https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/global-forcast-system-gfs
https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/global-forcast-system-gfs
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XVHG E GHIDXOW LQ :5) ZLWK ]  ]FK X J ZKHUH ] LV WKH URXJKQHVV OHQJWK ]FK LV WKH KDUQRFN

FRQVWDQW DQG X WKH IULFWLRQ YHORFLW OVR VLQFH ZH VSHFXODWH DERXW WKH LPSRUWDQFH RI WKH

DLU VHD LQWHUDFWLRQV LQ WKH GHYHORSPHQW RI WKH F FORQH WKH VHQVLWLYLW WR 667 LV DQDO ]HG E UHGXFLQJ

WKH LQLWLDO 667 E DOO RYHU WKH GRPDLQ LQ WKH FRQWURO UXQ :5) ,Q WKLV ZD WKH 667 DQRPDO

SUHVHQW DW PRPHQW RI 7/ IRUPDWLRQ LV UHPRYHG DQG WKH H[SHULPHQW LV SHUIRUPHG ZLWK WKH DYHUDJH

YDOXHV RI 667 WKH FRPSDULVRQ RI WKH WZR DOORZV WR GLVHQWDQJOH WKH HIIHFW RI D ZDUPHU VHD VXUIDFH

Q DGGLWLRQDO UXQ :5) ZDV IRUFHG XVLQJ WKH VDPH KLJK UHVROXWLRQ 667 SURYLGHG E 5206 WR

LQLWLDOL]H WKH FRXSOHG H[SHULPHQWV WKH ERXQGDU 667 LV DOVR SURYLGHG E WKH 5206 ILHOG HYHU K

7KLV VLPXODWLRQ EULGJHV WKH FRQFHSWXDO JDS EHWZHHQ XQFRXSOHG DQG FRXSOHG UXQV DQG DOORZV WR

GLVFULPLQDWH WKH HIIHFWV RI FRXSOLQJ IURP WKH HIIHFW RI XVLQJ WKH VDPH LQLWLDO ERXQGDU FRQGLWLRQV

ZLWKRXW FRXSOLQJ

2 WPRVSKHUH – 2FHD RXSOL ( SHULPH WV

7KH VHFRQG VHW RI VLPXODWLRQV HPSOR V D WZR ZD FRXSOLQJ RI:5) DQG 5206 ,Q WKLV FRQILJXUDWLRQ

WKH 5206 PRGHO VHQGV WKH 667 GDWD WR :5) HYHU V ZKLOH WKH :5) PRGHO XVHV WKH UHFHLYHG

667 GDWD )LJXUH SDQHO E DV WKH ERXQGDU FRQGLWLRQ DQG LQ WXUQ VHQGV WKH WXUEXOHQW KHDW IOX[HV

WR 5206 ZKLFK GRHV QRW QHHG WR UHFDOFXODWH WKHP 7KH VXEVWDQWLDO GLIIHUHQFH EHWZHHQ WKH :5)

VWDQGDORQH FDVH DQG WKH 2 UXQ LV WKDW LQ WKH ODWWHU WKH 667 SURYLGHG E 5206 LV DW KLJK UHVROXWLRQ

DQG XSGDWHG IUHTXHQWO LQ D G QDPLFDOO FRQVLVWHQW ZD ,Q IDFW WKH KHDW IOX[HV WKDW :5) VHQGV WR

5206 DUH EDVHG RQ WKH 667 WKDW :5) UHFHLYHV IURP 5206 WKHUHIRUH SURYLGLQJ D FRQVLVWHQW

DSSURDFK IRU HQHUJ DQG PRPHQWXP DUQLHO HW DO 5LFFKL HW DO :DUQHU HW DO -DQMLF

,Q VWDQGDORQH FRQILJXUDWLRQV WKH IOX[HV DUH FDOFXODWHG RIIOLQH LQGHSHQGHQWO E WKH

DWPRVSKHULF DQG WKH RFHDQ PRGHOV JHQHUDWLQJ LQFRQVLVWHQFLHV EHWZHHQ WKH WZR UHSUHVHQWDWLRQV 7KH

VXUIDFH URXJKQHVV LV SDUDPHWHUL]HG XVLQJ WKH KDUQRFN DOJRULWKP LQ ERWK PRGHOV V VKRZQ LQ 7DEOH

WZR GLIIHUHQW H[SHULPHQWV DUH HPSOR HG LQ WKH 2 FRQILJXUDWLRQ XVLQJ UHVSHFWLYHO WKH 0 - 2

H[SHULPHQW DQG 0 11 2 H[SHULPHQW 3%/ VFKHPHV V LQ WKH VWDQGDORQH :5) FDVH ZH

GHFLGHG WR XVH WKHVH WZR 3%/ FDOFXODWLRQ VFKHPHV EHFDXVH WKH DUH WKH RQO RQHV WKDW LPSOHPHQW WKH

FRXSOLQJ ZLWK WKH ZDYH LQ WKLV 2 :67 YHUVLRQ
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2: WPRVSKHUH 2FHD :DYH RXSOL ( SHULPH WV

7KH PRVW FRPSOHWH 2 :67 FRXSOLQJ FRQILJXUDWLRQ LQFOXGHV WKH WZR ZD LQWHUDFWLRQ RI DLU RFHDQ

DQG ZLQG ZDYHV GHVFULEHG E WKH H[FKDQJH RI LQIRUPDWLRQ DPRQJ WKH WKUHH GLIIHUHQW PRGHOV :5)

5206 6: 1 )LJXUH SDQHO F 'LIIHUHQWO IURP WKH FDVH 2 WKH :5) PRGHO VHQGV WKH ZLQG

FRPSRQHQWV DOVR WR WKH 6: 1 ZDYH PRGHO WKDW SURYLGHV WKH ZDYH SDUDPHWHUV ZLWK ZKLFK :5)

FDOFXODWHV WKH VXUIDFH URXJKQHVV DQG WKH KHDW IOX[HV DW WKH DLU VHD LQWHUIDFH 5206 DQG 6: 1 DOVR

FRPPXQLFDWH ZLWK HDFK RWKHU H[FKDQJLQJ WKH FRPSRQHQWV RI WKH FXUUHQW DORQJ WKH ZDWHU FROXPQ DQG

WKH ZDYH SDUDPHWHUV :DUQHU HW DO %RRLM HW DO 1DNDQLVKL HW DO 7ZR 3%/ VFKHPHV

ZLGHO XVHG LQ WKH VFLHQWLILF FRPPXQLW 0 - DQG 0 11 PDLQO GLIIHULQJ LQ WKHLU RUGHU RI FORVXUH

UHVSHFWLYHO DQG DUH DYDLODEOH LQ 2 :67 LQ LWV IXOO FRXSOHG FRQILJXUDWLRQ OVR

2 :67 KDV WKH SRVVLELOLW WR FRPSXWH WKH VXUIDFH URXJKQHVV IROORZLQJ GLIIHUHQW IRUPXODWLRQV

7KH ILUVW RQH LV 7 IURP D ZRUN E 7D ORU DQG HOODQG KDUQRFN HW DO ZKR SURSRVHG D ZDYH

VWHHSQHVV GHSHQGHQW RFHDQ URXJKQHVV UHO LQJ RQ WKUHH GDWDVHWV UHSUHVHQWLQJ VHD VWDWH FRQGLWLRQV

UDQJLQJ IURP VWURQJO IRUFHG WR VKRDOLQJ 6PDOO HW DO

�0�� = (�∗��) .
ZKHUH ]B LV WKH URXJKQHVV OHQJWK /S LV WKH SHDN SHULRG DQG +V LV WKH VLJQLILFDQW ZDYH KHLJKW

FRPSXWHG E 6: 1 7KH VFKHPH E 'UHQQDQ .XPDU HW DO WKH '5( SDUDPHWHUL]DWLRQ XVHV D

ZDYH DJH EDVHG IRUPXOD IRU WKH RFHDQ URXJKQHVV

�0�� = . 5(�∗��) .

ZKHUH S LV WKH ZDYH SKDVH VSHHG DW WKH SHDN IUHTXHQF DQG ZKHUH XB LV WKH IULFWLRQ YHORFLW

7KH 2267 7D ORU DQG HOODQG SDUDPHWHUL]DWLRQ LV D ZDYH DJH GHSHQGHQW VFKHPH EDVHG RQ

WKH 6* 0 *( H[SHULPHQW H[SUHVVHG DV

�0�� = .0� (�∗��) .

7R DQDO ]H WKH HIIHFW WKDW WKH WZR 3%/ VFKHPHV DQG WKH WKUHH URXJKQHVV IRUPXODWLRQV PD KDYH RQ

WKH FRXSOHG PRGHO D VHW RI VLPXODWLRQV LV SHUIRUPHG E FKDQJLQJ WKH 3%/ DQG WKH VXUIDFH URXJKQHVV
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7KH UHVXOWLQJ H[SHULPHQWV ZLWK WKH 2: FRQILJXUDWLRQV WZR XVLQJ UHVSHFWLYHO WKH 0 - 2: UXQ

DQG 0 11 2: UXQ 3%/ VFKHPHV DQG WKUHH YDU LQJ WKH VXUIDFH URXJKQHVV—ZLWK WKH 0 -

VFKHPH DUH OLVWHG LQ 7DEOH

7DEOH 6XPPDU RI DOO SHUIRUPHG UXQV DQG WKHLU QXPHULFDO VHWXS FURQ PV XVHG +  KDUQRFN KDUQRFN

HW DO 2267  2RVW HW DO 7 7D ORU DQG HOODQG HW DO '5( 'UHQQDQ HW DO > 0 ,

0HOORU DPDGD Janjic’ ; MYNN: MelloU DPDGD

5HVXOWV

,Q WKLV VHFWLRQ ZH GLVFXVV WKH UHVXOWV RI WKH VHQVLWLYLW H[SHULPHQWV WR GLIIHUHQW LQLWLDOL]DWLRQ WLPHV WR

WKH 3%/ VFKHPH WR WKH W SH RI FRXSOLQJ EHWZHHQ WKH DWPRVSKHUH RFHDQ DQG ZDYH PRGHOV WKH HIIHFW

RI 3%/ VFKHPHV DQG RI WKH URXJKQHVV IRUPXODWLRQV LQ WKH FDVH RI FRXSOLQJ DUH DQDO ]HG VHSDUDWHO

:KLOH D WKRURXJK LQYHVWLJDWLRQ RI WKH SK VLFDO SURFHVVHV DQG WKHLU PRGHOLQJ FKDUDFWHUL]DWLRQ LV OHIW

WR D GHGLFDWHG IRUWKFRPLQJ SDSHU KHUH ZH IRFXV RQ VRPH NH TXDQWLWLHV RI LQWHUHVW IRU RSHUDWLRQDO

IRUHFDVWLQJ DQG HPHUJHQF PDQDJHPHQW VXFK DV WKH WUDMHFWRU DQG LQWHQVLW RI WKH SUHVVXUH

PLQLPXP DQG WKH ZLQG VSHHG ,Q SDUWLFXODU WKH TXDOLW RI PRGHOHG WUDMHFWRULHV UHWULHYHG IROORZLQJ

2ODEDULHWWD HW DO 'UHQQDQ HW DO 2RVW HW DO KDV EHHQ TXDQWLILHG LQ WHUPV RI

JHRPHWULFDO GLVWDQFH IURP WKDW UHWULHYHG IURP VDWHOOLWH GDWD 6HFWLRQ )LJXUHV DQG

8 FRXSOHG 6LPXODWLR
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, LWLDOL DWLR 7LPH

7KH ILUVW DQDO VLV DLPHG DW LGHQWLI LQJ WKH PRVW VXLWDEOH LQLWLDO WLPH DQG DW DVVHVVLQJ WKH PRGHO

VHQVLWLYLW WR WKLV UXQV :5) LQ 7DEOH 7KH WUDMHFWRULHV LQ WKH UXQV LQLWLDOL]HG RQ 1RYHPEHU

DUH VKRZQ UHVSHFWLYHO LQ )LJXUH SDQHO D 87 DQG LQ )LJXUH SDQHO E

87 7KH VLPXODWLRQ VWDUWLQJ DW 87 SURGXFHV D VKDOORZ GHSUHVVLRQ ZKLFK GRHV QRW HYROYH

LQWR D 7/ 7KH LQLWLDOL]DWLRQ DW 87 1RYHPEHU :5) DOVR SURGXFHV D ZHDN GHSUHVVLRQ

LQ WKH HDUO VWDJH RI WKH VLPXODWLRQ EXW WKH SUHVVXUH PLQLPXP LQWHQVLILHV HDUOLHU DW DERXW 87

1RYHPEHU DV VKRZQ LQ )LJXUH SDQHO E 7KH GHSUHVVLRQ UHPDLQV ZHDN DV WKH PLQLPXP SUHVVXUH

LV JHQHUDOO DERYH K3D )LJXUH SDQHO D ZKLOH WKH ODQGIDOO RFFXUV LQ WKH FHQWHU RI WKH *XOI

RI /LRQ DERXW K EHIRUH WKH REVHUYDWLRQV ,Q WKLV FDVH WKH DYHUDJH GLVWDQFH IURP WKH REVHUYHG

WUDMHFWRU LV NP 7DEOH )LJXUH SDQHOV F G VKRZ WKH WUDMHFWRULHV SURGXFHG E WKH

:5) :5) UXQV LQLWLDOL]HG UHVSHFWLYHO DW 87 DQG 87 1RYHPEHU %RWK

WUDMHFWRULHV DUH UDWKHU IDU IURP WKH VDWHOOLWH UHWULHYHG WUDFN DYHUDJH GLVWDQFH UHVSHFWLYHO RI DQG

NP DOVR WKH UXQ LQLWLDOL]HG DW 87 GHYHORSV D SUHVVXUH PLQLPXP RI DURXQG K3D ZKLOH

WKH UXQ LQLWLDOL]HG DW 87 SURGXFHV D PXFK GHHSHU SUHVVXUH PLQLPXP RI K3D )LJXUH

SDQHO D 7KH GHSUHVVLRQ JHQHUDWHG E :5) ILOOV XS RYHU WKH VHD ZKLOH WKH F FORQH LQ WKH :5)

GRHV HQG XS ZLWK D ODQGIDOO DOWKRXJK LWV RFFXUUHQFH LV DQWLFLSDWHG E DERXW K FRPSDUHG WR WKH

REVHUYDWLRQV )LJXUH SDQHOV H I VKRZ WKH WUDMHFWRULHV RI WKH UXQV :5) DQG :5) LQLWLDOL]HG RQ

1RYHPEHU UHVSHFWLYHO DW 87 SDQHO H DQG DW 87 SDQHO I 7KHVH WZR

VLPXODWLRQV UHSUHVHQW VLPLODU WUDMHFWRULHV ZKLFK GLIIHU RQO LQ WKH ODVW SDUW RI WKH 7/ OLIHWLPH EXW

KDYH GLIIHUHQW LQWHQVLW GXULQJ WKH HQWLUH HYROXWLRQ RI WKH F FORQH ,Q WHUPV RI WUDMHFWRU WKH UXQ

LQLWLDOL]HG DW 87 LV VOLJKWO EHWWHU ZLWK DQ DYHUDJH GLVWDQFH RI DURXQG NP ZKLOH IRU WKH

RWKHU LQLWLDOL]DWLRQV ZH KDYH D PLQLPXP GLVWDQFH RI DURXQG – NP H[FHSW IRU WKH :5) FDVH

ZKHUH WKH DYHUDJH GLVWDQFH LV OHVV WKDQ LQ :5) EXW WKH WLPH HYROXWLRQ LV DQWLFLSDWHG FRPSDUHG WR

:5) DQG WKH REVHUYDWLRQV OVR WKH F FORQH LV PRUH LQWHQVH DQG UHDFKHV YDOXHV RI SUHVVXUH

PLQLPXP DQG ZLQG VSHHG YHU FORVH WR REVHUYDWLRQV )LJXUH SDQHO D 2Q WKH RWKHU KDQG WKH UXQ

LQLWLDOL]HG DW 87 KDV D EHWWHU WUDMHFWRU EXW GRHV QRW GHHSHQ VXIILFLHQWO DQG SURGXFH DQ

XQUHDOLVWLFDOO IDVW HYROXWLRQ RI WKH 7/ LQ SDUWLFXODU GXULQJ WKH FHQWUDO SDUW RI WKH WUDMHFWRU )LJXUH

SDQHO D 7KH VLPXODWLRQ LQLWLDOL]HG DW 87 RQ 1RYHPEHU :5) )LJXUH SDQHO J

SURYLGHV WKH ZRUVW WUDMHFWRU ZLWK DQ DYHUDJH GLVWDQFH RI DURXQG WKH – NP DQG WKH GHSUHVVLRQ

GRHV QRW UHDFK SUHVVXUH DQG ZLQG VSHHGV FRPSDUDEOH ZLWK WKDW SURYLGHG E 12 )LJXUH SDQHO

D E
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)L XUH 7UDMHFWRU DQG LQWHQVLW RI WKH F FORQH IRU DOO VLPXODWLRQV ,Q SXUSOH WKH WUDMHFWRU HVWLPDWHG XVLQJ REVHUYDWLRQV

IURP JHR UHIHUHQFHG VDWHOOLWH LPDJH ZKLFK VWDUWV DW 87 1RYHPEHU DQG HQGV DW 87 1RYHPEHU

7KH WUDMHFWRU LGHQWLILHV WKH PLQLPXP SUHVVXUH RI 52/) HYHU K 9DOXHV RI SUHVVXUH PLQLPXP DUH KLJKOLJKWHG

E WKH FRORU RI WKH GRWV 7KH EODFN DUURZV VKRZ WKH GLUHFWLRQ RI SURSDJDWLRQ RI WKH 0HGLFDQH ,Q WKH GLIIHUHQW SDQHOV ZH
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FDQ REVHUYH WKH WUDMHFWRULHV UHVXOWLQJ IURP WKH YDULRXV UXQV FRPSDUHG ZLWK WKH WUDMHFWRU REWDLQHG IURP WKH VDWHOOLWH DQG

WKH WUDMHFWRU SURSRVHG E WKH 12 3DQHOV D J UXQV :5) DWPRVSKHUH VWDQGDORQH 3DQHO K UXQV :5) DQG

:5) 0 - DQG 0 11 3%/ 3DQHO L UXQV :5) ZLWK 0 - DQG :5) :5) ZLWK 667 GHFUHDVHG E 3DQHO

O UXQV :5) :5) ZLWK KLJK UHVROXWLRQ 667 IURP 0)6 V VWHP 2 DQG 2: 2 DQG 2: ZLWK 0 - 3%/

VFKHPH 3DQHO P UXQV :5) 2 DQG 2: XVLQJ 0 11 3%/ VFKHPH 3DQHO Q UXQV 2: 2: 2:

XVLQJ WKH GLIIHUHQW VXUIDFH URXJKQHVV VFKHPHV 2267 7 '5(

)L XUH 7LPH HYROXWLRQ RI WKH SUHVVXUH PLQLPXP LQ K3D DQG WKH PD[LPXP ZLQG VSHHG P V DURXQG WKH H H DV

UHVXOWLQJ IURP GLIIHUHQW H[SHULPHQWV %ODFN GRWV UHSUHVHQW HVWLPDWHG 12 GDWD IRU WKH SUHVVXUH PLQLPXP RI WKH F FORQH

DQG ZLQG VSHHG DURXQG WKH PLQLPXP 3DQHOV D DQG E FRPSDULVRQ EHWZHHQ WKH HYROXWLRQV RI WKH YDULRXV :5) UXQV
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IRU WKH SUHVVXUH PLQLPXP DQG ZLQG LQWHQVLW 3DQHOV F DQG G FRPSDULVRQ EHWZHHQ :5) DQG :5) XVLQJ

UHVSHFWLYHO 0 - DQG 0 11 3%/ VFKHPHV 3DQHOV H DQG I UHVXOWV IURP :5) DQG :5) 667 VSHFWUXP

UDGLRPHWHU DQG 667 3DQHOV J DQG K FRPSDULVRQ DPRQJ UXQV :5) 2 2: ZLWK 0 11 3%/ VFKHPH

3DQHOV L DQG O UHVXOWV IRU UXQV :5) :5) 2 2:

,Q FRQFOXVLRQ D VLJQLILFDQW VHQVLWLYLW RI WKH VLPXODWLRQV WR WKH LQLWLDO FRQGLWLRQ LV DSSDUHQW ERWK LQ

WHUPV RI LQWHQVLW DQG WUDFN 1R VLPXODWLRQ DSSHDUV DEOH WR FDSWXUH FRPSOHWHO WKH REVHUYHG HYROXWLRQ

RI WKH F FORQH LQ SDUWLFXODU WKH WLPLQJ LQ WKH FHQWUDO SDUW RI WUDMHFWRU ZKHQ WKH F FORQH PDNHV D

ULQJ OLNH URWDWLRQ DGGUHVVLQJ WKH GLIILFXOW LQ VLPXODWLQJ FRUUHFWO WKLV FDWHJRU RI HYHQWV VHH DOVR

'DYROLR HW DO KDQRXUHDX HW DO 0LJOLHWWD HW DO SSDUHQWO WKH PRVW DFFXUDWH

VLPXODWLRQV DUH WKRVH WKDW GR QRW VWDUW QHLWKHU WRR HDUO ZKHQ WKH F FORQH LV VWLOO GHYHORSLQJ DQG WKH

PRGHO FDQQRW FDSWXUH WKH GHYHORSPHQW SURFHVVHV RI WKH VWRUP QRU WRR ODWH VLQFH WKH PRGHO QHHGV D

VSLQ XS WLPH WR GRZQVFDOH WKH ORZ UHVROXWLRQ JOREDO PRGHO )1/ GDWD WR KLJK UHVROXWLRQ PRGHO

VLPXODWLRQV ,Q FRQFOXVLRQ WKH EHVW UXQV VWDUW GXULQJ WKH F FORQH PDWXUH VWDJH DPRQJ WKHVH WKH EHVW

LV :5)

3 6FKHPH

1H[W ZH FRPSDUH WKH HIIHFW RI WZR GLIIHUHQW VFKHPHV RI 3%/ FRQVLGHULQJ RQO WKH LQLWLDOL]DWLRQ WLPH

WKDW SURGXFHG WKH EHVW UHVXOWV :5) UXQ 7KH 3%/ VFKHPHV DUH XVHG WR SDUDPHWHUL]H WKH XQUHVROYHG

YHUWLFDO WXUEXOHQW IOX[HV RI KHDW DQG PRPHQWXP LQ WKH ORZHU OHYHOV RI WKH DWPRVSKHUH 'UHQQDQ HW DO

5HVXOWV REWDLQHG ZKHQ WKH 3%/ VFKHPH LV FKDQJHG :5) LV LPSOHPHQWHG DV UXQ :5)

LQLWLDOL]HG RQ 1RYHPEHU DW 87 EXW XVLQJ 0 11 DUH VKRZQ LQ )LJXUH SDQHO K EOXH

OLQH 7KH GLIIHUHQW 3%/ VFKHPH GRHV QRW OHDG WR VLJQLILFDQW FKDQJHV LQ WKH WUDMHFWRULHV FRPSDUHG WR

:5) UHG OLQH H[FHSW IURP WKH ODVW IHZ KRXUV ZKHQ WKH VLPXODWH WUDMHFWRU LV FORVHU WR WKH REVHUYHG

WUDFN QHDU WKH ODQGIDOO SRLQW RPSDULQJ WKH WZR VLPXODWLRQV ZH QRWH WKDW WKH 0 11 VFKHPH

JHQHUDWHV D OHVV LQWHQVH F FORQH LQ WHUPV RI SUHVVXUH DQG ZLQG VSHHG )LJXUH SDQHOV F G ,Q

FRQFOXVLRQ WKH DGYDQWDJH RI XVLQJ WKH XSGDWHG 0 11 VFKHPH DSSHDUV OLPLWHG LQ WKH SUHVHQW FDVH LQ

WHUPV RI WUDFN DQG HYHQ GHWULPHQWDO LQ WHUPV RI F FORQH GHSWK
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667 9DULDWLR

'XULQJ WKH JHQHVLV RI 52/) WKH ZHVWHUQ 0HGLWHUUDQHDQ VXE EDVLQ EHWZHHQ WKH %DOHDULF ,VODQGV

6DUGLQLD DQG WKH *XOI RI /LRQ ZDV FKDUDFWHUL]HG E D 667 DQRPDO RI DURXQG ZLWK UHVSHFW WR

WKH FOLPDWRORJ – SURGXFHG E WKH 0HGLWHUUDQHDQ IRUHFDVWLQJ 6 VWHP 0)6 ,1*9 3LQDUGL

HW DO )LJXUH 6LQFH WKH 7/ 52/) ZDV JHQHUDWHG LQ WKLV DUHD ZH GHFLGHG WR HYDOXDWH KRZ

UHOHYDQW WKH REVHUYHG DQRPDO RI PD EH IRU WKH F FORQH JHQHUDWLRQ DQG HYROXWLRQ DOVR LQ RUGHU

WR WHVW WKH UHOHYDQFH RI WKH VHD VXUIDFH IOX[HV IRU WKH F FORQH GHYHORSPHQW 7R DVVHVV WKLV ZH

GHFUHDVHG WKH 667 E LQ D ZD VLPLODU WR 0LJOLHWWD HW DO V VKRZQ LQ )LJXUH SDQHO L

WKH WUDMHFWRU VKRZV VRPH YDULDWLRQV EXW LW UHPDLQV UHODWLYHO FORVH DURXQG NP IDU WR WKDW

UHWULHYHG IURP VDWHOOLWH LPDJHV ,Q WKH VLPXODWLRQ :5) ZKHUH WKH 667 ZDV GHFUHDVHG E WKH

SUHVVXUH GRHV QRW IDOO EHORZ K3D )LJXUH SDQHO H V D FRQVHTXHQFH GXULQJ PRVW RI WKH

VLPXODWLRQ WKH UXQ:5) SURGXFHV D OHVV LQWHQVH ZLQG E DERXW P V ZLWK UHVSHFW WR WKH UXQ ZKHUH

WKH 667 UHPDLQHG XQFKDQJHG )LJXUH SDQHOV H I )LQDOO WKH VDPH KLJK UHVROXWLRQ 667 SURYLGHG

E 5206 WR LQLWLDOL]H WKH FRXSOHG H[SHULPHQWV WKH ERXQGDU 667 LV DOVR SURYLGHG E WKH 5206

ILHOG HYHU K LV XVHG LQ WKH H[SHULPHQW :5) 7KLV VLPXODWLRQ SURYLGHV D PRUH GHWDLOHG DQG

SK VLFDOO FRQVLVWHQW 667 EXW ZLWKRXW FRXSOLQJ 7KH :5) H[SHULPHQW SHUIRUPDQFH LQ WHUPV RI

WUDMHFWRU GHVFULSWLRQ LV FRPSDUDEOH WR :5) DQG DV ZLOO EH VKRZQ WR WKH 2 DQG 2: UXQV

)LJXUHV DQG DOWKRXJK ZLWK D ZRUVH UHVSRQVH LQ WHUPV RI JHRPHWULFDO GLVWDQFH DURXQG NP

ZRUVH FRPSDUHG WR :5) DQG VSDWLDOO FKDUDFWHUL]HG E D WUDFN FRYHULQJ D ZLGHU UHJLRQ

RXSOHG 5X V

7KH LQWHUDFWLRQ EHWZHHQ WKH DWPRVSKHUH DQG WKH RFHDQ WDNHV SODFH DW WKHLU LQWHUIDFH WKURXJK KHDW DQG

PRPHQWXP IOX[HV )OX[HV DUH LQIOXHQFHG UHVSHFWLYHO E WKH GLIIHUHQFH EHWZHHQ 667 DQG WKH DLU

WHPSHUDWXUH DQG E WKH VXUIDFH URXJKQHVV ZKLFK RYHU WKH VHD GHSHQGV RQ WKH ZDYH JHRPHWU 7R

H[SORUH WKH LQWHUDFWLRQ DPRQJ DWPRVSKHUH RFHDQ ZDYH UXQV 2 DQG 2: ZH FKRVH DV

LQLWLDOL]DWLRQ WLPH 87 1RYHPEHU WKH WLPH RI WKH EHVW VWDQGDORQH VLPXODWLRQ :5)

7KH ZD FRXSOLQJ EHWZHHQ WKH DWPRVSKHUH DQG WKH RFHDQ LV DFWLYDWHG ILUVW QH[W ZH LQFOXGH DOVR

WKH ZDYH G QDPLFV :LWK WKHVH WZR FRXSOHG DSSURDFKHV ZH H[SORUH WKH HIIHFW RI 667 DQG WKH HIIHFW

RI WKH ZDYHV RQ WKH HQHUJ H[FKDQJHV %RWK 3%/ VFKHPHV LPSOHPHQWHG LQ 2 :67 L H 0 - DQG

0 11 KDYH EHHQ WHVWHG VHH 7DEOH 7KH SUHVHQW H[SHULPHQWV ZLOO DOVR VKHG VRPH OLJKW RQ WKH

RSSRUWXQLW RI XVLQJ D FRXSOHG PRGHOLQJ V VWHP QRW RQO IRU ORQJ VLPXODWLRQ DV LW LV QRUPDOO

FRQVLGHUHG IRU FOLPDWH VLPXODWLRQV EXW DOVR RYHU D VKRUW WLPH UDQJH 7KH SUHVHQW F FORQH ZKLFK

SHUVLVWV RYHU WKH VHD IRU VHYHUDO KRXUV DSSHDUV SDUWLFXODUO DWWUDFWLYH WR DGGUHVV WKLV LVVXH
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3 6FKHPH

7UDMHFWRULHV XVLQJ WKH FRXSOHG V VWHP DUH VKRZQ LQ )LJXUH SDQHO P UXQ 2 DQG 2: IRU

0 - DQG )LJXUH SDQHO O UXQ 2 DQG 2: IRU 0 11 DQG DUH FRPSDUHG ZLWK WKH UHVXOWV RI

WKH WHVWV XVLQJ WKH VDPH LPSOHPHQWDWLRQ EXW LQ VWDQGDORQH FRQILJXUDWLRQ :5) DQG :5) ,Q WKH

0 11 H[SHULPHQW SDQHO O WKH HIIHFW RI FRXSOLQJ LV QRW VLJQLILFDQW LQ WKH HDUO VWDJHV RI WKH F FORQH

OLIHWLPH DQG LV DSSDUHQW RQO LQ WKH ILQDO SKDVH RI WKH VWRUP QHDU WKH FRDVW ZKHUH WKH WUDMHFWRULHV LQ

WKH FRXSOHG UXQV DUH GLUHFWHG ZHVWZDUG DQG DUH FORVHU WR WKH REVHUYHG WUDFN +RZHYHU WKH GLIIHUHQFHV

LQ WKH WUDFNV DUH RI WKH RUGHU RI RQO – K DQG RI DERXW NP 7KH LQWHQVLW RI WKH 7/ GRHV QRW

FKDQJH VLJQLILFDQWO EHLQJ VOLJKWO ZHDNHU LQ WKH FRXSOHG VLPXODWLRQV FRPSDUHG WR WKH :5)

VWDQGDORQH UXQ LQ WHUP RI ZLQG VSHHG )LJXUH SDQHO J DQG SUHVVXUH )LJXUH SDQHO K 7KH

VHFRQG VHW RI FRXSOHG VLPXODWLRQV ZDV SHUIRUPHG XVLQJ WKH 0 - 3%/ SDUDPHWHUL]DWLRQ (YHQ LQ WKLV

FDVH WKH WUDFNV LQ WKH FRXSOHG UXQV 2 DQG 2: DUH GLUHFWHG PRUH ZHVWZDUG QHDU ODQGIDOO ZKHQ

FRPSDUHG WR WKH UXQ:5) 7KLV HIIHFW LV PRUH SURQRXQFHG LQ 2: ZKLFK DOVR VLPXODWHV D VOLJKWO

VORZHU F FORQH HVSHFLDOO LQ WKH FHQWUDO SDUW RI WKH WUDFN OLNHO UHODWHG WR WKH KLJKHU URXJKQHVV LQ WKLV

UXQ QRW VKRZQ 'LIIHUHQWO IURP WKH UXQV XVLQJ WKH 0 11 3%/ WKH F FORQH LV GHHSHU LQ :5)

DQG LQ 2: )LJXUH SDQHO L UHDFKLQJ K3D DV SUHVVXUH PLQLPXP WKDQ LQ UXQ 2 SUHVVXUH

PLQLPXP RI K3D 7R FRPSOHWH WKH FRPSDULVRQ )LJXUH SUHVHQWV SUHVVXUH DQG ZLQG VSHHG IRU

DOO WKH FRXSOHG UXQV UHWDLQLQJ WKH VDPH 3%/ VFKHPH EXW FKDQJLQJ WKH URXJKQHVV SDUDPHWHUL]DWLRQ

*RLQJ EDFN WR )LJXUH UHVXOWV REWDLQHG ZLWK 0 - DSSHDU PRUH FRQVLVWHQW ZLWK SUHYLRXV ZRUNV VHH

IRU H[DPSOH 2RVW HW DO ZKHQ FRPSDUHG WR 0 11 ,Q IDFW WKH HIIHFWV RI WKH FKDQJH LQ

URXJKQHVV DSSHDU WR EH SURSHUO WUDQVIHUUHG WR WKH ZKROH PRGHOLQJ V VWHP LQ WKH UXQ 2: WKH

KLJKHU URXJKQHVV LQ 2: )LJXUH SDQHO F FRPSDUHG WR:5) DQG 2 UXQV )LJXUH SDQHOV

D E GXH WR WKH LQFOXVLRQ RI WKH ZDYHV LQ WKH FDOFXODWLRQ SURGXFHV KLJKHU IOX[HV DQG ZHDNHU ZLQGV

WKDQ :5) )LJXUH SDQHO O EHFDXVH RI WKH LQFUHDVHG GUDJ EXW GHHSHU SUHVVXUH PLQLPD WKDQ 2

)LJXUH SDQHO L EHFDXVH RI KLJKHU DPRXQW RI HQHUJ WUDQVIHUUHG WR WKH DWPRVSKHUH 7KXV LQ WKH

IROORZLQJ VXEVHFWLRQV ZH ZLOO FRQVLGHU RQO WKH UXQV XVLQJ WKH 0 - 3%/ VFKHPH
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6XUIDFH 5RX K HVV 6FKHPHV

7KH HIIHFW RI WKH VXUIDFH URXJKQHVV LQ WKH FRXSOHG UXQV XVLQJ WKH 0 - 3%/ VFKHPH LV DQDO ]HG KHUH

7KH KHDW IOX[HV DUH FDOFXODWHG ZLWK WKH VXUIDFH URXJKQHVV EDVHG RQ WKH JHRPHWULF SDUDPHWHUV

FDOFXODWHG E WKH ZDYH PRGHO 6: 1 V PHQWLRQHG DERYH WKH WKUHH VFKHPHV DYDLODEOH LQ 2 :67

IRU SDUDPHWHUL]DWLRQ RI WKH VXUIDFH URXJKQHVV DUH 2RVW 2267 7D ORU HOODQG 7 DQG 'UHQQDQ

'5( 7R EHWWHU XQGHUVWDQG WKH HIIHFW RI URXJKQHVV WKH UHVXOWV RI WKH GLIIHUHQW PRGHOLQJ DSSURDFKHV

XVHG LQ WKLV ZRUN DUH DQDO ]HG KHUH )LJXUH SDQHOV D–F VKRZ WKH VXUIDFH URXJKQHVV DIWHU K RI

VLPXODWLRQ IRU WKH WKUHH UXQV :5) 2 2: 5HVXOWV IRU :5) DQG 2 DUH VLPLODU VLQFH ERWK

XVH WKH 12 *)6 )1/ VFKHPH IRU WKH FDOFXODWLRQ RI URXJKQHVV 5XQ 2: XVHV 7D ORU DQG

HOODQG DQG SURGXFHV D KLJKHU URXJKQHVV LQ SDUWLFXODU DURXQG WKH SUHVVXUH PLQLPXP ZKHUH

WKH ZDYHV DUH KLJKHU DQG VWHHSHU 3DQHOV G–I DQG J–L LQ )LJXUH VKRZ WKH VXUIDFH URXJKQHVV

JHQHUDWHG E WKH IXOO FRXSOHG UXQV FRPSDULQJ WKH UHVXOWV IRU WKH GLIIHUHQW FDOFXODWLRQ VFKHPHV RI

URXJKQHVV 2RVW LQ 2: 7D ORU HOODQG LQ 2: 'UHQQDQ LQ 2: 5HVXOWV UHIHU WR DQG

K RI VLPXODWLRQ ZKHQ WKH F FORQH UHVSHFWLYHO UHDFKHV LWV PD[LPXP LQWHQVLW DQG DSSURDFKHV WKH

FRDVW 7KH 2267 VFKHPH 2: JHQHUDWHV VPDOOHU URXJKQHVV JLYLQJ ULVH WR WKH PD[LPXP LQWHQVLW

LQ WKH QHLJKERUKRRG RI WKH pressure minimum. The “discontinuous” distribution of the surface 

URXJKQHVV LQ WKH RWKHU WZR VFKHPHV LV GXH WR WKH GLVFUHWL]DWLRQ RI WKH SHDN IUHTXHQFLHV L H WKH

IUHTXHQF FRUUHVSRQGLQJ WR WKH PD[LPXP HQHUJ FRPSRQHQW RI WKH ZDYH VSHFWUXP WKDW SURGXFH

KLJKO SHDNHG SHULRGV 7KLV GHSHQGV RQ WKH VSDWLDO SDWWHUQ YDULDELOLW RI WKH ZDYH LQGXFHG URXJKQHVV

DQG RQ WKH ZD WKH ZDYH IHDWXUHV DUH LPSOHPHQWHG ZLWKLQ WKH 2267 VFKHPH ,QGHHG VLQFH WKLV

VFKHPH GHSHQGV RQ ZDYH DJH DQG WKH ZDYHV DURXQG WKH PLQLPXP DUH JHQHUDOO DVVRFLDWHG ZLWK D

JHQHUDWLYH VHD VWDWH VWHHSHU ZDYHV VKRUWHU SHULRG DQG JUHDWHU KHLJKW FDQ EH H[SHFWHG ZLWK JUHDWHU

LQIOXHQFH LQ WHUPV RI URXJKQHVV FRPSXWDWLRQ )LJXUH SDQHO Q VKRZV WKDW WKH WUDMHFWRULHV RI WKH

F FORQH LQ WKH VLPXODWLRQV FDUULHG RXW ZLWK WKH WKUHH URXJKQHVV VFKHPHV DUH FORVH WR HDFK RWKHU

HVSHFLDOO LQ WKH LQLWLDO DQG FHQWUDO SKDVH RI WKH HYHQW ZKLOH VRPH GLIIHUHQFHV FRPH RXW LQ WKH ILQDO

VWDJHV RI WKH F FORQH OLIHWLPH )LJXUH SDQHO O 7KLV GLYHUJHQFH LV SUREDEO FDXVHG E WKH KLJKHVW

GLIIHUHQFH LQ WKH VXUIDFH URXJKQHVV UHDFKHG LQ WKH ILQDO SDUW RI WKH UXQ ZKHQ WKH PD[LPXP ZLQG

LQWHQVLW DQG VLJQLILFDQW ZDYH KHLJKW DUH VLPXODWHG QRW VKRZQ IWHU WKH F FORQH EHJLQV WR LQWHQVLI

WKH UXQ 2: )LJXUH SDQHO Q UHG OLQH SURGXFHV D PXFK VORZHU F FORQH FRPSDUHG WR WKH RWKHU

WZR VLPXODWLRQV 7KH GLVWDQFH EHWZHHQ 2: DQG 2: 2: LQFUHDVHV ZLWK WLPH DQG UHDFKHV D

PD[LPXP LQ WKH PRVW LQWHQVH SKDVH RI WKH F FORQH )LJXUHV SDQHOV G–L VKRZ WKDW WKH KLJKHVW

URXJKQHVV LV SURGXFHG E WKH 2267 VFKHPH 2: 7KLV VXJJHVWV WKDW D KLJKHU URXJKQHVV VORZV

GRZQ WKH HYROXWLRQ RI WKH F FORQH DQG VOLJKWO FKDQJHV LWV WUDMHFWRU ZLWK DQ HIIHFW WKDW LQFUHDVHV

ZLWK WLPH LQGHHG DW WKH HQG RI WKH VLPXODWLRQ WKH UXQV 2: DQG 2: DUH K DKHDG FRPSDUHG
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WR UXQ 2: V VKRZQ LQ )LJXUH SDQHO D WKH UXQV 2: DQG 2: VKRZ D F FORQH ZLWK

VLPLODU SUHVVXUH PLQLPD EXW OHVV LQWHQVH ZKHQ FRPSDUHG WR WKH UXQ 2: XVLQJ 2267 E QHDUO

K3D :H VSHFXODWH WKDW WKLV LV GXH WR WKH LQFUHDVHG URXJKQHVV LQ 2: ZKLFK LQFUHDVHV WKH KHDW

IOX[HV DQG WKH HQHUJ DYDLODEOH WR WKH F FORQH +RZHYHU WKH ZLQG VSHHG )LJXUH SDQHO E LV

FRPSDUDEOH LQ DOO WKH WKUHH UXQV LQ PRVW RI WKH OLIHWLPH LQ VRPH VWDJHV 2: SURGXFHV WKH PRVW

LQWHQVH ZLQG VSHHG SUREDEO EHFDXVH WKH HIIHFW RI WKH JUHDWHU SUHVVXUH JUDGLHQW LQ UXQ 2: LV

FRPSHQVDWHG E WKH PRUH LQWHQVH URXJKQHVV DURXQG WKH H H RI F FORQH )LJXUH SDQHO E

)L XUH 3DQHO D WLPH HYROXWLRQ RI WKH SUHVVXUH PLQLPXP K3D 3DQHO E PD[LPXP ZLQG LQWHQVLW P V DURXQG WKH

H H IRU UXQV 2: 2: DQG 2: 7KH EODFN GRWV UHIHU WR WKH UHDO WLPH HVWLPDWLRQ JLYHQ E 12
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667 DO VLV D G RPSDULVR

V GHVFULEHG LQ 5LFFKL HW DO :DUQHU HW DO 3LFRUQHOO HW DO WKH ZD WKH 667 LV

KDQGOHG LQ FRXSOHG PRGHOV SOD V D IXQGDPHQWDO UROH LQ GHVFULELQJ SRVVLEOH IHHGEDFNV EHWZHHQ WKH

DWPRVSKHUH DQG RFHDQ ,Q WKLV ZRUN ZH XVHG GLIIHUHQW DSSURDFKHV ,Q PRVW RI WKH VWDQGDORQH UXQV

:5) WKHUHIRUH LQFOXGLQJ :5) LWVHOI WKH 667 ZDV SURYLGHG E D ORZ UHVROXWLRQ NP

UDGLRPHWHU ZKLFK PD VXIIHU IURP VHYHUDO HUURUV GXH PDLQO WR WKH OLPLWHG UHVROXWLRQ LQ FRDVWDO DUHDV

DQG WR WKH REVHUYDWLRQDO KROHV FDXVHG E ZHDWKHU FORXG FRQGLWLRQV VHH IRU LQVWDQFH DUQLHO HW DO

,Q WKH FRXSOHG UXQV WKH 5206 PRGHO DW NP UHVROXWLRQ SURYLGHV 667 GLUHFWO WR WKH

DWPRVSKHULF PRGHO ZKRVH ZLQG LQ WXUQ IRUFHV WKH RFHDQLF FLUFXODWLRQ DIWHU LQLWLDOL]DWLRQ E 0)6

PRGHOHG ILHOGV RQFHSWXDOO LQ WKH PLGGOH RI WKHVH WZR DSSURDFKHV 0)6 667 ILHOGV ZHUH DOVR XVHG

DV LQLWLDO FRQGLWLRQ IRU :5) H[SHULPHQW DOORZLQJ WR GLVWLQJXLVK WR ZKDW H[WHQW WKH UHVXOWV RI 2

DQG 2: UXQV DFWXDOO GHSHQG RQ PRGHO FRXSOLQJ RU WKH VLPSO GHVFHQG IURP WKH XVH RI D GLIIHUHQW

LQLWLDO ERXQGDU FRQGLWLRQ 7R HYDOXDWH WKH WZR GLIIHUHQW 667 ILHOGV ZH FRPSDUH RXU UHVXOWV ZLWK WKH

0HWHR )UDQFH EXR KWWS ZZZ QGEF QRDD JRY VWDWLRQBSDJH SKS"VWDWLRQ ORFDWHG LQ

WKH JXOI RI /LRQ V VKRZQ LQ )LJXUH SDQHOV D–F VSDWLDO GLIIHUHQFHV RI 667 EHWZHHQ WKH

VWDQGDORQH UXQ DQG WKH FRXSOHG UXQV DUH VLJQLILFDQW IRU H[DPSOH LQ WKH *XOI RI /LRQ EHLQJ WKH

VWDQGDORQH UXQ ZDUPHU E DERXW – ,Q WKH VXE EDVLQ DIIHFWHG E WKH 7/ WKH 667 RI WKH

VWDQGDORQH UXQ LV RYHUHVWLPDWHG E DERXW )LJXUH SDQHOV D–F ,W LV ZRUWK QRWLQJ WKDW WKH

VDWHOOLWH GDWD FDQQRW UHSURGXFH FRDVWDO VWUXFWXUHV VXFK DV WKH FRDVWDO XSZHOOLQJ LQ WKH HDVWHUQ 6DUGLQLD

RU WKH FROG ZDWHU FLUFXODWLQJ QHDU WKH DWDODQ FRDVW IXUWKHU FRQILUPDWLRQ FRPHV IURP WKH DQDO VLV

RI WKH VLPXODWLRQ UHVXOWV QHDU WKH EXR ZKHUH WKH FRXSOHG UXQ UHSURGXFHV EHWWHU WKH 667

HYROXWLRQ FRPSDUHG WR WKH VWDQGDORQH UXQ 'HVSLWH WKDW 667 LQ WKH WZR DSSURDFKHV LV LQLWLDOO VLPLODU

GXULQJ WKH 7/ HYROXWLRQ RQO WKH FRXSOHG UXQV UHGXFH WKH LQLWLDO GLIIHUHQFH IURP WKH REVHUYDWLRQ

'XULQJ WKH SDVVDJH RI WKH 7/ QHDU WKH EXR WKH UXQ 2: IXUWKHU LPSURYHV WKH PRGHO SHUIRUPDQFH

GXH WR WKH HIIHFW RI PL[LQJ LQGXFHG E WKH ZDYHV VHH DOVR +X HW DO 7KH GHFUHDVH LQ 667 LV

JUHDWHU E DERXW – FRPSDUHG WR 2 UXQ EXW LW LV WRR ZHDN WR DIIHFW VLJQLILFDQWO WKH

GHYHORSPHQW RI WKH 7/ ,W LV ZRUWK QRWLQJ DOWKRXJK ZLWKLQ D UHODWLYHO QDUURZ UDQJH RI YDULDWLRQ

WKH VOLJKW GLIIHUHQFH RI :5) UHVXOWV IURP WKRVH RI :5) DQG RI WKH FRXSOHG UXQV )LJXUH

VXJJHVWV WKDW PRVW RI WKH IHDWXUHV FKDUDFWHUL]LQJ FRXSOHG H[SHULPHQWV GLVFXVVHG VR IDU DUH LQ IDFW

PDLQO FRQWUROOHG E FRXSOLQJ LQVWHDG RI EHLQJ WKH UHVXOW RI D GLIIHUHQW LQLWLDO FRQGLWLRQ 2Q WKH RWKHU

KDQG )LJXUH VKRZV WKDW :5) DQG 2 H[SHULPHQWV SURGXFH FRPSDUDEOH UHVXOWV LQ WHUPV RI

WLPLQJ DQG LQWHQVLW RI WKH F FORQH
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)L XUH 667 ILHOGV IRU WKH GD 1RYHPEHU DW 87 IRU UXQ :5) D 2 E 2: F ,Q SDQHO D WKH

SRVLWLRQ RI WKH EXR 0HWHR )UDQFH LV VKRZQ )URP WKH WLPH VHULHV SDQHO G ZH FDQ QRWLFH WKDW WKH WKUHH

PRGHOLQJ DSSURDFKHV SURYLGH WR WKH DWPRVSKHULF PRGHO D YHU GLIIHUHQW 667 ILHOG DQG RQO WKH FRXSOHG UXQV UHSURGXFH

WKH YDULDWLRQ RI 667 FRUUHFWO LQ SDUWLFXODU WKH UXQ 2: GXH WR WKH DGGLWLRQDO HIIHFW RI ZDYH PL[LQJ > ,W LV FROGHU

WKDQ FRPSDUHG WR WKH YDOXH IURP ZKLFK WKH PRGHOV DUH LQLWLDOL]HG UHDQDO VLV 7KLV LV EHFDXVH WKH EXR LV ORFDWHG

LQ D VHD ]RQH FKDUDFWHUL]HG E WKH WKHUPDO IURQW FRPSRVHG RI FROG ZDWHU PDVVHV SURGXFHG LQ WKH *XOI RI /LRQV DQG

ZDUPHU ZDWHU PDVVHV W SLFDO RI WKH %DOHDULF 6HD
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)L XUH YHUDJH JHRPHWULF GLVWDQFH EHWZHHQ VLPXODWHG DQG REVHUYHG WUDMHFWRULHV NP
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LVFXVVLR D G R FOXVLR V

% PHDQV RI D FRXSOHG DWPRVSKHUH RFHDQ ZDYH PRGHOLQJ VXLWH 2 :67 WKH JRDO RI WKLV ZRUN LV

WR H[SORUH WKH VHQVLWLYLW RI WKH QXPHULFDO VLPXODWLRQ RI 7URSLFDO /LNH FORQH 52/) E FRPSDULQJ

WUDMHFWRU SUHVVXUH DQG ZLQG VSHHG REWDLQHG XVLQJ GLIIHUHQW OHYHOV RI FRXSOLQJ DQG GLIIHUHQW

QXPHULFDO DSSURDFKHV 52/) KDV EHHQ D SDUWLFXODUO LQWHQVH 7/ DQG WKURXJKRXW LWV OLIHWLPH KDV

FDXVHG H[WHQVLYH GDPDJH HYHQ FRQVLGHUDEO IDU DZD IURP LWV SUHVVXUH PLQLPXP 5HQDXOW HW DO

,QGHHG WKH 667 DQRPDO RI DERXW LQ WKH FHQWUDO EDVLQ RI WKH %DOHDULF ,VODQGV )LJXUH

DQG WKH LQWHQVLW DQG GXUDWLRQ RI WKH HYHQW DOORZ FRQVLGHUDWLRQ RI 52/) DV D SDUDGLJPDWLF FDVH IRU

GLVHQWDQJOLQJ WKH UROH RI DLU VHD LQWHUDFWLRQV RQ D F FORQH HYROXWLRQ 6HYHUDO VWXGLHV KDYH IRFXVHG RQ

WKH DVVHVVPHQW RI WKH 667 UROH GXULQJ 7/ GHYHORSPHQW ,Q SDUWLFXODU LRQL HW DO VKRZHG

KRZ WKH XVH RI PRUH UHVROYHG DQG UHDOLVWLF 667 ILHOGV DV LQ RXU FDVH :5) ZLWK UHVSHFW WR WKH

DGRSWLRQ RI UHPRWHO VHQVHG 667 VDWHOOLWH ILHOGV ZLWK ORZ VSDWLDO DQG WHPSRUDO UHVROXWLRQ DV RXU FDVH

:5) FDQ SOD DQ LPSRUWDQW UROH WR DFKLHYH EHWWHU UHVXOWV LQ WHUPV RI WUDMHFWRU DQG LQWHQVLW RI WKH

F FORQH 2WKHU VWXGLHV KDYH IRFXVHG RQ WKH LGHQWLILFDWLRQ RI WKH SK VLFDO IDFWRUV WKDW OHG WR WKH

IRUPDWLRQ DQG PDLQWHQDQFH RI WKLV 7/ 'DYROLR HW DO ,Q WKLV VWXG ZH HYDOXDWH WKH VHQVLWLYLW

WR LQLWLDO FRQGLWLRQV UHVROXWLRQ RI WKH 667 DQG WR GLIIHUHQW OHYHOV RI FRXSOLQJ VWDUWLQJ ZLWK D

VWDQGDORQH :5) VHWXS ZLWK GLIIHUHQW LQLWLDOL]DWLRQ WLPHV WKHQ HPSOR LQJ D FRXSOHG DWPRVSKHULF

RFHDQ 2 DSSURDFK DQG ILQDOO D IXOO FRXSOHG LPSOHPHQWDWLRQ LQFOXGLQJ ZDYHV 2: 7KH

HIIHFWV RI WKH 3%/ VFKHPHV LQ ERWK XQFRXSOHG DQG FRXSOHG UXQV DV ZHOO DV WKH HIIHFWV RI GLIIHUHQW

VXUIDFH URXJKQHVV SDUDPHWHUL]DWLRQ WHFKQLTXHV KDYH EHHQ DOVR H[SORUHG 7KH ILUVW VHW RI UHVXOWV VKRZV

D VWURQJ VHQVLWLYLW WR WKH FKRVHQ LQLWLDOL]DWLRQ WLPH VHH DOVR 'DYROLR HW DO KDERXUHDX HW DO

0LJOLHWWD HW DO 7KHVH WHVWV FRQILUPHG WKDW LW LV QRW VXIILFLHQW WR JHQHUDOO LQLWLDOL]H WKH

PRGHO FORVH WR WKH GDWH RI WKH HYHQW EXW LW LV H[WUHPHO LPSRUWDQW WR H[SORUH ZKLFK VSHFLILF

LQLWLDOL]DWLRQ SURGXFHV WKH EHVW UHVXOW LQ WHUPV RI LQWHQVLW DQG WUDMHFWRU :KHQ GRLQJ WKLV LW LV

QHFHVVDU WR DUUDQJH D EXIIHU WLPH LQ ZKLFK WKH 3%/ RI WKH DWPRVSKHULF PRGHO FDQ VHWWOH GRZQ RQ WKH

QHZ 667 VWUXFWXUH WKDW WKH VDWHOOLWH RU WKH FLUFXODWLRQ PRGHO SURYLGH WR WKH DWPRVSKHUH )XUWKHUPRUH

ZH REVHUYHG WKDW LW LV EHWWHU WR DYRLG D FKRLFH RI LQLWLDO FRQGLWLRQV WRR FORVH WR WKH 7/ VSLQ XS SHULRG

WR DOORZ D SURSHU DGMXVWPHQW )RU WKLV UHDVRQ ZH KDYH FKRVHQ DV WKH EHVW LQLWLDOL]DWLRQ WLPH

87 RQ 1RYHPEHU ZKLFK SURYLGHG JRRG UHVXOWV LQ WHUPV RI WUDMHFWRU DQG LQWHQVLW

)ROORZLQJ RWKHU H[DPSOHV 0LJOLHWWD HW DO ZH DOVR WHVWHG WKH GHFUHDVH RI 667 RYHU WKH ZKROH

GRPDLQ FKRRVLQJ WR PRGLI WKHVH FRQGLWLRQV E VLQFH WKLV LV DERXW WKH DQRPDO FKDUDFWHUL]LQJ

WKH 0HGLWHUUDQHDQ EDVLQ QHDU WKH F FORQH RQ 1RYHPEHU )LQDOO DQ XQFRXSOHG UXQ LQLWLDOL]HG

DQG IRUFHG ZLWK 0)6 667 ZDV FDUULHG RXW LQ RUGHU WR LQYHVWLJDWH WKH HIIHFW RI D KLJK UHVROXWLRQ 667

IRUFLQJ ZLWKRXW FRXSOLQJ EHIRUH LQWHUSUHWLQJ WKH UHVXOWV RI FRXSOHG UXQV 7KH UHVXOWLQJ GLIIHUHQFHV LQ
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WHUPV RI SUHVVXUH PLQLPD VKRZ WKH LPSRUWDQFH RI D FRUUHFW GLVWULEXWLRQ RI WKH 667 ILHOG QRW RQO RQ

WKH DUHD DIIHFWHG E WKH SKHQRPHQRQ EXW RQ WKH ZKROH FRPSXWDWLRQDO GRPDLQ 7KH HIIHFW RI 667

UHIOHFWV WKH GLIIHUHQW DPRXQW RI HQHUJ WUDQVIHUUHG WR WKH F FORQH DQG FRQVHTXHQWO LWV LQWHQVLW

)LJXUH SDQHOV H I ,Q DGGLWLRQ :5) H[SHULPHQW VXJJHVWV WKDW WKH LPSOHPHQWDWLRQ RI DQ

XQFRXSOHG PRGHO IRUFHG E D KLJK UHVROXWLRQ 667 FDQ OHDG WR PRGHOHG VWRUP LQWHQVLW QRW GLVVLPLODU

WR WKRVH SURGXFHG E FRXSOHG PRGHOV LQ SDUWLFXODU 2 FDVH ,Q DGGLWLRQ WKH VWUDWHJ DGRSWHG LQ FDVH

:5) EHVLGHV QRW EHLQJ HQHUJHWLFDOO FRQVLVWHQW EHWZHHQ VHD DQG DWPRVSKHUH FDQQRW EH JHQHUDOO

DSSOLHG IRU RSHUDWLRQDO SXUSRVHV VLQFH UHDOLVWLF 667 IRUHFDVWV DUH UDUHO DYDLODEOH ZKLOH WKH HDVLHVW

ILHOG HVWLPDWHV DUH SURYLGHG E VDWHOOLWH GDWD 7KLV LV DOVR DQ LQGLUHFW FRQILUPDWLRQ WKDW LQ VRPH FDVHV

LW LV WKHUHIRUH QHFHVVDU WR XVH D FRXSOHG DSSURDFK VLQFH LQ WKLV FDVH WKH WHPSHUDWXUH RQ WKH RFHDQ

VLGH LV WKHQ SURYLGHG E D KLJK UHVROXWLRQ FLUFXODWLRQ PRGHO DQG QRW E VDWHOOLWH LPDJHV V IDU DV WKH

HIIHFWV RI VHOHFWHG 3%/ DUH FRQFHUQHG LQ WKH FXUUHQW 2 :67 UHOHDVH RQO WKH 0 - DQG 0 11

VFKHPHV FDQ EH XVHG ZKHQ XVLQJ WKH IXOO FRXSOHG DWPRVSKHUH RFHDQ ZDYH PRGHO VHWXS :H

WKHUHIRUH SHUIRUPHG D FRPSDULVRQ DPRQJ WKH VWDQGDORQH :5) PRGHO DQG WKH FRXSOHG UXQV

H[SHULPHQWV :5) 2 2: :5) 2 2: 7KH FRPSDULVRQ VKRZV WKDW D FKDQJH RI WKH

3%/ VFKHPH VOLJKWO DIIHFWV WKH WUDMHFWRU LQ WKH HDUO DQG PLGGOH SDUW RI WKH UXQ EXW WKDW WKLV

PRGLILFDWLRQ EHFRPHV ODUJHU LQ WKH ILQDO SDUW ZKHQ WKH 7/ DSSURDFKHV WKH FRDVW ,QGHHG WKH WZR

3%/ VFKHPHV KDYH OLPLWHG HIIHFWV ZKHQ WKH F FORQH PRYHV RYHU WKH VHD DQG SUREDEO WKH GLIIHUHQW

LQWHUDFWLRQV EHWZHHQ WKH DWPRVSKHUH DQG WKH RFHDQ GXH WR WKH GLIIHUHQW GLVWULEXWLRQ RI 667 ILHOGV WDNH

VHYHUDO KRXUV WR GHYHORS DFURVV WKH DWPRVSKHUH 0RUH VSHFLILFDOO ORRNLQJ DW )LJXUH LW FDQ EH VHHQ

WKDW WKH WRWDO JHRPHWULF GLVWDQFHV REWDLQHG E WKH WZR UXQV XVLQJ GLIIHUHQW 3%/ VFKHPHV DUH

FRPSDUDEOH KRZHYHU WKH GLIIHUHQFH LQFUHDVHV ZKHQ WKH 7/ DSSURDFKHV WKH FRDVW DQG WKLV FDQ DOVR

H[SODLQ WKH VOLJKW GLVFUHSDQF UHVXOWLQJ LQ WKH ILQDO ODQGIDOO WLPLQJ :H FDQ IXUWKHU GLVFXVV WKH PRVW

VLJQLILFDQW GLIIHUHQFHV LQ WHUPV RI LQWHQVLW V VKRZQ LQ WKH )LJXUH SDQHOV J O UXQ :5)

SURGXFHV D F FORQH WKDW LV DOZD V PRUH LQWHQVH ZLWK UHVSHFW WR WKDW SURGXFHG E WKH FRXSOHG UXQV

EHFDXVH WKH VDWHOOLWH 667 GDWD DUH VOLJKWO ZDUPHU WKDQ WKH 5206 PRGHOHG VXUIDFH WHPSHUDWXUH DQG

WKLV SURGXFHV DQ LQWHQVLYH GHYHORSPHQW E DSSUR[LPDWHO K3D ,Q WKLV FDVH WKH FKRLFH RI WKH 3%/

VFKHPH EHFRPHV DOVR FUXFLDO DV WKH 3%/ 0 - JHQHUDWHV PRUH LQWHQVH KHDW IOX[HV QRW VKRZQ ZLWK

UHVSHFW WR WKH 0 11 VFKHPH :H KDYH WKHUHIRUH FKRVHQ WKH UXQ ZLWK 0 - 3%/ DV FRQWURO UXQ

,Q WKH FRXSOHG UXQV GLIIHUHQFHV HPHUJH HVSHFLDOO ZLWK WKH XVH RI 0 - 3%/ ,Q WKLV FDVH WKH UXQ

2: LV PRUH LQWHQVH WKDQ UXQ 2 )LJXUH SDQHOV L O RQO LQ WHUPV RI DWPRVSKHULF SUHVVXUH

DQG QRW LQ ZLQG VSHHGV 7KLV FRXOG EH DWWULEXWHG WR WKH HIIHFW RI WKH VXUIDFH URXJKQHVV FDOFXODWHG ZLWK

WKH 2267 VFKHPH LQ UXQ 2: 7KLV FKRLFH LQGHHG JHQHUDWHV D ODUJHU URXJKQHVV DURXQG WKH SUHVVXUH

PLQLPXP )LJXUH SDQHOV D–F ZKLFK LQGXFHV DQ LQFUHDVH LQ WKH IOX[HV OHDGLQJ WR DQ LQWHQVH
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GHYHORSPHQW RI WKH F FORQH VLPLODUO WR ZKDW :5) UXQ SURGXFHG ZKHUH KLJKHU 667 JHQHUDWHG

LQWHQVH KHDW IOX[HV 7KH KLJKHU VXUIDFH URXJKQHVV DOVR LQFUHDVHV IULFWLRQ DQG WKHUHIRUH WHQGV WR OLPLW

WKH LQWHQVLILFDWLRQ RI WKH P ZLQG DV VKRZQ LQ )LJXUH SDQHO L 0RUHRYHU WKH SDUDPHWHUL]DWLRQ

VFKHPH DGRSWHG IRU WKH VXUIDFH URXJKQHVV KDV DQRWKHU FUXFLDO UROH DV VKRZQ LQ ERWK )LJXUHV DQG

DPRQJ WKHVH VFKHPHV WKH RQH WKDW SHUIRUPV EHWWHU LV 2267 VHH )LJXUH ZKLFK JHQHUDWHV D

FRQVLVWHQW DQG KRPRJHQHRXV VXUIDFH URXJKQHVV LI FRPSDUHG ZLWK RWKHU VLPXODWLRQV WKDW XVH WKH

KDUQRFN VFKHPH )LJXUH KHOSV XV WR XQGHUVWDQG KRZ WKH XVH RI FRXSOHG PRGHOV FDQ WXUQ RXW WR EH

LPSRUWDQW DOVR RQ WKH RFHDQRJUDSKLF VLGH 7KH 667 GDWD LQ )LJXUH SDQHOV D–F VKRZ WKH GLIIHUHQFHV

LQ WKH DQDO VLV DPRQJ WKH :5) 2 2: UXQV ZKLOH SDQHO G VKRZV D WHPSHUDWXUH WLPH VHULHV

IRU WKH WKUHH PRGHOV FRPSDUHG WR GDWD SURYLGHG E WKH FORVH E 0HWHR )UDQFH EXR 5HVXOWV

FOHDUO VKRZ WKDW WKH VSHFWUR UDGLRPHWHU RYHUHVWLPDWHV WKH 667 HVSHFLDOO LQ DUHDV FORVH WR WKH FRDVW

ZKHUH WKH FORXGLQHVV HIIHFW LV JUHDWHU DOVR EHFDXVH RI WKH ORZ UHVROXWLRQ RI WKH VDWHOOLWH WKH

PHDQGHULQJ DQG VPDOO VFDOH VWUXFWXUHV DUH QRW UHVROYHG )XUWKHU E FRPSDULQJ UXQV 2 DQG 2:

LW FDQ EH VHHQ WKDW LQ WKH ODWWHU WKH ZDYH PL[LQJ HIIHFWV LQGXFH D ODUJHU FRROLQJ RI WKH VHD VXUIDFH

DUQLHO HW DO +X HW DO *HQHUDOO VSHDNLQJ WKHQ DW OHDVW LQ WKLV VSHFLILF 7/ FDVH WKH XVH

RI FRXSOHG PRGHOV LPSURYHG WKH UHOLDELOLW RI WKH UHVXOWV LQ WHUPV RI KHDW DQG PRPHQWXP IOX[HV

DUQLHO HW DO 5LFFKL HW DO ZKLFK DUH PRUH FRQVLVWHQW WKDQNV WR D EHWWHU GHVFULSWLRQ RI WKH

667 ILHOGV OVR LQ WKLV VSHFLILF VWXG WKH 7/ ZDV VKRZQ WR EH PRUH VHQVLWLYH WR WKH LQLWLDOL]DWLRQ

WKDQ WR WKH FRXSOLQJ VWUDWHJ RQVLGHULQJ WKH IXQGDPHQWDO UROH SOD HG E WKH URXJKQHVV

SDUDPHWHUL]DWLRQ DQG WKH 3%/ VFKHPH ZH VXJJHVW WR VHOHFW WKHP RQ WKH EDVLV RI VSHFLILF WHVWV JLYHQ

WKDW WKH UHVSRQVHV PD EH YHU GLIIHUHQW GHSHQGLQJ RQ WKH SKHQRPHQD DQG WKH W SH RI ZDYHV WKDW

JHQHUDWH WKH URXJKQHVV /DVW EXW QRW OHDVW DV DOUHDG PHQWLRQHG LI LW LV WUXH WKDW WKH XVH RI FRXSOHG

PRGHOV VWUDWHJ FDQ EH EHQHILFLDO IRU PRGHOLQJ 7/ V LW VKRXOG EH UHFDOOHG WKDW LW DOVR OHDGV WR DQ

LQFUHDVH RI FRPSOH[LW RQ WKH LQIRUPDWLFV VLGH ,Q DGGLWLRQ WR WKLV PRGHO FRXSOLQJ PD HPSKDVL]H

VRPH SUREOHPV W SLFDO LQ DOO QXPHULFDO DSSURDFKHV VXFK DV WKH VHQVLWLYLW WR ERXQGDU FRQGLWLRQV LQ

DWPRVSKHULF PRGHOV HVSHFLDOO ZKHQ GHDOLQJ ZLWK WHPSHUDWXUH DQG VRLO W SH ,Q SDUWLFXODU LW VKRXOG

EH UHPLQGHG WKDW WKH 667 ILHOGV PXVW EH SUHVFULEHG YHU FDUHIXOO VLQFH WKH PD EH VLJQLILFDQWO

GLIIHUHQW IURP WKDW RULJLQDOO XVHG LQ WKH JOREDO PRGHO DGRSWHG WR SURGXFH WKH LQLWLDOL]DWLRQ V D ILQDO

UHPDUN D FULWLFDO DVSHFW LV UHSUHVHQWHG DOVR E WKH LQLWLDOL]DWLRQ WLPH RI WKH 7/ ZKHUH SRVVLEOH KHOS

PD EH VRXJKW IRU LQYDULDWLRQDO DVVLPLODWLRQ WHFKQLTXHV 'YDU 'YDU DOWKRXJK FDUH PXVW EH WDNHQ

in approaches (e.g., “hot start”) thaW KDYH WR EH VKDUHG E DOO WKH HPSOR HG PRGHOV
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5HIHUH FH

(UQVW - 0DWVRQ 0 0HGLWHUUDQHDQ 7URSLFDO 6WRUP" :HDW H –  

0RVFDWHOOR 0LJOLHWWD 0 0 5RWXQQR 5 2EVHUYDWLRQDO QDO VLV RI D 0HGLWHUUDQHDQ
“Hurricane” over  6RXWKHDVWHUQ ,WDO :HDW H –  

NKWDU 1 %UDXFK - 'REOHU %pUDQJHU . KUHQV % 0HGLFDQHV LQ DQ RFHDQ— WPRVSKHUH
FRXSOHG  UHJLRQDO FOLPDWH PRGHO 1DW D D G D W 6 W 6 L –  

0LJOLHWWD 0 0 /DYLROD 6 0DOYDOGL RQWH ' /HYL]]DQL 9 3ULFH QDO VLV RI WURSLFDO
OLNH F FORQHV RYHU WKH 0HGLWHUUDQHDQ 6HD WKURXJK D FRPELQHG PRGHOLQJ DQG VDWHOOLWH DSSURDFK

HRS 5H HWW   – WPR S H H RI

DYLFFKLD / YRQ 6WRUFK + 7KH VLPXODWLRQ RI PHGLFDQHV LQ D KLJK UHVROXWLRQ UHJLRQDO FOLPDWH
PRGHO OLP Q –  

7RXV 0 5RPHUR 5 0HWHRURORJLFDO HQYLURQPHQWV DVVRFLDWHG ZLWK PHGLFDQH GHYHORSPHQW ,QW -
OLPDWRO –  

Emanuel, K. Genesis and maintenance of “Mediterranean hurricanes”. G HR L –

)LWD / 5RPHUR 5 /XTXH (PDQXHO . 5DPLV QDO VLV RI WKH HQYLURQPHQWV RI VHYHQ
0HGLWHUUDQHDQ WURSLFDO OLNH VWRUPV XVLQJ DQ D[LV PPHWULF QRQK GURVWDWLF FORXG UHVROYLQJ PRGHO
1DW D D G D W 6 W 6 L –  

LRQL * 0DOJX]]L 3 %X]]L 7KHUPDO VWUXFWXUH DQG G QDPLFDO SUHFXUVRU RI D 0HGLWHUUDQHDQ
WURSLFDO OLNH F FORQH 4 - 5 0HWHR RO 6R –  

0LJOLHWWD 0 0 0RVFDWHOOR RQWH ' 0DQQDULQL * /DFRUDWD * 5RWXQQR 5 1XPHULFDO
analysis of a Mediterranean “hurricane” over south HDVWHUQ ,WDO 6HQVLWLYLW H[SHULPHQWV WR VHD
VXUIDFH WHPSHUDWXUH WPR 5H –  

0RVFDWHOOR A.; Miglietta, M.M.; Rotunno, R. Numerical Analysis of a Mediterranean “Hurricane” 
RYHU 6RXWKHDVWHUQ ,WDO 0RQ :HDW H 5H –  

'DYROLR 6 0LJOLHWWD 0 0 0RVFDWHOOR 3DFLILFR ) %X]]L 5RWXQQR 5 1XPHULFDO
IRUHFDVW DQG DQDO VLV RI D WURSLFDO OLNH F FORQH LQ WKH ,RQLDQ 6HD 1DW D D G D W 6 W 6 L

–  

KDERXUHDX - 3 3DQWLOORQ ) /DPEHUW ' 5LFKDUG ( ODXG 7URSLFDO WUDQVLWLRQ RI D
0HGLWHUUDQHDQ  VWRUP E MHW FURVVLQJ 4 - 5 0HWHR RO 6R –  

0LJOLHWWD 0 0 0DVWUDQJHOR ' RQWH ' ,QIOXHQFH RI SK VLFV SDUDPHWHUL]DWLRQ VFKHPHV RQ WKH
VLPXODWLRQ  RI D WURSLFDO OLNH F FORQH LQ WKH 0HGLWHUUDQHDQ 6HD WPR 5H –  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:DUQHU - UPVWURQJ % +H 5 =DPERQ - % 'HYHORSPHQW RI D RXSOHG 2FHDQ WPRVSKHUH
:DYH 6HGLPHQW 7UDQVSRUW 2 :67 0RGHOLQJ 6 VWHP 2 HDQ 0RGHO –  

2ODEDUULHWD 0 :DUQHU - UPVWURQJ % =DPERQ - % +H 5 2FHDQ DWPRVSKHUH G QDPLFV
during Hurricane Ida and Nor’Ida: An application of the coupled ocean DWPRVSKHUH ZDYH VHGLPHQW
WUDQVSRUW   2 :67 PRGHOLQJ V VWHP 2 HDQ 0RGHO –  

=DPERQ - % +H 5 :DUQHU - ,QYHVWLJDWLRQ RI KXUULFDQH ,YDQ XVLQJ WKH FRXSOHG RFHDQ
DWPRVSKHUH ZDYH VHGLPHQW WUDQVSRUW 2 :67 PRGHO 2 HDQ Q –  

DUQLHO 6 %HQHWD]]R %RQDOGR ' )DOFLHUL ) 0 0LJOLHWWD 0 0 5LFFKL 6FODYR 0
6FUDWFKLQJ EHQHDWK WKH VXUIDFH ZKLOH FRXSOLQJ DWPRVSKHUH RFHDQ DQG ZDYHV QDO VLV RI D GHQVH
ZDWHU IRUPDWLRQ  HYHQW 2 HDQ 0RGHO –  

5LFFKL 0LJOLHWWD 0 0 )DOFR 3 3 %HQHWD]]R %RQDOGR ' %HUJDPDVFR 6FODYR 0
DUQLHO 6  2Q WKH XVH RI D FRXSOHG RFHDQ DWPRVSKHUH ZDYH PRGHO GXULQJ DQ H[WUHPH FROG DLU

RXWEUHDN RYHU WKH   GULDWLF 6HD WPR 5H –  

+DUW 5 ( FORQH 3KDVH 6SDFH 'HULYHG IURP 7KHUPDO :LQG DQG 7KHUPDO V PPHWU 0RQ
:HDW H 5H   –  

0LOORW LUFXODWLRQ LQ WKH :HVWHUQ 0HGLWHUUDQHDQ 6HD - 0D 6 W –  

5HQDXOW / 2JX] 7 3DVFXDO 9L]RVR * 7LQWRUH - 6XUIDFH FLUFXODWLRQ LQ WKH OERUiQ 6HD
ZHVWHUQ  0HGLWHUUDQHDQ LQIHUUHG IURP UHPRWHO VHQVHG GDWD - HRS 5H 2 HDQ

12 1DWLRQDO 2FHDQLF DQG WPRVSKHULF GPLQLVWUDWLRQ 1(6',6 1DWLRQDO (QYLURQPHQWDO
6DWHOOLWH 'DWD DQG ,QIRUPDWLRQ 6HUYLFH 7URSLFDO %XOOHWLQ UFKLYH YDLODEOH RQOLQH
KWWS ZZZ VVG QRDD  JRY 36 7523 EXOOHWLQ DUFKLYH KWPO DFFHVVHG RQ -DQXDU  

3LQDUGL 1 OOHQ , 'HPLURY ( 0H 3 ' .RUUHV * /DVFDUDWRV 7UDRQ 3 / 0DLOODUG
QQDOHV  *HRSK VLFDH 7KH 0HGLWHUUDQHDQ RFHDQ IRUHFDVWLQJ V VWHP )LUVW SKDVH RI LPSOHPHQWDWLRQ

–   QQ HRS –  

2GGR 3 GDQL 0 3LQDUGL 1 )UDWLDQQL 7RQDQL 0 3HWWHQX]]R ' QHVWHG WODQWLF
0HGLWHUUDQHDQ  6HD JHQHUDO FLUFXODWLRQ PRGHO IRU RSHUDWLRQDO IRUHFDVWLQJ 2 HDQ 6 L –

 

/DUVRQ - -DFRE 5 2QJ ( 7KH 0RGHO RXSOLQJ 7RRONLW 1HZ )RUWUDQ 7RRONLW IRU %XLOGLQJ
0XOWLSK VLFV  3DUDOOHO RXSOHG 0RGHOV ,QW - LJ 3H IR P RPS W SSO –  

:DUQHU - 6KHUZRRG 5 6LJQHOO 5 3 +DUULV . UDQJR + * 'HYHORSPHQW RI D WKUHH
GLPHQVLRQDO UHJLRQDO FRXSOHG ZDYH FXUUHQW DQG VHGLPHQW WUDQVSRUW PRGHO RPS W HR L

–   WPR S H H RI
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-RQHV 3 : 6 5,3 0DQXDO YDLODEOH RQOLQH
RFHDQV ODQO JRY VYQ 6 5,3 WUXQN 6 5,3 GRF 6 5,3XVHUV SGI DFFHVVHG RQ 2FWREHU  

6NDPDURFN : .OHPS - % WLPH VSOLW QRQK GURVWDWLF DWPRVSKHULF PRGHO IRU ZHDWKHU UHVHDUFK
DQG IRUHFDVWLQJ DSSOLFDWLRQV - RPS W 3 –  

6KFKHSHWNLQ ) 0F:LOOLDPV - 7KH UHJLRQDO RFHDQLF PRGHOLQJ V VWHP 5206 VSOLW
H[SOLFLW IUHH VXUIDFH WRSRJUDSK IROORZLQJ FRRUGLQDWH RFHDQLF PRGHO 2 HDQ 0RGHO –

 

6KFKHSHWNLQ ) 0F:LOOLDPV - RPSXWDWLRQDO .HUQHO OJRULWKPV IRU )LQH 6FDOH
0XOWLSURFHVV /RQJWLPH 2FHDQLF 6LPXODWLRQV ,Q DQGERRN RI 1 PH L DO QDO L (OVHYLHU
2[IRUG 8. SS –  

+DLGYRJHO ' % UDQJR + %XGJHOO : 3 RUQXHOOH % ' XUFKLWVHU ( 'L /RUHQ]R (
)HQQHO . *H HU : 5 +HUPDQQ - /DQHUROOH / HW DO 2FHDQ IRUHFDVWLQJ LQ WHUUDLQ IROORZLQJ
FRRUGLQDWHV )RUPXODWLRQ DQG VNLOO DVVHVVPHQW RI WKH 5HJLRQDO 2FHDQ 0RGHOLQJ 6 VWHP - RPS W
3 –  

RSHUQLFXV 0DULQH (QYLURQPHQW 0RQLWRULQJ 6HUYLFH 0(06 0HGLWHUUDQHDQ 6HD 3K VLFV
5HDQDO VLV 0RGHO YDLODEOH RQOLQH KWWS PDULQH FRSHUQLFXV HX DFFHVVHG RQ -DQXDU  

DUQLHO 6 :DUQHU - KLJJLDWR - 6FODYR 0 ,QYHVWLJDWLQJ WKH LPSDFW RI VXUIDFH ZDYH
EUHDNLQJ RQ PRGHOLQJ WKH WUDMHFWRULHV RI GULIWHUV LQ WKH QRUWKHUQ GULDWLF 6HD GXULQJ D ZLQG VWRUP
HYHQW 2 HDQ 0RGHO –  

%RRLM 1 5LV 5 +ROWKXLMVHQ / + WKLUG JHQHUDWLRQ ZDYH PRGHO IRU FRDVWDO UHJLRQV 0RGHO
GHVFULSWLRQ DQG YDOLGDWLRQ - HRS 5H 2 HDQ –  

%HQHWD]]R )HGHOH ) DUQLHO 6 5LFFKL %XFFKLJQDQL ( 6FODYR 0 :DYH FOLPDWH RI WKH
GULDWLF 6HD IXWXUH VFHQDULR VLPXODWLRQ 1DW D D G D W 6 W 6 L –  

%HQHWD]]R %HUJDPDVFR %RQDOGR ' )DOFLHUL ) 0 6FODYR 0 /DQJRQH / DUQLHO 6
5HVSRQVH RI WKH GULDWLF 6HD WR DQ LQWHQVH FROG DLU RXWEUHDN 'HQVH ZDWHU G QDPLFV DQG ZDYH
LQGXFHG WUDQVSRUW 3 RJ 2 HDQRJ –  

*HPPLOO : .DW] % /L ; DLO 5HDO 7LPH OREDO 6HD 6 ID H 7HPSH DW H LJ 5H RO WLRQ
QDO L 57 B667B 5 12 1:6 1 (3 00 % 2IILFH 1RWH 1DWLRQDO HQWHUV IRU

(QYLURQPHQWDO 3UHGLFWLRQ DPS 6SULQJV 0' 86 S  

.DLQ - 6 7KH .DLQ )ULWVFK RQYHFWLYH 3DUDPHWHUL]DWLRQ Q 8SGDWH - SSO 0HWHR RO
–  

7KRPSVRQ * )LHOG 3 5 5DVPXVVHQ 5 0 +DOO : ' ([SOLFLW )RUHFDVWV RI :LQWHU 3UHFLSLWDWLRQ
8VLQJ DQ ,PSURYHG %XON 0LFURSK VLFV 6FKHPH 3DUW ,, ,PSOHPHQWDWLRQ RI D 1HZ 6QRZ
3DUDPHWHUL]DWLRQ 0RQ :HDW H 5H –  



� ϭϭϲ�

0ODZHU ( - 7DXEPDQ 6 - %URZQ 3 ' ,DFRQR 0 - ORXJK 6 5DGLDWLYH WUDQVIHU IRU
LQKRPRJHQHRXV DWPRVSKHUHV 5570 D YDOLGDWHG FRUUHODWHG N PRGHO IRU WKH ORQJZDYH - HRS
5H  

RPSR * 3 :KLWDNHU - 6 6DUGHVKPXNK 3 ' 0DWVXL 1 OODQ 5 - LQ ; *OHDVRQ % (
9RVH 5 6  5XWOHGJH * %HVVHPRXOLQ 3 HW DO 7KH 7ZHQWLHWK HQWXU 5HDQDO VLV 3URMHFW 4 -
5 0HWHR RO 6R   –  

12 1DWLRQDO 2FHDQLF DQG WPRVSKHULF GPLQLVWUDWLRQ 1DWLRQDO HQWHUV IRU (QYLURQPHQWDO
,QIRUPDWLRQ  *)6 )1/ )LQDO 5HDQDO VLV RI WKH *OREDO )RUHFDVWLQJ 6 VWHP YDLODEOH RQOLQH
KWWSV ZZZ QFGF QRDD  JRY GDWD DFFHVV PRGHO GDWD PRGHO GDWDVHWV JOREDO IRUFDVW V VWHP JIV
DFFHVVHG RQ -DQXDU  

-DQMLF ́ = , 7KH 6WHS 0RXQWDLQ (WD RRUGLQDWH 0RGHO )XUWKHU 'HYHORSPHQWV RI WKH RQYHFWLRQ
9LVFRXV  6XEOD HU DQG 7XUEXOHQFH ORVXUH 6FKHPHV 0RQ :HDW H 5H  

1DNDQLVKL 0 1LLQR + Q ,PSURYHG 0HOORU– DPDGD /HYHO 0RGHO ,WV 1XPHULFDO 6WDELOLW DQG
SSOLFDWLRQ WR D 5HJLRQDO 3UHGLFWLRQ RI GYHFWLRQ )RJ R QG D H 0HWHR RO –
 

KDUQRFN + :LQG VWUHVV RQ D ZDWHU VXUIDFH 4 - 5 0HWHR RO 6R –  

6PDOO 5 - DPSEHOO 7 7HL[HLUD - DUQLHO 6 6PLWK 7 ' NHV - KHQ 6 OODUG 5 LU
6HD ,QWHUDFWLRQ LQ WKH /LJXULDQ 6HD VVHVVPHQW RI D RXSOHG 2FHDQ WPRVSKHUH 0RGHO 8VLQJ ,Q
6LWX 'DWD IURP / 6,(  0RQ :HDW H 5H –  

.XPDU 1 9RXOJDULV * :DUQHU - 2ODEDUULHWD 0 ,PSOHPHQWDWLRQ RI WKH YRUWH[ IRUFH
IRUPDOLVP LQ WKH  FRXSOHG RFHDQ DWPRVSKHUH ZDYH VHGLPHQW WUDQVSRUW 2 :67 PRGHOLQJ
V VWHP IRU LQQHU VKHOI DQG VXUI  ]RQH DSSOLFDWLRQV 2 HDQ 0RGHO –  

7D ORU 3 . HOODQG 0 - 7KH 'HSHQGHQFH RI 6HD 6XUIDFH 5RXJKQHVV RQ WKH +HLJKW DQG
6WHHSQHVV RI WKH  :DYHV - 3 2 HDQRJ

2ODEDUULHWD 0 0HGLQD 5 DVWDQHGR 6 (IIHFWV RI ZDYH FXUUHQW LQWHUDFWLRQ RQ WKH FXUUHQW
SURILOH RD W QJ –  

'UHQQDQ : 0 *UDEHU + +DXVHU ' 4XHQWLQ 2Q WKH ZDYH DJH GHSHQGHQFH RI ZLQG VWUHVV
RYHU SXUH ZLQG VHDV - HRS 5H  

2RVW : .RPHQ * - -DFREV 0 - 9DQ 2RUW 1HZ HYLGHQFH IRU D UHODWLRQ EHWZHHQ ZLQG
VWUHVV DQG ZDYH DJH IURP PHDVXUHPHQWV GXULQJ 6* 0 *( R QG D H 0HWHR RO

–  

3LFRUQHOO 0 DUUDVVL 1 -DQVi VWXG RQ WKH IRUHFDVW TXDOLW RI WKH PHGLWHUUDQHDQ
F FORQHV ,Q 3URFHHGLQJV RI WKH WK (*6 3OLQLXV RQIHUHQFH 0DOORUFD 6SDLQ – 2FWREHU  



� ϭϭϳ�

+X ; 0 1LHOVHQ *DPPRQ - : =KDQJ ) (YDOXDWLRQ RI 7KUHH 3ODQHWDU %RXQGDU /D HU
6FKHPHV LQ WKH :5) 0RGHO - 0  

5HQDXOW / KLJJLDWR - :DUQHU - *RPH] 0 9L]RVR * 7LQWRUp - RXSOHG DWPRVSKHUH
RFHDQ ZDYH VLPXODWLRQV RI D VWRUP HYHQW RYHU WKH *XOI RI /LRQ DQG %DOHDULF 6HD - HRS 5H
2 HDQ  

'DYROLR 6 6WRFFKL 3 %HQHWD]]R %RKP ( 5LPLQXFFL ) 5DYDLROL 0 /L ; 0 DUQLHO
6 ([FHSWLRQDO %RUD RXWEUHDN LQ ZLQWHU 9DOLGDWLRQ DQG DQDO VLV RI KLJK UHVROXWLRQ
DWPRVSKHULF PRGHO VLPXODWLRQV LQ WKH QRUWKHUQ GULDWLF DUHD Q WPR 2 HDQ –

12 1DWLRQDO 2FHDQLF DQG WPRVSKHULF GPLQLVWUDWLRQ 1DWLRQD 'DWD %XR HQWHU 6WDWLRQ
61002, Meteorological ad Waves Buoy Owned and Maintained by “Meteo France”. Available 
RQOLQH KWWS ZZZ QGEF QRDD JRY VWDWLRQBSDJH SKS"VWDWLRQ DFFHVVHG RQ -DQXDU

%HQHWD]]R DUQLHO 6 6FODYR 0 %HUJDPDVFR :DYH FXUUHQW LQWHUDFWLRQ (IIHFW RQ WKH
ZDYH ILHOG LQ D VHPL HQFORVHG EDVLQ 2 HDQ 0RGHO –  

DVVROD ) )HUUDUL ) 0D]]LQR 0LJOLHWWD 0 0 7KH UROH RI WKH VHD RQ WKH IOVK IORRGV HYHQWV
RYHU /LJXULD ,WDO HRS 5H HWW –  

0LJOLHWWD 0 0 HUUDL ' /DYLROD 6 DWWDQL ( /HYL]]DQL 9 3RWHQWLDO YRUWLFLW SDWWHUQV LQ
Mediterranean “hurricanes”. HRS 5H HWW  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3UHOLPL DU UHVXOW DERXW HVFULEL D IODVK IORRG
HYH W RYHU WKH RUWK HDVW ,WDO XVL D YHU KL K
UHVROXWLR DWPRVSKHUH RFHD DYH FRXSOHG PRGHO

2YHUYLH

Q H[WUHPHO LQWHQVH SUHFLSLWDWLRQ HYHQW KLW WKH 9HQLFH /DJRRQ DQG WKH QHLJKERULQJ FRDVWDO ]RQH LQ

WKH HDUO KRXUV RI 6HSWHPEHU ZLWK SUHFLSLWDWLRQV H[FHHGLQJ PP UHFRUGHG LQ WKH

9HQHWLDQ PDLQODQG GXULQJ WKH VKRUW SHULRG EHWZHHQ 87 DQG 87 7KLV SKHQRPHQRQ

FODVVLILHG DV D IODVK IORRG ZDV WKH UHVXOW RI D PHVRVFDOH FRQYHFWLYH V VWHP IRUPHG LQ D FRQYHUJHQFH

DUHD EHWZHHQ D QRUWK HDVWHUO ZLQG FRPLQJ IURP WKH OSV DQG D VRXWK HDVWHUO RQH RYHU WKH GULDWLF

EDVLQ (DVWHUQ 0HGLWHUUDQHDQ 6HD ,Q WKLV VWXG WKH IODVK IORRG HYHQW LV GHVFULEHG E PHDQV RI D VHW

RI UXQV XVLQJ WKH PRGHOLQJ VXLWH 2 :67 RXSOHG 2FHDQ WPRVSKHUH :DYH 6HGLPHQW 7UDQVSRUW

V VWHP LQ ZKLFK GLIIHUHQW FRXSOLQJ FRQILJXUDWLRQV DPRQJ RFHDQ 5206 ZDYH 6: 1 DQG

DWPRVSKHUH :5) PRGHOV DOORZHG WR H[SORUH WKH LPSRUWDQFH RI GLIIHUHQW FRPSRQHQWV RI WKH RFHDQ

DWPRVSKHUH V VWHP DQG WKH HIIHFWV RI WKHLU LQWHUDFWLRQV 3UHOLPLQDU UHVXOWV VXJJHVW WKDW WKH XVH RI

KLJK UHVROXWLRQ 6HD 6XUIDFH 7HPSHUDWXUH 667 LV FUXFLDO WR UHDOLVWLFDOO VLPXODWH WKLV W SH RI HYHQWV

DV WKH RYHU XQGHU HVWLPDWLRQ RI WKH 667 LQ WKH EDVLQ DUHD DIIHFWV WKH ZLQGV LQWHQVLW DQG FRQVHTXHQWO

WKH VSDWLDO ORFDOL]DWLRQ RI WKH HYHQW WRJHWKHU ZLWK WKH SUHFLSLWDWLRQ LQWHQVLW ,Q WKH IDFH RI WKH

JHQHUDOO SRRU SHUIRUPDQFH RI VDWHOOLWH GDWD LQ FDSWXULQJ WKHUPDO SDWWHUQV LQ FRDVWDO UHJLRQV D

SURSHUO FDOLEUDWHG RFHDQ PRGHO FDQ SURYLGH D PRUH UHDOLVWLFDO 667 GLVWULEXWLRQ LQ WKHVH V VWHPV

)XUWKHUPRUH D FRXSOHG GHVFULSWLRQ RI DWPRVSKHUH DQG RFHDQ G QDPLFV ZDUUDQWV WKH HQHUJHWLF

FRQVLVWHQF EHWZHHQ WKH WZR V VWHPV DQG PRGLILHV WKH GLVWULEXWLRQ RI KHDW DQG KXPLGLW LQ WKH

3ODQHWDU %RXQGDU /D HU LQ SDUWLFXODU ZKHQ WKH FRXSOLQJ ZLWK WKH ZDYH PRGHO LV DOVR DFWLYDWHG

%HVLGHV VXSSRUWLQJ D GHHSHU LQVLJKW LQ WKH SK VLFDO SURFHVVHV XQGHUO LQJ WKHVH LQWHQVH SKHQRPHQD LQ

WKH FRQVLGHUHG HYHQW WKH XVH RI PRGHO FRXSOLQJ OHG WR DQ XQSUHFHGHQWHG SHUIRUPDQFH LQ UHSURGXFLQJ

UHFRUGHG SUHFLSLWDWLRQ SDWWHUQV DQG LQWHQVLW
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)ODVK )ORRG HYH W GHVFULSWLR

0DQ VWXGLHV LQ WKH UHFHQW HDUV KDYH IRFXVHG RQ WKH 667 UROH DQG HIIHFW LQ FRQYHFWLYH DQG KLJKO

ORFDOL]HG LQWHQVH HYHQWV WKDW RULJLQDWH QHDUE FRDVWDO DUHDV 7KLV VSHFLILF FDVH VWXG GHDOV ZLWK D

“flash flood” event that took place in the Venice lagoon rHJLRQ RQ 6HSWHPEHU EHWZHHQ

DQG 87 V GHVFULEHG E 'DYROLR HW DO WKH ZKROH HYHQW ZDV GXH WR WKH FRQYHUJHQFH

EHWZHHQ GU DQG FROG DLU FRPLQJ IURP WKH OSV ZLWK ZDUPHU DQG PRUH KXPLG DLU WUDYHOLQJ IURP WKH

VRXWK GULDWLF VLURFFR ZLQGV 7KH FODVK RI WKHVH WZR GLIIHUHQW DLU PDVVHV KDSSHQHG WR EH QHDU WKH

FRDVW OLQH VHH )LJXUH DQG DFWLYDWHG DQ LQWHQVH WKXQGHUVWRUP )LJXUH DQG D VWURQJ ZLQG VKHDU

EHWZHHQ WKH VRLO DQG WKH KLJKHU SDUWV RI WKH DWPRVSKHUH 7KH VWRUP DFWLYLW SHUVLVWHG LQ WKH JHQHUDWLRQ

DUHD IRU DERXW KRXUV SUHVHQWLQJ WKH W SLFDO 9 VKDSH DQG DQ HVWLPDWHG WHPSHUDWXUH RI DERXW

DW NP 'DYROLR HW DO 7KLV FDXVHG LQWHQVH SUHFLSLWDWLRQV ORFDOL]HG ZLWKLQ DQ DUHD RI DERXW

NP DQG DFFXPXODWHG UDLQIDOO RI PP 53 9 GDWD LQ WKH FLWLHV RI 0DUJKHUD DQG 0HVWUH

5HPDUNDEO ERWK RSHUDWLRQDO PRGHOV HPSOR HG LQ WKH UHJLRQ DQG WKRVH DYDLODEOH IURP WKH + PH[

FDPSDLJQZHUH QRW EDOH WR UHSURGXFH WKH DFFXPXODWHG UDLQ IDOO WKDW UHVXOWHG IURP WKH HYHQW 7KH WLPLQJ

RI WKH VWRUP DQG WKH SRVLWLRQLQJ RI WKH FHOO ZHUH QRW IRUHFDVWHG DGHTXDWHO HLWKHU 7KHVH ZHUH WKH

PDLQ UHDVRQV WKDW SURPSWHG XV WR LQYHVWLJDWH WKH HIIHFWV WKDW WKH DGRSWLRQ RI GLIIHUHQW 667 ILHOGV LQ

ORZHU KLJKHU DWPRVSKHUH DQG LQ WKH ZKROH DLU FROXPQ LQ QXPHULFDO PRGHOV PD KDYH LQ WHUPV RI

UDLQIDOO KXPLGLW DQG ZLQGV ,Q RUGHU WR GR WKLV ZH XVHG WKH 2 :67 PRGHOLQJ VXLWH LQ GLIIHUHQW

FRQILJXUDWLRQV ,Q WKH ILUVW RQH :5) 57* ZH XVHG WKH:5) PRGHO ZLWKRXW DQ FRXSOLQJ DSSURDFK

IHHGLQJ WKH 667 IURP WKH 12 GDWDEDVH 57*B667 ,W LV D WHPSHUDWXUH ILOHG DYDLODEOH IURP

VDWHOOLWH SDVVDJHV DW NP UHVROXWLRQ XSGDWHG HYHU KRXUV 7KH VHFRQG QXPHULFDO H[SHULPHQW

:5) 5206 ZH LPSOHPHQWHG WKH 667 DW KLJK UHVROXWLRQ NP DV UHVXOWLQJ IURP WKH VSLQ XS RI

5206 RFHDQ PRGHO LQLWLDOL]HG GD V EHIRUH WKH HYHQW 7KLV FDVH DOORZV WR DQDO ]H WKH HIIHFW RI

WKH QHZ 667 VWLOO ZLWKRXW KDYLQJ D FRXSOLQJ DSSURDFK ,Q WKH WKLUG QXPHULFDO VHW XS 2 WKH

DWPRVSKHUH DQG RFHDQ ZHUH PXWXDOO FRXSOHG ZKLOH LQ WKH IRXUWK FDVH ZH DOVR DGGHG WKH PXWXDO

IHHGEDFN ZLWK ZDYHV FDVH 2: VHH )LJXUH 1XPHULFDO UXQV RI :5) KDYH EHHQ SHUIRUPHG RQ D

QHVWHG JULG UDQJLQJ IURP WR WR NP KDYLQJ YHUWLFDO OHYHOV 5206 DQG 6: 1 PRGHOV KDYH

EHHQ UXQ RQ WKHLU VSHFLILF JULG DW NP UHVROXWLRQ DQG FRYHULQJ WKH ZKROH GULDWLF EDVLQ
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3UHOLPL DU UHVXOWV

:H SUHVHQW KHUH SUHOLPLQDU UHVXOWV WKDW DUH VWLOO LQ QHHGV RI IXUWKHU DQDO VLV 1DPHO ZH DUH QRZ

XQGHUJRLQJ D YHULILFDWLRQ YHUVXV UDGDU UHIOHFWLYLW GDWD 'E= DFTXLUHG E WKH UDGDU ORFDWHG LQ 7HROR

NP DZD %HVLGHV WKH WKHUPRG QDPLF FDXVHV WKDW DUH PRVW OLNHO DW WKH EDVLV RI WKH GLIIHUHQFHV

SUHVHQWHG E WKH GLIIHUHQW QXPHULFDO FRQILJXUDWLRQV VWLOO QHHG WR EH SURSHUO DVVHVVHG +DYLQJ WKLV

FDYHDW LQ PLQG ZH FDQ VXUHO VWDWH WKDW WKH 667 YDULDWLRQ )LJXUH DIIHFWV WKH ZLQG ILHOG LQWHQVLW

SDUWLFXODUO RYHU PDULQH UHJLRQV )LJXUH UHD ZKHUH WKH 667 LV H[KLELWLQJ D ODUJHU YDULDELOLW DUH

DOVR FKDUDFWHUL]HG E VWURQJHU ZLQGV V D FRQVHTXHQFH WKH:5) 57* UXQ SURGXFHV D ZHDNHU ZLQGV

ZKHQ FRPSDUHG WR RWKHU UXQV PRQJ WKH FRXSOHG QXPHULFDO PRGHOV WKH 2 JHQHUDWHV D VWURQJHU

ZLQG RQ WKH VHD FRPSDUHG WR 2: DOWKRXJK UHVXOWV LQ WHUPV RI 667 DUH YHU VLPLODU 7KH RULJLQ RI

WKLV GLIIHUHQFH LV GXH WR WKH IDFW WKDW LQ UXQ 2: WKH SUHVHQFH RI ZDYHV LQFUHDVHV WKH VXUIDFH

URXJKQHVV ZKLFK RQ WXUQ OLPLWV WKH ZLQG JURZWK V IDU DV UDLQIDOO UDWHV DUH FRQFHUQHG DOWKRXJK WKH

FRQYHUJHQFH OLQH LV SRVLWLRQHG PRUH RU OHVV LQ D VLPLODU DUHD LQ DOO WKH QXPHULFDO WHVWV )LJXUH

IRUHFDVWHG YDOXHV DUH GLIIHUHQW FWXDOO RQO FRXSOHG QXPHULFDO PRGHOV DUH FDSDEOH RI IRUHFDVWLQJ

WKH WLPLQJ ORFDWLRQ DQG WRWDO DFFXPXODWLRQ RI UDLQ DV FDQ EH GHSLFWHG LQ )LJXUH %HVLGHV RQO

FRXSOHG QXPHULFDO UXQV FDQ UHSURGXFH YHUWLFDOO ERWK WKH GHHS FRQYHFWLRQ SURFHVV WKDW FKDUDFWHUL]H

WKH HYHQW VKRZLQJ KLJK YHUWLFDO YHORFLWLHV HYHQ LQ WKH KLJKHU DWPRVSKHUH DQG WKH UHIOHFWLYLW KLJK

YDOXHV VWUXFWXUHG LQ D VLQJOH FHOO LQ WKH DUHD RI WKH HYHQW +XPLGLW LQ KLJKHU OHYHOV )LJXUH VXJJHVWV

WKDW XQFRXSOHG UXQV PDLQWDLQ D PRLVWXUH GLVWULEXWLRQ DERYH WKH 3%/ FKDUDFWHUL]HG E D GU DLU WRQJXH

WKDW OLPLWV WKH FRQYHFWLRQ 'LIIHUHQWO LQ WKH FRXSOHG UXQV QRW RQO WKH KXPLGLW GLVWULEXWLRQ DERYH

WKH %/ LV HYLGHQW EXW YDOXHV ZLWKLQ WKH 3%/ DV ZHOO DUH ZHOO PDUNHG :H FDQ WKHUHIRUH FRQFOXGH WKDW

FRXSOHG QXPHULFDO PRGHOV FDQ UHSUHVHQW D YDOLG VXSSRUW IRU WKH DFFXUDWH IRUHFDVW RI VXFK H[WUHPH

HYHQWV DW OHDVW LQ SUR[LPLW RI FRDVWDO UHJLRQV 7KH FDQ LQGHHG SURYLGH D PRUH HQHUJHWLFDOO

FRQVLVWHQW V VWHP FDSDEOH RI WUDQVIHUULQJ PRUH KHDW DQG PRLVWXUH LQ WKH ORZHU DQG PHGLXP

DWPRVSKHUH +RZHYHU IXUWKHU DQDO VLV DUH UHTXLUHG WR FRQILUP WKH ILQGLQJV KHUH GLVFXVVHG



� ϭϮϭ�

)L XUH 6DWHOOLWH LPDJH WKDW VKRZ WKH 9 VKDSH RI WKXQGHUVWRUP GHYHORSHG RYHU 9HQLFH /DJRRQ



� ϭϮϮ�

)L XUH 6 QRSWLF DQDO VLV DW KSD DQG VHD OHYHO SUHVVXUH IURP DW 87 WR DW 87
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)L XUH 2 :67 FRQILJXUDWLRQ XVHG IRU WKH GLIIHUHQW UXQV
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)L XUH 6HD 6XUIDFH 7HPSHUDWXUH DW WKH WLPH RI )ODVK )ORRG IRUPDWLRQ



� ϭϮϱ�

)L XUD :LQG VSHHG GLIIHUHQFH EHWZHHQ WKH four different runs (RTG minus “others”) LQ WKH DUHD QHDU WKH 9HQLFH

/DJRRQ DW WKH WLPH RI )ODVK IORRG IRUPDWLRQ DQG LQ WKH ORZHU ULJKW VLGH WKH ZLQG GDWD WDNHQ IURP 53 9 ZHDWKHU

VWDWLRQ QHWZRUN 'DYROLR HW DO

�

1

1
2

1
2

1
2



� ϭϮϲ�

)L XUH 5DLQIDOO DFFXPXODWHG LQ IURP 87 WR 87 RYHU 9HQLFH /DJRRQ DQG LQ XSSHU VLGH SDQHO 53 9 UDLQIDOO

GDWD 'DYROLR HW DO

�

1 1 2

1 2 1 2

�
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)L XUH URVV 6HFWLRQ RI PD[LPXP 5DGDU 5HIOHFWLYLW DQG YHUWLFDO YHORFLW EODFN FRQWRXU



� ϭϮϴ�

)L XUH URVV 6HFWLRQ RI YHUWLFDO KXPLGLW DQG WHPSHUDWXUH EODFN FRQWRXU
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�)L DO UHPDUNV

H HUDO R FOXVLR

,Q WKLV GLVVHUWDWLRQ ZRUN ZHUH SURSRVHG WKH UHVXOWV RI VLPXODWLRQV RI WKUHH GLIIHUHQW H[WUHPH HYHQWV

RQ WKH 0HGLWHUUDQHDQ EDVLQ 7KH HYHQWV VWXGLHG ZHUH VHOHFWHG IRU ERWK WKHLU LQWHQVLW DQG GXUDWLRQ

DQG WKH LPSDFW WKH KDG RU FRXOG SRWHQWLDOO KDYH RQ WKH SRSXODWLRQ 7R EHWWHU XQGHUVWDQG WKH HIIHFWV

RI RFHDQ DWPRVSKHUH LQWHUDFWLRQV WKH 2 :67 FRXSOHG QXPHULF PRGHO KDV EHHQ XVHG ZKLFK DOORZV

WR SHUIRUP DQ DWPRVSKHULF PRGHO :5) DQ RFHDQPRGHO 5206 DQG DZDYH VZLUO PRGHO 6: 1

7KH DUH XVHG LQ 8QFRXSOHG DQG RXSOHG PRGH ZLWK D ZLGH UDQJH RI DSSOLFDWLRQV DQG

LQWHUPHGLDWH FRQILJXUDWLRQV 7KH XVH RI WKH 2 :67 PRGHOLQJ V VWHP VWDUWLQJ IURP WKH VLPSOHVW

LPSOHPHQWDWLRQ RI WKH 667 XVLQJ RQO WKH DWPRVSKHULF PRGHO ZLWK WKH DLG RI 667 ILHOGV WHOH GHWHFWHG

E VDWHOOLWH 7KLV DSSOLFDWLRQ LV FRPSDUDEOH WR WKH XVH WKDW LV GRQH LQ UHVHDUFK FHQWHUV DQG ZHDWKHU

DQDO VLV 7KLV FRQILJXUDWLRQ LV RIWHQ FKRVHQ IRU WHFKQLFDO UHDVRQV DV WKH VDWHOOLWH 667 LV HDVLHU WR ILQG

7KLV FRQILJXUDWLRQ LV OHVV EXUGHQVRPH LQ WHUPV RI ZRUN DQG FDOFXODWLRQ WLPHV RX FRXOG RSW IRU

PRGHOLQJ GDWD EXW WKHVH GDWD DUH GLIILFXOW WR ILQG HYDOXDWH DQG RIWHQ GR QRW KDYH D VSDWLDO H[WHQVLRQ

WR HQVXUH FRYHUDJH RI WKH HQWLUH FRPSXWLQJ GRPDLQ RI WKH DWPRVSKHULF PRGHO IWHU SHUIRUPLQJ WKH

XQFRXSOHG VLPXODWLRQV ZH UDQ WKH FRXSOHG VLPXODWLRQ ZLWK DWPRVSKHUH RFHDQ ZDYH LQWHUDFWLRQ

6LQFH WKH OLQN EHWZHHQ WKH RFHDQ DQG WKH DWPRVSKHUH LV WKH DLU LQWHUIDFH DQG WKDW WKLV LQWHUIDFH LV QRW

"flat" and “constant” (in space and time), but has a very variable distribution due to wave evolution, 

LW LV D ORW RI DWWHQWLRQ KDV EHHQ SDLG WR WKH VWXG RI WKH VHQVLWLYLW RI WKH SDUDPHWUL]DWLRQV WKDW VWXG

WKLV LQWHUIDFH DQG KRZ LW PRGHUDWHV WKH HQHUJ IOX[HV EHWZHHQ WKHVH WZR HQYLURQPHQWV WKURXJK LWV

VXUIDFH URXJKQHVV WKH UHVXOW RI WKH ZDYH PRWLRQ 7KH UHVXOWV SUHVHQWHG LQ WKH SUHYLRXV FKDSWHUV ZLOO

EH UHSOLFDWHG EHORZ DOVR UDLVLQJ VRPH FRQFHUQV DERXW WKH XVH RI FRXSOHG PRGHOV DQG RWKHU WHFKQLFDO

LVVXHV
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� 2

V VKRZQ LQ KDSWHU RI WKLV WKHVLV ZRUN WKH GHVFULSWLRQ RI WKH 667 ILHOG LV FUXFLDO LQ 2 HYHQWV

RQ WKH 0HGLWHUUDQHDQ EDVLQ WKRXJK IRFXV KDV EHHQ RQ WKH 1RUWKHUQ GULDWLF WR XQGHUVWDQG DLU VHD

LQWHUDFWLRQV ,Q WKLV ZRUN WZR IXQGDPHQWDO FRQVLGHUDWLRQV FDQ DOVR EH GUDZQ IRU IXWXUH VWXGLHV DQG

UHYLHZV

•� 7KH XVH RI 667V RI VDWHOOLWH RULJLQ LV DIIHFWHG E FRQVLGHUDEOH ELDV DQG LQ WKH RUGHU RI

LQ GLIIHUHQW DUHDV RI WKH EDVLQ 7KH GLIIHUHQFH EHWZHHQ VDWHOOLWH GDWD DQG PHDVXUHG GDWD LQ VLWX

LV FDXVHG E WKH REVHUYDWLRQ KROHV WKDW DUH KLJKOLJKWHG LQ VDWHOOLWH GDWD SDUWLFXODUO GXH WR

WKH FORXGLQHVV SUHVHQW GXULQJ WKHVH HYHQWV 7KH 667 GDWD DUH WKH UHVXOW RI WKH LQWHUSRODWLRQ RI

WKH GDWD DFTXLUHG LQ WKH SUHYLRXV GD V 7KLV WHFKQLTXH LV XVHG WR UHGXFH WKH DPSOLWXGH RI

WKH REVHUYDWLRQ KROHV 7KH SUREOHP RI WKLV DSSURDFK LV WKDW WKH 667 IURP GD V XVHG IRU

WKH ILQDO 667 GDWD FDQ FKDQJH D ORW HVSHFLDOO GXULQJ VXFK LQWHQVH FRROLQJ HYHQWV DQG RQ

VHPL FORVHG EDVLQV VXFK DV WKH GULDWLF 6HD EDVLQ EXW DOVR LQ PDQ FRDVWDO DUHDV LQ WKH

0HGLWHUUDQHDQ 8VLQJ D 667 ILHOG ZLWK UHOHYDQW ELDV LV GLIILFXOW WR LPSURYH WKH UHVXOWV RI

"UnCoupled" simulations, that’s why the SST data arH ZURQJ OWKRXJK LQ WKH KLQGFDVW

VLPXODWLRQV WKH 667 LV XSGDWHG HYHU KRXUV WKLV VLPXODWLRQ LV DIIHFWHG E WKH TXLFN FRROLQJ

HIIHFW RI SUHYLRXV GD V ,QGHHG ZH FRXOG VD WKDW WKH LPSRUWDQFH DQG YDOLGLW RI WKH XVH RI

667 VDWHOOLWH GDWD LV VWURQJO OLPLWHG E WKH WHPSRUDO YDULDELOLW RI DWPRVSKHULF G QDPLFV

'XULQJ FRROLQJ HYHQWV EXW DOVR SUHVXPDEO GXULQJ WKH KHDW ZDYHV LW LV HVVHQWLDO WR XVH

IUHTXHQWO XSGDWHG GDWD WKDW DUH QRW WKH VXP RI LQWHUSRODWLRQ RI SUHYLRXV GD V ZKLFK OLPLWV

WKH YDULDELOLW RI WKH 667 ,Q WKLV FDVH LW LV FUXFLDO WR XVH WKH 667 SURGXFHG E QXPHULFDO

PRGHOV

•� 7KH XVH RI FRXSOHG PRGHOV SURYLGHV PXFK EHWWHU UHVXOWV WKDQ 8QFRXSOHG VLPXODWLRQV LQ

VWDWLVWLFDO WHUPV LQ WKH DQDO ]HG VWDWLRQV 7KH VWDWLRQV DUH SUHGRPLQDQWO RQ WKH FRDVW DQG

this is a determining factor for an objective analysis of the results. Satellite SST data don’t 

VROYH WKH FRDVWDO YDULDELOLW LQ GHWDLO GXH WR WKH VFDWWHULQJ HIIHFWV SURGXFHG E WKH KLJK

FRQFHQWUDWLRQV RI GLVVROYHG VHGLPHQWV WKH SUHVHQFH RI FORXGV DQG WKH UDSLG YDULDWLRQ RI

WHPSHUDWXUH LQ FRDVWDO IURQWV PDLQO EHFDXVH RI WKH ORZ UHVROXWLRQ DQG LQWHUSRODWLRQ XVHG )RU

WKHVH UHDVRQV FRXSOHG QXPHULFDO PRGHOV VHHP WR EH WKH PXFK EHWWHU VROXWLRQ DOVR UHJDUGLQJ

WKH DSSOLFDELOLW WR VHYHUDO PDULQH DUHDV VLPXOWDQHRXVO FRDVWDO DV RIIVKRUH ,Q SDUWLFXODU WKH

LPSURYHPHQWV LQ WHUPV RI KHDW IOX[HV DQG ZLQG LQWHQVLW LQ WKH FRXSOHG DWPRVSKHUH RFHDQ

ZDYH UXQV VXJJHVW WKDW WKH SUHVHQFH RI WKH ZDYH DOORZ D EHWWHU GHVFULSWLRQ RI WKH YDULDEOH

WKDQNV WR WKH PRUH GHWDLOHG GHVFULSWLRQ RI WKH VXUIDFH URXJKQHVV
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•� 7KHUH DUH VRPH RSHQ TXHVWLRQV DERXW UXQQLQJ VLPXODWLRQ 'XULQJ WKLV HYHQW WKH PRVW

VLJQLILFDQW DWPRVSKHULF SKHQRPHQRQ LQ DGGLWLRQ WR UHFRUG WHPSHUDWXUHV LQ 7XULQ ZDV

WKH VQRZIDOO DORQJ WKH GULDWLF FRDVW DQG WKH 3DGDQD SODLQ 7KH GULDWLF /DNH (IIHFW LV D

SKHQRPHQRQ TXLWH VLPLODU WR WKH /DNH (IIHFW ZKLFK FDQ EH VHHQ IRU H[DPSOH RQ WKH *UHDW

/DNHV RI PHULFD DQG ZKLFK FDXVHV VXGGHQ VQRZ RYHU WKH DUHD H[SRVHG WR WKH ZLQG FRPLQJ

IURP WKH ODNH 7KH SKHQRPHQRQ LV GULYHQ E KHDW IOX[HV 9HU FROG GU DLU PRYHV RQ PLOG

ZDWHUV H[WUDFWLQJ D JUHDW DPRXQW RI KHDW DQG ZDWHU YDSRU DQG WKH ZLOO EHFRPH VQRZ ZKHQ

WKH DLU PDVVHV UHDFK WKH ODQG 7KH VDPH SKHQRPHQRQ RFFXUUHG LQ WKH 2 LQ EXW LQ WKLV

ZRUN LW ZDV QRW SRVVLEOH WR VWXG WKH HIIHFW GXH WR WKH VFDUFLW RI DYDLODEOH VQRZ GDWD DQG WKH

ORZ UHOLDELOLW RI WKH GDWD IHZ GDWD REWDLQHG ,Q WKH IXWXUH LW ZRXOG EH LQWHUHVWLQJ VWXG WKLV

SKHQRPHQRQ ZLWK SDUWLFXODU DWWHQWLRQ KDYLQJ D EHWWHU PRGHOLQJ IHHGEDFN IURP RSHUDWLRQDO

IRUHFDVWLQJ PRGHOV WR XQGHUVWDQG FRDVWDO G QDPLFV DV DIIHFWLQJ WKH FOLPDWH RI WKH 3R 9DOOH
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� H VH :DWHU )RUPDWLR

7KH UHVXOWV REWDLQHG IURP WKH WKUHH VLPXODWLRQV EDVHG RQ WKH 2 HYHQW E DQDO ]LQJ ':)

ZLWK WKH VLPXODWLRQ WKDW XVHG WKH 5206 PRGHO LQ XQFRXSOHG PRGH DWPRVSKHUH RFHDQ DQG WKH

DWPRVSKHUH RFHDQ ZDYH FRXSOLQJ VKRZ VXEVWDQWLDO GLIIHUHQFHV LQ WHUPV RI ':) DQG NLQHWLF HQHUJ

LQ WKH 1RUWKHUQ GULDWLF EDVLQ 7KH FRXSOHG UXQ VKRZ LPSURYHPHQWV LQ WKH VLPXODWLRQ RI KHDW IOX[HV

LQ WKH DQDO ]HG VWDWLRQV ZLWK ORZHU YDOXHV ZKHQ FRPSDUHG ZLWK WKH XQFRXSOHG UXQ ZKLFK IRUFHG

E DQ RYHUHVWLPDWHG VDWHOOLWH 667 WKDW SURGXFH PRUH LQWHQVH KHDW IOX[HV 7KLV G QDPLF LV SUHVXPDEO

H[WHQGHG WR WKH ZKROH EDVLQ LQ IDFW WKH DYHUDJH KHDW IOX[HV IROORZ WKH VDPH WUHQG .LQHWLF HQHUJ

YDOXHV IROORZ WKH VDPH WUHQG WRR HVSHFLDOO LQ WKH FRXSOHG DWPRVSKHUH RFHDQ ZDYH ZKHUH PL[LQJ

JHQHUDWHG E LQWHUDFWLRQ ZLWK ZDYH PRWLRQ LQFUHDVHV HQHUJ LQSXW YHUVXV UXQ FRXSOHG RQO EHWZHHQ

RFHDQ DWPRVSKHUH %HQHWD]]R HW DO %HQHWD]]R HW DO 7KHVH G QDPLFV RI KHDW H[WUDFWLRQ

DQG PL[LQJ DUH UHIOHFWHG LQ WKH SURGXFWLRQ RI GHQVH ZDWHU ,I RX FRPSDUH WKH WKLUG UXQ ZKLFK RWKHU

UXQV RX ZLOO OHDYH D JUHDWHU GHQVLW DQG YROXPH DV UHVXOW RI ':) 7KHVH UHVXOWV VXJJHVW WKDW

•� 7KH FRXSOHG PRGHOV VLPXODWH PRUH UHDOLVWLFDOO DQG FRQVLVWHQWO WKH IOX[HV DW VHD DLU LQWHUIDFH

DQG WKLV VLJQLILFDQWO DIIHFWV WKH ':) 7KLV VXJJHVWV WKDW D ZURQJ 667 LQ WKH DWPRVSKHULF

PRGHO OHDGV WR D ZURQJ TXDQWLWDWLYH HYDOXDWLRQ RI WKH ': PDVVHV WKDW IRUP LQ WKH 1RUWK

GULDWLF

•� 7KH HIIHFW RI PL[LQJ SURGXFHG E ZDYH DFWLRQ KDV D VLJQLILFDQW LPSDFW RQ PL[LQJ WKH ZDWHU

PDVV LQ WKH EDVLQ DQG WKHUHIRUH LQ ': SURGXFWLRQ VXJJHVW WKH QHHG WR XVH WKH FRXSOLQJ ZLWK

ZDYH PRGHOV

•� FFRUGLQJ WR FOLPDWH FKDQJH WKH ':) DUH PRUH LPSRUWDQW IRU WKH FLUFXODWLRQ DW WKH EDVLQ

VFDOH DQG IRU WKH GHHS YHQWLODWLRQ RI WKH HDVWHUQ 0HGLWHUUDQHDQ EDVLQ 7KH XVH RI FRXSOHG

models suggests a more consistent solution to reality and could suggest dynamics you can’t 

VHH WRGD DERXW GHHS FLUFXODWLRQ
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� 7URSLFDO LNH FOR HV

,Q UHFHQW HDUV PDQ VWXGLHV WKH KDYH IRFXVHG RQ WKH HIIHFW RI 667 RQ JHQHUDWLQJ DQG PDLQWDLQLQJ

7/ 6RPH ZRUN VKRZV XV D PRUH UHDOLVWLF 667 DOORZV DWPRVSKHULF PRGHOV WR DFKLHYH EHWWHU UHVXOWV

LQ WHUPV RI WUDMHFWRU DQG LQWHQVLW RI F FORQH ,Q WKLV ZRUN ZH KDYH IRFXVHG IXUWKHU WU LQJ WR GHILQH

WKH LPSRUWDQFH RI VHYHUDO PRGHOLQJ IDFWRUV VXFK DV LQLWLDOL]DWLRQ 3%/ VFKHPH 667 TXDOLW DQG RQ

WKH XVH RI FRXSOHG PRGHOV ZLWK GLIIHUHQW FRPSXWDWLRQ VFKHPHV RI VXUIDFH URXJKQHVV WKHVH VWXGLHV

KDYH VKRZQ WKDW

•� 7KH FRUUHFW FKRLFH RI LQLWLDWLRQ LV FUXFLDO DQG ZH REVHUYHG WKDW VKRXOG QRW EH WRR IDU IURP WKH

IRUPDWLRQ RI WKH SKHQRPHQRQ EHFDXVH WKLV GRHV QRW JXDUDQWHH WKDW RX KDYH HQRXJK GDWD WR

EH DEOH WR FDOFXODWH WKH H[DFW JHQHVLV RI 7/ %XW LQLWLDO FRQGLWLRQV WKDW DUH WRR FORVH WR WKH

HYHQW FDQ JLYH RX EDG UHVXOWV ,Q WKLV FDVH EHFDXVH HYHQ XVLQJ D YHU UHDOLVWLF 667 WKH

DWPRVSKHULF PRGHO QHHGV D VSLQ XS WLPH LQ ZKLFK WKH DWPRVSKHULF ILHOGV VHWWOH GRZQ RQ WKH

JULG XVHG ,Q WKLV VSLQ XS SKDVH XVXDOO KRXUV WKH PRGHO SURYLGH WR GLVVLSDWH WKH

QXPHULF QRLVH JHQHUDWHG E WKH LQWHUSRODWLRQ RI WKUHH GLPHQVLRQDO ILHOGV DQG WKH UHVXOW GLYHUJH

UDSLGO HOLPLQDWLQJ WKH SRVLWLYH LPSDFW RI KLJK UHVROXWLRQ 667 VLQFH WKH DWPRVSKHUH GRHV QRW

KDYH WLPH WR VHWWOH GRZQ DQG EHFRPH FRQVLVWHQW ZLWK WKLV QHZ ERXQGDU FRQGLWLRQ

•� 8VLQJ GLIIHUHQW FDOFXODWLRQ VFKHPHV IRU 3%/ GRHV QRW SURGXFH DOZD V YHU GLIIHUHQW UHVXOWV

EHWZHHQ UXQV WKLV KDSSHQV EHFDXVH 7/ HYROYHV YHU IDVW DQG LW GHYHORSV DOPRVW HQWLUHO

RYHU WKH VHD 8QGHU WKHVH FRQGLWLRQV VLPLODU 3%/ VFKHPHV GR QRW VLJQLILFDQWO DOWHU WKH

WUDQVIHU RI HQHUJ IURP WKH VHD WR DWPRVSKHUH DQG WKLV LV UHIOHFWHG LQ WKH FRQYHFWLYH

SKHQRPHQD WKDW DUH WKH IXHO RI WKH 7/ 7KHUHIRUH LW ZRXOG KDYH DQ HIIHFW RQO LQ ORQJHU

VLPXODWLRQV DQG QRW IRU D IHZ WHQV RI KRXUV
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•� 7KH FRXSOHG UXQ VHHPV WR VLPXODWH VOLJKWO EHWWHU WKH FKDUDFWHULVWLFV RI WKH 7/ ,Q WKLV

DSSOLFDWLRQ WKH GLIIHUHQFHV DUH QRW ODUJHU FRPSDUHG WR WKH XVH RI GHFRXSOHG VLPXODWLRQV EXW

ZLWK KLJK UHVROXWLRQ 667 %XW LQ WKH FDVH RI FRXSOHG PRGHOV ZH KDYH D JUHDWHU FRQVLVWHQF

EHWZHHQ WKH DWPRVSKHULF DQG RFHDQLF ILHOGV )RU D PRUH FRPSOHWH YLHZ RI WKH UHVXOWV RWKHU

7/ SDUDPHWHUV VXFK DV UDLQIDOO DQG YHUWLFDO F FORQH VWUXFWXUH ZLOO EH DQDO ]HG LQ WKH IXWXUH

•� No configuration changes the “timing” evolution of the SKHQRPHQRQ 6R QR SK VLFDO

SDUDPHWUL]DWLRQ RU FRXSOLQJ DIIHFWV WKH WLPLQJ EHFDXVH WKLV ILHOG LV GULYHQ PRUH E ODUJH VFDOH

G QDPLFV LQ FRPSDULVRQ WR ORFDO VFDOH SKHQRPHQD

•� 7KH XVH RI GLIIHUHQW URXJKQHVV VFKHPHV SURGXFH VOLJKWO GLIIHUHQW UHVXOWV EHWZHHQ VLPXODWLRQV

EXW QRQH UHOHYDQW EHWWHU WKDQ RWKHUV +RZHYHU LV EHWWHU XVH FRPSXWDWLRQDO VFKHPHV WKDW XVH

DJH RI WKH ZDYH ZLWK UHVSHFW WR VFKHPH WKDW DUH EDVHG RQ WKH VWHHSQHVV RI WKH ZDYH

EHFDXVH WKH JHRPHWU RI ZDYH ILHOG LQ WKHVH SKHQRPHQD LV H[WUHPHO GLIIHUHQW LI ZH DUH LV

ORFDWHG QHDU WKH PLQLPXP RU LQ WKH VXUURXQGLQJ DUHDV ZKHUH F FORQH KDV DOUHDG SDVVHG GXH

WR WKH VWURQJ VSDWLDO YDULDELOLW RI ZDYH ILHOG LQ VXFK LQWHQVH DQG FLUFXPVFULEHG

•� 6LJQLILFDQW UHVXOWV ZHUH REWDLQHG E VWXG LQJ WKH HYROXWLRQ RI 667 DW WKH WUDQVLW RI WKH F FORQH

7KH FRXSOHG UXQV HYHQ LQ WKLV FDVH SURYLGH EHWWHU UHVXOWV LQ WHUPV RI WKH HYROXWLRQ RI WKH 667

LQ WKH DQDO ]HG VWDWLRQV VKRZLQJ KRZ WKH HIIHFW RI PL[LQJ FDXVHG E ZDYH H[WUDFWV KHDW

IURP WKH PL[HG /D HU ,W LV VWLOO XQFOHDU KRZ PXFK KHDW LV DFWXDOO H[WUDFWHG LQ IDYRU RI WKH

DWPRVSKHUH DQG KRZ LW LV GHHSO PL[HG LQFUHDVLQJ WKH WKLFNQHVV RI WKH PL[HG OD HU
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,Q FRQFOXVLRQ WKH XVH RI FRXSOHG PRGHOV SURYLGHV PRUH FRQVLVWHQW UHVXOWV WKDQ XQFRXSOHG VLPXODWLRQV

OWKRXJK WKH DUH PRUH FRPSOH[ WR LPSOHPHQW WKH SURYLGH LQIRUPDWLRQ RQ ERWK WKH DWPRVSKHUH DQG

WKH RFHDQLF G QDPLFV PDNLQJ WKH DQDO VLV DQG SUHGLFWLRQ RI H[WUHPH SKHQRPHQD PRUH FRPSOHWH

RIWHQ UHVXOWLQJ LW WKH RQO VROXWLRQ IRU D UHDOLVWLF VLPXODWLRQ RI WKH SKHQRPHQD PHQWLRQHG DERYH 7KH

FDQ DOVR SOD D FUXFLDO UROH LQ WKH FOLPDWLF ILHOG QRW RQO IRU WKH EHVW UHVXOWV REWDLQHG E VLPXODWLQJ

WKH H[WUHPH HYHQWV RI WKLV ZRUN EXW DOVR EHFDXVH WKH DUH DEOH WR SURYLGH LQIRUPDWLRQ DERXW WKH

DPRXQW RI KHDW DFWXDOO EHLQJ WUDQVIHUUHG IURP WKH VHD WR WKH DWPRVSKHUH DQG DV LW LV VWRUHG LQ WKH

RFHDQ DQG HVSHFLDOO LQ WKH PL[HG OD HU :KLFK DV ZH VDLG DW WKH EHJLQQLQJ RI WKLV PDQXVFULSW VHHPV

WR KDYH DEVRUEHG RI WKH H[FHVV KHDW SURGXFHG E WKH DQWKURSRJHQLF JUHHQKRXVH HIIHFW IURP

WR WRGD 2EYLRXVO LW LV QHFHVVDU WR VWXG RWKHU QXPHURXV HYHQWV OVR LV HVVHQWLDO WR GHHSHQ WKH

VWXG RI VHQVLWLYLW WR QHZ FDOFXODWLRQ VFKHPHV ZLWK WKH DLP RI LPSOHPHQWLQJ RWKHU VFKHPHV IRU

VXUIDFH URXJKQHVV DQG IRU FDOFXODWH HQHUJ IOX[HV DW DLU VHD LQWHUIDFH WKDW KDYH D ODUJH UDQJH RI

DSSOLFDWLRQ
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FN R OHG HPH WV

7KLV WKHVLV KDV EHHQ PDGH SRVVLEOH WKDQNV WR WKH KHOSIXO FRQWULEXWLRQV RI PDQ SHRSOH 0 GHHS

JUDWLWXGH JRHV WR P VXSHUYLVRU SURI QLHOOR 5XVVR DQG P FRWXWRU DQG VXSHUYLVRU LQ 15 ,60 5

3K' 6DQGUR DUQLHO IRU KDYLQJ LQWURGXFHG PH LQWR WKH 1XPHULFDO (QYLURQPHQWDO VWXGLHV DQG 2FHDQ

VFLHQFH DQG VXSSRUWHG PH ZLWK KLV NQRZOHGJH DQG KLV SDWLHQW DVVLVWDQFH WKURXJKRXW DOO WKH HDUV VSHQW

WRJHWKHU , ZRXOG DOVR WKDQN 3KG 'DYLGH %RQDOGR IRU WKH IUHTXHQW DQG IUXLWIXO GLVFXVVLRQV SURYLGHG

D JUHDW LPSURYHPHQW LQ WKH TXDOLW RI P ZRUN DQG RI P VFLHQWLILF JURZWK 2WKHU WKDQNV JR WR OYLVH

%HQHWD]]R )UDQFHVFR %DUEDULRO 0DXUR 6FODYR DQG )UDQFHVFR )DOFLHUL DQG QGUHD %HUJDPDVFR IRU

WKH FRQWLQXRXV VFLHQWLILF DQG QXPHULFDO VXSSRUW DQG IRU WKH FRQWLQXRXV HQHUJLHV DQG SDVVLRQ WKH KDYH

VKRZQ LQ VXSSRUWLQJ PH
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,67 2) ), 85(
,1752 8 7,21

)L XUH %DWLPHWU WRSRJUDSK DQG RFHDQ FLUFXODWLRQ LQ WKH 0HGLWHUUDQHDQ EDVLQ

)L XUH 2 HYHQWV LQ WKH OHIW SDQHO DUH VKRZHG WKH WODQWLF 2 LQ WKH ULJKW SDQHO DUH VKRZHG WKH FRQWLQHQWDO
2 DQG WKH 9RHMNRY DQWLFLFORQLF EULGJH

)L XUH 9DULDWLRQ RI YRUWLFLW GXULQJ WKH RYHUFRPLQJ DQ RURJUDSKLF EDUULHU E DQ DLU PDVV

)L XUH 'HQVH ZDWHU IRUPDWLRQ ':) LQ WKH 0HGLWHUUDQHDQ VHD

)L XUH 3LFWRJUDSKLF UHSUHVHQWDWLRQ RI IHHGEDFN EHWZHHQ DWPRVSKHUH DQG RFHDQ

)L XUH DSDFLW DQG VWUXFWXUH RI 2 :67 QXPHULFDO PRGHO

)L XUH RXSOHG DQG 8QFRXSOHG QXPHULFDO DSSURDFK XVDEOH LQ 2 :67 DQG XVHG LQ WKLV WKHVLV ZRUN

21 7 ( 86( 2) 283 ( 2 ( 1 70263 (5( : 9( 02 ( 85,1 1 ( 75(0(
2 ,5 287 5( . 29(5 7 ( 5, 7, 6(

7DEOH

List of model runs: the SST field used in different runs and the way it has been updated are also shown. In all “stand
alone” simulations no data is exchanged between the various models. In the AO case, the WRF model passes wind 
FRPSRQHQWV DLU SUHVVXUH KXPLGLW WHPSHUDWXUH FORXG FRYHU UDLQ HYDSRUDWLRQ KHDW IOX[HV VRODU UDGLDWLRQ WR 5206
ZKLOH 5206 SURYLGHV 667 WR:5) ,Q WKH 2: FDVH WKH:5) H[FKDQJHV WKH VDPH YDULDEOH DV LQ WKH 2 FDVH WR 5206
DQG SDVVHV WKH P ZLQG ILHOG WR 6: 1 ZKLOH 6: 1 H[FKDQJHV SHDN ZDYHOHQJWK SHDN VLJQLILFDWLYH ZDYH KHLJKW DQG
SHDN ZDYH SHULRG ZLWK :5) DQG 5206

7DEOH

6WDWLVWLFDO UHVXOWV IRU 667 LQ DOO H[SHULPHQWV 7KH ELDV LQ 667 VLPXODWHG PLQXV REVHUYHG YDOXHV DW WKH VWDUWLQJ WLPH
OHIW FROXPQ DW WKH SHDN RI WKH FROG DLU RXWEUHDN )HE 87 PLG GOH FROXPQ DQG WKH DYHUDJH ELDV RYHU WKH
ZKROH VLPXODWLRQ GXUDWLRQ ULJKW FROXPQ LQ WKH YDULRXV UXQV DUH VKRZQ IRU WKH PHDVXUHPHQW VWDWLRQV %3 1

)L /HIW 'RPDLQV IRU :5) PRGHO H[WHUQDO ER[ DQG 5206 6: 1 PRGHOV EOXH ER[ ULJKW ORFDWLRQ RI VWDWLRQV
FRQVLGHUHG LQ QRUWKHUQ GULDWLF

)L )LHOGV RI VHD OHYHO SUHVVXUH DQG JHRSRWHQWLDO KHLJKW DW K3D OHIW DQG WKH WHPSHUDWXUH DW K3D ULJKW
DQG % LQLWLDO SKDVH RI WKH HYHQW -DQXDU DQG ' LQWHQVLILFDWLRQ RI WKH KLJK SUHVVXUH DQG DUULYDO RI WKH
FROG DLU RQ WKH FHQWUDO 0HGLWHUUDQHDQ UHJLRQ )HEUXDU ( DQG ) 2 DW LWV PD[LPXP LQWHQVLW RYHU WKH
GULDWLF EDVLQ )HEUXDU * DQG + QHZ LQWHQVLILFDWLRQ RI 2 RYHU ,WDO DQG ZHDNHQLQJ RI WKH DQWLF FORQH

RYHU (XURSH )HEUXDU VRXUFH ZZZ ZHWWHU]HQWUDOH GH *)6 )1/ GDWDVHW

)L K3D JHRSRWHQWLDO KHLJKW JSP DQG PHDQ VHD OHYHO SUHVVXUH DW 87 )HEUXDU EDVHG RQ
*)6 )1/ 5HDQDO VLV GHJUHHV VRXUFH ZZZ ZHWWHU]HQWUDOH GH

)L P ZLQG VSHHG P V− DQG P WHPSHUDWXUH UHFRUGHG DW %3 DQG QFRQD VWDWLRQV

)L 6HD VXUIDFH WHPSHUDWXUH DW WKH SHDN RI 2 DW 87 )HEUXDU 3DQHOV UHSUHVHQW UHVSHFWLYHO UXQV
*)6 67 % 20/ ' 1 ' 2 ( DQG 2: ) VHH 7DEOH

http://www.wetterzentrale.de/
http://www.wetterzentrale.de/
http://www.wetterzentrale.de/
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)L P ZLQG VSHHG P V− DQG GLUHFWLRQ DW WKH SHDN RI 2 DW 87 )HEUXDU 3DQHOV UHSUHVHQW
UHVSHFWLYHO UXQV *)6 67 % 20/ ' 1 ' 2 ( DQG 2: ) VHH 7DEOH

)L P ZLQG VSHHG WLPH VHULHV DW %3 WZR XSSHU SDQHOV DQG WZR ORZHU SDQHOV 5XQ ODEHOV DUH VKRZQ LQ 7DEOH

)L 7ZR PHWHU DLU WHPSHUDWXUH DW WKH SHDN RI 2 DW 87 )HEUXDU 3DQHOV UHSUHVHQW UHVSHFWLYHO
UXQV *)6 67 % 20/ ' 1 ' 2 ( DQG 2: ) VHH 7DEOH

)L P DLU WHPSHUDWXUH WLPH VHULHV DW %3 XSSHU WZR SDQHOV FHQWUDO WZR SDQHOV DQG QFRQD ORZHU WZR
SDQHOV VWDWLRQV 5XQ ODEHOV DUH VKRZQ LQ 7DEOH

)L 7XUEXOHQW KHDW IOX[HV : P DW WKH SHDN RI 2 DW 87 )HEUXDU 3DQHOV UHSUHVHQW UHVSHFWLYHO
UXQV *)6 67 % 20/ ' 1 ' 2 ( DQG 2: ) VHH 7DEOH

)L 7XUEXOHQW KHDW IOX[HV WLPH VHULHV DW %3 XSSHU WZR SDQHOV FHQWUDO WZR SDQHOV DQG QFRQD ORZHU WZR
SDQHOV VWDWLRQV 5XQ ODEHOV DUH VKRZQ LQ 7DEOH

)L 7D ORU GLDJUDP UHODWLYH WR 7+) 7KH FRORUV DQG LQLWLDO OHWWHU UHIHU WR WKH GLIIHUHQW PRGHO VLPXODWLRQV VHH 7DEOH
7KH ODVW WZR OHWWHUV UHIHU WR WKH VWDWLRQ  FTXD OWD 3ODWIRUP %3  3DORPD EXR 1  QFRQD

6 5 7 ,1 (1( 7 7 ( 685) ( : , ( 283 ,1 70263 (5( 2 ( 1 1
: 9(6 1 6,6 2 (16( : 7(5 )250 7,21

7DEOH

0RGHO SHUIRUPDQFHV FRPSDUHG ZLWK REVHUYDWLRQV IRU GLIIHUHQW LPSOHPHQWDWLRQV LQ WKH SHULRG -DQXDU
–)HEUXDU 70 UHSUHVHQWV 5206 IRUFHG E :5) 2 WZR ZD FRXSOHG 5206 DQG :5) 2:

IXOO WZR ZD FRXSOLQJ 5206 6: 1 DQG :5) RUUHODWLRQ FRHffiFLHQWV DUH H[SUHVVHG LQ
GLPHQVLRQOHVV XQLWV

)L *HRJUDSKLFDO VHWWLQJ RI WKH VWXG HIW SDQHO :5) RXWHU ER[ DQG 5206 LQQHU ER[ QXPHULFDO GRPDLQ DQG 6HD
6XUIDFH 7HPSHUDWXUH ILHOG 5206 LQ WKH GULDWLF 6HD UDGLRPHWHU LQ WKH 0HGLWHUUDQHDQ DW WKH EHJLQQLQJ RI WKH HYHQW
5LJ W GULDWLF 6HD DQG QFRQD 1RYDOMD WUDQVHFW UHIHUHQFH FURVV VHFWLRQ LQ WKH VWXG JUH WKLFN OLQH FRQYHQWLRQDOO
encompassing the “cooling” or “formation” basin. Thin (thick) grey contours represent 50 (250) m isobaths. AA and PB 
UHSUHVHQW WKH SRVLWLRQ RI FTXD OWD WRZHU DQG 3DORPD %XR UHVSHFWLYHO

)L 0RGHO UHVXOWV FRORU lines) and observations (black line) at the “Acqua Alta” tower. (For interpretation of the 
UHIHUHQFHV WR FRORXU LQ WKLV ILJXUH OHJHQG WKH UHDGHU LV UHIHUUHG WR WKH ZHE YHUVLRQ RI WKLV DUWLFOH

)L 7LPH DYHUDJHG -DQXDU –)HEUXDU VHD VXUIDFH WHPSHUDWXUH DQG FXUUHQW YHORFLW LQ WKH QRUWKHUQ GULDWLF
6HD IRU GLIIHUHQW UXQV 9HFWRUV UHODWHG WR FXUUHQW VSHHG KDYH EHHQ RPLWWHG

)L 'LIIHUHQFHV EHWZHHQ WLPH DYHUDJHG -DQXDU –)HEUXDU ILHOGV RI ZLQG VWUHVV WRS URZ DQG KHDW IOX[HV
ERWWRP URZ DW WKH VHD VXUIDFH IRU HDFK UXQ DQG WKH PHDQ YDOXH IURP DOO WKUHH VHSDUDWH 70 2 2: UXQV IRU WKH
VDPH SHULRG LGHQWLILHG E EODFN FRQWRXU OLQHV

)L 2YHUDOO PHDQ SURSHUWLHV HYROXWLRQ LQ WKH IRUPDWLRQ EDVLQ GXULQJ :LQWHU HYHQW VXUIDFH PRPHQWXP VWUHVV
WRS SDQHO WXUEXOHQW KHDW IOX[ H RQG SDQHO ZDWHU SRWHQWLDO GHQVLW W L G SDQHO NLQHWLF HQHUJ ERWWRP SDQHO

)L +RUL]RQWDOO DYHUDJHG NLQHWLF HQHUJ SHU XQLW YROXPH SURILOHV LQ WKH IRUPDWLRQ EDVLQ IRU WKH WKUHH UXQV

)L .H PHWULFV IRU GHQVH ZDWHU IRUPDWLRQ -DQXDU –)HEUXDU HIW WRWDO ZDWHU PDVV LQYROYHG LQ WKH
GHQVLILFDWLRQ SURFHVV DV D VXP RI ZDWHU PDVVHV SDVVLQJ WKURXJK WKH IRUPDWLRQ EDVLQ DQG HYHQWXDOO H[SRUWHG UHG DQG
RYHUDOO PDVV RI WKH IRUPDWLRQ EDVLQ 0LGGOH 7RWDO VXUIDFH KHDW H[WUDFWLRQ GXULQJ WKH HYHQW 5LJ W 7RWDO VXUIDFH H[WUDFWLRQ
SHU XQLW PDVV QRWH WKDW SRVLWLYH YDOXHV IRU VXUIDFH KHDW DQG KHDW GHQVLW H[WUDFWLRQ PHDQ KHDW GLUHFWHG IURP WKH RFHDQ WR
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WKH DWPRVSKHUH )RU LQWHUSUHWDWLRQ RI WKH UHIHUHQFHV WR FRORXU LQ WKLV ILJXUH OHJHQG WKH UHDGHU LV UHIHUUHG WR WKH ZHE
YHUVLRQ RI WKLV DUWLFOH

)L 3RWHQWLDO GHQVLW FRPSRVLWLRQ RI WKH ZDWHU PDVVHV LQYROYHG LQ WKH FRROLQJ HYHQW XQELDVHG YDOXHV LQLWLDO -DQXDU
FRQGLWLRQ RI WKH FRROLQJ EDVLQ WRS SDQHO WLPH LQWHJUDWHG LQIORZ H RQG SDQHO WLPH LQWHJUDWHG RXWIORZ W L G

SDQHO ILQDO )HEUXDU FRQGLWLRQ LQ WKH JHQHUDWLRQ EDVLQ LQFOXGLQJ WRWDO H[SRUW ERWWRP SDQHO WKLFN OLQHV
UHSUHVHQWLQJ WKH H[SRUW GHSLFW LWV UHODWLYH FRQWULEXWLRQ WR WKH RYHUDOO PDVV LQYROYHG LQ WKH SURFHVV

)L 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH SURSRVHG 2 :67 H[SHULPHQWV 70 2 2: 7KH DUURZV UHSUHVHQW
WKH FRXSOLQJ GLUHFWLRQ ZLWK LQ HYLGHQFH WKH H[FKDQJHG YDULDEOHV 667 LV WKH 6HD 6XUIDFH 7HPSHUDWXUH 66( WKH VHD
VXUIDFH HOHYDWLRQ
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6(16,7,9,7 2) 0( ,7(55 1( 1 7523, ,.( 21( 72 ,))(5(17 02 (
21), 85 7,21 1 283 ,1 675 7(

7DEOH 6XPPDU RI DOO SHUIRUPHG UXQV DQG WKHLU QXPHULFDO VHWXS FURQ PV XVHG +  KDUQRFN
KDUQRFN HW DO 2267  2RVW HW DO 7 7D ORU DQG HOODQG HW DO '5( 'UHQQDQ HW DO

> 0 , 0HOORU DPDGD Janjic’ ; MYNN: Mellor Yamada.

)L XUH 6QDSVKRWV RI VXUIDFH SUHVVXUH ZKLWH OLQHV F L  K3D DQG K3D JHRSRWHQWLDO KHLJKW FRORUV RQ
1RYHPEHU 87 SDQHO D DQG 1RYHPEHU 87 SDQHO E —GXULQJ WKH WUDQVLW RI WKH WODQWLF
EDURFOLQLF ZDYH RYHU 6SDLQ FORVH WR WKH %DOHDULF 6HD 1RYHPEHU 87 SDQHO F —GXULQJ WKH IRUPDWLRQ
RI WKH 52/) GHSUHVVLRQ RYHU 6SDLQ RQ 1RYHPEHU 87 SDQHO G —GXULQJ WKH FXW RII ORZ RYHU WKH
%DOHDULF VHD RQ 1RYHPEHU 87 SDQHO H DQG 1RYHPEHU 87 SDQHO I 'DWD DUH
IURP ( 0:) (5 (XURSHDQ HQWHU IRU 0HGLXP UDQJH :HDWKHU )RUHFDVWLQJ

)L XUH 9LVLEOH FKDQQHO RI 0HWHRVDW 6DWHOOLWH LPDJHV RQ 1RYHPEHU 87 SDQHO D 1RYHPEHU
87 SDQHO E 1RYHPEHU 87 SDQHO F DQG 1RYHPEHU 87 SDQHO

G VRXUFH ZZZ VDW FRP FRS ULJKW (80(76 7 ,Q SDQHO D ZH FDQ VHH WKH IRUPDWLRQ RI WKH 7/ ZKHUHDV
LQ WKH SDQHO E WKH 7/ LV IRUPHG DQG LQ SDQHO F 52/) LV VWLOO ZHOO LGHQWLILHG ,Q SDQHO G WKH ODQGIDOO RI F FORQH
LV VKRZQ

)L XUH 667 DQRPDO SURGXFHG E WKH 0HGLWHUUDQHDQ )RUHFDVWLQJ 6 VWHP 0)6 ,1*9 > RQ 1RYHPEHU
FRQVLVWLQJ RI WKH GLIIHUHQFH EHWZHHQ DQDO VHG 667 IURP 0)6 DQG WKH FOLPDWRORJ – VXSSOLHG E WKH

1XFOHXV IRU (XURSHDQ 0RGHOOLQJ RI WKH 2FHDQ 1(02 ZLWK D YDULDWLRQDO GDWD DVVLPLODWLRQ VFKHPH 2FHDQ9 5
IRU WHPSHUDWXUH DQG VDOLQLW YHUWLFDO SURILOHV DQG VDWHOOLWH 6HD /HYHO QRPDO DORQJ WUDFN GDWD 7KH PRGHO KRUL]RQWDO
JULG UHVROXWLRQ LV FD – NP DQG WKH XQHYHQO VSDFHG YHUWLFDO OHYHOV DUH 3LQDUGL HW DO ,Q WKLV
ILJXUH ZH FDQ VHH WKH SRVLWLYH 667 DQRPDO LQ WKH ZHVWHUQ 0HGLWHUUDQHDQ 6HD EHWZHHQ – LQ SDUWLFXODU RYHU
WKH IRUPDWLRQ DUHD RI WKH 7/

)L XUH :LQG VSHHG DQG GLUHFWLRQ IURP WKH GYDQFHG 6FDWWHURPHWHU :LQG GDWD 6 7 VKRZQ RQ 1RYHPEHU
87 DW NP RI UHVROXWLRQ ,Q WKH SUR[LPLW RI WKH SUHVVXUH PLQLPXP ZLQG VSHHG LV DSSUR[LPDWHO –

PV−1 – NQRWV 7KH DUHD ZLWK PD[LPXP LQWHQVLW LV ORFDWHG RQ WKH QRUWKHUQ VLGH RI 7/

)L XUH KH WKUHH GLIIHUHQW FRQILJXUDWLRQV DGRSWHG LQ WKLV VWXG 3DQHO D :5) UXQ DWPRVSKHUH VWDQGDORQH :5)
XVHV WKH 667 GDWD IURP WKH 57*B667 GDWDVHW HYHU K 3DQHO E 2 WPRVSKHUH 2FHDQ UXQ FRXSOLQJ EHWZHHQ
DWPRVSKHUH DQG RFHDQ :5) UHFHLYHV WKH 667 IURP 5206 PRGHO DW NP UHVROXWLRQ HYHU V DQG H[FKDQJHV
WKH WXUEXOHQW KHDW IOX[HV ZLWK 5206 3DQHO F 2: WPRVSKHUH 2FHDQ :DYH UXQ IXOO DWPRVSKHUH RFHDQ
ZDYH FRXSOLQJ :5) DQG 5206 H[FKDQJH 667 DQG IOX[HV :5) DQG 6: 1 H[FKDQJH WKH ZLQG ILHOGV DQG WKH
ZDYH SDUDPHWHUV 5206 DQG 6: 1 H[FKDQJH FXUUHQWV ILHOGV DQG ZDYH SDUDPHWHUV

)L XUH 7KH QHVWHG:5) GRPDLQ DQG GHOLPLWHG E WKH UHG OLQH WKH FRPSXWDWLRQDO GRPDLQ XVHG IRU 5206 6: 1
ZKLFK LQFOXGHG WKH ZKROH 0HGLWHUUDQHDQ 6HD

)L XUH 7UDMHFWRU DQG LQWHQVLW RI WKH F FORQH IRU DOO VLPXODWLRQV ,Q SXUSOH WKH WUDMHFWRU HVWLPDWHG XVLQJ
REVHUYDWLRQV IURP JHR UHIHUHQFHG VDWHOOLWH LPDJH ZKLFK VWDUWV DW 87 1RYHPEHU DQG HQGV DW
87 1RYHPEHU 7KH WUDMHFWRU LGHQWLILHV WKH PLQLPXP SUHVVXUH RI 52/) HYHU K 9DOXHV RI SUHVVXUH
PLQLPXP DUH KLJKOLJKWHG E WKH FRORU RI WKH GRWV 7KH EODFN DUURZV VKRZ WKH GLUHFWLRQ RI SURSDJDWLRQ RI WKH
0HGLFDQH ,Q WKH GLIIHUHQW SDQHOV ZH FDQ REVHUYH WKH WUDMHFWRULHV UHVXOWLQJ IURP WKH YDULRXV UXQV FRPSDUHG ZLWK WKH
WUDMHFWRU REWDLQHG IURP WKH VDWHOOLWH DQG WKH WUDMHFWRU SURSRVHG E WKH 12 3DQHOV D J UXQV :5)
DWPRVSKHUH VWDQGDORQH 3DQHO K UXQV :5) DQG :5) 0 - DQG 0 11 3%/ 3DQHO L UXQV :5) ZLWK
0 - DQG :5) :5) ZLWK 667 GHFUHDVHG E 3DQHO O UXQV :5) :5) ZLWK KLJK UHVROXWLRQ 667
IURP 0)6 V VWHP 2 DQG 2: 2 DQG 2: ZLWK 0 - 3%/ VFKHPH 3DQHO P UXQV :5) 2 DQG
2: XVLQJ 0 11 3%/ VFKHPH 3DQHO Q UXQV 2: 2: 2: XVLQJ WKH GLIIHUHQW VXUIDFH URXJKQHVV

VFKHPHV 2267 7 '5(
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)L XUH 7LPH HYROXWLRQ RI WKH SUHVVXUH PLQLPXP LQ K3D DQG WKH PD[LPXP ZLQG VSHHG P V DURXQG WKH H H DV
UHVXOWLQJ IURP GLIIHUHQW H[SHULPHQWV %ODFN GRWV UHSUHVHQW HVWLPDWHG 12 GDWD IRU WKH SUHVVXUH PLQLPXP RI WKH
F FORQH DQG ZLQG VSHHG DURXQG WKH PLQLPXP 3DQHOV D DQG E FRPSDULVRQ EHWZHHQ WKH HYROXWLRQV RI WKH YDULRXV
:5) UXQV IRU WKH SUHVVXUH PLQLPXP DQG ZLQG LQWHQVLW 3DQHOV F DQG G FRPSDULVRQ EHWZHHQ :5) DQG
:5) XVLQJ UHVSHFWLYHO 0 - DQG 0 11 3%/ VFKHPHV 3DQHOV H DQG I UHVXOWV IURP :5) DQG :5)
667 VSHFWUXP UDGLRPHWHU DQG 667 3DQHOV J DQG K FRPSDULVRQ DPRQJ UXQV :5) 2 2: ZLWK
0 11 3%/ VFKHPH 3DQHOV L DQG O UHVXOWV IRU UXQV :5) :5) 2 2:

)L XUH 3DQHO D WLPH HYROXWLRQ RI WKH SUHVVXUH PLQLPXP K3D 3DQHO E PD[LPXP ZLQG LQWHQVLW P V DURXQG
WKH H H IRU UXQV 2: 2: DQG 2: 7KH EODFN GRWV UHIHU WR WKH UHDO WLPH HVWLPDWLRQ JLYHQ E 12

)L XUH XUIDFH URXJKQHVV YDOXHV ORJ LQ GLIIHUHQW UXQV 3DQHOV D F YDOXHV IRU UXQV :5) 2 XVLQJ
KDUQRFN VFKHPH DQG 2: XVLQJ WKH 2267 VFKHPH RQ 1RYHPEHU 87 KRXUV DIWHU

WKH VWDUW RI VLPXODWLRQ 3DQHOV G I YDOXHV IRU UXQV 2: 2267 VFKHPH 2: 7 VFKHPH DQG 2: '5(
VFKHPH RQ 1RYHPEHU 87 3DQHOV J L YDOXHV IRU UXQV 2: 2: DQG 2: RQ 1RYHPEHU

87

)L XUH 667 ILHOGV IRU WKH GD 1RYHPEHU DW 87 IRU UXQ :5) D 2 E 2: F ,Q SDQHO
D WKH SRVLWLRQ RI WKH EXR 0HWHR )UDQFH LV VKRZQ )URP WKH WLPH VHULHV SDQHO G ZH FDQ QRWLFH WKDW
WKH WKUHH PRGHOLQJ DSSURDFKHV SURYLGH WR WKH DWPRVSKHULF PRGHO D YHU GLIIHUHQW 667 ILHOG DQG RQO WKH FRXSOHG
UXQV UHSURGXFH WKH YDULDWLRQ RI 667 FRUUHFWO LQ SDUWLFXODU WKH UXQ 2: GXH WR WKH DGGLWLRQDO HIIHFW RI ZDYH
PL[LQJ > ,W LV FROGHU WKDQ FRPSDUHG WR WKH YDOXH IURP ZKLFK WKH PRGHOV DUH LQLWLDOL]HG UHDQDO VLV 7KLV LV
EHFDXVH WKH EXR LV ORFDWHG LQ D VHD ]RQH FKDUDFWHUL]HG E WKH WKHUPDO IURQW FRPSRVHG RI FROG ZDWHU PDVVHV
SURGXFHG LQ WKH *XOI RI /LRQV DQG ZDUPHU ZDWHU PDVVHV W SLFDO RI WKH %DOHDULF 6HD

)L XUH YHUDJH JHRPHWULF GLVWDQFH EHWZHHQ VLPXODWHG DQG REVHUYHG WUDMHFWRULHV NP

35( ,0,1 5 5(68 7 2 287 (6 5, ,1 ) 6 ) 22 (9(17 29(5 7 ( 1257
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)L XUH 6DWHOOLWH LPDJH WKDW VKRZ WKH 9 VKDSH RI WKXQGHUVWRUP GHYHORSHG RYHU 9HQLFH /DJRRQ

)L XUH 6 QRSWLF DQDO VLV DW KSD DQG VHD OHYHO SUHVVXUH IURP DW 87 WR DW 87

)L XUH 2 :67 FRQILJXUDWLRQ XVHG IRU WKH GLIIHUHQW UXQV

)L XUH 6HD 6XUIDFH 7HPSHUDWXUH DW WKH WLPH RI )ODVK )ORRG IRUPDWLRQ

)L XUD :LQG VSHHG DQG ZLQG GLUHFWLRQ LQ WKH DUHD QHDU WKH 9HQLFH /DJRRQ DW WKH WLPH RI )ODVK IORRG IRUPDWLRQ DQG
LQ WKH ULJKW VLGH WKH ZLQG GDWD WDNHQ IURP 53 9 ZHDWKHU VWDWLRQ QHWZRUN 'DYROLR HW DO

)L XUH 5DLQIDOO DFFXPXODWHG LQ IURP 87 WR 87 RYHU 9HQLFH /DJRRQ DQG LQ XSSHU VLGH SDQHO 53 9 UDLQIDOO

GDWD 'DYROLR HW DO

)L XUH URVV 6HFWLRQ RI PD[LPXP 5DGDU 5HIOHFWLYLW DQG YHUWLFDO YHORFLW EODFN FRQWRXU

)L XUH URVV 6HFWLRQ RI YHUWLFDO KXPLGLW DQG WHPSHUDWXUH EODFN FRQWRXU
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