6KHOI VSHFLILF SURFHV\
FDUERQ F\FOH DQ LQYH\

'LVVHUWDWLRQ
]IXU (UODQJXQJ GHVY 'RNWRUJUDGHYV
DQ GHU )DNXOWIW |I-U ODWKHPDWLN ,QIRUPDWL
)DFKEHUHLFK (UGV\VWHPZLVVHQVFKDIW

GHU 8QLYHUVLWIW +DPEXUJ

YRUJHOHJW YRQ

-DQ )HOL[ *RWWOLHE .RVVDFN

+DPEXUJ






J)DFKEHUHLFK (UGV\VWHPZLVVHQVFKDIWHQ

'DWXP GHU 'LVSXWDWLRQ

*XWDFKWHU LQQHQ GHU 'LVSHRWDWLRRULQQD B6FKL
'U ORULW] ODWKLYV

=XVDPPHQVHW]XQJ GHU 3U+BURIVNRPPRVNQRO 6FKL
'U ORULW] ODWKLYV
3URI 'U +HOPXWK 7KRF
3' 'U 7KRPDV 3RKOPDQ
3B1 'U 'LUN 1RW]

9RUVLW]HQGHU GHV )DFK 3URPRWLRQVDXVVFKXVVF

(UGVA\VWHPZLVVHQVFKDIWHQ@URI 'U +HUPDQQ +HO(

'HNDQ GHU )DNXOWIW 0,1 3URI 'U ,QJ 1REHUW 5
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&RQWLQHQWDO VKHOYHV IXQFWLRQ DV D KLJKO\ G\QDPLF
UHVHUYRLUV RI WKH WHUUHVWULDO ELRVSKHUH DQG WKH
JOREDO RFHDQ VLQN IRWWVBWWRWSKHULFUBDHYDQFH IRU WKH
KHQFH WKH (DUWKfV FOLPDWH PDMRU NQRZOXSWHENMH RO R
FRQWLQHQWDO VKHOYHV DQG WKH UHODWLYH FRQWULEXWL
UHPDLQ 7KLV GLVVHUWDWLRQ FRQWULEXWHY WR D EHWWF
RQ FRQWLQHQWDO VKHOYHV E\ LQYHVWLJDWLQJ WKH URO
1:(6 RQH RI WKH ODUJHVW WHPSHUDWH VKHOI VHDV LQ W

7LGHV DUH RQH RI WKH GRPLQDQW SK\VLFX®WLUBEDW IR G P
SURFHVVHV DIIHFW WKH VKHOI FDUERQ F\FOH DFURVV YDU\L
F\FOLQJ Rl FDUERQ DQG QXWULHQWYV 7KH FRPSRXQG LPSD
SRRUO\ XQGHUVWRRG EXW LW LV UHOHYDQW IRU JOREDO
IRUFLQJ VXFK DV WKRVH XWLOL]JHG LQ FOLPDWH FKDQJH D\

,Q WKLV GLXWOIRWDOVIWKYHW GLPHQVLRQDO FRXSOHG SK\VL
PRGHO IUDPHZRUN 6&+,60 (&2602 &2 LV SUHVHQWHG DQG I
PRGHO IUDPHZRUN ZKLFK LV EDVHG RQ DQ XQVWUXFWXUHG
DQG DGDSWDEOH SODWIRUP IRU UHVHDUFK RQ WKHO1:(6 FDU
LQYHVWLIJDWH KRZ WLGDO SURFHVVHV LQIOXHQFH FDUERC
H[FKDQJH DW UHJLRQDO DQG VKHOI ZLGH VFDOHYV

7KH GLVVHUWDWLRQ LV GLYLGHG LQWR WKUHH LQGLYLGXDC
WKH PRGHO IUDPHZRUN $V D ILUVW VWHS , H[SORUH WKH F
FRPSRQHQW DQG SUHVHQW WZR QHZ XQVWUXFWXUHG KRU
UHVHDUFK RQ WKH 1:(6 FDUERQ F\FOH D FRDUVH UHVRO)
FRPSXWDWLRQDOO\ HIILFLHQW DSSOLFDWLRQ RI FRPSOHJ[ E
FRQILIJXUDWLRQ DSSO\LQJ ORFDO JULG UHILQHPHQW WR UH
SK\WLFDO SURFHVV UHSUHVHQWDWLRQ %RWK FRQILIJXUDWL
FRYHUV WKH HQWLUH 1:(6 WKH %DOWLF 6HD DQG D SRUWL
FRQVLVWHQW LQYHVWLJDWLRQ RI UHJLRQDO VFDOH LPSD
YDOLGDWLRQ Rl ERWK PRGHO FRQILJXUDWLRQV DJDLQVW
SHUIRUPDQFH UHJDUGLQJ WKH JHQHUDO K\GURJUDSK\ RQ
FRQILJXUDWLRQ UHVROYLQJ VPDOO VFDOH LQWHUQDO WLG
QXPHULFDOO\ FKDOOHQJLQJ UHJLRQV OLNH WKH 1RUZHJLDG
FRQVLVWHQF\ EHWZHHQ WKH UHVXOWV RI WKH WZR JULG F
FRQILIXUDELOLW\ RI WKH PRGHO IUDPHZRUN 7KH VXFFHV
SK\WLFDO PRGHO FRPSRQHQW WKXV OD\V WKH IRXQGDWLR(
DORQJ WZR FRQQHFWHG DYHQXHV QDPHO\ WKH LPSURY
ELRIJHRFKHPLFDO VKHOI VSHFLILF SURFHVVHV

6XEVHTXHQWO\ , YDOLGDWH DQG DSSO\ WKH FRXSOHG SK\\
D KLQGFDVW VLPXODWLRQ RYHU WKH SHULRG DQG
TXDQWLILFDWLRQ RI WKH LPSDFW RI WLGDO IRUFLQJ RQ V
YHUWLFDO PL[LQJ RI QXWULHQWYV LV IRXQG UHVSRQVLEOH
SURGXFWLRQ RQ WKH 1:(6 +RZHYHU WKH WLGDO LPSDFW R



WR VKDOORZ LQQHU VKHOI UHJLRQV 7KH DSSOLFDWLRQ RI
WLPH SURYLGHVY DQ HVWLPDWH RI WKH FRPSRXQG LPSDFW
SULPDU\ SURGXFWLRQ DQG UHYHDOV WKDW WKH NLORPHW!I
FRQWULEXWHYV WR ELRORJLFDO FDUERQ ILIDWLRQ RQ WKH \

,Q D ILQDO VWHS , H[WHQG WKH PRGHO IUDPHZRUN E\ D
FDUERQDWH V\VWHP PRGHO ZKLFK LV VXEVHTXHQWO\ DSSOL

WR LQYHVWLIJDWH WLGDB[ERBOQFW\D R® MDWERKD F&RC
1:(6 7LGDO IRUFLQJ LV IRXQG W R LOHD NZH.QV KV OHVH:Q6/ 182 L Y L \
QHJOHFWLQJ WLGHV UHVXOWLQUYL@ND 7KLVWEBRBWULVKER
SK\WLFDO WLGDO SURFHVVHV VXFK DV WWG&D GXFAHE VIQHL
FLUFXODWLRQ 7KH SUHYLRXVO\ LGHQWLILHG HQKDQFHG E
PLQRU HIIHEW XRSWQNW 7KH LPSDFW Rl LQWHBRDQJW LREZHW K
1:(6 LV IRXQG WR EH QHJOLJLEOH ,Q WHUPV RI WKH VKHOI |
DIIHFW FDUERQ UHVHUYRLUV RQ WKH 1:(6 7LGHV SULPDULO
VWRFN LQ WKH ZDWHU FROXPQ ZKLOH WLGDO LPSDFWV RQ
EXULDO LQ WKH VHGLPHQWY DUH VPDOO

7KLV GLVVHUWDWLRQ SURYLGHV QB KIHQ ¥ 1(BK WIYU B R QWK\HF Ok
WKHUHE\ LQIRUPV RQ WKH FRQVHTXHQFHV RI QHJOHFWLQC
SUHVHQWHG UHVXOWV KRZHYHU SUHFOXGH DQ H[WUDSRO
WKH KHWHURJHQHLW\ LQ WKH PDLQ IRUFLQJ PHFKDQLVPV R
VHDV 7KH JDLQHG SURFHVV XQGHUVWDQGLQJ DQG WKH

(&2602 &2 PRGHO IUDPHZRUN SHUIRUPHG LQ WKH FRXUVH R
VHYHUDO SURPLVLQJ DYHQXHV IRU DFWLYH PRGHO GHYHC
VLPXODWLRQV Rl WKH VKHOI FDUERQ F\FOH DRISPBLWBW S
FULWLFDO IXWXUH UHVHDUFK
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.RQWLQHQWDOVFKHOIV IXQJLHUHQ DOV HLQH KRFKG\Q
.RKOHQVWRIIUHVHUYRLUV GHU WHUUHVWULVFKHQ %LRVS
*EHUSURSRUWLRQDO XU $XIQRERHKYRK GOMP ROKEDNQNMEOKHP |
7URW] LKUHU 5HOHYDQ] I*U GHQ JOREDOHQ .RKOHQVWRIINU
(UGH EHVWHKHQ HUKHEOLFKH HUMRGHQWRE PNH G HEH R JIOR K V
$XIQDKPH DXI .RQWLQHQ@WODWENHQI Y% KIQWUGIH VFKHOIVSH]L
'LVVHUWDWLRQ WUIJW ]X HLQHP EHVVHUHQ PHFKDQLVWLVFKk
.RQWLQHQWDOVFKHOIV EHL LQGHP VLH GLH 5ROOH GHU *
BFKHOI 1:(6 XQWHUVXFKW HLQHP GHU JU|%WHQ 6FKHOIPH
%UHLWHQ

*HJHLWHQ VLQG HLQHU GHU GRPLQLHUHQGHQ SK\VLNDOLVFk
*HJHLWHQSUR]JHVVH EHHLQIOXVVHQ GHQ .RKOHQVWRIINUHL
UIXPOLFKH 6NDOHQ KLQZHJ XQG PRGXOLHUHQ GHQ ELROR.
1IKUVWRIIHQ 'LH NRP SH@HW *$NHZMWHX QX GHQ .RKOHQVWHF
6FKHOI VLQG ELVKHU QLFKW XPIDVVHQG XQWHUVXFKW
ORGHOOLHUXQJVDQVIW]H VLQG ZLH VLH LQ :H®WNXILBDEHU
*HJHLWHQ YHUQDFKOIVVLJHQ

'DV  QHXH GUHL GLPHQVLRQDOH JHNRSSHOWH SK\VLND
ORGHOOV\VWHP 6&+,60 (&2602 &2 ZLUG LQ GLHVHU 'LVVHU\
DQJHZHQGHW 'DV ORGHOOV\VWHP ZHOFKHV DXI HLQHP XQ\
DOV IOH[LEOH XQG DQSDVVEDUH 30DWWIRUP I+U J)RUVFKXQ
HWDEOLHUW XQG DQJHZHQGHW XP XPIDVVHQG ]X XQWHUVX
YRQ .RKOHQVWRII VHLQH 8PZDQGOXQJ VRZLH GHQ $XVWDX
XQG $WPRVSKIUH DXI UHJLRQDOHU XQG VFKHOIZHLWHU 6ND

'LH 'LVVHUWDWLRQ LVW LQ GUHL HLQJHOQH 6WXGLHQ XQWH!
ORGHOOV\VWHPV EHUXKHQ ,P HUVWHQ 6FKULWW HUVFKC
SK\WLNDOLVFKHQ ORGHOONRPSRQHQWH XQG SUIVHQWLHUF
*LWWHUNRQILIXUDWLRQHQ GLH IsU GLH )RUVFKXQJ [XP

HQWZLFNHOW ZXUGHQ HLQH JURE DXIJHO|VWH .RQILJXU
$QZHQGXQJ NRPSOH[HU ELRJHRFKHPLVFKHU ORGHOOH RSW
.RQILIXUDWLRQ GLH ORNDOH *LWWHUYHUIHLQHUXQJ D
.LORPHWHUPD%VWDE ]X UHDOLVLHUHQ XQG GDGXUFK GLH
YHUEHVVHUQ %HLGH .RQILIXUDWLRQHQ XPIDVVHQ GDVVHO]
GLH 2VWVHH XQG HLQHQ 7HLO GHV |VWOLFKHQ 1RUGDW
BQWHUVXFKXQJ UHJLRQDOHU $XVZLUNXQJHQ HLQVFKOLH%
BFKHOI ]X HUP|JOLFKHQ 'LH 9DOLGLHUXQJ EHLGHU OR
%HREDFKWXQJHQ JHLJW HLQH DQJHPHVVHQH ORGHOOOHI
+\GURJUDSKLH DX| GHP 1:(6 ZREHL GLH KRFKDXIO|VHQGH

*HJHLWHQ DXIO|VW XQG EHVVHUH ORGHOOHUJHEQLVVH LQ C
GHP 1RUZHJLVFKHQ 5LQQH RGHU GHU 2VWVHH DXIZHLVW

(UJHEQLVVH GHU EHLGHQ *LWWHUNRQILIXUDWLRQHQ
.RQILIXULHUEDUNHLW GHV ORGHOOV\VWHPV 'LH HUIROJUH
ORGHOONRPSRQHQWH ELOGHW VRPLW GLH *UXQGODJH I+U G



GHP 1:(6 HQWODQJ ]ZHLHU PLWHLQDQGHU YHUEXQGHQHU
'DUVWHOOXQJ SK\VLNDOLVFKHU XQG ELRIJHRFKHPLVFKHU VF

$QVFKOLH%HQG YDOLGLHUH LFK GDV JHNRSSHOWH SK\VLNI
JHQHULHUH GDPLW HLQH +LQGFDVW 6LPXODWLRQ <EHU
6HQVLWLYLWIWVH[SHULPHQW ZHOFKH GLH 4XDQWLIL]JLHUX
SULPIUSURGXNWLRQ DXI GKRV1:4B6UKUPHYOMIAFKVWHOOW GDV
YHUVWIUNWH YHUWLNDOH HUAPLWVWWWKIXDI YRGHUIKHVIRWHQ
SULPIUSURGXNWLRQ DXl GHP 1:(6 YHUDQWZRUWOLFK LVW
SULPIUSURGXNWLRQ EHVFKUIQNW VLFK MHGRFK ZHLWJHKH
$QZHQGXQJ GHV KRFKDXIJHO|VWHQ ORGHOOV\VWHPV OLH
(LQIOXVVHYVY YRQ LQWHUQHQ *H]JHLWHQ DXI GLH 3ULPIUSURG
LQWHUQH *HJHLWHQIHOG QXU PDUJLQDO ]XU ELRORJLVEFK
EHLWUIJW

P OHW]WHQ 6FKULWW HUZHLWHUH LFK GDV ORGHOOV\VW
9DOLGLHUXQJ HLQHV .DUERQDWV\VWHP ORGHOOV GDV DQ\
*EHU GHQ =HLWUDXP XQG HLQ 6HQVLYLWIWVH[SI
*HIHLWHQHLQIOVVEXBWID)XGHX &ZLVFKHQ 2]HDQ XQG $WP
.RKOHQVWRIINUHLVODXI DXI GHP 1:(6 ]X XQWHUVXFKHQ (V
&2 6HQNH DXI GHP 1:HQ ¥FEHLFKLQ 6HQVLWLYLWIWVH[SHULP
HLQHU XP VWBHONUHH Q KPW 'LHVHU (LQIOXVV ZLUG YRQ !
ZLH GHU 9HUPLVFKXQJ GXUFK *H]JHLWHQ LQ LQQHUHQ 6FK
LQGX]LHUWHQ 6FKHOI]JLUNXODWLRQ GRPLQLHUW 'LH ]XYF
.RKOHQVWRIIELQGXQJ KDW LP *HJHQVDW] GD]X Q&) HLQH J
$XIQDKPH B6FKOLH%OLFK ZLUG IHVWJHVWHOOW GDVV GHLU
$XVWDXVFK ]JZLVFKHQ 2]HDQ XQG $WPRVSKIUH DXI| GHP 1:(6
GHQ .RKOHQVWRIIKDX§KZDWNHGHWH]HLWHQ KDXSWVIFKO
.RKOHQVWRIIUHVHUYRLUV DXI GHP 6FKHOI VHOEVW *H]HLW
DQ JHO|VWHP DQRUJDQLVFKHP .RKOHQVWRII LQ GHU :DVVH
*HJHLWHQ DXI GHQ .RKOHQVWRIIH[SRUW YRP 6FKHOI XQG G|
LQ GHQ 6HGLPHQWHQ JHULQJ VLQG

'LHVH 'LVVHUWDWLRQ OLHIHUW QHXH (UNHQQWQLVVH *E
.RKOHQVWRIINUHLVODXI DXI GHP 1:(6 XQG LQIRUPLHUW G
9HUQDFKOIVVLIXQJ YRQ *H]JHLWHQ LQ ORGHOOLHUXQJVDQVI
MBEHRFK NHLQH ([WUDSRODWLRQ DX| ZHLWHUH .RQWLQHQWTE
+DXSWDQWULHEVPHFKDQLVPHQ GHU .RKOHQVWRIIG\QDPL!
XQWHUVFKLHGOLFK VLQG 'DV JHZRQQHQH 3UR]JHVVYHUVWIQ
6&+,60 (&2602 &2 ORGHOOV\VWHPV GLH LP 9HUODXI GHU 'L\
JHLJHQ ]XGHP PHKUHUH YLHOYHUVSUHFKHQGH :HJH I-U GL
3RWHQ]LDO ]XU 9HUEHVVHUXQJ GHU 6LPXODWLRQHQ GHV 61
EHLWUDJHQ N|QQHQ ]JHQWUDOH 8QVLFKHUKHLWHQ ]X DGUH)
O|JOLFKNHLW leU ZLFKWLJH )RUVFKXQJ LQ GHU =XNXQIW
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SXEOLFDWLRQV UHODWHG WR WKLV GLVVHUWDWLRQ

$SSHQGLI[ $

.RVVDEN - ODWKLV O '‘DHZHO 8 =KDQ¥ FERVV \GHXQEX
K\GURG\QDPLF PRGHO IUDPHZRUN IRU WKH 1RUWKZHVW (XL
XQVWUXFWWRHEBEHIVKENLWWHG

$SSHQGL[ %

.RVVDFN - ODWKLYVY 0 'DHZHO 8 =KDQJ < - G6FKUXP &
WLGHYV LQFUHDVH SULPDU\ SURGXFWLRQ RQ WKH 1RUWKZ
6FLHQFH KWWSV GRL RUJ IPDUYV

$SSHQGL][ &

.RVVDFN - ODWKLV O '‘DHZHO 8 /LX ) 'HPLU . 7 7K
7LGDO LPSDFWV R[FIOLQIHHRQEWKH 1RUWKZHVW (XURSHDQ ¢
6FLHQAQRKHU UHYLHZ
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 QWURGXFWLRQ

&RQWLQHQWDO VKHOYHV RQO\ PDNH XS D VPDOO BRWW RI
IXQFWLRQ DV D KLJKO\ G\QDPLF WUDQVLWLRQ JRQH WKDW F
ELRVSKHUH DQG WKH RFHDQ &RQWLQHQWDO VKHOYHV
GLVSURSRUWLRQDOO\ FRQWULEXWH WR WKHRRERED® RIFW D

'DL HW DO 5HVSODQG\ HW DO ZIKLFRILV HVW
WKH FRPELPIGVERPRQV IURP IRVVLO IXHO EXUQLQJ DQG ODQ

JULHGOLQJVWHLQ HW DO 'HVSLWH WKH LPSRUWI
NQRZOHGJH JDSV RQ WKH KR@WNRORR | FRFHDIQQIFQ2D O VKHC
FRQWULEXWLRQV RI VKHOI VSHFLILF SURFHVVHV UHPDLQ
VRXUFH RI XQFHUWDLQW\ LQ WKH RFHDQLF FDUERQ F\FOH
HW DO 5HVSODQG\ HW DO

&DUERQ LV SUHVHQW LQ LQRUJDQLF DQG RUJDQLF IRUP LQ '
EHWZHHQ WKH GLIITHUHQW UHVHUYRLUV RI WKH JOREDO RFt
PHFKDQLVP PHGLDWH WKH PDMRULW\ RIERPHWDDQ ¥ SSKRSIMOLNQH T
LQWR WKH GHHS RFHDQ ZKHUH LW LV LVRODWHG IURP HIFI
VHYHUDO KXQGUHGV RI \HDUV 6DUPLHQWR HW DO 7K
UHVXOWLQJ IURP WKH SXPS PHFKDQLVPV ZLWK KLIJKHU F
HITHFWLMHFEDPQJH ZLWK WKH DWPRVSKHUH 7KH SK\VLFDO S)
RQ WKH LQYHUVH UHODWLRQVKLS EHWR B MBLWOHW YV DMRKDX BMHD
LOQFUHDVHYVY ZLWK GHFUHDVLQJ WHPSHUDWXUH DQX WKH O
VFDOH PHULGLRQDO RYHUWXUQLQJ FLUFXODWLRQ %URHNE
VXUIDFH ZDWHUV WR GHSWK SULPDULO\ DW KLJK ODWLWXG
DWPRVSKHUH IRU WKH WLPH VFDOHV RI WKH FLUFXODWLRQ
DVVLPLODWHY GLVVROYHG LQRUJDQLF FDUERQ ',& LQWR F
GHHSHU OD\HUV DV SDUWLFXODWH RUJDQLF FDUERQ 32& R
RYHUWXUQLQJ FLUFXODWLRQ 'XFNORZ HW DO 6DUPLE
HLWKHU WUDQVIRUPHG EDFN LQWR GLVVROYHG LQRUJDQLF
VHGLPHQW 7KH ODWWHU RQO\ FRQVWLWXWHY D VPDOO SDL
HDUWK V\VWHP DV WKH GHSRVLWLRQ RI RUVRQEH BB RWRWHHU
I[IURP WKH FDUERQ F\FOH IRU PLOOLRQV RI \HDUYV

7KH FRDVWDO RFHDQ D WHUP XVHG DV DQ HTXLYDOHQW W
FRQVWLWXWHY D VSHFLILF HQYLURQPHQW WKDW FRQQHFW
RFHDQV $W WKH VKHOI EUHDN WKH VWHHS FRQWLQHQWDO
FRQWLQHQWDO VKHOYHV JOREDO PHGLD® Q@B WHKH GHIHVBKRE
RFHDQ 6HYHUDO SK\VWLFDO DQG ELRJHRFKHPLFDO SURFHVYV
WR/KH FRQVWDQW H[FKDQJH RI FDUERQ EHWZHHQ GLIIHUHQ
FRPSOH[ DQG KLJKO\ G\QDPLF FRPSRQHQW RI WKH JOREDO
SK\WLFDO SURFHVVHV OLNH VWURQJ LQWHUQDO PL[LQJ W
FROXPQ DQG WKH VHGLPHQW RU KLJK ULYHULQH LQSXWV R
WKH FRDVW D/& HRFFBW QF YBBXVWUDWLRQ LQ )LJ &RQWLQH
UHJLRQDO KHWHURJHQHLW\ DQG VWURQJ VSDWLDO JUDGLHC
SURGXFWLYLW\ XS WR RI JOREDO SULP NUD S/WRGHRF W\WR)
%RUJHV HW DO



7KH YDULRXV VKHOI VSHFLILF SK\VLFDO DQG ELRJHREKHPI
FDUERQ LQSXWV IURP ODQG DQG WKH RSHD RFHBQ @IHGRXQO \
FRQWLQHQWDO VKHOYHV DQG FDUERQ H[SRUW WR WKH RSF
RSHQ RFHDQ D ODUJHU IUDFWLRQ RI VLQNLQJ 32& FDQ UH
EHIRUH EHLQJ UHPLQHUDOL]HG B6HGLPHQWDWLRQ RQ FRQW
FROQWULEXWHWRERGREDO RUJDQLF FDUERQ EXULDO LQ WKH
7KH VKDOORZ ZDWHU GHSWKYV KRZHYHUFD®HWR W P S D WHHV WKKHC
ZDWHU RROKRQWLQHQR\DO WKEHO PHFLUHFW LQWHUDFWLRQ E
DQG WKH ERWWRP RI WKH ZDWHU FROXPQ DQG WKH VHGLPF
UHPRYLQJ FDUERQ IURP FRQWDFW ZLWK WKH DWPRVSKHUH
WUDQVSRUW LQWR WKH VXEVXUIDFH OD\HUV Rl WKH RSHQ F

$VSHFLILF FRPELQDWLRQ RI SK\VLFDO DQG ELRJHRFKHPLFD
WKH FRQWLQHQWDO VKHOI SXPS SURYLGHV D FUXFLDO
FROQWLQHQWDO VKHOYHV WR WKH RSHQ RFHDQ 2ULJLQDOO
HW DO WKH FRQWLQHQWDO VKHOI SXPS GHVFULEHYV
FDUERQ HQULFKHG ZDWHU IURP WKH VXEVXUIDFH OD\HU RI
RFHDQ 7KH SK\WLFDO FRPSRQHQW RI WKH FRQWLQHQWDO V
RQ PLG DQG KLJK ODWLWXGH FRQWLQHQWDO VKHOYHV G
VKDOORZ EDWK\PHWU\ 7KH FROGHU ZDWHU WHPSHUDWXU
DWPRVSKHBHBPWRQDO VWUDWLILFDWLRQ LQ VSULQJ WKHQ L
ZDWHU IURP WKH DWPRVSKHUH DQG KRUL]JRQWDO DGYHFW
WUDQVSRUW LW WR WKH GHHS RSHQ RFHDQ ,Q WKH ELROR.
WKH ELRORJLFDO SXPS PHFEKDQLVP LV UHVSRQVLEOH IRU W|
OD\HU RQ WKH VKHOI 7KRPDV HW DO

7KH HIITHEFWV Rl WKH GHYHORSLQJ FOLPDWH FULVLV VXFK
OHYHO ULVH RFHDQ DFLGLILFDWLRQ RU FKDQJHV L& WKH O
WKH G\QDPLF DQG FRPSOH[ FRQW&RRQM\DIDW RBO!| UHJEREW
*U|/JHU HW DO BFKUPRBRIDWQQHQWDO VKHOYHV XUV
UHVRXUFHV DQG RSSRUWXQLWLHV IRU VRFLHW\ DQG FRQVHI
SUHVVXUHV IRU H[DPSOH IURP SROOXWLRQ H[WHQVLYH Il
HQHUJ\ LQIUDVWUXFWXUH &RQWLQHQWDO VKHOYHV DUH

PDQDJHPHQW RU PRUH GHOLEHUDWH FOLPDWH PLWLJDWLR(
VWRUDJH DV 3QHJDWLYH HPLVVLRQV  OLQ[ HW DO ZK |
SUHVVXUHV RQ WKH VKHOI V\VWHP 3RWHQWLDO FKDQJH\
SURFHVVHV PD\ 21 HBW RNH DQIGFWKH IXWXUHLQRROH RD & RQNV
FDUERQ$FRPHUHKHQVLYH VFLHQWLILF XQGHUVWDQGLQJ RI
RI SURFHVVHV UHOHYDQW WR WKH PDULQH FDUERQ F\FOH

VXVWDLQDEOH PLWLJDWLRQ DQG DGDSWLRQ VWUDWHJILHV \
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JLIXUBFKHPDWLF RI NH\ SURFHVVHVY UHOHYDQW IF
$GDSWHG IURP ODWKLV HW DO

7KH 1IRUWKZHVW (XURSHDQ 6KHOI 1:(6

7KLV VWXG\ IRFXVHV RQ WKH G\QDPLFV RI WKH 1RUWKZHVW
WKH ODUJHVW WHPSHUDWH VKHOI VHDV LQ WKH JOREDO F
QRUWKHDVWHUQ PDUJLQ RI WKH 1RUWK $WODQWLF WR WKH
RI %LVFD\ LQ WKH VRXWK WR WKH FRDVW Rl 1RUZD\ LQ WKHI
VHYHUDO GLVWLQFW VKHOI VHDV IRU H[DPSOH WKH EURDG
UHJLRQV DORQJ WKH VKHOI EUHDN OLNH WKH :HVW ,ULVK 6
VHPL HQFORVHG %DOWLF 6HD LQ WKH HDVW LV FRQQHFWHG
LQ WKH .DWWHJIJDW UHJLRQ 7KH 1:(6 LV H[SRVHG WR VW]
FRQGLWLRQV ZKHUH WKHUPDO IRUFLQJ SHQBNQHMHMV W\ 8 H|\
DQG GHHSHU VHDVRQDOO\ VWUDWLILHG UHJLRQV VHSDUDW
+XQWHU /DUJH IUHVKZDWHU LQSXW IURP ULYHU GLVF
FLUFXODWLRQ LQ FRDVWDO DUHDV RI WKH 1:(6

5HIJLRQDO K\GURG\QDPLF FRQGLWLRQV DQG ELRJHRFKHPLV
DGMDFHQW 1RUWKHDVW $WODQWLF ZKLFK LQ WXUQ LV SU
$WODQWLF FXUUHQW 0DQQ +INNLQHQ HW DO 7K
ERXQGDU\ FXUUHQW GULYHQ E\ GHQVLW\ JUDGLHQWY DQG Z
VDOW\ VXEWURSLFDO ZDWHU SROHZDUG DORQJ WKH VKHO
ZHDNHU RU FDQ HYHQ H[KLELW VHDVRQDO HTXDWRUZDUG |
DORQJ WKH &HOWLF 6HD DQG $UPRULFDQ 6KHOI 3LQJUHH |

1RUWK 6HD VHH )LJ LV F\FORQLF ZLWK VRXWKZDUG IO]
QRUWKHDVWZDUG IORZ DORQJ WKH FRQWLQHQWDO (XURS
1RUZHJLDQ FRDVW 2WWR HW DO $WODQWLF ZDWHU }

&KDQQHO WKH 6KHWODQG VKHOI DQG DORQJ WKH ZHVWH!



$WODQWLF ZDWHU DGYHFWHG WKURXJK WKH (QJOLVK &KDC(
WKURXJK WKH &DODLYVY 'RYHU VWUDLW 7KH LQIORZ RI
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J)LIXUBDWK\PHWU\ LQ PRGHO GRPDLQ RI WKH 1:(6
$UURZV VFKHPDWLFDOO\ VKRZ WKH JHQHUDO FLUFXODWLTF
DQG 6WDQHY

$WODQWLF zDWHU DORQJ WKH ZHVWHUQ HGJH RI WKH 1RUZ]
FXUUHQW V\VWHP LQ WKH 1RUWK 6HD UHWURIOHFWYV LQ W
ZDWHUV DQG WKH IORZ IURP WKH VRXWKHUQ 1RUWK 6HD Z
IORZLQJ 1RUZHJLDQ &RDVWDO &XUUHQW OHDQ UHVLGXDO
ZHDNHU DQG VKRZV D UHOHYDQW EDURFOLQLF FRQWULEXWI
6HD LV DOVR WUDQVSRUWHG QRUWKZDUG WKURXJK WKH ,U|
WKH ODOLQ DQG +HEULGHYV 6KHOYHYV ZKLFK WKHQ PHUJHV
1RUWK 6HD %URZQ DQG *PLWURZLF] ODUVK HW DO

'\QDPLF SURFHVVHV RQ WKH 1:(6 DUH VSDWLDOO\ DQG WH
GHWHUPLQHG E\ WKH VKDOORZ VKHOI EDWK\PHWU\ &LUFXO
ZLQG DQG WLGHV EXW GHQVLW\ GULYHQ FLUFXODWLRQ LV
DQG 3RKOPDQQ 7XUEXOHQFH DQG PL[LQJ DUH HVSHFL
ZLWK D VLIJQLILFDQW FRQWULEXWLRQ E\ WLGHV 7KH VKDOGC
WKDW WKH KRULJRQWDO OHQJWK VFDOHV RI GRPLQDQW SK
RFHDQ VWWEWHUQDO 5RVVE\ 5DGLXV RQ WKHRO:W6 DRG B JIRAFSA



7KH G\QDPLFV RI WKH VKHOI V\VWHP WKHUHIRUH VWUTF
VXFK DV LQWHUQDO WLGHV ITURQWDO MHWY DQG WLGDOC
WRSRJUDSKLF OHQJWK VFDOH RI ORFDO WRSRJUDSK\ FDQ
YDULDWLRQV LQ WRSRJUDSK\ FDQ EH ODUJH FRPSDUHG WR
WRSRJUDSKLF VWHHULQJ RI FXUUHQWY H J 6YHQGVHQ HW

7TKH VWHHS FRQWLQHQWDO VORSH WKDW FRQQHFWYV WKH 1:
G\QDPLF UHJLPH LQ ZKLFK WKH WRSRJUDSKLFDOO\ VWHH
FRQWLQHQWDO VORSH HIIHFWLYHO\ OLPLWV H[FKDQJH EHW.

HW DO 7KH 1:(6 IHDWXUHV D GRZQZHOOLQJ FLUFXOLCL
VXUIDFH DQG RIlI VKHOI IORZ DW GHSWK WKDW LV GULYHQ
JHQHUDWHG E\ WKH VORSH FXUUHQW +ROW HW DO + X

HJ LQWHUQDO ZDYHV HGGLHV WLGDO DQG ZLQG GULYHQ
HIFKDQJH DQG W\SLFDOO\ KDYH VPDOO VSDWLDO VFDOHYV D
7KH FRPSOH[ G\QDPLFV LQ WKH VKHOI EUHDN UHJLPH FRQW
ZDWHU EHWZHHQ WKH VKHOI DQG RSHQ RFHDQ DQG DUH W
VKHOI LQ WKH PDULQH FDUERQ F\FOH

7LGHY RQ WKH 1:(6
7KH 1:(6 LV RQH RI WKH PRVW WLGDOO\ HQHUJHWLF UHJLR(
*: Rl WLGDO HQHUJ\ ZKLFK DPRXQWV WR RI FRQWHPSRL
DQG 5D\ 7LGDO HQHUJ\ LQ IRUP RI $WODQWLF .HOYLC
&HOWLF 6HD VKHOI EUHDN LQ WKH VRXWK DQG SURJUHVVH
3XJK $ SDUW Rl WKH WLGDO HQHUJ\ SURSDJDWHV LQW
LQWR WKH (QJOLVK &KDQQHO DQG IXUWKHU LQWR WKH VRX
$WODQWLF WLGDO ZDYHV DUH SDUWO\ GLIIUDFWHG DURXQC
6HD ZKHUH WKH .HOYLQ ZDYHV F\FORQLFDOO\ SURSDJDWH
UHVXOWLQJ WLGHV RQ WKH 1:(6 DUH GRPLQDWHG E\ VHF
SDUWLFXODUO\ HQHUJHWLF LQ WKH &HOWLF 6HD WKH (QJO

7KH UHJXODU WLGDO IRUFLQJ FRQVWLWXWHY D GRPLQDQW
5HVXVSHQVLRQ RI VHGLPHQWYV E\ VWURQJ WLGDO FXUUHQW
WKH ZDWHU FROXPQ DQG WKH VHGLPHQW 7LGDO PL[LQJ Jt
E\ IULFWLRQDO VWUHVVHY DFWLQJ DW WKH VHDEHG YHUWI
1:(6 LQWR SHUPDQHQWO\ PL[HG UHJLRQV WLGDO IURQWDO
%RZHUV DQG 6LPSVRQ ,Q DGGLWLRQ WR ERWWRP GUL
YHUWLFDO PL[LQJ ZLWKLQ WKH VWIXIFW LWILLH>G ALH/OHDWY H RS OLXQPW
FDQ EH FDXVHG E\ EUHDNLQJ LQWHUQDO WLGHV 5LSSHWE
LOQHUWLDO RVFLOODWLRQV ZLWK LQWHUQDO WLGHV YDQ +
EDURWURSLF WLGH LWVH@WHBHERBUWUGHW DOH JHQHUDWH
HQHUJ\ IURP WKH EDURWURSLF WLGH WR WKH EDURFOLQLF
HIWUHPH WRSRJUDSK\ OLNH WKH VKHOI EUHDN %DLQHV

JHQHUDWLRQ DQG SDUWLFXODUO\ KLJK WLGDO HQHUJ\ FRCQC
6HD VKHOI EUHDN %DLQHV 7L QW0 \DHDYNRRLW XOF&1 UHV LG XL
VPDOO VFDOH EDWK\PHWULF IHDWXUHVY 3ROWRQ DQC



FLUFXODWLRQ RQ WKH 1:(6 IRU H[DPSOH E\ JHQHUDWLQJ E
RU E\ GLUHFWO\ DITHFWLQJ WKH EDURWURSLF UHVLGXL

7KH PDULQH FDUERQ F\FOH RQ WKH 1:(6

7KH UHFHQW H[WHQVLYH FDUERQ EXGJHW IRU WKH 1:(6 QR
/[HJJH HW DO ILQGV WKHVILQON WRKEW DVOQHWW&PDWHG W
sdu Fuau 6IKA Bl BNMURP WKH DWPRVSKHUH S5LYHBWYFDGGLW
w 61KH 8 RNWHUUHVWULDO FDUERQ LQWR WKH 1:(6 &DUER
EDODQFHG E\ QHW RIl VKHOI| WUD@QaMSR DaN & I REANKML OL& URW K
FDUERQ LQ WKH VHGLPHQWY RQ WKH 1:(6 H[KLELWV HVSHF
SRRUO\ FRGVANBRLEQKB % UN

+LJK ELRORJLFDO SURGXFWLYLW\ RQ WKH 1:(6 LV FREFLDO |
WKH 1:(6 :DNHOLQ HW DO 3ULPDU\ SURGXFWLRQ DQ¢
HVSHFLDOO\ KLJK GXULQJ WKH VKRUW VSULQJ SK\WRSODQ!
LQ WKH VXUIDFH PL[HG OD\HU Rl WKH VHDVRQDOO\ VWUDWL
OLPLWHG 6LPSVRQ DOGUBRDUSIOHHBHULRG RI VGXLPOPSH B QD/OU D
QXWULHQW IOX[HV IRU H[DPSOH LQGXFHG E\ VDIWEKIN E\DXAHW L
RI WKH VXUIDFH PL[HG OD\HU 5LFKDUGVRQ 6KDUSOHV
VXJIJHVW VXEVXUIDFH SURGXFWLRQ RQ WKH 1:(6 GXULQJ

ELRORJLFDO FDUERQ IL[DWLRQ GXULQJ WKH VSULQJ EORRP
WR WKH VSULQJ EORRP 5LFKDUGVRQ JHUQDQG HW DO
WKH VXUIDFH PL[HG OD\HU LV WKXV DQ LPSRUWDQW FRQW
FDUERQ F\FOLQJ RQ WKH 1:(6 1XWULHQW UHSOHWLRQ LQ W
LQ DXWXPQ DGGLWLRQDOO\ WULJJHUV DQ DXWXPQ EORRP

UHOHYDQWO\ FRQWULEXWH WR WKH VHDVRQDO GUDZGRZQ F
3HUPDQHQWO\ PL[HG LQQHU VKHOI UHJLRQV FRPPRQO\ V
WKURXJKRXW WKH SURGXFWLYH SHULRG DV SULPDU\ SURG!
UDWKHU OLPLWHG E\ OLJKW DQG QRW E\ QXWULHQWV &DGy

7TKH FRQWLQHQWDO VKHOI SXPS RSHUDWLQJ RQ WKH 1:(6 Gt
SXPS DQG WKH GRZQZHOOLQJ FLUFXODWLRQ RQ WKH VKHO
:DNHOLQ HW DO 7KH HIILFLHQW H[SRUW RI FDUERQ H
$WODQWLF YLD WKH FRQWLQHQWDO VKHOI SXPSXD¥DAHWD'
RQ WKH 1:(6 7KRPDV HW DO .LWLGLV HW DO 7TKFE
RI WKH 1RUWK 6HD SUHVHQWHG E\ 7TKRPDV HW DO IR X
HISRUW IOX[ IRU WKH 1RUWK 6HD D QAMDNWW LPD WHGE WWKKIHWD W
LV HISRUWHG WR WKH 1RUWK $WODQWLF +ROW HW DO
PRGHOOLQJ VWXG\ WKDW WKH GRZQZHOOLQJ FLYFXODWLRC
RI FDUERQ VHTXHVWHUHG E\ RQH JURZLQJ VHDVRQ EHIRUH
LV HISRUWHG LQWR RMKWMKWXERXWKD $W @ODOMULF DQG WKXV LVF
RQ WLPH VFDOHV RI KXQGUHGV RI \HDUV

6HGLPHQW FDUERQ LV HVWLPDWHG WR EH WKH ODUJHVW F
'"HSRVLWLRQ RI SDUWLFXODWH RUJDQLF FDUERQ DQG



FDUERQ LQ WKH VHGLPHQW UHPRYHV FDUERQ IURP WKH ZD
FDUERQ FDQ EH UHPLQHUDOL]JHG DQG VXEVHTXHQWO\ GLIIX
RU EXULHG ORQJ WHUP LQ WKH VHGLPHQW &XUUHQW VFLHC
RI VHGLPHQW EXULDO WR WKH RYHUDOO FDUERQ IOX[HV RQ
DO .LWLGLV HW DO (VWLPDWHYVY RI VHGLPHQW F
FRQVWUDLQHG E\ D VHYHUH ODFN RI REVHUYDWLRQDO GD
/IHIJJH HW DO

7KH FDUERQDWH V\VWHP RQ WKH 1:(6 VKRZV KLJK VSDWLDC
HW DO WKDW LV FDXVHG E\ WKH G\QDPLF LQWHUDF\
SURFHVVHV DQG VKHOI SK\VLFV 5LYHU LQSXWV DQG FRPS
RWKHU FRDVWDO HERV\VWHPV HJ WLGDO IODWV OLNH WKH
SURGXFWLYLW\ DQG FDUERQ IOX[HV LQ WKH QHDU FRDVW L
7KRPDV HW DO *\SH@W 8 WIJ0QJ DQG WLGDO IURQWDO
SULPDU\ SURGXFWLRQ E\ UHVXSSO\LQJ QXWULHQWYV WR WK
6KDUSOHV HW DO 6KDUSOHV =KDR HW DO
3RUWHU HW DO =KDR HW DO 7LGDO IRUFLQJ DQC
LQWR GLVWLQFW SK\VLFDO UHJLPHV WKDW H[KLELW GLVWLC
F\FOLQJ 7KRPDV HW DO YDQ /HHXZHQ HW DO 71
FROXPQ LQ VHDVRQDOO\ VWUDWLILHG VKHOI WHRIR RQK/H DO
DWPRVSKHUH YLD WKH ELRORJLFDO SXPS PHFKDQLVP ,Q
FRQVWDQW PL[LQJ E\ ZLQG DQG WLGHV NHHSV WKH ZDWHU
WKDW WKH FDUERQDWH V\WVWHP LQ WKH HQWLUH ZDWHU |
DWPRVSKHUH 7KH FRQWLQHQWDO VKHOI SXPS FRQVHTXHQ
UHJLRQV RI WKH 1:(6 ZKLFK DFFRUGLQJO\ JHQHUZ®DOBFW
SHUPDQHQWO\ PL[HG UHJLRQV UDWISMWD MKRBLHVF WHDW R RH-
&2 WR WKH DWPRVSKHUH

5HVHDUFK JDS

7KH G\QDPLF DQG KLJKO\ KHWHURJHQHRXV VKHOI UHJLPH

TXDQWLILFDWLRQXRWBNHDIQE WXH LGHQWLILFDWLRQ RI SUTF
F\FOH RQ FRQWLQHQWDO VKHOYHV OLNH WKH 1:(6 /LPLW
FRYHUDJH SDUW LFXOWDION H® DHGE/HWVPHQW RI VSDWLR WHP
LQ DLU VH[BFKX2QJH RQ FRQWLQHQWDO VKHOYHV DQG WKH U
SURFHVVHV PHGLDWLQJ FDUERQ IOX[HV EHWZHHQ WKH YDU
HOXVLYH 7KH FRQWULEXWLRQ RI VKHOI DQG FRDVWDO VHD)
RI XQFHUWDLQW\ LQ FXUUHQW HVWLPDWHV RI WKH JOREDO
+DXFN HW DO 'DL HW DO 5HVSODQG\ HW DO

,Q WKLV FRQWH[W FRXSOHG RFHDQ ELRJHRFKHPLFDO PRG
XQGHUVWDQGLQJ RI WKH VKHOI FDUERQ F\FOH TXDQWLI\
FKDQJHV LQ WKH VKHOI V\VWHP &XUUHQW VWDWH RI WKH
KRZHYHU VXEVWDQWLDOO\ RSWDNWWIP BDWH REREDOQFF&D VW
FRPSDUHG WR REVHUYDWLRQ EDVHG DSSURDFKHV 5HVSOD
XSWDNH EHWZHHQ PRGHO DQG RED/GQ YIDUMR E HE DAMW\G UL § X



SUHVHQFH RI VHWWHWKWLFOREMDW PRGHOV GXH WR WKHLU L
FRDVWDO G\QDPLFVY DQG VKHOI VSHFLILF ELRIJHRFKHPLFDO
LQ WKH JOREDO RFHDQ ELRIJHRFKHPLFDO PRGHOV LQYHVWL.,
ZDV DERXW f RU FRDUVHU DQG WKXV WRR FRDUVH WR |
KLIJIKHU +DOOEHUJ +ROW HW DO 6R IDU RQO\ UH
WKH KLJK UHVROXWLRQ QHFHVVDU\ WR UHVROYH WKH KRL
SURFHVVHV RQ WKH VKHOI DOWKRXJK UHFHQW DGYDQFHV
SURJUHVYV LQ WKLV UHJDUG ODWKLYV HW DO (YHQ UHJI
VKHOIl VSHFLILF SURFHVVHYVY LQ DQ RYHU VLPSOLILHG PDQQI

,Q WKHLU UHYLHZ RI SURVSHFWYV IRU WKH LPSURYHPHQW RI
HW DO VXJIJHVW WKDW NLORPHWULFDO VFDOH KRUL]R
WR IXOO\ UHVROYH GRPLQDQW SK\WLFDO SURFHVVHV RQ
KRULIRQWDO PRGHO UHVROXWLRQ LQ ODUJH VFDOH UHJLR
HIFKDQJH ZLWK WKH RSHQ RFHDQ LV FKDOOHQJLQJ LQ WHL
VWDELOLW\ DQG KDV RQO\ UHFHQWO\ EHHQ LPSOHPHQWHG |
IRU WKH 1:(6 .LORPHWULFDO VFDOH PRGHO UHVROXWLRQ K
IHDVLELOLW\ IRU FRXSOHG SK\VLFDO ELRJHRFKHPLFDO UHJ

HVSHFLDOO\ FRQVLGHULQJ WKH PXOWLWXGH RI VKH
FRQVWLWXWLYH IRU WKH KLJK VSDWLR WHPSRUDO YDULDE
VFDOH KRUL]JRQWDO UHVROXWLRQ LQ PRGHOOLQJ WKH FDU
EHHQ DVVHVVHG WR GDWH $ FDUHIXO HYDOXDWLRQ RI WKF
WR VLPXODWH WKH VKHOI FDUERQ F\FOH LV LPSHR\QWWQW [
RQO\ IDFH PHWKRGRORJLFDO XQFHUWDLQW\ VWHPPLQJ IURF
EXW DOVR IURP NQRZOHGJH JDSV UHJDUGLQJ VKHOI VSHFLI
RI DSSO\LQJ FRPSXWDWLRQDOO\ FRVWO\ KLJK UHVROXWLR
FDUERQ F\FOH DFFRUGLQJO\ QHHGV WR EH ZHLJKHG DJDLQ"
FRVWO\ LQFUHDVH LQ ELRJHRFKHPLFDO PRGHO FRPSOH[LW

7KH LPSOHPHQWDWLRQ RI NLORPHWULFDO VFDOH KRUL]JRQ
PRGHO V\VWHP IRU WKH 1:(6 KDV IRU H[DPSOH OHDG WR D P
RI WHPSHUDWXUH DQG VDOLQLW\ RQ WKH VKHOI DORQJ ZLV
YDULDELOLW\ Rl VXUIDFH FXUUHQWY 7RQDQL HW DO
NLORPHWULFDO VFDOH KRUL]JRQWDO PRGHO UHVROXWLRQ
1:(6 ZLWK SRWHQWLDO LPSOLFDWLRQV IRU WKH FRQWLQH (
IXUWKHU GHPRQVWUDWHG WKDW RQO\ NLORPHWULF
UHDOLVWLFDOO\ UHSURGXFHV WKH LQWHUQDO WLGH ILHO(
VSHFLILF SURFHVV VXJJHVWHG WR EH DQ LPSRUWDQW VR
VWUDWLILHG VKHOI DUHDV 5LSSHWK ZKLFK VXSSO
SURGXFWLRQ DQG LV FUXFLDO IRU WKH H[FKDQJH RI FDUEF
VXUIDFH OD\HU LQ FRQWDFW ZLWK WKH DWPRVSKHUH 5LS:
GULYHQ GLDS\FQDO QXWULHQW IOX[HV KDYH EHHQ REVHU
6KDUSOHV HNQDBODW VPDOO VFDOH EDWK\PHWULF IHDWXU'
7KH KLJK VSDWLDO YDULDELOLW\ DQG HSLVRGLF QDW
LPSHGH D FRPSUHKHQVLYH REVHUYDWLRQ EDVHG DQDO\VL\
FDUERQ IL[DWLRQ DQG DXSRMNHVRG WRHDWKIFOL2$ PRGHO E
RI LQWHUQDO WLGHV LV LQ WXUQ LPSHGHG E\ WKH KLJK



NLORPHWULFDO VFDOH KRUL]JRQWDO UHVROXWLRQ QHFHVYV
1:(6

7KH UBDFHHDMML]HG UHSUHVHQWDWLRQ RI WKH ISKWHUFEQDO V
PRGHOV RI WK EKHQ VXJIHVWHG WR LPSURYH VHD VXUID
EUHDN RI WKH 1:(6 E\ HQKDQFLQJ YHUWLFDO PL[LQJ *UDKI
NLORPHWULFDO VFDOH LQWHUQDO WLGH ILHOG RQ VLPXOD
ELRORJLFDO SURGXFWXBMWDINRURRFWEGLE: 2KDV VR IDU QF
SULPDULO\ EHFDXVH Rl WKH VXEVWDQWLDOO\ KLJKHU FRF
ELRJHRFKHPLFDO PRGHOV ,PSURYLQJ VLPXODWHG YHUWLF
UHJLPH E\ UHVROYLQJ WKH LQWHUQDO WW®HI HIERO B LIUQVRIFH 4
H[FKDQJH RQ WKH 1:(6 IRU H[DPSOKKGGBOOWWLBIWQRQWRH \
SURGXFWLRQ LQ FRXSOHG RFHDQ ELRJHRFKHPLEDO PRGHO
DGHTXDWH OHYHOV RI LQWHUQDO PL[LQJ YDQ /HHXZHQ HW

7KH HYDOXDWLRQ RI NH\ SK\VLFDO DQG ELRJHRFKHPLFDO S
DQG DLU MHEKR®OJH RQ WKH VKHOI LV LPSRUWDQW IRU WKH |
WKH VKIPOINAMVWHNKH VI(QQNDQG LV WKXV DW WKH FRUH RI F
PRGHO WKH UHSUHVHQWDWLRQ RI WKH GLYHUVH DQG FRP!
WKDW FKDUDFWHUL]H WKH VKHOI HQYLURQPHQW QHFHVVDI
SULRULWL]DWLRQ 7KLV LV SDUWLFXODUO\ WKH FDVH LQ Y
QHFHVVDU\ IRU KLJK UHVROXWLRQ RU JOREDO PRGHOLQJ DS
WR H[SDQG FXUUHQW NQRZOHGJH RQ VKHOI VSHFLILF SK\VL
UHOHYDQFH IRU FDUERQ F\FOLQJ RQ WKH 1:(6 E\ IRFXVLQJ
UDQJH RI SK\VLFDO DQG ELRIJHRFKHPLFDO SURFHVVHV RQ F
PDULQH FDUERQ F\FOH VHH SUHYLRXV VHFWLRQV DQG
LQFOXGHG LQ JOREDO RFHDQ PRGHOV 7KH UROH RI WKH F
FDUERQ F\FOH DRGFRDQMHRD®2 VR IDU QRW EHHQ DVVHVVHC

$ GHWDLOHG XQGHUVWDQGLQJ RI WLGH UHODWHG VKHOI
LQVLIKWY RQ WKH UROH RI NH\ VKHOI VSHFLILF SURFHVVH)\
RQ WKH VA\VWHPDWLF ELDV LQWURGXFHG E\ XQUHVROYHG W
&2 VLONWYIKVWVHUWDWLRQ WKHUHIRUH DGGUHVVHYV WKH IROC

+RZ GR WLGHV DV RQH RI WKH GRPLQDQW SK\VLFDO IRUFLC
DIITHFW DLUHVYHIOD&2IH RQ WKH 1:(6"

7KH IROORZLQJ VXE TXHVWLRQVY DUH DGGUHVVHG WR DQVZ}

X How do tides impact biological carbon fixation on the NWES?
X What is the influence of internal tides on the carbon cycle on the NWES?
x Which tidal processes are most relevant for air-sea C£exchange on the NWES?

$SSURDFK DQG 2XWOLQH
7KH VWXG\ DLPV WR H[SDQG FXUUHQW NQRZOHGJH RQ Wi
DGGUHVVLQJ WKH UROH RI WLGDO IRUFLQJ IRU FDUERQ F\F
7KH UHVHDUFK LV IRFXVHG RQ WKH 1RUWKZHVW (XURSHDQ



ELRIHRFKHPLFDO UHJLRQDO PRGHO IUDPHZRUN ZDV GHYHQG
WKLV ZRUN 7KH PRGHO IUDPHZRUN UHIHWQUWAKEI WIRWHWV 6\& Kk Ho
GLPHQVLRQDO FURVV VFDOH SK\VLFDO PR®RZG B &MUKRES KLKEDQ
HFRV\VWHP PRGHO (&2602 ,, 'DHZHO DQG 6FKUXP DQ
LOQWURGXFHG E\ %ODFNIRUG DQG *LOEHUW 7KH PRGHO
DV WKH %DOWLF 6HD DQG D SDUW RI WKH HDVWHUQ 1RUWK
UHJLRQDO VFDOH LPSDFWV 7KH PRGHO GRPDLQ LV LOOXVV
RYHUKHDG QHFHVVDU\ IRU WKH LQWHJUDWLRQ RI WKH WKU'}
WHVWHG YDOLGDWHG DQG RSWLPL]J]HG IRU PRGHOLQJ WKH

7KH SK\WLFDO PRGHO FRPSRQHQW 6&+,60 LV EDVHG RQ DC
PRGHO JULBHZ6XARHUDWLRQ SK\VLFDO RFHDQ PRGHOV RII
ORFDOL]HG JULG UHILQHPHQW LQ DUHDV RI LQWHUHVW DQ
SUREOHP RI KLJK FRPSXWDWLRQDO GHPDQG IDFHG ZLWK V!
UHDOL]LQJ KLJK UHVROXWLRQ 7KH LPSOHPHQWDWLRQ RI |
KRZHYHU EULQJV LWV RZQ VHW RI PHWKRGRORJLFDO FKDO
LQFOXGH WKH GHHS RSHQ RFHDQ =KDQJ HW DO

*LYHQ FXUUHQW QXPHULFDO FRQVWUDLQWY PRGHO EDVH
SURFHWHKM PDULQH FDUERQ F\FOH QHHGV WR EDODQFH WK
D UHDOLVWLF UHSUHVHQWDWLRQ RI VKHOI SK\VLFV ZLWK W
FRPSOH[ ELRJHRFKHPLFDO SURFHVVHV WKDW DIIHFW FDUE
DSSOLFDWLRQ RI DQ XQVWUXFWXUHG JULG PRGHO LQ UHVH
FDOOV IRU DQ HYDOXDWLRQ Rl WKH SHUIRUPDQFH RI WKHI
DGDSWDWLRQV WDLORUHG WR PHHW WKH GLIIHULQJ UHVHD
LPSURYHG UHSUHVHQWDWLRQ RI HLWKHU SK\VLEDO RU ELF
GLVVHUWDWLRQ FRQVHTXHQWO\ DGGUHVVHV D SUHFHGLQJ

&DQ WKH FURVV VFDOH FDSDELOLW\ RI XQVWUXFWXUHG JUL
DQ DGDSWDEOH SK\VLFDO ELRJHRFKHPLFDO PRGHOOLQJ IU
NLORPHWULFDO VFDOH KRUL]JRQWDO UHVROXWLRQ™

7TKUHH UHVHDUFK DUWLFOHY DVVRFLDWHG ZLWK WKH GLV\
GLVVHUWMDO W IIRQ HUWDWLRQ DQG WKH DVVRFLDWHG DUWL
GHYHORSPHQW DQG GRFXPHQW WKH FRPSUHKHQVLYH YDC
FRQILIXUDWLRQ 7KH ILUVW VWXG\ SUHVHQWY WZR KRUL]RQ
FRPSRQHQW 6&+,60 D FRDUVH UHVROXWLRQ FRQILIJIXUDWLR
FRPSOH[ ELRJHRFKHPLFDO PRGHOV DQG D FURVV VFDOH k
NLORPHWULFDO VFDOH KRUL]JRQWDO UHVROXWLRQ WR UHVI
VKHOl UHJLRQV DGMDFHQW WR WKH VKHOI EUHDN RI WKH 1
SHUIRUPDQFH RI WKMWWZ\R PRG DG ®BGHBEWYWHY WKH SUHFHGLQJ
TXHVWLRQ RQ WKH DSSOLHG XQVWUXFWXUHG PRGHOOLQJ D
SK\WVLFDO PRGHO 6&+,60 DQG WKH ORZHU WURSKLF OHYHO F
REVHUYDWLRQV :H DSSO\ WKH PRGHO IUDPHZRUN WR DVVH
SURGXFWLRQ RQ WKH 1:(6 DQG LQYHVWLIJDWH WKH LPSDFW
WLGH ILHOG 7KH WKLUG VWXG\ LOWURGXFHYV DQG YDOLGDYV
LQYHVWLIJDWHYVY WLGDOHLPIKSDEWY R@ WKH YHB &2 WK WKH JR
GRPLQDQW WLGDO SURFHVVHV DIITHFWLQJ WKH VKHOI FDUET



7KH IROORZLQJ FKDSWHUV RI WKH GLVVHUWDWLRQ KLJKOLJ
DUWLFOHYV LQ UHODWLRQ WR WKH RXWOLQHG UHVHDUFK TX
IXWXUH UHVHDUFK QHHGYV DQG VSHFLILFDOO\ DGGUHVVHYV LC
PRGHOOLQJ DSSURDFK XVHG LQ WKLV GLVVHUWDWLRQ

20XQVWUXFWXUHG JRIBKMHRGHO OLQJ

7KH LPSOHPHQWDWLRQ RI D QHZ FRXSOHG SK\VLFDO ELRJHF
XQVWUXFWXUHG JULG PRGHO 6&+,60 HVWDEOLVKHV D IOH][L
WKH 1:(6 FDUERQ F\FOH 7ZR KRUL]JRQWDO JWH®&GVERKRHHWNWU I
FRPSXWDWLRQDO HIILFLHQF\ UHTXLUHPHQWY RU UHVROYFG
LOQWHUQDO WLGHV 7KH FRDUVH UHVROXWLRQ 1:(6 /5 FRQIL.
, 7 FRQILIJIXUDWLRQ DUH S B6MAXHCAWIHG HWQFEHY D@L & BW & \VQ F D
GHULYHG ZLWK WKH WZR FRQILJXUDW L RQR/HDRRHQ NXLUMKHILF D |
DGDSWDEOH PRGHOOLQJ IUDPHZRUN DQG JXLGH IXWXUH DS

7KH FRDUVH UHVROXWLRQ 1:(6 /5 FRQILJXUDWLRQ LV RSWLP
IDVW VLPXODWLRQ RI WKH 1:(6 DQG %DOWLF 6HD DUHDYV D¢
FRPSOH[ ELRJHRFKHPLFDO PRGHO FRPSRQHQWYV ,Q WKH 1:(
VFDOH FDSDELOLWLHY DUH XWLOL]J]HG WR UHDOL]H RLORPHYV
DQG LQ VKHOI UHJLRQV DGMDFHQW WR WKH VKHOI EUHDN R
DV LOWHUQDO WLGHY DUH XQGHUVWRRG WR EH SDUWLFXOD
WKH GHHS 1RUWKHDVW $WODQWLF WR UHVROYH FURVV VKH
RI WKH VKHOI VA\VWHP VHH )LJ %YRWK JULG FRQILIXUDW
DIJDLQ XWLOL]LQJ 6&+,60V FURVV VFDOH FDSDELOLWLHV W
DFURVV WKH QDUURZ 'DQLVK VWUDLWYVY FRQQHFWLQJ WKH 1

6WXGEFRQILUPVY WKH SUHVHQFH RI LQWHUQDO WLGHV RQ WK|
FRQILJIXUDWLRQ ,QWHUQDO WLGHV H[FLWHG E\ WKH UHJLR
WKH UDQJH RI NP RQ WKH 1:(6 DQG DUH WKXW QRW UL
FRQILIJIXUDWLRQ ZLWK D KRUL]JRQWDO JULG UHVROXWLRQ F
VLPXODWHG LQWHUQDO WLGH DFWLYYWOLGDWHKB DJBLQVAR
REVHUYDMWLRQWKH) 1:(6 ,7 FRQILIXUDWLRQ LV IRXQG WR UH
ILHOG FRPSDUDEOH WR D NLORPHWULFDO VFDOH VWUXFWXL
7KH DSSOLHG VWUDWHJ\ RI ORFDO JULG UHILQHPHQW LQ
HITLFLHQF\ LQ FRPSXWDWLRQDO FRVW DQG VWRUDJH UHTX
UHGXFHG E\ D IDFWRU Rl a FRPSDUHG ZLWK D BWKXI®RWUR KLJI

7KH YDOLGDWLRQ RI ERWK 6RWRGIE® FFRRQ@V MWIXIDAD /. ROQB/H TR D W
FRQVLVWHQW PRGHO SHUIRUPDQFH UHJDUGLQJ WKH JH
&RPSUHKHQVLYH DQDO\VLY DQG FRPSDULVRQ UHYHDOHG W
FRXOG IXUWKHU EH UHGXFHG E\ LPSURYLQJ WKH YHUWL
SHUIRUPDQFH LQ WKH %DOWLF 6HD DQG WKH UHSUHVHQWD\
6HD DQG %DOWLF 6HD 'LIIHUHQFHYV EHWZHHQ WKH PRGHO F
WR GLIIHUHQFHV LQ KRUL]JRQWDO JULG UHVROXWLRQ DQG
1RUZHJLDQ 7UHQFK YDOLGDWLRQ RI VHD VXUIDFH VDOLQLYV



UHOHYDQW PHVRVFDOH SURFHVVHV DQG DVVRFLDWHG ODYV
UHVROXWLRQ 1:(6 ,7 FRQILIXUDWLRQ 7KH VLPXODWLRQ |
QXPHULFDOO\ FKDOOHQJLQJ VWHHS FRQWLQHQWDO VORSH
UHVROXWLRQ ZLWK ORZHU PRGHO SHUIRUPDQFH LQ WKH FI

7KH FRPSDULVRQ Rl WKH WZR PRGHO FRQILJXUDWLRQV KR:
1:(6 /5 FRQILIXUDWLRQ WKDW L\KRW®GHEBRBSB G GRHVVRIGY

SHUIRUPDQFH UHJDUGLQJ VHD VXUIDFH VDOLQLW\ LQ WKH ¢
FRQILIXUDWLRQ FRPSDUHG WR WKH 1:(6 ,7 FRQILIXUDWLRC
UHSUHVHQWDWLRQ RI ORFDOO\ UHOHYDQW PHVRVFDOH D
SHLVVPDQQ HW DO $ SDUWLFXODUO\ FRQFHUQLQJ G
RFFXUV LQ WKH 1RUZHJLDQ 7UHQFK ZKHUH WKH 1:(6 /5 FR
IURP WKH 1RUWK $WODQWLF DQG WKXV VXEVWDQWLDOO\ X
REVHUYDWLRQV DQG WKH 1:(6 ,7 FRQILIXUDWLRQ $Q LQYH\
LQ YROXPH WUDQVSRUWY LQ WKH 1RUZHJLD @WXGHYFW KDV K
1RUZHJLDQ 7UHQFK IXQFWLRQV DV WKH ODUJHVW SDWKZD\ |
HW DO WKH FRQVHTXHQFHV RI WKLV OLPLWDWLRQ LQ
VKHO|I FDUERQ F\FOH VKRXOG EH DGGUHVVHG LQ IXWXUH V\V

7KH RYHUDOO ODUJH FRQVLVWHQF\ EHWZHHQ WKH UHVXO
SUHVHBWHNGEQ®HUOLQHY WKH KLJK IOH[LELOLW\ DQG FRQILJ
BWXGODVWO\ DOVR VKRZV WKDW GHVSLWH LWV /SRPSDUD
FRQILJXUDWLRQ DFKLHYHVY DGHTXDWH PRGHO SHUIRUPDQEF}
7KH LGHQWLILHG GLIIHUHQFHV EHWZHHQ WKH PRGHO FRQIL
YDOLGDWLRQ SURBR@YX¥URIVWRH PBGBW®OLQJ IUDPHZRUN DV
GLUHFWO\ FRPSDULQJ PRGHO UHVXO0OWHNKB FURYVG® M LHRUH § M
LBGWXGLHFRQWULEXWHG WR HVWDEOLVKLQJ WZR EDVHOLQ
JURXQGZRUN IRU UHVHDUFK RQ WKH 1:(6 FDUERQ F\FOH DOF
LPSURYHG UHSUHVHQWDWLRQV RI SK\VLEFDO DQG ELRJHREK

2Q WKH UROH RI WLGH LQGXFHG ELRORJLFIL

WKH 1:(6 FDUERQ F\FOH
BWXGNQXFLGDWHY K\GURG\QDPLF FRQWURO RQ VKHOI SULP
DV RQH RI WKH GRPLQDQW VKHOI VSHFLILF SURFHVVHV RQ
SURGXFWLRQ REVHUYHG RQ XFRIIBIOQHYWID OHVXEOWHXF W X L
6&+,60 ZLWK WKHKRWBE]RQWDO JULG FRQILIXUDWLRQ WKDV
KRULJRQWDO UHVROXWLRQ RQ WKH 1:(6 6&+,60 LV FRXSOH
OHYHO HFRV\VWHP PRGHO (&2602 ,, 'DHZHO DQG B6FKUXP
SK\WRSODQNWRQ+]RRSODQNWRQ+GHWULWXV FRQFHSWXDO
FRPSHWLQJ PDMRU ERWWRP XS WLGDO SURFHVVHV FRQWUF
RI OLJKW DYDLODELOLW\ E\ UHVXVSHQVLRQ DQG PL[LQJ RI
E\ WLGDO PL[LQJ =KDR HW DO 7KH QRYHO FRXSOHG S
IUDPHZRUN 6&+,60 (&2602 LV H[WHEQXIGNAG\ DYPIOLULGDEN HRGJ LVQ



WLPH WR REWDLQ D FRPSUHKHQVLYH TXDQWLILFDWLRQ RI
HQWLUH 1:(6 H[SOLFLWO\ LQFOXGLQJ WKH LPSDFW RI LQWH

7KH PDMRU I6QW&GYYIJBRHVWY WKDW WLGDOO\ HQKDQFHG YH

UHVSRQVLEOH IRU DERXW RI WKH WRWDO DQQXDO SULPI

WLGDO LPSDFW RQ SULPDU\ SURGXFWLRQ LV ODUJHO\ Ul

FKDUDFWHUL]HG E\ WLGDO IURQWDO V\VWHPVY DQG D ZHDN

OD\HUV VHH )LJ 7TKH GHHS RXWHU VKHOI DUHD LQ WKH \
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GLIITHUHQFH RI D VLPXODWLRQ ZLWK WLGHV DQG D VHQVLMW
LV WDNHQ IURP .RVVDFN HW DO GRFXPHQWHG LQ $S¢

H[FHSWLRQ LQ WKLV UHJDUG DV LW DOVR VKRZHG D VXE
SURGXFWLRQ 7KH G\QDPLF WLGDO IURQWDO V\VWHPV LQ V
6HD DQG ZHVWHUQ (QJOLVK &KDQQHO ZHUH IRXQG WR S
SURGXFWLRQ ,Q SHUPDQHQWO\ PL[HG UHJLRQV RI WKH 1:
RUJDQLF PDWWHU 320 DQG PL[LQJ GHJUDGHV OLJKW FR
SK\WRSODQNWRQ JURZWK 3UHYLRXV VWXGLHV IXUWKHU V
VXFFHVVLRQ SDWWHUQV RI SK\WRSODQNWRQ VSHFLHV YD
SKHQRORJ\ =KDR HW DO RQ WKH 1:(6

BWXGWVRPSOHPHQWY WKH LQYHVWLIJDWLRQ RI WLGDO LPSD
HYDOXDWLQJ WLGDO LPIS[FKWQJRQDRIGU W[ RI2LQJ XQGHUO
ELRIJHRFKHPLFDO SURFHWWHG\I$Y,NW KWV RMW WRLGDOO\ HQ
SURGXFWLRQ RQ WKH 1:(6 GRHV QRW WUDXSWDMWMIG\LQWR |
FRPSUHKHQVLYHO\ DVVHVVHV WLGH LQGXFHG ELRORJLFDC
HYDOXDWLQJ QHW FRPPXQLW\ SURGXFWLRQ L H WKH ED
KHWHURWURSKLF UHPLQHUDOL]DWLRQ EDFN LQWR GLVVR
GHWHWWF K8 ELRORJLFDO LPSDFW RQ WKH FDUERQDWH V\VWHF



QHW FRPPXQLW\ SURGXFWLRQ UHYHDOV DQ LQFUHDVH LQ Q
RI ELRORJLFDOO\ IL[HG FDUERQ ZLWK WLGDO IRUFLQJ Zk
FDSDFLW\ IRU DWPRVSKHULF &2

7LGH LQGXFHG UHVXVSHQVLRQ RI RUIJDQLF PDWWHU IURP W
VKRZQ WR EH KLJKO\ UHOHYDQW IRU WKH WLGDO LPSDF'
UHVXVSHQVLRQ KRZHYHU PDLQO\ DIITHFWV WKH EDODQFH F
LQ WKH ZDWHU FROXPQ RU WKH VHGLPHQWY DQG WKXV SUL
WLPLQJ RI KHWHURWURSKLF UHPLQHUDOL]DOWLDRIY RRZWKH V
WKDW WKH WLGDO LPSDFWV RQ QHW FRPPXQLW\ SURGXFWL
&2 XSWDNH RQ WKH 1:(6 7KLV UHVXOW LQGLFDWHYV WKDW S
IDFWRUV IRU WLGDO LPBDHWRQRWKBILU: VWHD7 &l2VH SURFHVYV
DGGUHVVHG LQ &KDSWHU

7KH UHVWULFWLRQ Rl WLGDO LPSDFWV RQ SULPDU\ SURGX
BWXGVWURQJO\ OLPLWY WKH SRWHQWLDO RI WLGDO LPSDI
FRQWLQHQWDO VKHOI SXPS PHFKDQLVP &RPSDULVRQ WR \
1RUWK 6HD E\ YDQ /HHXZHQ HW DO VXJIJHV\SVLWRDW D
SURGXFWLRQ KRZHYHU VWLOO RFFXUV LQ WUDQVLWLRQD
VWUDWLILHG GD\V LQWHUPLWWHQWO\ VWUDWLILHG G
I GD\V VWUDWLILHG SDUWV R BMKHE R GEWKIG \BHKIH UHK R UHH
LQGLFDWH WKDW WKH HIITHFWLYH GHFRXSOLQJ Rl WKH PDJQ
&2 XSWDNH DQG WKXV DOVR WKH ZHOO GHVFULEHG VSDWLLE
VLQN LQ WKH VHDVRQDOO\ VWUDWLILHGRERB W KEIHQULRH WW |
DLU VHBI[EEDQJH LQ WKH VRXWKHUQ 1RUWK 6HD 7KRPDV H
PDLQWDLQHG QRW RQO\ E\ WKH GLYLGH EHWZHHQ VWUDWLI
K\GURG\QDPLF FRQGLWLRQV LQ WKH LQQHU VKHOI

7KH JHQHUDO FLUFXODWLRQ LQ LQQHU VKHOI UHJLRQV RI
ZKLFK ZLOO VLJQLILFDQWO\ FRQWULEXWBWDR AN KR MLVGEGIH Y
SULPDU\ SURGXFWLRQ $ ZDWHU SDUFHO HQWHULQJ WKH 1R
WKURXJK WKH VRXWKHUQ 1RUWK 6HD LV IRU HI[DPSOH HVWL
RQ WKH VKHOI ZLWK D UHVLGHQFH WLPH RI \HDUV LQ WI
JRU WKH ,ULVK 6HD D WUDFHU UHOHDVHG LQ VXPPHU |
WLPH LQ WKH ,ULVK 6HD RI GD\V 'DEURZVNL HW DO
WKH wuDQVLW WLPH RI D ZDWHU SDUFHO IURP WKHQ&HOWLF
HVWLPDWHG WR EH \HD UIVY HHQGW K HNVW DB QJ UHVLGHQFH W
ELRORJLFDOO\ IL[HG DQG WUDQVSRUWHG WR WKH VXEVXUII
ZRXOG OLNHO\ DW OHDVW RQFH IDFH UH HI[SRVXUH WR WKH
HISRUW IURP WKH 1:(6 7KH HQKDQFHG ELRORJLFDO SURGXI
VXEVXUIDFH SULPDU\ SURGXFWLRQ PDLQWDLQHG E\ S\FQRF
LQ VKDOORZ VWUDWLILHG LQQHU VKHOI VHWWLQJV DV IRU
HW DO IRU WKH *HUPDQ %LJKW FDQ WKXV RQO\ PDU.
XSWDNH RQ WKH VKHOI

$ SRWHQWLDO FRQVWUDLQW LQ WKH DSSONKIE O RYNFWH
PDFUREHQWKRY DQG DVVRFLDWHG ELRWXUEDWLRQ ZKLFK
WKH ZDWHU FROXPQ DQG WKH VHGLPHQWY DQG SDUWLFXO
=KDQJ HW DO 7KH ODFN RI VHPL ODELOH DQG UHFD



FDUERQ '20 ZLWK WXUQRYHU WLPHV LQ WKH RUGHU RI V
SRWHQWLDOO\ DIIHFWV WL GB[F KICPGBIH WW GR.Q WHE ¥ CE L&RO |
IL[DWLRQ 3URGXFWLRQ RI ORQJ OLYHG '20 LQ WKH FRXUVH
LVRODWH FDUERQ IURP H[FKDQJH ZLWK WKH DWPRVSKHUH D
LQGXFHG SULPDU\ SUR GOSAPWMDLNRHD RIQHVIKGIO X\2LRQ Rl ORQJ Ol
QRW H[SHFWHG WR VLJQLILFDQWO\ FKODSQNHBNW KW RV WQ GDWL
HVWDEOLVKHG LQ WKLV ZRUN DV QHW '20 IOX[HV RQ WKH 1
FRPSDUHG WR ',& IOX[HV 7KRPDV HW DO
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JLIXURALGDO LPSDFW RQFKDWQYVHD@AXVWUDWHG E\
RI D VLPXODWLRQ ZLWK WLGHV DQG D VHQVLWLYLW\ H[SH
IURP .RVVDFN HW DO GRFXPHQWHG LQ $SSHQGL[ %

2Q WKH UROH RI LQWHUQDO WLGHV IRU WK
7KH NLORPHWULFDO VFDOH KRUL]JRQWDO UHVROXWLRQ UHEL
FRQILIXUDWLRQ IRU WKH ILUVW WLPH HQDEOHG D UHJLRQLI
WLGHV RQ WKH 1:(6WBRBERFEQADBP WKH SUHVHQFH RI LQW
YHUWLFDO S\FQRFOLQH GLVSODFHPHQWV IDU RQWR WKH
NLORPHWULFDO VFDOH PRGHOOLQSWXAXRGR &Y DQAWR X QHDVD Db\
SULPDULO\ FRQWULEXWH WR ELRORJLFDO FDUERQ IL[DWLR(
WKH &HOWLF 6HD VKHOI EUHDN ZKLFK LV NQRZQ WR EH KR
WR LWV H[WUHPH DQG FRPSOH[ WRSRJUDSK\ %DLQHYV

6WXGKRZHYHU VXJIJHVWYVY WKDW VLJQLILFDQW GLDS\FQDO P
RFFXUV ZLWKLQ WHQV RI NLORPHWUHY IURP WKHLU JHQHU
HVWLPDWHYV RI ,QDOO HW DO DQG *UHHQ HW DO I



GLDS\FQDO PL[LQJ LQ VWUDWLILHG LQQHU VKHOI UHJLRQV
FRQVWUDLQV WKH RYHUDOO LPSDFW RI WKH NLORPHWULFEC
F\FOH ,QWHUQDO WLGH GULYHQ YHUWLFDO PL[LQJ RI QXW|
RQH ILIWK RI WKH VXEVWDQWLDO WLGDO UHVSRQVH LQ SU
&HOWLF 6HD BWWHGIXIUWKHU ILQGY FRQFXUUHQW GLDS\FQDC
UHGXFH WKH LPSDFW Rl LQWHUQDO WLGH GULWHRKEQRBRJL
6XFK PXWXDO FRPSHQVDWLRQ ZDV SUHYLRXVO\ SURSRVH(
DQDO\WLFDO PRGHO HVWLPDWH V6DWX G IR WIKGX D.Q WW WAHM R
WKH FRPSRXQG LPSDFW RI LQWHUQDO WLGH GULYHQ PLJ[L
XOWLPDWHO\ ILQGY RQO\ D PDUJLQDO FRQWULEXWLRQ RI |
VLPXODWHG D[BKDHDI KR RQ WKH 1:(6 RI DXQIWIXDIOH RIEG DK
VRXWKZHVWHUQ &HOWLF 6HD

7KMLGDO UHVSRQVH RI SULPDU\ SURGXFWLRQ DORQJ WKH ¢
LH DORQJ WKH 0DOLQ +HEULGHV DQG QRUWKHUQ 1RUWK
IXUWKHU FRQVWUDLQV WKH LPSDFW RI LQWHUQDO WLGHV R
UHVXOWXGMKHUHIRUH VXJIJHVW WKDW WLGH LQGXFHG PL[LC
VORSH JUDGLHQW LQ FKORURSK\OO D DV D SUR[\ IRU SULF
UHPRWH VHQVLQJ SURGXFWV 7KH JUDGLHQW LQ SULPDU\
VHDVRQDO LURQ OLPLWDWLRQ LQ WKH 1RUWK $WODQWLF

VKHOI EUHDN VHFWLRQV RI WKH 1:(6 %LUFKLOO HW DO

SURGXFWLRQ RQ WKH 1:(6 PDUJLQV LV VXJIJHVWHG WR EH F
RI LURQ WR WKH ZDWHU FROXPQ IURP ERQQYLRQAQWDRY NRHAEK
UHVROYHG LQ WKH DSSOLHG ELRJHRFKHPLFDO (&2602 ,, PR«

S$OWKRXIK QRW H[SOLFLWGWX\GIKYWHKGE UWRIKAUNHWKOWWRV R
WLGHYV ZLWK NLORPHWULFDO VFDOH KRUL]JRQWDO PRGHO
VXEVXUIDFH SULPDU\ SURGXFWLRQ WKDW FULWLFDOO\ GHSES
VHDVRQDOO\ VWUDWLILHG VKHOI UHJLPH 7KLV VXJJHVWV W
VLIQLILFDQWO\ LPSURYH WKH XQGHUHVWLPDWLRQ RI VXE\
FRXSOHG K\GURG\QDPLF ELRJHRFKHPLFDO PRGHOV DSSOL
/IHHXZHQ HW DO

%H\RQG WKH WLGH UHODWHG LPSDFWV LQYHVWLIJDWHG KHU
UHOHYDQWO\ FRQWULEXWH WR FURVV VKHOI H[FKDQJH DFU
HW DO $ NLORPHWULFDO VFDOH PRGH®HORRQVVWADOGM HI
VLIQLILFDQW FRQWULEXWLRQV RI NLORPHWULFDO VFDOH
LQWHUQDO WLGHV DQG VPDOO VFDOH WRSRJUDSK\ WR FUF
HYDOXDWLRQ RI WKH LPSDFW RI LQWHUQDO WLGH GULYHQ
ZDV KRZHYHU EH\RQG WKH VFRSH RI WKLY GLVVHUWDWLRQ |
Rl FURVV VKHOI HIFKDQJH IRU WKH FRQWLQHQWDO VKHOI S

7KH DSSOLHG PRGHOOLQJ DSSURDFK IRU WKH ILUVW WLPH
HITHFWV LQ VLPXODWHG VKHOI FDUERQ G\QDPLFV 1HYHUW
UHODWHG WR WUDGLWLRQDO RFHDQ PRGHOOLQJ VWLOO |
SURSDJDWLQJ LQWHUQDO WLGH H[FLWHV QRQ K\GURVWDW
PHGLDWH HQHUJ\ GLVVLSDWLRQ DQG DVVRFLDWHG PL[LQJ «
,Q WKH &HOWLF 6HD LQWHUQDO VROLWDU\ ZDYHV ZLWK DF
90DVHQNR HW DO +\GURVWDWLF RFHDQ PRGHOV OLN



FRPSXWDWLRQDO HIILFLHQF\ FRPSDUHG WR QRQ K\GURVWD
QRQ K\GURVWDWLF LQWHUQDO ZDYH ILHOG DQG WKHUHIR!
YHUWLFDO PL[LQJ 7KH UHVXOWYV RI WKLV ZRUN WKXV KDYF
LPSDFW RI LQWHUQDO WLGHV RQ YHUWLFDO PL[LQJ RQ WKH

ORUHRYHU GHVSLWH VLIJQLILFDQW SURJUHVYV LQ WKH GHYH:
IRU WKH VKHOI HQYLURQPHQW LW QHHGV WR EH HPSKDVL]
DUH VWLOO LQFRPSOHWH ZLWK UHVSHFW WR SK\VLFDO SUF
PRGHO UHVXOWYV WR GLITHUHQW FORVXUH VFKHPHV LV DV C
RQ WKH 1:(6 /XQHYD HW DO 7TKH */6 N NO WXUEXOHQ
FORVXUH DSSOLHG LQ WKLV VWXG\ GRHVY QRW H[SOLFLWO\ S
PLILQJ LQWURGXFHG E\ UHVROYHG LQWHUQDO WLGH DFWLY
VKHDU $V UHVROYLQJ LQWHUQDO WLGHV ZLWK NLORPH!
LQFUHDVLQJO\ EHFRPHYV IHDVLEOH IRU UHJLRQDO VFDOH
FRPSUHKHQVLYH HYDOXDWLRQ RI WKH SHUIRUPDQFH RI WX
VKRXOG EH D SULRULW\ 7KH UHSUHVHQWDWLRQ RI QRQ OL
LQWHUQDO WLGHV DV IRU H[DPSOH UHSRUWHG E\ +RSNLQV
DVSHFW LQ NLORPHWULFDO VFDOH PRGHOOLQJ $ UHDOLV!
LQWHUDFWLRQ ZRXOG SRWHQWLDOO\ LPSURYH WKH VLPXOD
SDUWLFXODUO\ LPSRUWDQW IRU GLDS\FQDO PL[LQJ RQ WKH

2Q WLGDO LPSDFWV RQ FDRIBRD® REOLQJ DC

H[FKDQJH RQ WKH 1:(6
6WXGH[SDQGY WKH LQYHVWLJDWLRQ RI WLGDO LPSDFWV RQ
DQG H[SORUHYV KRZ PXOWLIDFHWHG W HGBIKD QU R FRHY WHWH PRQA
WKLV HQG WKH SK\VLFDO ELRJHRFKHPLFDO 6&+,60 (&2602 |
VI\VWHP PRGHO LQWURGXFHG E\ %WODFNIRUG DQG *LOEHUVW
VLPXODWHYVY FDUERQDWH FKHPLVWU\ LQ VHDZDWHU XVLQJ G
DV SURJQRVWLF YDULDEOHY 7KH H[WHQGHG PRGHO IUDP
REVHUYDWLR&DVYQAE DSSOLHG WR JDLQ TXDQWLWDWLYH SURI
RI WLGHV R XEMDDONHF RQ WKH 1:(6 E\ FRPSDULQJ D KLQGF
SHULRG DQG D VHQVLWLYLW\ H[SHULPHQW ZLWKRX
SHUIRUPHG ZLWK WKH KLJK UHVROXWLRQ 1:(6 ,7 PRGHO FRC

BWXGVKRZV WKDW WLGDO IRUFLYLQ@MNDAKLFK TR DFXQH[SFH
JLYHQ WKH PDUNHG WLGH LQGXFHG LQFAWPEHTKE 8 DRILWD\C
KHWHURJHQHLW\ RI WLGDIO[ERBQFWR R W PHUL(BDL\ZLRFXPH
7KH VLPXODWLRQV DW NLORPHWULFDO VBWXIG\NR UIHR QWD
SK\WLFDO WLGDO LPSDFWYV D&H XPRWIW H HROH WIXGIWL | [5U RLAMID (
RI WLGDO PL[LQJ LQ LQQHU VKHOI UHJLRQV DQG WLGDO LFP
LPSDFWV RQ BLRKDODHRRQ WKH 1:(6 VHH VFEKHPBDIDHFWLQXV
WLGHV UHVXOWYV LQ D VLOWURQIRB PREHUHEBRUHQFH WKH W
RQ 1:(®&2 XSWDNH DPRXQWV WR a Rl DQQXDO JUHHQKR:
HTXLYDOHQWY RI WKH WUDQVSRUW VHF@RAHOQ ENQBHYDP



7KH DQQXBWREIREH RQ WKH HQW LBWHX GA(6, REMRA @H\® L Q
DPRXQWV WR a RI DQQXDO *HUPDQ WUDQVSRUW VHFWRU

7KH ODUJHVW WLGH UHODMRAKDUPISDRY WRHD LU G6VHD RRXVHG

LQ WKH LQQHU VKHOI DSSUR] RI WKH WL&GB®DWHYV SR
2EVHUYDWLRQV KDYH ORQJ HVWDEOLVKHG D NH\ UROH RI W
H[FKDIQQWKH 1RUWK 6HD 7KRPDV HW DO 2PDU HW DO

FRQWH[W IRU WKH HQWLUH WLEW)XGRBKADWHBJLR® W \IVQVARL
SHUPDQHQWO\ PL[ WKH ZDWHU FROXPQ GR QRW H[KLELW Wk
W& LQ VSULQJ DQG VXPPHU WKDW FRXQWHUDFWY WKH HII
SUHVVXUHSRI2Z&T) WKH VXUIDFH OD\HU DQG RRRXDHIDAH Q@WO\
UHVXOWYV KHUH VKRZ WKDVELWRRJIVEBOUHMWERE RRW VBRIV D F
GRPLQDWHYV RYHU WKH FRQFXUUHQW LPSDFW RI WLGHV RQ

$ VXUSULVLGWNBYROOWVK® ODUJH LPSDFW RI WLGH LQGXFH
ZDWHU PDVV FRPSRVLWLRQ LQ WKH &H O WX.&W B WHDIQWE WK LD
ZKLFK DFFRXQWY IRU DSSUR[LPDWHO\  &RI XSKWD MH GROIQ0 WK
HQWLUH 1:(6 B6FLHQWLILF OLWHUDWXUH JHQHUDOO\ DVVXF
SDUWLFXODUO\ LQ WKH RXWHU VKHOI DUHD 6LPSVRQ
DVVRFLDWHG ZLWK FROG DQG GHQVH ERWWRP SRROV LQ Wi
%URZQ HW DO +LOO HW DO EXW UHVHDUFK KC
WUDQVSRUW YLD WKH VHDVRQDO MHW OLNH FLUFXODWLRQ
(QJOLVK &KDQQHO DORQJ WKH 8. FRDVW DQG LQ WKH 6W
REVHUYHG D VRXWKHDVWZDUG IORZ RQ WKH RXWHU &H
PHFKDQLVP DQG VXJJHVWHG LW ZDV D FRXQWHU FXUUHQW
6HD 7KH PRGHO UH¥%WOXW®VQIILHF\DMHMM EDIV) WKH VRXWKHDVW
DQG VLJQLILFDQWO\ DIIHFWV ZDWHU PDVV FRPSRVLWLRQ D¢
WKH &HOWLF 6HD ,W LV DOVR WR EH QBRWXG\DFEKBRWGLRH W\
ZKLFK GLIIHUHQFHV LQ QLWUDWH FRQFHQWUDWLRQV RQ W}t
LQFUHDVH LQ SULPDU\ SURGXFWLRQ ZHUH OLNHO\ OLQNHC
WUDQVSRUW Rl $WODQWLF ZDWHU PBXEHQVMHDWE RGGY TR R
LQGXFHG UHVLGXDO FLUFXODWLRQ LV DOVR SURSRVHG WR
DQQXDO SULPDU\ SURGXFWLRQ LQ WKH VRWWEZHVWHUQ &H

2EVHUYDWLRQV RI WKH G\QDPLF &HOWLF 6HD FLUFXODWLR
FLUFXODWLRQ SDWWHUQV LQ WKH &HOWLF 6HD LV SDUWLFX
KLJK WHPSRUDO YDULDELOLW\ RI UHOHYDQW K\GURG\QDP
EDURFOLQLF FLUFXODWLRQ WKH QXPHURXV VPDOO VFDOH
DGGLWLRQDOO\ JHQHUDWH UHOHYDQW WLGDO UHVLGXDO IC
SROWRQ 7KH LPSDFW RI WLGH LQGXFHG FLUFXODWLR
XSWDNH GHPRQNMWD WWHKEG EQHDUON PRWLYDWHY IXUWKHU L
FDUHIXO UHSUHVHQWDWLRQ RI UHVSHFWLYH SKHQRPHQD L

$QRWKHU LQWHUBHVX\A\QP VU MNKHORD UQLQDO LQIOXHQFH RI W
DQQXDO RFXB@IDN&2RQ WKH VKHOI 1HJOHFWLQJ WLGHV LQ
LQ WKH VKHOI VIVWHP DQG LQFUHDVHV ORQJ WHUP FDUERC
a 7KH DQQXDO QHW FDUERQ IOX[ WR WKH VKHOI VHGLPHQ
1:(6 VWLOO UHPDLQV VPDOO FRPSDUHG WR RWKHW®RIIOX[HV
DQQXDO VKKHOND&H IURP WKH DWPRVSKHUH 7KLV LV EHF



VHGLPHQWY UHWXUQV WKH EXON RI WKH G HSWRALIW W KEHDW E F
LQGLFDWHY WKDW WLGDO UHVXVSHQVLRQ DOVR IDFLOLWDW
UHJLRQV IRU H[DPSOH LQ WKH FHQWUDO DQG QRUWKHUQ
XSWDNH RI DWPRWSKHULF &ZKBWXEYWEWXY RXIJIHVW WKDW Z
IRUFLQJ DIIHFWV WKH VSDWLDO GLVWULEXWLRQ RI ORQJ W
QRW KDYH D VLJQLILFDQW LPSDFW RQ W KHFKP@H HR | ARZGILYR+
WKLV UHVXOW VWURQJO\ GHSHQGV RQ WKH UHPLQHUDOL]
HFRV\WWHP PRGHO ZKLFK DUH VXEMHFW WRKA8 DPLIHR X QF HE R
LPSDFW RQ WKH QHW FDUERQ IOX[ WR WKH VHGLPHQW
UHPLQHUDOL]DWLRQ RI RUJDQLF FDUERQ RQ WKH 1:(6 ZKLF
WLGDO UHGXFWLRESWDRAHPQOLED@2VWHPV IURP KLJKHU RUJ
WKH VKHOI

co, co,
- Tidal
Biological§ DIC bic mixing
cycling Biological @
e Qe ® cycling
Barocl. mrc_ulctlon @
POC (Celtic Sed) s

@ Permanently mixed
Heterotrophic Resuspension =
remineralization @
DIC

)

Tidal impacts
on oceanic
CO; uptake

Seasonally stratified

JLIXUKFKHPDWLF LOOXVWUDWLRQ RH[AKIIE@IH LRPG D
WDNHQ IURP .RVVDFN HW DO VXEPLWWHG GRFXPHQWHG

$ ILQDO HYDOXDWLRQ RI WKH VKHOI FDUERQ EXGJHW GHPR
DQQXDO LQFUHDVH Rl WKH GLVVROYHG LQRUJDQLF FDUERQ
DWPRVSKHWRFFED WMUIDDVRIOVVHG WLGDO LPSDFW RQ WKH LC
LQRUJDQLF FDUERQ VWRFN RQ WKH VKHOI DOVR UHYHDOV
&2 XSWDNH REWDLQHG ZKHQ QHJOHFWLQJ WLGHYV RQ WKH 1:
DUH WKXV FRQFOXGHG WR SUHGRPLQDQWO\ DIIHFW FDUERQC

7KH YDOLGDWLREWXISWIFRQUHUHBOIOQ HVWDEOLVKHY UHDVRQDE
UHSURGXFLQJ WKH VSDWLDO DQG WHPSRUDO YDULDELOLYV
4XDQWLWDWLYH YDOLGDWLRQ GHPRQVWUDWHY WKDW GL)\
UHSUHVHQWHG LQ WKH PRGHO 7RW\DKR PR MNRYGIWQ T YWD W IGWDD
SHUIRUPDQFH DQG LPSO\ OLPLWDWLRQV LQ WKH VLPXODW
WHPSRUDO YDULDELOLW\ RI WKH VKHOI FDUERQDWH V\VWH
VLPXODWHGX6RHINH FRPSDUHG WR REVHUYDWLRQV LV DVV)
ELRORJLFDO FDUERQ IL[DWLRQ LQ WKH HFRV\VWHP PRGHO
WLGDO UHVSRQVH LV UDWKHU GHWHUPLQHG E\ WKH WLGD(
SURGXFWLRQ DQG KHWHURWURSKLF UHPLQHUDOL]DWLRQ

FRPPXQLW\ SURGXFWLRQ DQG REVHUYDWLRQV JLYHV FRQI
SURGXFWLRQ LV XQOLNHO\ WR VEWXIGLEW® WD \NBIN ISRWRW KW



IXUWKHU PRGHO GHYHORSPHQW WKDW VKRZ SRWHQWLDO W|
DUH VXPPDUL]JHG LQ WKH 2XWORRN &KDSWHU

2XWORRN

$ QRYHO FRXSOHG SK\WLFDO ELRJHRFKHPLFDO PRGHO 11U
XQVWUXFWXUHG JULGY LV SUHVHQWHG DQG DSSOLHG LQ V
UHODWHG VKHOI VSHFLILF SK\VLFDQVBEGP EUR QHRFEUH PR DD\
PRGHO I UDPHZBRRWPHOQBEP®AVYLYH LQYHVWLIJDWLRQ RI WLGDGO
F\FOH DW VKHOI ZLGH VFDOH DQG IRU WKH ILUVW WLPH
NLORPHWULFDO VFDOH LQWHUQDIOWMDGHM RQRQIBIL 7D G D HUIRC
LV IRXQG WR ZHD NAHS/NVPNHDRQPN&EH 1:(6 ZLWK SK\VLFDO WLC
WKH WLGDO LPSDFESWRBRHVKHGD&®D\ HQKDQFHG ELRORJLFDO
LV IRXQG WR RQO\ PDUJLQX®®WD WDHIHFW RFHDQLF &2

7KH SURFHVV XQGHUVWDQGLQJ JDLQHG LQ WKH FRXUVH RI V
RI QHIJOHFWLQJ WLGHY LQ PRGHOOLQJ DSSURDFKHV FXUUH
HIWUDSRODWLRQ RI WKH UHVXOWYV IURP WKH 1:(6 WR RWKH
GXH WR WKH ODUJH KHWHURJHQHLW\ DPRQJ VKHOI UHJLRC(
GULYLQJ DLH[WMKDQ&RA )XWXUH VWXGLHV ZLWK JOREDO RFHI
WLGHY DQG RWKHU VKHODWSH- L &2A SBRRVAW P RG HOXEKWHV HQ
DO ZLOO WKHUHIRUH KDYH WR DVVHVVHIV/KKDRAOREDO L

$SDUW IURP WKH 1:(6 LEDW UWOGRWKKHIOYHY WKDW UHOHYD
&2 XSWDNH H[KLELW WLGDO IURQWDO V\WVWHPV DQG ZHOO

7KH SDWWHUQ RI QHW[FWDQOHDRU QHW &XWJIDVVLQJ LQ
VKHOI UHJLRQV DQX RWDNRFROQO QLKH&ZWUDWLILHG VLGH RI \
EHHQ UHSRUWHG IRU WKH 3DWDJRQLDQ VKHOI %LDQFKL H
WHPSHUDWH FRQWLQHQWDO VKHOI WKDW SWDQIH L FRB WIOQ G-
RI WKLV GLVVHUWDWLRQ WKXV VXJIJHVW WKDW UHVROYLQJ
OHDG WR D GHFUHDAWHWDQ R RHD DQREEXO FRQWLQHQWDO VKH
WKH JDS EHWZHHQ PRGHO EDVHG DQG REVHUYDWLIRINEDVF
HPSKDVL]HG LQ 5HVSODQG\ HW DO

7KH SURFHVV XQGHUVWDQGLQJ JDLQHG LQ WKH FRXUVH

LGHQWLILFDWLRQ RI SULRULWLHYV IRU PRGHO EDVHG UHVHD
GHYHORSPHQW 2Q D WHFKQLFDO OHYHO WKLV GLVVHUYV
XQVWUXFWXUHG JULG PRGHOV WR UHDOL]H NLORPHWULFDO
ELRIHRFKHPLFDO PRGHOOLQJ VWXGLHV 7KH EHQHILW RI

UHVHDUFK VFRSH DQG QHHGV WR EH FDUHIXOO\ ZHLJKHG D.
FRPSXWDWLRQDO IHDVLELOLW\ 6KHOI FDUERQ F\FOH PRGHC
FRPSXWDWLRQDO GHPDQG LQWURGXFHG E\ WKH IXUWKHU V
.LORPHWULFDO VFDOH KRUL]RQWDO UHVROXWLRQ LV H[SHF
VKHOI FDUERQ F\FOH E\ LPSURYLQJ SK\VLFDO PRGHO SHUI
FDUERQ F\FOH DUH \HW WR EH IXOO\ DVVHVVHG 7KH OLPLW
WLGH ILHOG RQ WKH 1:(6 FDUERQ F\FOH GHPRQVWUDWHG L



WKH UHDOL]DWLRQ RI NLORPHWULFDO VFDOH UHVROXWLRQ
WKH QHDWMKWHURVXOW RI WKH GLVVHUWDWLRQ VXSSRUW
FRPSXWDWLRQDO UHVRXUFHV DUH EHWWHU SODFHG IRU
UHSUHVHQWDWLRQV WKDW KROG SRWHQWLDO IRU LPSURYH

$OWKRXJIK WKH 1:(6 LV RQH RI WKH PRVW LQWHQVLYHO\ V
XQGHUVWDQGLQJ RI WKH 1:(6 FDUERQ F\FOH UHPDLQV UHVW
DQG D SHUVLVWHQW ODFN RI GDWD /HJJH HW DO DFF
RQ WKH 1:(6 FDUERQ EXIOJ QW ODKDW WHHIUH HMRIHRFKHPLFI
FRQFOXVLRQ RQ WKH IXWXUH IDWH RI WKH 1:(6 FDUERQ \
6&+,60 (&2602 &2 PRGHO IUDPHZRUN SHUIRUPHG GXULQJ

VHYHUDO SURPLVLQJ DYHQXHV IRU DFWLYH PRGHO GHYHOF
UHVHDUFK RQ WKH VKHOI FDUERQ F\FOH DQG PD\ KHOS DGG

$ FHQWUDO OLPLWDWLRQ LQ (&2602 ,, LV WKDW DOO RUJD
HOHPHQWDO 5HGILHOG UDWLRV 7KHUH LV D JURZLQJ XQGH
VWRLFKLRPHWU\ RI PDULQH RUJDQLF PDWWHU LQ VFLHQWLI
ODUWLQ\ /ILDQJ HW DO 6HYHUDO UHFHQW VWXG
VWRLFKLRPHWU\ RQ WKH 1:(6 DQG VKRZQ 320 DQG '20 SRR
5SHGILHOG VWRLFKLRPHWU\ 3DLQWHU HW DO &KDLFKLEL
PHFKDQLVP RI 3SFDUERQ RYHUFRQVXPSWLRQ"™ E\ SK\WRSOL
OLPLWDWLRQ 7RJJZHLOHU KDV SUHYLRXVO\ DOVR EHH
GUDZGRZQ REVHUYHG LQ WKH FHQWUDO DQG QRUWKHUQ 1F
YDULDEOH RUJDQLF PDWWHU VRORLBRERRWUNRUQWIKRE6XQ G
VXUIDFH ',& GUDZGRZQ LQ VHDVRQDOO\ VBWIOGKLDULHG VKH:(
VWRLFKLRPHWU\ PRGHOV DUH DOVR VXJJHVWHG WR XQGHU

.ZLDWNRZVNL HW DO JRU FRQVLGHULQJ WKH HII
HFRV\VWHP G\QDPLFV DQG FDUERQ F\FOLQJ LW LV HVVHQ
YDULDELOLW\N\ DQG KRZ WKHVH DIIHFW RUJDQLF PDWWHU SU

7KH VLJQLILFDQW LQWHUDFWLRQ Rl WKH VHGLPHQW DQG ZI
IXUWKHU PRWLYDWHRI| DV {MRLFKHYW LEDRAEROVHY LQ WKH D
FRQILJIXUDWLRQ 6HGLPHQW SURFHVVHW WKRDDQ W5 RFERO\ W
PRGHOV ODUJHO\ EHFDXVH RI OLPLWHG REVHUYDWLRQDC
UHVRXUFHV /HVVLQ HW DO 2Q WKH 1:(6 WKH DVVXP
WLGDOO\ HQHUJHWLF VKHOI HQYLURQPHQW 7KRPDV HW D
VLPSOLILHG UHSUHVHQWDWLRQ RI VHGLPHQW ELRJHRFKHPL
UHVHDUFK KDV KRZHYHU GHPRQVWUDWHG KLJK YDULDELOL\
WKH VHGLPHQW ZDWHU LQWHUIDFH RQ WKH 1:(6 4XHLUyV |
FRPSOIDANWEWLWDWLYH VIQWKHVHV RI FDUERQ IOX[HV WR \
WKH GHYHORSPHQW RI WKH 6&+,60 (&2602 &2 PRGHO IUDPH
RI PDFUREHQWKRY IROORZLQJ 'DHZHO HW DO LQFO
ELRWXUEDWLRQ DV D G\QDPLF SURFHVV DV SUHVHQWHG LG
VRSKLVWLFDWLRQ RI WKH FRXSOLQJ EHWZHHQ WKH VHGLPH
UHVROYLQJ VSDWLDO DQG WHPSRUDO YDULDELOLW\ LQ WKF
DQG LV DOVR H[SHFWHG WR HQKDQFHFRRGHB DO6FXUIKW [RQ
VHQVLWLYLW\ RI VKHOI FDUERQ F\FOH VHDVRQDOLW\ WR
LQWHUDFWLRQV ®&MREQWWH OWHEGXVQARQ RI PDFUREHQWKRYV
SDUWLFXODUO\ H[SHFWHG WR LPSURYH WKH UHSUHVHQWDW



$QRWKHU SULRULW\ IRU PRGHO GHYHORSPHQW LV WKH S
LPSOHPHQWHG LQ 6&+,60 (&2602 &2 7KH SURJQRVWLF WUH
WKH VLPXOWDQHRXV VLPXODWLRQ RI WKH 1:(6 DQG WKH %
FRPSOH[LW\ Rl SURFHVVHV WKDW DIIHFW WRWDO DONDOL
REVHUYDWWRGVFRQVHTXHQWO\ VKRZV OLPLWDWLRQV LQ P
DONDOLQLW\ *LYHQ WKH OLPLWHG NQRZOHGJH RQ FDOFL
QHJOHFWV WKH LPSDFW Rl FDOFLXP FDUERQDWH SURGXFW
GLVVROYHG LQRUJDQLF FDUERQ $Q LQFOXVLRQ RI FXUUHQ
LQFUHDVH DFFXUDF\ LQ WKH FDOFXODWLRQ RI WRWDO DONTE
LQ WKH ERURQ VDOLQLW\ UDWLR REVHUYHGRZ) QWKH Y% D 8 QE
IRU D FRQWULEXWLRQ RI RUJDQLF DONDOLQLW\ WR WRWDO
LQ WKH %DOWLF 6HD +DPPHU HW DO DQG RWKHU FRD
DO DOVR PRWLYDWHVY FRQVLGHUDWLRQ LQ WKH SDU
VFLHQWLILF XQGHUVWDQGLQJ ODVWO\ KLIJKOLJKWV WKH L
‘DGGHQ 6HD IRU WKH FDUERQDWH V\VWHP LQ WKH VRXWKHU
HW DO 6FKZLEFKWHQEHUJ HW DO PDNLQJ WKH L
DONDOLQLW\ VRXUFHV D SULRULW\ LQ PRGHO GHYHORSPHQ

7TKHUH IXDWKRHULQYV UHFRIJIQLWLRQ RI WKH FRQWULEXWLRQ F
IURP FRQWLQHQWDO VKHOYHV WR WKH JOREDO RFHDQ FDUI
9DOOLQR %DUUyQ DQG 'XDUWH &KDLFKDQD HW
YDULDWLRQV LQ GLVVROYHG RUJDQLF FDUERQ '2& FRQFH
'2& FRQWULEXWLRQ WR ODWHUDO RII VKHOI H[SRUW E\ HS

IRXQG D UHOHYDQW IUDFWLRQ RI SULPDU\ SURGXFWLI
ORQJ ODVWLQJ GLVVROYHG RUJDQLF PDWWHU DQG DOVR LC
IURP WKHLU REVHUYDWLRQV &DUERQ H[SRUW YLD '20 FUXF
KLIKO\ KHWHURJHQRXV '20 L H WKH ODELOLW\ ELRDYDLOI
IXUWKHU OLQNHG WR WKH VWRLFKLRPHWU\ LQ RUJDQLF PD
RQ WKH 1:(6 UHODWLYH WR 5HGILHOG VWRLFKLRPHWU\ 3C
(VSHFLDOO\ ORQJ OLYHG UHFDOFLWUDQW '20 LV DVVXPHG V
VWRLFKLRPHWU\ -LDR HW DO

7KH (&2602 ,, FRQILIXUDWLRQ LPSOHPHQWHG LQ WKLV VW.:
IUDFWLRQ DQG GRHV QRW LQFOXGH PRUH ORQJ OLYHG RU
UHOHYDQW FDUERQ H[SRUW YLDKRIIS\DKU-DAPIHW bl D Q MBVRIURNQ RR |
'20 F\FOH LV LPSHGHG E\ SHUVLVWHQW NQRZOHGJH JDSV

UHFDOFLWUDQW '20 IUDFWLRQV LQ WKH PDULQH HQYLURQP
‘20 DIITHFW HFRV\VWHP G\QDPLFV DQG WKH FDUERQ EXGJHW
WR EH DFFRXQWHG IRU ZKHQ VLPXODWLQJ WKH VKHOI FDUE
DSSURDFK LV WKH H[SOLFLW UHSUHVHQWDWLRQ RI '"20 IUDI
7KLY DSSURDFK ZRXOG KRZHYHU UHTXLUH HVWLPDWHYV IR
IUDFWLRQV ZKLFK DUH GLIILFXOW WR REWBOQ®R W R I&UWRKI MW IHR
LV WKH LQFOXVLRQ RI DQ DGGLWLRQDO EDFWHULDO IXQFW|
WKH PLFURELDO ORRS $]DP HW DO LQFOXGLQJ WKH
SURSRVHG E\ -LDR HW DO VIRWUWREDOQNIRUPDWYWDEQOH
DSSURDFK KRZHYHU FRPHV ZLWK D VLIJQLILFDQW LQFUHDVHE
PRUH VRSKLVWLFDWHG '20 IXQFWLRQDO JURXS ZRXOG IDFL
UROH RI VKHOI GHULYHG '20 IRU WKH RFHDQ FDUERQ F\FC



FRQILIXUDWLRQ ZKLFK UHVROYHV FURVV VKHOI H[FKDQJH
FRXSOLQJ RI WKH %DOWLF DQG 1RUWK 6HD V\VWHPV PD\
WHUUHVWULDO '20 H[SRUW IURP WKH ULYHU GRPLQDWHG %I

,Q FRQFOXVLRQ WKLV GLVVHUWDWLRQ SURYHV WKH GH
IUDPHZRUN EDVHG RQ XQVWUXGW ROQHRY KW UYHRQY® O GD S @D
DIOH[LEOH SODWIRUP IRU IXWXUH UHVHDUFK RQ WKH 1:(6 FL
SRWHQWLDO IRU IXWXUH UHVHDUFK WKDW H[WHQGV ELRJHR
SURFHVV UHSUHVHQWDWLRQ 7KH @KXEHIOVM XPBXFDSNS &DNGY
RQ WKH LPSDFW Rl ERWWRP WUDZOLQJ RQ VHGLPHQWDU\ R
DSSOLFDWLRQV LQFOXGH UHVHDUFK RQ WKH LPSDFW RI Y
ILIDWLRQ DQG RSEWDQHF &PPLU HW DO LQ SUHS  WKH LP¢
SULPDU\ SURGXFWLRQ®I[FPRBQDHU ¥VHAD &2 HW DO LQ SUHS

HYDOXDWLRQ RI DQWKURSRJHQLF RFHDQ DONDOLQL]DWLRQ
LQ SUHS ,Q WKLV SHUVSHFWLYH WKLV GLVVHUWDWLRQ F|
RI WKH 1:(6 FDUERQ F\FOH E\ HYDOXDWLQJ WKH UROH RI V
FULWLFDO IXWXUH UHVHDUFK RQ WKH VKHOI FDUERQ F\FOH



2XWORRN



$SSHQGLFHV






$SSHQGL[ $+ $ FURVV VFDOH K\GURG\QDPLF PRGHC
1RUWKZHVW (XURSHDQ 6KHOI DQG %DOWLF 6HD ED
JULGYV

7KLV DSSHQGL[ FRQWDLQV WKH ILUVIWERBBGHU ZKLF

.RVVDEFN - ODWKLV O ‘DHZHO 8 =KDQJ < - 6
VFDOH K\GURG\QDPLF PRGHO IUDPHZRUN IRU WKH
%DOWLF 6HD EDVHG RQ XQVWUXFWXUHG JULGYV

7KH FRQWULEXWLRQ RI -DQ )HOL[ *RWWOLMHEH R VYV DO
IROORZYV

-. LQLWLDWHG WKH VWXG\ VHW XS KRNK K DQXP HMH\
SHUIRUPHG WKH GDWD DQDO\VLY DQG ZURWH WKFE
SURYLGHG HVVHQWLDO &P Q@OGUBGEYIGVNGQGRY K H G/IHX G






&URVV VFDOH K\GURG\QDPLF PRGHO IUDPHZRUN IR/

(XURSHDQ 6KHOI DQG %DOWLF 6HD EDVHG RQ XQVW
.RVVDFNOBPWKLVDBHZHO=BEDQJ $6FKUXP &

, QVWLWXWH RI &RDVWDO 6\VWHPVY +HOPKROW] =HQWUXP +

&HQWHU IRU &&RDVWDO 5HVRXUFH ODQDJHPHQW 9LUJLQLD
:LOOLDP ODU\ *ORXFHVWHU 3RLQW 9% 8QLWHG 6WDWHYV

,QVWLWXWH RI 2FHDQRJUDSK\ 8QLYHUVLW\ RI +DPEXUJ +I
&RUUHVSRQGLQJ DXWKRU MDQ NRVVDFN#KHUHRQ GH

$SEVWUDFW

5HJLRQDO VFDOH FRXSOHG SK\VLFDO ELRJHRFKHPLFDO PRG
1IRUWK :HVWHUQ (XURSHDQ 6KHOI 1:(6 PXVW EDODQFH FRP
KLJK PRGHO UHVROXWLRQ QHFHVVDU\ WR DGHTXDWHO\ UH
PRGHO FRPSOH[LW\ ,Q WKLV FRQWH[W WKH FURVV VEDOH
PRGHOV EDVHG RQ XQVWUXFWXUHG JULGV UDLVHV QHZ RS\
FDUERQ F\FOH /RFDO JULG UHILQHPHQW SRVVLEOH ZLWK
UHDOL]DWLRQ RI KLJK UHVROXWLRQ DW UHDVRQDEOH FRPS
DOORZ IOH[LEOH JULG DGDSWDWLRQV WKDW FDQ EH WDLOR
H[DPSOH UHVXOWLQJ IURP WKH SULRULWL]DWLRQ RI WKH U
SURFHVVHV LQ WKH VKHOI UHJLPH 7KH KLJK FRQILJXUDELO
DVVRFLDWHG ZLWK WKH XQVWUXFWXUHG JULG DSSURDFK

SRWHQWLDO LPSDFWV RI XQVWUXFWXUHG JULG WRSRORJ\ F
K\GURG\QDPLF PRGHOOLQJ IUDPHZRUN EDVHG RQ WKH XQ
SUHVHQWY WZR QHZ PRARO WKLHS 1F R6Q DIQIG WEDHYHLIF QUDHAYLRFO 6K
FRQILJXUDWLRQ DSSOLHV ORFDO JULG UHILQHPHQW WR UH
VKHO!| H[FKDQJH DQG YHUWLFDO PL[LQJ LQ WKH &HOWLF 6HE
RI WKH 1:(6 ZKLOH D FRDUVH UHVROXWLRQ FRQILIJXUDWLF
HIILFLHQW DSSOLFDWLRQ Rl FRPSOH[ ELRJHRFKHPLFDO PR(
IURP GHPRQVWUDWHY JRRG DQG ODUJHO\ FRQVLVW}!
JHQHUDO K\GURJUDSK\ RQ WKH 1:(6 LQ ERWK PRGHO FRQI|
PRGHO FRQILJXUDWLRQV DUH IRXQG WR SULPDULO\ UHODW
DQG WKXV WKH UHSUHVHQWDWLRQ RI VKHOI SK\VLEV 7KH
1RUZHJLDQ 7UHQFK ZKHUH WKH 1:(6 /5 FRQILIXUDWLRQ LV

IURP WKH 1RUWK $WODQWLF DQG WKH %DOWLF 6HD ZKH!
PDUNHGO\ ORZHU PRGHO SHUIR UPTKG®F R YIIRWDDHD ODXUID FFHR
WKH UHVXOWV Rl WKH WZR PRGHO JULG FRQILIJXUDWLRQV Q
FRQILIXUDELOLW\ Rl WKH PRGHO IUDPHZRUN DQG PRWLYDW
RQ SK\VLFDO DQG ELRJHRFKHPLFDO VKHOI VSHFLILF SURFH
EDVHOLQH PRGHO YDOLGDWLRQ WKDW DLPV WR FDSDFLWD
IUDPHZRUN



 QWURGXFWLRQ
$ QHZ JHQHUDWLRQ RI RFHDQ PRGHOV EDVHG RQ XQVWUXF
UHJLRQDO PRGHOOLQJ RI FRQWLQHQWDO VKHOYHV 8QVW
UHILQHPHQW LQ DUHDV Rl VSHFLILF LQWHUHVW DQG WKH!
HQKDQFHG QXPHULFDO DFFXUDF\ 8QVWUXFWXUHG JULG PR
RI FRDVWDO JHRPHWU\ DQG FRPSOH[ EDWK\PHWU\ &KHQ H'
DFKLHYH WKH VHDPOHVV WUDQVLWLRQ EHWZHHQ RFHDQ ED

D 7KH UHDOLVWLF VLPXODWLRQ RI WKH 1RUWKZHVW (
PRGHO GRPDLQ WKDW UHVROYHV G\QDPLF FURVV VKHOI H[F
WKH G\QDPLF FRXSOLQJ Rl WKH WLGH GRPLQDWHG 1RUWK 6
QDUURZ 'DQLVK VWUDLWYV 7KH DGYDQWDJHV RI WKH XQVWL
DSSOLFDWLRQ RQ WKH 1:(6

7KH FURVV VFDOH FDSDELOLW\ Rl XQVWUXFWXUHG JULG

WHOHVFRSLQJ NLORPHWULFDO VFDOH KRUL]JRQWDO PRGHO
VW QWHUQDO 5RVVE\ UDGLXV LQ DUHDV RI LQWHUHVW DQG
SURFHVVBW RHOFRQWLQHQWDO VKHOYHVY DW UHDVRQDEOH

7KH HIIHFWLYH FURVV VFDOH UHDOL]DWLRQ RI KLJK KRUL]F
FRPSXWDWLRQDOO\ GHPDQGLQJ FRXSOHG SK\VLFDO ELRJHR
LQ DGYDQFLQJ SURFHVV RULHQWHG X Q&LHPX\OWD IVQ ® QWJ RR | WAKK
FDUERQ F\FOH KRZHYHU GR QRW RQO\ IDFH PHWKRGRORJLF
UHVROXWLRQ RI VKHOI K\GURG\QDPLFV EXW DUH DOVR FR
VKHO!| VSHFLILF ELRJHRFKHPLFDO SURFHVVHV $SSO\LQJ KL
FRPSXWDWLRQDO FRVW ZKLFK LQ WKH FRQWH[W RI PRGH
FDUHIXOO\ ZHLJKHG DJDLQVW DOVR FRPSXWDWLRQDOO\ FR

7TKH XQVWUXFWXUHG JOLIG\®ERGRIDFKL E PRIGHHOLO/L QJ IUDPHZ
DGDSWDEOH DQG FDQ EH WDLORUHG WR PHHW VSHFLILF

KRZHYHU IDFH VSHFLILF LVVXHV WKDW QHHG WR EH DGGUH
PRGHO FRQILIJXUDWLRQY 7KH HVVHQWLDOO\ XQOLPLWHG F
WKRURXJK YDOLGDWLRQ DJDLQVW REVHUYDWLRQV DQG SF
DVVHVV VHQVLWLYLW\ RI WKH QXPHULFDO VROXWLRQ WF
LOQWURGXFHG WKURXJK ORFDO JULG UHILQHPHQW FDQ IR
FLUFXODWLRQ 3RVVLEOH LVVXHV ZLWK XQVWUXFWXUHG JL
DGGLWLRQDOO\ LPSDLU WKH UHVSHFWLYH QXPHULFDO VRO
IXUWKHU LV D GHOLFDWH SURFHGXUH LQ XQVWUXFWXUHG J!
SDUWLFXODUO\ VHYHUH DW VWHHS VORSHVY DQG LQ WKH GH
WKH HIWHQVLRQ RI XQVWUXFWXUHG JULG DSSURDFKHV WR

7KH IOH[LELOLW\ DQG FURVYVY VFDOH FDSDELOLW\ RI XQVWU X
DV WKH FRPSOH[ QXPHULFDO PHWKRGV DQG JULG GLVFUH
VWUXFWXUHG JULG DSSURDFKHYV ZKLFK JHQHUDOO\ LQFUHI

,Q WKLV VWXG\ ZH LQWURGXFH D QRYHO K\GURG\QDPLF PR
%DOWLF 6HD EDVHG RQ WKH XQVWUXFWXUHG JULG PRGHO &€
HITLFLHQW DQG UREXVW PRGHOOLQJ V\VWHP GHVLJQHG IR
VLPXODWLRQ IURP FUHHN WR RFHDQ 7R RXU NQRZOHGJH W
WKH 1:(6 WKDW LQFOXGHV WKH %YDOWLF 6HD DQ/®ODEB®HH[W
G\QDPLF FURVV VKHOI H[FKDQJH



7ZR VHSDUDWH 6&+,60 PRGHO JULG FRQILJXUDWLRQV DUH S
/5 FRQILJXUDWLRQ LV RSWLPL]HG IRU D QXPHULFDOO\ HIILF
WKH %DOWLF 6HD DQG WKXV IDFLOLWDWHY DSSOLFDWLRQ 2
1:(6 ,7 FRQILIXUDWLRQ LQ FRQWUDVW OHYHUDJHV 6&+,601
UHDOL]H NLORPHWULFDO VFDOH KRUL]JRQWDO UHVROXWLRC
WKH VKHOI EUHDN Rl WKH 1:(6 ZKHUH NLORPHWULFDO VFDC
IRU FURVV VKHOI H[FKDQJH DQG YHUWLFDO PL[LQJ 3ROWRC
+XWKQDQFH HW DO

7KH 6&+,60 PRGHO LV HIWHQVLYHO\ GHVFULEHG LQ VHFWLR
RI WKH 1:(6 ,7 DQG 1:(6 /5 PRGHO FRQILIJXUDWLRQV LQ VHF
DSSURDFK IRU PRGHO IRUFLQJ DQG LQLWEMNXKLIH DWIOR @ DMHLAR/
NH\ K\GURG\QDPLF IHDWXUHV RQ WKH 1:(6 DUWKLQNWX QRWE V I
REWDLQHG ZLWK WKH WZR PRGHO FRQILIXUDWLRQV ‘LIl
FRQILIJIXUDWLRQV DUH TXDOLWDWLYHO\ DVVHVVHG ZLWK Wk
IRU IXWXUH PRGHO DSSOLFDWLRQV 6HFWLRQ WKHQ VXPPI
RQ NH\ DVSHFWV IRU DFWLYH PRGHO GHYHORSPHQW
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JLIXUHWRGHO GRPDLQ DQG |

OHWKRGYV
6&+,60
7KH ' K\GURG\QDPLF 6HPL LPSOLFLW &URVV VFDOH +\GUR
=KDQJ HW DO E LV D GHULYDWLYH SURGXFW EXLOW I[UF

DQG LV GLVWULEXWHG ZLWK DQ RSHQ VRXUFH $SDFKt
WULDQJXODU XQVWUXFWXUHG KRUL]JRQWDO JULG WKDW RI
UHILQHPHQW ,Q WKH YHUWLFDO GLPHQVLRQ 6&+,60 HPSO



6KDYHG &HOOV /6&8 =KDQJ HW DO ZKLFK HIITHFWLYH
DQG SUHVVXUH JUDGLHQW HUURUYV

6&+,60 VROYHV WKH 5H\QROGYV DYHUDJHG 1DYLHU*B6WRNE
%RXVVLQHVT DSSUR[LPDWHG IRUP ZLWK D VHPL LPSOLFLW
DQ (XOHULDQ+/DJUDQJLDQ PHWKRG (78 HIRUNRDRHGR XYW HT
LV VROYHG ZLWK D WKLUG RUGHU :HLJKWHG (VVHQWLDOO
KRULJRQWDO DQG DQ LPSOLFLW 7RWDO 9DULDWLRQ 'LPLQLV
7KH VHPL LPSOLFLW IRUPXODWLRQ Rl WKH ' WUDQVSRUW F
YROXPH KRULJRQWDO WUDQVSRUW VFKHPH ZLWK WKH (/0 PH
%(.L QE¥C* B TOs ZKLFK FRPPRQO\ UHVWULFWV KRUL]JR
H[SOLFLW PRGH VSOLWWLQJ PRGHOV =KDQJ HW DO E
6&+,60 KDV DQ RSHUDWLRQDO WLPH VWHS UDQJH LQ EI
KWWSV FFUP YLPV HGX VFKLVPZHE VFKLVPBPDQXDO KWPC
FDOFXODWHG ZLWK WKH QRQ OLQHDU ,QWHUQDWLRQDO (T
OLOODUG 7KH EXON DHURG\QDPLF PRGHO E\ =HQJ HW |
ZLWK WKH DIWPRWRPHGHDJ LV SDUDPHWHUL]HG ZLWK WKH Of
DQG OHOORU

6HYHUDO XSJUDGHV HQDEOH WKH DFFXUDWH DSSOLFDWLRQ
LH WKH RSHQ RFHDQ ZKLFK UHTXLUHV D SDUWLFXODUO\
VSXULRXV PRGHV PDLQWDLQHG E\ WKH JULG GLVFUHWL]DW
KRUL]JRQWDO WUDQVSRUW HTXDWERQICARKHHNYHVYHRFR P & ]
DQG KDV GHPRQVWUDWHG VXSHULRU EHKDYLRXU LQ WKH

VFKHPHVY <H HW DO ,Q VKDOORZ ZDWHUV LQ WKLV V!
(12 VFKHPH LV UHSODFHG E\ D VW RUGHUGBEXW @ RXUHWHKIHIUF |
DSSOLHV EL KDUPRQLF YLVFRVLW\ WR WKH KRUL]JRQWDO PR
PRGHYV /DSODFLDQ YLVFRVLW\ LQ IRUP RI D VSDWLDOO\ YDl
VWHHS EDWK\PHWU\ WR FRQWURO VSXULRXYV FROTHVHW FL @/ F

E <H HW DO

6&+,60 FRPSXWHV WXUEXOHQFH LQ IRUP RI HGG\ YLVFRVL
*HQHULF /HQJWK 6FDOH IRUPXODWLRQ */6 LQWURGXFHG E\
WXUEXOHQFH FORVXUH LV SDUDPHWHUL]HG DFFRUGLQJ WR
.DQWKD DQG &ODYVRUHYLRXVO\ GRQH LQ D 6&+,60 PRGHO G
6HD DQG %DOWLF 6HD E\ =KDQJ HW DO D 7KH EDFNJUF
HGG\ GLIIXVLYLW\WPB UMHQGHWP WIRVSHFWLYHO\

ORGHO FRQILIJXUDWLRQ

+RULIRQWDO PRGHO JULG JHQHUDWLRQ
‘H XVH WKH JULG JHQHUDWLRQ VRIWZDUH 606 KWWSV ZZ
ZDWHU PRGHOLQJ V\VWHP LQWURGXFWLRQ ODVW DFFHVVH
ZLWK JHRJUDSKLF LQIRUPDWLRQ DW NP UHVROXWLRQ IURT
DQG 6PLWRQG EDWK\PHWU\ GDWD IURP WKH (02'QHW "LJLWL
ORGHO YHUVLRQ KWWS Z7ZZZ HPRGQHW EDWK\PHWU\ H
ZDWHU GHSWK RI P LV SUHVFULEHG WR UHGXFH FRPSXWL



GU\LQJ VFKHPH LV LPSOHPHQWHG 7KH UREXVWQHVV DQG
UHSOLFDWLRQ RI FRPSOH[ FRDVWOLQH JHRPHWU\ DQG EDW
JULGV ZLWKRXW KDYLQJ WR REVHUYH WRR VWULFW FRQGL
GHVLJQ WR FUHDWH WZR VHSDUDWH KRUL]JRQWDO JULGV RI
LQWR WKH 1RUWK $WODQWLF DQG DO\KRI HQBR,F STRQ/ W K H DAN
LV RSWLPL]JHG IRU WKH KLJK UHVROXWLRQ PRGHOOLQJ RI N
EUHDN DQG LQ WKH &HOWLF 6HD ZKLOH WKH 1:(6 /5 FRQILJ
WKURXJK WKH LPSOHPHQWDWLRQ RI ORZHU KRULJRQWDO JL

$OWKRXJK 6&+,60 GRHV QRW QHHG WR REVHUYH WKH &)/ FU
DGKHUH WR D VRPHZKDW RS SIR(V [P\ EWLRRYQHW VY R O J¥ XFPUHLUAL IF D DD
‘H DFFRUGLQJO\ GHVLJQ WKH KRUL]JRQWDO GLVFUHWL]DV
FRQILIXUDWLRQ E\ GHILQLQJ D VL]H IXQFWLRQ LQ WKH 606
WLPH VWHS RI  V DQG ORFDO ZDWHU GHSWKV 7KH 606 VL
PD[LPXP DUHD FKDQJH OLPLW RI WR HQVXUH VPRRWK WL
ZKLFK HQVXUHV KLJK PRGHO DFFXUDF\ DQG DLPV WR PLQLF
'DQLORY DQG :DQJ ,Q VSHFLILF DUHDV LQ WKH %D
XSZHOOLQJ WKH JULG UHVROXWLRQ LV NHSW TXDVL XQLIR
KRULJRQWDO JULG KDV D UHVROXWLRQ LQ VKHOI DUHDV R
IURP DSSUR] NP LQ WKH VKDOORZ FRDVWDO UHJLRQV W
DUHDV LQ WKH %DOWLF 6HD DQG WKH 1:(6 $W WKH VKHOI
KRULJRQWDO JULG VL]H VPRRWKO\ LQFUHDVHV WR DSSUR]
UHVXOWLQJ 1:(6 /5 JULG KDV DSSUR[ N JULG QRGHV DQG
1:(6 /5 PRGHO JULG LV GREXPHQWHG LQ )LJ

7KH KRUL]IRQWDO GLVFUHWL]DWLRQ IRU WKH KLJK UHVROXW
LV GHULYHG EDVHG RQ D KLJKHU PRGHO WLPH VWHS RI Vv
VKHOI EUHDN DQG LQ WKH RSHQ RFHDQ 7KLV \LHOGV D KRU
D PLQLPXP RI a NP LQ WKH VKDOORZ FRDVWDO J]RQHV WR
GHHSHVW SDUWV RI WKH VKHOI :H DGGLWLRQDOO\ UHDOL]

NP WKURXJKRXW WKH &HOWLF 6HD DQG $UPRULFDQ 6KHO"®
ZLGH EDQG GHOLPLWHG LQ RIP VKRBED VEK USHW WLRH) \EX H/OK HE U |
WKH P LVREDWK KRUL]JRQWDO JULG VL]H WUDQVLWLRQV
UHVROXWLRQ RI NP LHQ HYEGLREWQ\RFHOUKGHG RYHU UHILC
UHJLPH DW WKH VKHOI EUHDN WR QRW YLRODWH WKH K\GUF
VFDOH 7KH FKDQJH LQ JULG HOHPHQW VL]H IURP WKH VKH
WR D PD[LPXP RI WR HQVXUH D YHU\ VPRRWK WUDQVLW
FRQWULEXWHV WR FRQWUROOLQJ WKH GLVWRUWLRQ RI HGG
JULG FRPSULVHV D WRWDO QXPEHU RI' a N JULG QRGHYV DC
DOVR GRFXPHQWHG LQ )LJ

7KH KRUL]RQWDO UHVROXWLRQ LQ WKH QDUURZ FKDQQHOV
EDVLQ H[FKDQJH 6WDQHY HW DO DQG WKXV RQ GHHSES
%»DOWLF 6HD :H WKHUHIRUH HPSOR\ 6&+,60V FURVYVY VFDOH
KRUL]JRQWDO JULG FRQILIJIXUDWLRQY DQG UHVROYH WKH 'DC
KRULIRQWDO UHVROXWLRQ DQG D PLQLPXP JULG VL]H OHQJ
7KH /LWWOH %HOW UHTXLUHVY HYHQ KLJKHU KRPLIRQ®/D® U
WKHUHIRUH QHJOHFWHG LQ WKH DSSOLHG PHVKLQJ DSSURTEL



7KH EDWK\PHWU\ LV OLQHDUO\ LQWHUSRODWHG RQWR WKH
%DWK\PHWU\ 'LJLWDO 7HUUDLQ ORGHO YHUVLRQ GDW
KRULJRQWDO b4 ¥HRONKWLRQPRIQXWHY DSSUR] P $V RXW
PLQLPXP ZDWHU GHSWK LQ WK H IGR ED MK \ZPIHW VK \Z DV RR Q O \
GHHS IMRUGY DORQJ WKH 1RUZHJLDQ FRDVW WR VLPSOLI\ W
LQ WKLV UHJLRQ ZLWK H[WUHPH EDWK\PHWU\ JUDGLHQWYV
EDWK\PHWU\ VPRRWKLQJ ZDV DSSOLHG VR WKDW GLVWLQF
FDQ\RQV DQG VWUDLWYV DUH IDLWKIXOO\ UHVROYHG
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JLIXUHRUL]RQWDO PRGHO UHVROXWLRQ RI WKH X
FRQILIXUDWLRQ OHIW DQG 1:(6 /5 FRQILIXUDWLR

40°N

9HUWLFDO PRGHO JULG JHQHUDWLRQ

‘H XVH D K\EULG WHUUDLQ IROORZLQJ OLNH /REDOL]HG 6LJ
=KDQJ HW DO DV WKH YHUWLFDO PRGHOLERROGRZNW
YDULDEOH QXPEHU RI YHUWLFDO OD\HUV DW HDFK KRUL]RQ
YHUWLFDO OD\HUV LQ VKDOORZ SDUWV RI WKH PRGHO GRP
6LJPD IRUPDOLVP 946 'XNKRYVNR\ HW DO HQVXUHV
QRGHV ZKLOH WKH VKDYHG FHOO WHFKQLTXH DYRLGV VWDI
SUHVVXUH JUDGLHQW HUURUV E\ PDLQWDLQLQJ D PLOGHU F
FRRUGLQDWHYV =KDQJ HW DO D SUHYRRXE DO W R FEGRDWIL
WR WKH VLPXODWLRQ RI UHDOLVWLF VWUDWLILFDWLRQ LQ
IXUWKHU PRWLYDWHY WK A RRIBOLFDWH RQ RV KW K H/ W6 \

7KH GHVLJQ RI WKH YHUWLFDO JULG ZDV IRXQG WR VWURQ
GLDS\FQDO PL[LQJ GXULQJ PRGHO GHYHORSPHQW SDUWLFX
QRW VKRZQ POXKWWMHE JULG XVHG WR JHQHUDWH WKH YHUW



/5 DQG 1:(6 ,7 PRGHO FRQILIJXUDWLRQV ZDV RSWLPL]JHG IRU
WXQLQJ H[SHULPHQWY 7KH NH\ DVSHFW LQ YHUWLFDO JULC
FRRUGLQDWH VORSHVY DW WKH VKHOI EUHDN E\ D FDUHIXO
E\ WKH 946 IRUPDOLVP 7KH YHUWLFDO FRRUGLQDWH ZDV LC

DQG UHILQHG DW PLG GHSWK P IRUDQ LPSURYHG UHSL
7KH UHVXOWLQJ YHUWLFDO JULGY KDYH D PD[LPXP QXPEHU
RI YHUWLFDO OD\HUV LV LQ WKH 1:(6 ,7 FRQILIJXUDW

FRQILIXUDWLRQ

JRUFLQJ LQLWLDOL]DWLRQ DQG SDUDPHWHUYV
$WPRVSKHULF IRUFLQJ LV SURYLGHG ZLWK DQ KRXUO\ WLP
UHIJLRQDO DWPRVSKHULF PRGHO &2602 &/0 YHUVLRQ ZLWK

‘H LPSOHPHQW D GRPDLQ ZLGH ELDV FRUUHFWLRQ RI
UDGLDWLRQ WR FRUUHFW IRU D VHD VXUIDFH WHPSHUDWX
VKRZQ ©6XUIDFH DOEHGR LV VHW WR D GRPDLQ ZLGH FRQV)
ZDWHU FROXPQ LV SDUDPHWHUL]JHG DFFRUGLQJ WR WKH -HL

2SHQ ERXQGDU\ IRUFLQJ IRU WHPSHUDWXUH DQG VDOL
FOLPDWRORJLFDO GDWD %R\HU HW DO 'DLO\ DYHUDJ
DUH SUHVFULEHG IURP D +<&20%(&2602 KLQGFDVW VLPXC
6DPXHOVHQ HW DO 7KH WLGDO FRPSRQHQW RI WKH |
66+ DQG WKH KRUL]JRQWDO YHORFLWLHV IURP WKH )(6 S
FRQVWLWXHQWY 4 2 3 6 . 1 08 1 18 0 [/ 7 6
LV SURYLGHG LQ IRUP Rl SRLQW VRXUFHV DW WKH UHVSHFYV
WKH PRGHO GRPDLQ 5LYHU GLVFKDUJH UHSUHVHQWV D PH

+ IURP D UHJLRQDO ULYHU G DBMDAHHWDRRP SE@HEPD QG X
IXUWKHU XSGDWHG DV GHVFIH. PN XP H=RBDRLH\QVWOVHPSHUD\
GLVEKDUJH

7KH WHPSHUDWXUH DQG VDOLQLW\ ILHOG IRU WKH 1:(6 /
2% FOLPDWRORJLFDO GDWD 7KH 1:(6 /5 FRQILIJXUDWLRQ
WR DQG WKH VLPXODWLRQ SHULRG IURP WR L\
FRPSDUDEOH VSLQ XS VLPXODWLRQ LV QRW SRVVLEOH IRL
OLPLWDWLRQV LQ FRPSXWDWLRQDO UHVRXUFHV 7KH 1:(6 ,
-DQXDU\ IURP DQ LQLWLDO ILHOG LQWHUSRODWHG IURP
RI VLPXODWLRQ LV WUHDWHG DV D VHFRQGDU\ VSLQ XS

VXEVHTXHQWO\ XVHG IRU HYDOXDWLRQ LQ WKLV VWXG\

‘H XVH D GRPDLQ ZLGH FRQVWDQW FERWWWKHURERWNKWRK YV
SDUDPHWHUL]DWISRKG LWLRWRDY VIWX@WDFLDQ YLVFRVLW\ LQ IF
DSSOLHG WR FRQWURO VSXULRXV PRGHV H[FLWHG E\ WKF
HVSHFLDOO\ DORQJ WKH VKHOI EUHDN RI WKH 1:(6 7KH O

FDOFX®DWHKGFWLRQ RI WKH ORUEDOY EDMKA\RA WY L W& RS H
UHIHUHQF K, VOREHK RIDSSOLHG 6KDSLUR ILOWHU VWUHQJWK



LV QHJOHFWHG LQ WKLV VWXG\ 7KLV SDUWLFXODUO\ UHVWI
ZKLFK FRPPRQO\ VKRZVY VHDVRQDO VHD LFH GHYHORSPHQW
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JLIXUBMKDSLUR ILOWHU VWUHQJWK LQ WKH PRGHO G
WKH 1:(6 /5 FRQILIJXUDWLRQ ULJKW

ORGHO FRPSDULVRQ DQG YDOLGDWLRAQ

SHVROYLQJ LQWHUQDQ7WLGHV LQ 1:(6

7KH 1:(6 ,7 FRQILIJXUDWLRQ UHDOL]HVY NLORPHWULFDO VFDC
DQG DORQJ WKH VKHOI EUHDN Rl WKH 1:(6 ZKLFK LV D SUHU
WLGH ILHOG H[FLWHG E\ WKH UHJLRQDOO\ GRPLQDQW 0
GLVSODFHPHQW DQG YHUWLFDO YHORFLW\ GXULQJ VHDVRQ|
6HD WR DVVHVV VLPXODWHG LQWHUQDGE ML GH VKIHQ UMK I8 HLE |/
VWDWLRQ GDWD IURP WKH FRDUVH UHVROXWLRQ 1:(6 /5 FR
FRPSDULVRQ

7KH 1:(6 ,7 FRQILIXUDWLRQ VKRZV KLJK IUHTXHQF\ RVFLOC
S\FQRFOLQH LQ WKH RUGHU RI P DQG DVVRFLDWHG 10X
S\FQRFOLQH QRW SUHVHQW LQ WKH 1:(6 /5 FRQILJIXKUDWLR
YHUWLFDO S\FQRFOLQH GLVSODFHPHQWYV VKRZV D ORFDO F
GRPLQDQW 0 WLGH QRW VKRZQ 7KH GRFXPHQWHG YHUWLI
WKH DELOLW\ RI WKH 1:(6 ,7 FRQILIXUDWLRQ WR UHVROYH
RU VPDOO VFDOH EDWK\PHWULF IHDWXUHY RQ WKH VKHOI D
ORFDOO\ UHILQHG NLORPHWULFDO VFDOH KRUL]JRQWDO Ut}
FRQILJXUDWLRQ GRHV QRW UHVROYH FRPSDUDEOH LQWHUQ
VLPXODWHG S\FQRFOLQH LQYRNHV VKHDU SURGXEFWLRQ |
LPSOHPHQWHG LQ 6&+,60 8PODX| DQG %XUFKDUG ya
VLPXODWHG YHUWLFDO PL[LQJ LQ WKH 1:(6 ,7 FRQILIJXUDWL
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JLIXUBHUWLFDO YHORFLW\ LQ -XO\ DW D VWDWL
FRQILIXUDWLRQ WRS DQG WKH 1:(6 /5 FRQILJXU
S\FQRFOLQH ,QVHW ILJXUH LQ ERWWRP SDQHO VK

7TLGHYV
7KH PRGHO IUDPHZRUNYV DELOLW\ WR VLPXODWH EDURWUR
HYDOXDWHG DJDLQVW REVHUYDWLRQDO GDWD IURP WLGH
KDUPRQLF DQDO\VLY 7KH %DOWLF 6HD LV QHJOHFWHG DV L
GDWD DUH FRPSLOHG IURP &0(06 ,Q 6LWX 7$& KWWS 2727

8+6/& WLGH JDXJH GDWD &DOGZHOO HW DO D
SURYLGHG E\ WKH %ULWLVK 2FHDQRJUDSKL]
KWWSV ZZZ ERGF DF XN GDWD KRVWHGBGDWDBV\VWHPV V
DFFHVVHG 6LPXODWHG WLGDO FXUUHQWY DUH FRPS|

%ULWLVK 2FHDQRJUDSKLF 'DWD &8HQWUH PDGH DYDLODEOH
DW KWWSV JLWKXE FRP .DUHQ *XLKRX WLGDOBDQDO\VLV



RI WKH WLGDO VLJQDO LV SHUIRUPHG ZLWK WKH 3\WKRQ LP
SUHGLFWLRQ SDFNDJH KWWSV JLWKXE FRP ZHVOH\ERZP

RULIJLQDOO\ GHYHORSHG LQ 0%7/$% E\ &RGLJD +RXU(
$XIXVW IURP ERWK WKH 1:(6 ,7 DQG 1:(6 /5 FRQILJXUDWI
DQDO\VLV RI WKH WLGDO VLJQDO
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JLIXUH6SDWLDO GLVWULEXWLRQ RI WK& ANULGROW
DIJDLQVW WLGH JDXJH GDWD IRU WKH 1:(6 ,7 FRQI
ULJKW

yLJ VKRZV WKH VSDWLDO GLVWULEXWLRQ RI WKH PHDQ
UHJLRQDOO\ GRPLQDQW 0 WLGH LQ WKH 1:(6 ,7 FRQILJIJXUD
JDXJHYUHHPHQW EHWZHHQ WKH VLPXODWHG VHD OHYHO |
REVHUYDWLRQV LV JHQHUDOO\ KLJK ZLWK D PHDQ ELDV RI
FP IRU WKH 0 FRQVWLWXHQW 7KH PRGHO XQGHUHVWLPDW
WKH ,ULVK 6HD DQG LQ WKH *HUPDQ %LJKW DQG WR D OHV\
WKH DORQJ WKH FRQWLQHQW®DOFR D WWDMOL RVGX H. V1 RSW W W LEQHD
WLGH JDXJHV LQ WKH %ULVWRO &KDQQHO DQG WKH VRXWK
HIWHQW DORQJ WKH FRDVW Rl 6FRWODQG DQG LQ WKH ZHV
VLPXODWHG WL G DIOQLE XU JHEBWP YW QW RIWKKH 0 VHPL PDMRU
)LJ FRQILUPV WKH JHQHUDOO\ KLJK DJUHHPHQW EHWZHHQ
D PLQRU RYHUHVWLPDWLRQ RI WLGDO FXUUHQW YHORFLWL
6HD DQG D PLQRU XQGHUHVWLPDWLRQ RI WLGDO FXUUHQW
IRU WKH PD[LPXP 0 WLGDO FXUUHQW YHORFLW\ LV FP V

7KH VSDWLDOO\ FRQVWDQW ERWWRP GUDJ LPSOHPHQWHG
FROQWULEXWLQJ WR WKH GLIITHUHQFHV EHWZHHQ PRGHOOHC(



ORGHO SHUIRUPDQFH UHJDUGLQJ WLGHV ZRXOG OLNHO\ EHC
YDU\LQJ ERWWRP URXJKQHVYV DQG IXUWKHU WXQLQJ VLPXO
DOVR LV OLNHO\ LPSDLUHG E\ LQVXIILFLHQW UHSUHVHQW|
VHWWLQJV LQ WKH PRGHO SDUWLFXODUO\ LQ OLJKW RI WK
VWXG\

ORGHO SHUIRUPDQFH UHJDUGLQJ WKH 0 WLGDO FRQVWLWX
)L J DQG )LJ VKRZV QHJOLJLEOH V\WWHPDWLF GLIIHUH
FRQILIXUDWLRQ OLQRU GLIIHUHQFHV EHWZHHQ WKH PRGH
VRXWK HDVW RI WKH 1:(6 ZKHUH WKH 1:(6 /5 FRQILIXUDWLR
ERWK WKH 0 WLGDO HOHYDWLRQ DQG 0 WLGDO FXUUHQW
%ULVWRO &KDQQHO DQG LQ WKH :HVWHUQ (QJOLVK &KDQQH
VKRZV D PRUH SURQRXQFHG XQGHUHVWLPDWLRQ RI WKH 0
FP EXW H[KLELWV D VOLJKWO\ ORZHU 560( RI FP 7KH 506
FP V IRU WKH PD[LPXP 0 WLGDO FXUUHQW YHORFLW\ LQ W}
WKDQ LQ WKH 1:(6 ,7 FRQILIXUDWLRQ
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‘H FRPSDUH VLPXODWHG VHD VXUIDFH WHPSHUDWXUH DJDLC
(XURSHDQ 6SDFH $JHQF\ 667 &OLPDWH &KDQJH ,QLWLDWL)
VXUIDFH WHPSHUDWXUH DQDO\VLV KWWSV GRL RUJ



(6% 667 &&, SURGXFW SURYLGHY GDLO\ DYHUDJH 667 DW FI
*RRG HW DO DQG LV JULGGHG raznwwHK mav KKRGILJRQWDO U
LQWHUSRODWH VHDVRQDO PHDQ PRGHO GDWD IRU WKH SHU
WKH FRPSDULVRKQRZY REVHUYHG VHDVRQDO 667 DQG WKH UF
VDWHOOLWH REVHUYDWLRQV IRU WKH 1:(6 7KH %DOWLF 6H
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JLIXUBHDVRQDO PHDQ VHD VXUIDFH WHPSHUDWXUH
SDQHO DQG UHVSHFWLYH WHPSHUDWXUH ELDV PR
PLGGOH SDQHO DQG 1:(6 /5 FRQILIXUDWLRQ ERW)\

‘H DJDLQ ILUVW DVVHVV WKH)LL: (§KRIVZOQIWLB XEIDWLRQ WK H
$WODQWLF QRUWK HDVW RI WKH )DURH ,VODQGV WKURXJK|
ZKLFK RULJLQDWHY IURP WKH QRUWKH UL R BHUQWVEK R XJQ\GKORUA VR
ZDUP ELDV LQ WKH %D\ Rl %LVFD\ WKURXJKRXW WKH \HDU
VSULQJ DQG VXPPHU 7KLV 667 ELDV LQ WKH VRXWKHUQ ¢
PLVUHSUHVHQWDWLRQ RI WKH FLUFXODWLRQ LQ WKH %D\ R
VRXWKHUQ RSHQ PRGHO ERXQGDU\ ,Q VXPPHU WKH 1:(6 ,7
FRROHU VXPPHU 667 RQ WKH FRQWLQHQWDO VORSH DORC
DVVRFLDWHG ZLWK HQKDQFHG YHUWLFDO PL[LQJ DW WKH °
3LQJUHHBLPXODWHG VXPPHU 667 DORQJ RQ WKH FRQWLQHC
LQ WKH VRXWK LV VOLJKWO\ WRR ORZ ZKLFK VXJJHVWV OR



IXUWKHU WRKGBEUWWH ZDUP ELDV RI f& DORQJ WKH 1
ZLQWHU DQG VSULQJ ZKLFK LV PRVW SURQRXQFHG RQ WKFE
DQG &HOWLF 6HD 7KRIVWHH $ EQWIKQFIQWDO VORSH DORQJ
&HOWLF 6HD LV SDUWLFXODUO\ FKDOOHQJLQJ IRU WKH QXPI
H[FLWHV VSXULRXV QXPHULFDIX®RGH VL PLXCD WWRMY GHPRQ
VHQVLWLYLW\ RI WKH ZDUP ELDV RQ WKLV VHFWLRQ Rl WKF
YHUWLFDO JULG QRW VKRZQ )XUWKHU FDUHIXO JULG R!
LPSURYHPHQW RI PRGHO SHUIRUPDQFH LQ WKH UHJLRQ

7KH PHDQ 667 ELDV RQ WKH 1:(6 IRU WKH LQYHVWLJDWHG S|
LQ WKH 1:(6 ,7 FRQILIXUDWLRQ DQG WKXV GHPRQVWUDWH .
RXWHU VKHOI UHJLRQV DORQJ WKH &HOWLF 6HD VKHOI EUH
PRGHO V\VWHP OLNHO\ XQGHUHVWLPDWHY RQ VKHOI S\FQ
JHQHUDWHG DW WKH VKHOREGHDNWHKHADUBPLELDVOR® WKH
$SSURDFKHY DQG LQ WKH QRUWKHUQ 1RUWK 6HD WKURX.
UHODWHG WR WKH ZDUP ELDV DORQJ WKH &HOWLF 6HD VKH(
WKH ZLQWHU 667 VLIQDO QRUWKZDUGY 7KHUH LV D GLVW
WKH 1RUZHJLDQ 7UHQFK LQ VSULQJ DQG DOVR WR D OHVVH
DORQJ WKH 1RUZHJLDQ FRDVW LQ WKH 1RUZHJLDQ 7UHQFK I
IXUWKHU XQGHUHVWLPDWHY 667 DORQJ WKH (XURSHDQ FRQ
HVSHFLDOO\ LQ WKH *HUPDQ %LJKW 7KH QHDU FRDVW 667 E
XS WwtRo ORGHO SHUIRUPDQFH LQ FRDVWDO UHJLRQV LQIO
OLNHO\ FRQVWUDLQHG E\ WKH DVVXPSWLRQ RI DREMWKHVY W I
VKRZVY D FROG ELDV LQ WKH 6NDJHUUDN DQG .DWWHJDW H\
HUURUV LQ WKH VLPXODWLRQ RI WKH FRPSOH[ FLUFXODWLF
PDUJLQDO ZDUP ELDV LQ DXWXPQ

7KH ODFN RI bQ LFH PRGHO VHYHUHO\ DIITHFWV WKH VLPXOL
667 ELDV LQ WKH %D\ RI %RWKQLD DQG WKH *XOI RI )LQOD
SURSHU LV ODGJn® WEKHBRIKRXW WKH \HDU LQ WKH 1:(6 ,7 F
7KLV LV D SURPLVLQJ UHVXOW DV WKH KRUL]JRQWDO JULG L
JHQHUDWLRQ QRW VKRZQ WR DYRLG VSXULRXV XSZHOOLC
VRXWKHUQ FRDVW RI 6ZHGHQ SUHVHQW LQ D SUHYLRXV 6&:
DO D 7KH UHPDLQLQJ FROG VXPPHU 667 ELDV DW WKH
SDUWV RI WKH VRXWKHUQ %DOWLF FRDVW DQG LQ WKH *X
RYHUPL[LQJ DQG PRWLYDWHYV IXUWKHU JULG RSWLPL]DWLRC(

7KH 667 ELDV IRU WKH 1:(6 /5 FRQILIXUDWLRQ LV VKRZQ IR
%DOWLF 6HD LQ )LJ 7KH PHDQ 667 ELDV LQ WKH ORZ UH

f& DQG WHN 508 ( 6LPXODWHG /G6WHKIQUH(BUH FRPSDUHV Zt}
WKH UHVXOWV, FARQKHI XYBWLRQ 2Q WKH 1:(6 WKH 1:(6 /5 F
D VLPLODU SDWWHUQ RI D ORZ ZDUP ELDV LQ WKH 1RUWK :l
D FROG ELDV DORQJ WKH FRQWLQHQWDO FRDVW HVSHFLD!
%DOWLF 6HD LQ WKH LQ 1:(6 /5 FRQILIXUDWLRQ )LJ VKR
RI WKH 1:(6 ,7 FRQILJXUDWLRQ 7KH ODUJHVW GLIIHUHQFHYV
FRQILJXUDWLRQV RFFXU LQ WKH &HOWLF 6HD WKH VRXW.
$UPRULFDQ VKHOI DQG LQ WKH %D\ Rl %LVFD\ 7KH ORZ UHV
D VWURQJHU ZDUP ELDV LQ WKH %D\ RI %LVFD\ LQ ZLQWHU



VXJIJHVWV GLIIHUHQFHV LQ WKH VLPXODWLRQ RI UHJLRQDO
WKDW DUH SRWHQWLDOO\ FDXVHG E\ GLIIHUHQFHV DW WKH
FRQILIJIXUDWLRQ IXUWKHU UHSURGXFHV D SURQRXQFHG FR
$UPRULFDQ VKHOI WKH &HOWLF 6HD DQG DORQJ WKH 3RUF
VXPPHU DQG DXWXPQ ZKLFK VXJJHVWV VLIJQLILFDQW ORFLC
1:(6 /5 FRQILIJIXUDWLRQ 7KH RXWHU VKHOI DUHDV LQ WKH ¢
ELDV LQ WKH 1:(6 /5 FRQILIXUDWLRQ LQ VSULQJ VXPPHU D¢
FRQILJXUDWLRQ ZKLFK OLNHO\ UHVXOWV IURP ODWHUDO
FRQWLQHQWDO VORSH
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JLIXUKWHDVRQDO PHDQ VHD VXUIDFH WHPSHUDWXUH
WRS SDQHO DQRG UHVSHFWLYH WHPSHUDWXUH
FRQILIXUDWLRQ PLGGOH SDQHO DQG 1:(6 /5 FRQIL

6HD VXUIDFH VDOLQLW\
‘H FRPSDUH VLPXODWHG VHD VXUIDFH VDOLQLW\ 666 WR V
REVHUYDWLRQDO (1 SURILOHWKHRBG WHWBEB UHDVRQDOO\
DJJUHJDWH WKH 666 REVHUYDWLRQV DQG FR ORFDWH WKH



VHDVRQV 7KH VDOLQLW\ ELDV FDOFXODWHG IRU WKH FR OF
IRU WKH 1:(6 LQ )LJ DQRG IRU WKH %DOWLF 6HD LQ )LJ

JLIXUH6LPXODWHG VHDVRQDO PHDQ VHD VXUIDFH
FRQILIXUDWLRQ WRS SDQHO DQG VDOLQLW\ ELDV
(1 GDWDVHW IRU WKH 1:(6 ,7 FRQILIXUDWLRQ PL
ERWWRP SDQHO

7KH VHDVRQDOLQNRHQILW\ ,ZLPRQILIXUDWLRQ )LJ DQG )L
JHQHUDOO\ UHDVRQDEOH PRGHO SHUIRUPDQFH 7KH PHDQ V
6HD IRU WKH LQYHVWLIJDWHG SHULRG LV DQG !
FRQILIXUDWLRQ 7KH 1:(6 ,7 FRQILIXUDWLRQ VOLJKWO\ RYH
SDUWLFXODUO\ LQ VXPPHU )LJ 7KH FR ORFDWHG VDC
XQGHUHVWLPDWHY VDOLQLW\ LQ QHDU FRDVW DUHDV RQ

(XURSHDQ FRQWLQHQWDO FRDVW DQG LQ WKH *HUPDQ %LJ
UHVXOWYV IURP WKH PRGHO QRW IXOO\ FDSWXULQJ ULYHU S
KRULJRQWDO* UHR RAXW.ER®IQR HW DO DQG WKHUHIRU
PL[LQJ LQ WKH FRDVWDO UHJLPH 7KH ODFN RI LQWHUDQQ
IRUFLQJ DGGLWLRQDOO\ OLPLWY PRGHO SHUIRUPDQFH LQ W



7KH .DWWHJIJDW DQG 6NDJHUUDN UHJLRQV VKRZ DQ HVSHI
GHILFLHQFLHV LQ WKH FKDOOHQJLQJ VLPXODWLRQ RI ORZ
RI TRUWK $WODQWLF LQIORZ LQ WKH 6NDJHUUDN )LJ 7K
OLNHO\ EHQHILW IURP HYHQ KLJKHU KRULJRQWDO JULG UH\
WKH XQGHU UHVROYHG /LWWOH %MWODWQHYHHWOBQ KRGV VHEY
LQWHUDQQXDO YDULDELOLW\ LQ WKH DSSOLHG PHDQ ULYH
RI WKH WHPSRUDO YDULDELOLW\ RI WKH %DOWLF RXWIORZ

RYHUHVWLPDWHG DORQJ WKH 1RUZHJLDQ FRDVW WKURXJKR
WKH 1RUZHJLDQ FRDVW LV SDUWLFXODUO\ SURQRXQFHG

RYHUHVWLPDWHG ODWHUDO PL[LQJ DQG RU D SRRU UHSUH)
DIWHU WKH LFH PHOW LQ VSULQJ 7KH IUHVK ELDV LQ VXPP
WKH 1RUZHJLDQ 7UHQFK DQG DGMDFHQW 1RUWK B6HD UHJLR
FDXVHG E\ DQ RYHUHVWLPDWLRQ Rl ODWHUDO PL[LQJ WKDW
%DOWLF RXWIORZ RQWR WKH VKHOI 7KH DUHD LV SDUWLF
IDFLOLWDWLQJ PL[LQJ EHWZHHQ WKH QRUWKZDUG IORZLQJ |
FXUUHQW DQG WKH VRXWKZDUG VDOLQH LQIORZ IURP WKH

1RUZHJLDQ 7UHQFK ,NHGD HW DO $ GLVWRUWLRQ |
KRUL]JRQWDO JULG UHVROXWLRQ LQ WKH UHJLRQ OLNHO\ LV
PLILQJ LQ WKH UHJLRQ

7KH 1:(6 ,7 FRQILIJXUDWLRQ UHSURGXFHV WKH FKDUDFWHU
%DOWLF 6HD DQG VKR ARRQYMHDFR@EBODWHIJIDFH VDOLQLW\
PRGHO RYHUHVWLPDWHY VDOLQLW\ LQ WKH $UNRQD %DVLQ
XQGHUHVWLPDWHY 666 LQ FHQWUDO DUHDV RI WKH %DOWLF
WKH *XOIl RI )LQODQG VXJJHVWY ORFDO RYHUPL[LQJ ZKLFK
VDWHOOLWH 667 REVHUYDWLRQV LQ 6HFW 7TKH ORFDO 6¢
LQ WKH UHSUHVHQWDWLRQ RI ULYHU GLVFKDUJH LQWR WKH
LQ WKH HDVW

7KH FRPSDULVRQ RI WKH 666 ELDVHV LQ WKH 1:(6 ,7 FRQI
1:(6 /5 LQ )LJ GHPRQVWUDWHYV KLJK FRQVLVWHQF\ LQ PRC
HIFHSWLRQ RI WKH 1RUZHJLDQ 7UHQFK DQG DGMDFHQW
FRQILIJIXUDWLRQ WKH 1:(6 /5 FRQILIJIXUDWLRQ VKRZV D WHQ
WKH 1RUZHJLDQ FRDVW 7KH 1:(6 /5 FRQILIXUDWLRQ KRZH"
IUHVK ELDV RQ WKH ZHVWHUQ VLGH RI WKH 1RUZHJLDQ 7U
KRUL]IRQWDO JULG UHVROXWLRQ LQ WKH 1RUZHJLDQ 7UHC
GLITHUHQFHY LQ WKH ORFDO KRUL]JRQWDO JULG VL]H WUDC
ELDV DV WKH\ IXUWKHU UHGXFH PRGHO SHUIRUPDQFH UHJD

7KH 1:(6 /5 FRQILIXUDWLRQ IXUWKHU VKRZV SURQRXQFHG C
, 7 FRQILIXUDWLRQ LQ WKH %DOWLF 6HD )LJ 7TKH 1:(6 /5
WKURXJKRXW PRVW RI WKH %DOWLF 6HD RYHU WKH HQWL
SHUIRUPDQFH DUH SRWHQWLDOO\ OLQNHG WR D VHQVLWLY
WR WKH FRDUVHU FRDVWDO KRUL]J]RQWDO PRGHO UHVROXW
UHVROXWLRQ LQ FHQWUDO DUHDV RI WKH %DOWLF 6HD LYV
FRQWULEXWH WR ODWHUDO DQG YHUWLFDO PL[LQJ LQ WKH
ELDV RQ WKH 1:(6 DQG LQ WKH %DD@WG& FWEKHHJ HVR UH BO®R&ZHU \
1:(6 ,7 FRQILIXUDWLRQ 7KLV OLNHO\ GRHVQTW VXJJHVW EF
/5 FRQILJXUDWLRQ DV LW LV DVVXPHG WR EH EHFDXVH RI D



SRLOWWDJXBU PRGHO UHVROXWLRQ L H D PLQRU VKLIW L(
ZLOO OHDG WR D ODUJHU HUURU WKDW FRPSOLFDWHV GLUI
IRU HI[DPSOHL@AD/FAYNVKMEHW DO

JLIXUHG6LPXODWHG VHDVRQDO PHDQ VHD VOQWIKOH H :
FRQILIXUDWLRQ WRS SDQHO DQG VDOLQLW\ ELDV
(1 GDWDVHW IRU WKH 1:(6 ,7 FRQILIJIXUDWLRQ PL
ERWWRP SDQHO

9ROXPH WUDQVSRUWY RQ WKH 1:(6

)L VKRZV WKH VLPXODWHG WLPH DQG GHSWK DYHUDJHG
LQ WKH 1:(6 ,7 FRQILIXUDWLRQ 7TKH PHDQ FXUUHQ\
FLUFXODWLRQ SDWWHUQV RQ WKH 1:(6 2WWR HW DO

ODUVK HW D/iKH PRGHO UHSURGXFHV WKH SURQRXQFHG QR
60RSH FXUUHQW DORQJ WKH FRQWLUQHQ@WDIRVWKRZDB WRI WK
WKH 0DOLQ DQG +HEULGHYV 6KHOYHV PHUJHV ZLWK WKH LQI
ZKHUH WKH PRGHO UHSURGXFHV WKH F\FORQLF FLUFXODWL



TUHQFK S5HVLGXDO FLUFXODWLRQ LQ WKH &HOWLF 6HD LV Z
FXUUHQWYV LQ WKH ,ULVK 6HD DOVR VKRZ ORZ VSDWLDO FR

‘H DVVHVV VLPXODWHG PHDQ WUDQVSRUW LQ WKH 1:(6 ,7
FRPSXWLQJ YROXPH WUDQVSRUWYV WKURXJK NH\ VHFWLRQV
DUH GRFXPHQWHG LQ 7DEOH 7TDEOH DOVR SURYLGHV I
VFLHQWLILF OLWHUDWXUH IRU WKH UHYV S HFROIR¥HD W H EWLLQR Q/V
RU VSDFH DQG DUH EDVHG RQ VSDUVH PHDVXUHPHQWYV 7KFE
WR WKH UHVSHFWLYH REVHUYDWLRQDO HVWLPDWHYV DQG C
RYHUDOO PDJQLWXGH RI WKH PHDQ FLUEXROHRPIERQ DL\Q L RRWA
WKH LGHQWLILHG PRGHO ELDV LQ VHD VXUIDFH VDOLQLW\
PDUNHG GHYLDWLRQ RI VLPXODWHG LQIORZ RI 1RUWK $W
1RUZHJLDQ 7TUHQFK IURP REVHUYDWLRQV KRZHYHU IXUWKHL
PRGHO SHUIRUPDQFH LQ WKLV UHJLRQ

JLIXUH $QQXDO PHDQ GHSWK
YHORFLW\ LQ WKH 1:(6 ,7 FRQIL:

TDECHGGLWLRQDOO\ GRFXPHQWY DQ RYHUDOO ORZ VHQVLW|
LQ KRULIRQWDO UHVROXWLRQ LQ WKH 1:(6 ,7 DQG 1:(6 /5 FR
EHWZHHQ WKH VLPXODWHG WUDQVSRUWY RFFXU LQ WKH 1R
LQIORZ IURP WKH 1RUWK $WODQWLF YLD WKH 1RUZHJLDQ 71
/5 FRQILIXUDWLRQ DQG WKXV VKRZV DQ HYHQ ODUJHU GLII



HW DO DOVR IRXQG QHW WUDQVSRUW LQ WKH 1RUZH.
PRGHO UHVROXWLRQ DQG VLPLODUO\ IRXQG KLJKHU QHW
FRQILIXUDWLRQ FRPSDUHG WR D FRDUVHU FRQILIJXUDWLF
VLPXODWHG WUDQVSRUW LQ WKH 1RUZHJLDQ 7UHQFK WR KR
VWXG\ EXW VKRXOG EH DGGUHVVHG LQ IXWXUH ZRUN WR LP
TUHQFK DV LW FRQVWLWXWHY WKH PRVW VLIJQLILFDQW SDYV
HW DO

7TDEOKWHDQ WUDQVSRUW DFURVV MHFWHRORGPDUNHG LQ )LJ
OHDQ 7UDQVSRUW >6Y

1:(6 ,7 1:(6 /5 ILWHUDW.

2UNQH\ 6K
LQIORZ

6KHWODQ(
LQIORZ
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,ULVK 6KH

/LWHUDWXUH YDOXHV VXPPDULIB® KURPDIR® ORKD Q @
.QLJKW DQG +RZPHWIDQG HW DO

ERQFOXVLRQV DQG IXWXUH ZRUN
7KLV VWXG\ SUHVHQWY D QHZ KLJKO\ FRQILIXUDEOH PRGHC
6HD EDVHG RQ WKH XQVWUXFWXUHG JULG PRGHO 6&+,60 7K
1IRUWK $WODQWLF WR G\QDPLFDOO\ UHVROYH FURVV VKH
SURFHVVHV DORQJ WKH VKHOI EUHDN $ ILUVW YDOLGDWLRF
UHDOLVWLF VLPXODWLRQ RI NH\ KOGLUR O XGIMAFLHG | H D('/ YOHEV L
VHPL HQFORVHG %DOWLF 6HD 'LIIHUHQFHV LQ WKH UHVXO'
LGHQWLILHG DQG RYHUDOO FRQVLVWHQW PRGHO EHKDYL
FRQILIXUDWLRQV 7KH VXFFHVVIXO LPSOHPHQWDWLRQ RI W



DOORZV WKH DSSOLFDWLRQ RI WKH PRGHOOLQJ IUDPHZR
PRGHOOLQJ RI WKH VKHOI FDUERQ F\FOH 7KH SUHVHQWHC
UHIHUHQFH FDVH IRU IXWXUH DGDSWLRQV RI WKH PRGHOOL

2QH Rl WKH NH\ DUHDV IRU LPSURYHPHQW LQ WKH SUHVHC
YHUWLFDO GLVFUHWL]DWLRQ 7KH DSSOLHG /6&6 JULG LV D
DOVR UHTXLUHV WLPH FRQVXPLQJ DSSOLFDWLRQ GHSHQGH(
DSSOLHG LQ WKLV VWXG\ LV SDUWLFXODUO\ FKDOOHQJLQJ
UHTXLUHPHQWYV LQWURGXFHG E\ WKH VKDOORZ 1:(6 LWV V)
%»DOWLF 6HD ZLWK LWV FRPSOH[ WKHUPRKDOLQH YHUWL
SHUIRUPDQFH DW WKH VWHHS FRQWLQHQWDO VORSH RI WK
WKH $UPRULFDQ DQG &HOWLF 6HD WKDW DOVR GLIIHUV EHV
SUHVVXUH JUDGLHQW HUURUV H[FLWHG DW WKH VWHHS FRC
ORFDO UHGXFWLRQ LQ PRGHO SHUIRUPDQFH DQG DUH OLNF
UHVROXWLRQ 3UHVVXUH JUDGLHQW HUURUV DW WKH H[WUI
DUH FRPPRQ DFURVYVY PRGHOOLQJ DSSURDFKHYV DQG GULYH |
WLGDO VLPXODWLRQ RQ WKH VKHOI EXW FDQ SRWHQWLL
VRSKLVWLFDWLRQ RI YHUWLFDO JULG GHVLJQ :LVH HW DO

$ IXWXUH DSSOLFDWLRQ RI WKH PRGHO IUDPHZRUN LQ WKH
WKH PRGHO FRQILIJXUDWLRQ HVSHFLDOO\ RI WKH KRUL]JRQ\
RQO\ SURYLGHY DQ LQLWLDO HYDOXDWLRQ RI WKH VLPXOD!
ZRUN ZRXOG QHHG WR DGGUHVV WKH DFFXUDWH VLPXODWL
VWUDLWY DQG WKH FRPSOH[ WKHUPRKDOLQH VWUXFWXUH L
SUHYLRXV 6&+,60 PRGHO LPSOHPHQWDWLRQV GHPRQVWUDW
6HD DQG ZHUH DEOH WR UHSURGXFH UHDOLVWLF LHMVHU EL
DO SHDOLVWLF VLPXODWLRQV RI WKH %DOWLF 6HD 1>
FRXSOLQJ WR D VHD LFH PRGXOH KDV EHHQ WHFKQLFDOC
IUDPHZRUN EXW VWLOO UHTXLUHV H[WHQVLYH YDOLGDWLR

7KH UHVXOWYV RI WKH WZR PRGHO JULG FRQILIJIXUDWLRQV SL
FRQVLVWHQF\ DFURVVY ODUJH SDUWV RI WKH 1:(6 ZKLFK
FRQILIJXUDELOLW\ RI WKH PRGHO IUDPHZRUN 'LIITHUHQFH
SDUWLFXODUO\ RFFXU LQ QXPHULFDOO\ FKDOOHQJLQJ UHJL
6HD RU WKH 1RUZHJLDQ 7UHQFK ZKHUH LGHQWLILHG GLIIH
SUuLpDULO\ UHODWH WR GLIIHUHQFHV LQ KRUL]JRQWDO JUL
SK\VLFV ,Q WKH 1RUZHJLDQ 7UHQFK YDOLGDWLRQ RI VF
UHSUHVHQWDWLRQ RI ORFDOO\ UHOHYDQW PHVRVFDOH SUF
DO LQ WKH KLJK UHVROXWLRQ 1:(6 ,7 FRQILIXUDWLRC(
FRQWLQHQWDO VORSH DORQJ WKH &HOWLF 6HD DQG $UPRU
UHODWHG WR GLIIHUHQFHV LQ WKH GLVFUHWL]DWLRQ RI WK
UHVROXWLRQV DQG FRXOG WKXV SRWHQWLDOO\ EH DOOHYL
RI WKH YHUWLFDO JULG ,GHQWLILHG GLIITHUHQFHV LQ WK
1RUZHJLDQ 7UHQFK DUH KRZHYHU FRQFHUQLQJ $ UHVROXW
SHUIRUPDQFH LQ WKHVH UHJLRQV VKRXOG EH HYDOXDWHC
GHPRQVWUDWHY WKH QHFHVVLW\ RI DQ LQGHSHQGHQW YDO
HYHQ IRU PRGHO FRQILIJXUDWLRQV GHULYHG IURP HTXLYD(
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High biological productivity and the ef cient export of carbon-enriched
subsurface waters to the open ocean via the continental shel f pump
mechanism make mid-latitude continental shelves like the n orthwest
European shelf (NWES) signi cant sinks for atmospheric CO ,. Tidal forcing, as
one of the regionally dominant physical forcing mechanisms, regulates the
mixing-strati cation status of the water column that acts as a major control for
biological productivity on the NWES. Because of the complexity of the shelf
system and the spatial heterogeneity of tidal impacts, ther e still are large
knowledge gaps on the role of tides for the magnitude and vari ability of
biological carbon xation on the NWES. In our study, we utilize the exible
cross-scale modeling capabilities of the novel coupled hyd rodynamic—
biogeochemical modeling system SCHISM —ECOSMO to quantify the tidal
impacts on primary production on the NWES. We assess the impact of both
the barotropic tide and the kilometrical-scale internal tide eld explicitly resolved
in this study by comparing simulated hindcasts with and without tidal forcing.
Our results suggest that tidal forcing increases biological productivity on the
NWES and that around 16% (14.47 Mt C) of annual mean primary production on
the shelf is related to tidal forcing. Vertical mixing of nutrients by the barotropic
tide particularly invigorates primary production in tidal frontal regions, whereas
resuspension and mixing of particulate organic matter by tides locally hinders
primary production in shallow permanently mixed regions. The tidal impact on
primary production is generally low in deep central and outer shelf areas except
for the southwestern Celtic Sea, where tidal forcing substantially increases
annual mean primary production by 25% (1.53 Mt C). Tide-generated vertical
mixing of nutrients across the pycnocline, largely attributed to the internal tide
eld, explains one- fth of the tidal response of summer NPP in the southwestern
Celtic Sea. Our results therefore suggest that the tidal NPP response in the
southwestern Celtic Sea is caused by a combination of processes likely including
tide-induced lateral on-shelf transport of nutrients. The tidally enhanced
turbulent mixing of nutrients fuels new production in the seasonally strati  ed
parts of the NWES, which may impact the air —sea CO, exchange on the shelf.

KEYWORDS

NW Europe, tides, internal tides, vertical mixing, primary production, Celtic Sea, Malin-
Hebrides shelf, 3D coupled hydrodynamic-biogeochemical modeling
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1 Introduction stress and breaking surface waves turbulently mix the surface layer.
Bottom-driven tidal mixing is well reproduced by state-of-the-art
Continental shelves play an important role in the global carbonumerical ocean modelBgrchard et al., 2002lts impact on water
cycle. High biological productivity and the eflent export of column strati cation and vertical uxes is strong in shallow
carbon-enriched waters to the open ocean via the continentsihelf areas where the bottom and surface mixed layers can
shelf pump mechanismTéunogai et al., 1999homas et al., directly interact. Bottom-driven tidal mixing increases primary
20094 on middle- and high- latitude continental shelves argroduction by replenishing nutrients in the surface mixed layer
understood to contribute to globally sigoant oceanic uptake of (Hu et al., 2008Sharples, 200®ut also decreases productivity by
atmospheric CQ® (Frankignoulle and Borges, 20Qbruelle et al., degrading light conditions through upward mixing of resuspended
2014 Legge et al.,, 2020Both the physical and biological sedimentsRorter et al., 201@apuzzo et al., 2018apuzzo et al.,
components of the continental shelf pump mechanism rely 08018 and by promoting dilution that hinders phytoplankton
seasonal strattation and processes speaxto the respective shelf growth (Cloern, 1991 Numerous studies have established local
environments. Given the complexity of the dynamic shelf systeneffects of bottom-driven vertical mixing by tides on primar
there still are considerable knowledge gaps on the role of shedfoduction on the NWES and regionally differing responses to
specic physical and biogeochemical processes for the magnituidigal forcing (e.g.Cloern, 1991Richardson et al., 2008harples,
and variability of carbon sequestration on continental shelves. 200§. In their comprehensive modeling study that accounted for
On the northwest European shelf (NWESQgure 1A, the tide-modulated benthigelagic coupling and lower trophic- level
biological component of the continental shelf pump mechanism ynamics,Zhao et al. (2019Jjound a considerable, but spatially
suggested to be critical for observed carbon sequestrattgyé heterogeneous, tidal response of primary production in the North
et al.,, 202D Tidal forcing, as one of the regionally dominantSea. To date, there however is no comparable study that gesnti
physical forcing mechanisms, regulates the mixing-stiation the tidal response of primary production for the entire NWES while
status of the water column that acts as a major control foaccounting for the spatial heterogeneity of the shelf system.
biological productivity in the shelf system. During seadon In addition to bottom-driven vertical mixing, tides can also
strati cation, tidal forcing structures the NWES into shallowgenerate vertical mixing in stragd shelf regions by causing
permanently mixed regions, transitionary regions with tidal frontintermittent shear instabilities within the pycnoclinRigpeth,
and weak stratication and deep stably stragid regions$impson 2009. Tide-related shear instabilities in the pycnocline can be
and Hunter, 1974 Each of these tide-induced subsystems featummused by breaking internal tide®vigalen et al., 20390 the
distinct primary production dynamicvén Leeuwen etal., 20185  interaction of wind-induced inertial oscillations witht@mnal
which tidal forcing impacts net primary production (NPP), bothtides fan Haren et al., 199%Hopkins et al., 2014 or the
positively and negatively, by enhanced vertical mixing of nutrientearotropic tide itself Becherer et al., 20R2Such pycnocline
biomass, and suspended matter and by causing sedimanixing is crucial for the supply of nutrients for biological
resuspensionZhao et al., 2099 productivity in the subsurface biomass maximum (SBM) at the
In tidally dominated shelf seas, tides produce turbulence due base of the pycnoclin€(llen, 2015 It is suggested that primary
friction of tidal currents with the sea be®&i(npson and Hunter, productioninthe SBM is predominantly new productidfi¢kman
1974 Rippeth, 200p This tidally generated turbulence verticallyet al., 201p i.e., sustained by allochthonous nutrient sources, and
mixes the bottom layer of a straéid shelf system, whereas windaccounts for up to 50% of annual carboration on the NWES

FIGURE 1
(A) Bathymetry in the model domain; red lines delineate subareas. (B) Horizontal model resolution of the unstructured triangular grid of the NWES-IT
con guration. Magenta stars in (B) indicate positions of stations used for validation and analysis. White line in (B) indicates transect used in Sect. 3.3.
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(Richardson et al., 200Rippeth et al., 200®ickman et al., 2002 impacts on primary production and disentangle the contribution of
This makes pycnocline mixing a potentially important componenbarotropic and baroclinic tides to vertical mixing of nutrients.

of the continental shelf sea pump on the NWESippeth

et al.,, 20141

Baroclinic tides, also termed internal tides, are generated byPa M aterials and methods
transfer of energy from the barotropic tide to the baroclinic tide

through interaction of stratied ow with extreme topography like 2 1 Regional ocean circulation
the shelf breakRaines, 1982 The NWES is a hotspot of internal model SCHISM
tide generation, and particularly high tidal energy conversion has
been reported for the steep Celtic Sea shelf brBalnés, 1982 The open-source community- supported 3D physical modeling
Vlasenko et al., 20140bservational studies have shown inteedi  system SCHISMZhang et al., 2018k used in this study. SCHISM is
pycnocline mixing associated with the internal tide at the she#f derivative product built from the original SELEZB#&ng and Baptista,
break of the NWESNew and Pingree, 199Rippeth and Inall, 2008 and distributed with an open-source Apache v2 licenselS@H
2003. Low-mode internal tides propagate coherently for hundreds a numerically etient and robust modeling system designed for the
of kilometers across the Celtic SBinree and New, 1996reen effective cross-scale simulation of 3D baroclinic oceamlation.
et al., 200Band generate shear instabilities in the pycnocline wheBCHISM has been used in multiple studies that span fromoshall
dissipating. Mixing by internal tides was shown to impact nutrientoastal areas to the deep open oc&ane al., 201 7ve et al., 2020
uxes and biological productivity in the Celtic S@ngree and Wang Z. et al., 2022as well as in a study of up/downwelling in shelf
Mardell, 1981Sharples et al., 2003harples et al., 200Bweddle  break canyonsWang H. et al., 2032
etal., 201B Sparse observations and the high spatial variability and SCHISM is based on a customizable triangujeadrangular
episodic nature of mixing by internal tides however impede anstructured horizontal grid. Flexible local reement of the
comprehensive analysis and quaaétion of the role of internal unstructured grid allows telescoping high horizontal resolution in
tides for biological carbonxation on the shelf. areas of spect interest, and vice versa a low resolution in other
Model- based studies on the other hand face the problem thparts of the domain. This feature facilitates high-resolution coupled
the reproduction of realistic levels of pycnocline mixing in state-obcean-ecosystem simulations at reasonable computational costs.
the-art numerical ocean models is a diflt task. Commonly The vertical coordinate is discretized witlkexible hybrid
implemented turbulence closures only crudely account for theocalized Sigma Coordinates with Shaved Cells (L3iang
contribution of high-frequency internal waveSifipson et al., et al.,, 201p The LSC vertical coordinate effectively reduces the
1996 Burchard et al., 20Q0Rippeth, 200p Recent advances in pressure gradient force erroZiang et al., 2016b The LSC
high-resolution regional ocean modeling have howeverertical coordinate further enables the accurate representation of
demonstrated the reproduction of the kilometrical-scale interndjathymetry without requiring bathymetry smoothing, which
tide eld on the NWESGuihou et al., 20)8Graham et al. (2018a) improves model accuracy at steep bathymetric slopes and sites of
further suggest that increased pycnocline mixing in a kilometricatomplex 3D bathymetryY(u et al., 2017Ye et al., 2018
scale model corguration improved a bias in the representation of SCHISM solves the Reynolds-averaged N&iekes equations
sea surface temperature at the shelf break of the NWES present in énydrostatic and Boussinesq approximated form with a semi-
coarser model comuration. Until now, no study has howeverimplicit nite-element/nite-volume method and an Eulerian
addressed the implications of the improved representation of theagrangian method (ELM) for momentum advection. The
internal tide eld for primary production on the shelf. transport equations are solved with a robust third-order Weighted
In this paper, we present a novel coupled physicalEssentially Non-Oscillatory (WENO) solver in the horizontal and an
biogeochemical regional model framework with kilometrical-scaleplicit Total Variation Diminishing (TVD) scheme in the vertical
horizontal resolution for the NWES. The model employseaible dimension. The advanced transport schemes are crucial for the
unstructured horizontal grid that explicitly resolves the low-modegimulation of baroclinic circulation and mesoscale dynamics in
internal tide eld generated by the regionally dominant M2 tide in thecross-scale application¥€ et al., 2099 Density is calculated with
Celtic Sea and shelf areas along the shelf break ekitee horizontal the non-linear International Equation of State for Seawd#&iefonoff
grid facilitates coupled physie@iogeochemical simulations at and Millard, 1988 Exchange with the atmosphere is computed with
reasonable computational cost and thus enables multiyear modebulk aerodynamic modelZéng et al., 1998 Bottom drag is
integrations of the entire NWES and adjacent regions in thparameterized with the log law drag formula Bjumberg and
northeastern Atlantic. We apply the model to for thest time  Mellor (1987)and the use of a constant bottom roughness of
quantify tidal impacts on primary production on the entire NWES0.5 mm in this study. More detailed descriptions of the SCHISM
and provide a rst estimate for the role of internal tides for biologicalmodel are given iZhang et al. (2016a)nd Zhang et al. (2016b)
carbon xation along the shelf break of the NWES. We present the Turbulence in form of eddy viscosities and eddy diffusivities is
details of the applied model cogurations and assess overall modetomputed in SCHISM using the Generic Length-Scale formulation
performance in Section 2. In Section 3, we investigate the tiq@LS;Umlauf and Burchard, 2003The specic parameterization
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of the GLS turbulence closure is set according to tié kodel A detailed description of the ecosystem model as well as a
with KC94 stability functionsKantha and Clayson, 1994n this  validation against observations are giverDaewel and Schrum
parameterization, the critical gradient Richardson numb®ids=  (2013) The parameter set used in this study is documented in the
0:25, in accordance with linear stability theory. The backgroun8upplementary Material (Table S1)
diffusivity is set to 1¢ m?s!. The maximum cutoff eddy
diffusivity is setto 1 s .
SCHISM further adds bi-harmonic viscosity to the horizonta?.3 Model con gurations and experiments
momentum equation to effectively remove spurious modbarig
et al., 2016p The domain simulated in this study covers the deep The unstructured horizontal grid for the North-West European
ocean (e.g., eddying regime) and steep bathymetry at the shelf br8aklf-Internal Tide (NWES-IT) model coguration used in this
that particularly exacerbates spurious modés ét al., 2017Ye  study was constructed with the Surface-water Modeling System
et al., 202 SCHISM augments the dissipation for such conditionsoftware (SMSAquaveo, 201)9The NWES-IT domain spans 40°N
by an additional Laplacian viscosity in the form of a spatially 66°N and 20°W- 30°E and thus covers the entire NWES and a
variable Shapirolter (Zhang et al., 2016kve et al., 2020 The part of the northeast Atlantic (seleigure 3. The Baltic Sea is
local strength of the Shapirdter is derived as a function of the included to adequately resolve basin-exchange processes but is not
local bathymetric slopa given byg = 0:5tanh (Za=a,) with a  particularly attended to in this study as it does not feature relevant
reference slope @fy = 0:5. tidal energy. Sea ice, which usually develops seasonally in the Baltic
Sea, is neglected for this study.
SCHISMs cross-scale capabilities are used to achieve
2.2 Ecosystem model ECOSMO telescoping high horizontal resolution in regions afféchy
internal tide generation at the shelf break and at other extreme
SCHISM is coupled to the biogeochemical model ECOSMO llathymetric slopes. The high horizontal resolution of 1.5 km is
(Daewel and Schrum, 20\8a the FABM frameworkBruggeman realized throughout the Celtic Sea and Armorican Shelves and in a
and Bolding, 2014 ECOSMO Il is a further developed version of75-km- wide band delimited in an off-shelf direction by the 200-m
the ecosystem model ECOSM@st introduced for the North Sea isobath. The on-shelf extent of 75 km was chosen against the
(Schrum et al., 2006ECOSMO Il uses a nutrieqthytoplankton-  backdrop that most internal tide energy is dissipated within tens
zooplanktordetritus (NPZD) conceptual model approach, and itsof kilometers of their generation siteigree et al., 198mall et al.,
extended formulation allows the simulation of lower trophic- leve201). The horizontal resolution of 1.5 km resolves internal tides
dynamics in a wide range of ecosysteBadwel and Schrum, 2013 with wave lengths of 125 km generated by the regionally
Pein et al., 202lYumruktepe et al., 2022 dominant M2 tide Guihou et al., 2018 In order to
ECOSMO Il solves prognostic equations for a total number giccommodate numerical constraints on model accuracy, the
16 state variables. It simulates three separate nutrient cycles liarizontal resolution in the rest of the model domain is
nitrogen, phosphorous, and silicate. Oxygen is solved as datermined relative to local water depth and the model time step
additional tracer. Primary production in ECOSMO Il is dividedof 100 s used in this study. This yields a horizontal resolution that
into three phytoplankton functional groups (diatomsagellates, smoothly varies from a minimum of ~2.5 km in the shallow coastal
and cyanobacteria) and is limited by either nutrients or lightzones, or even 500 m ately resolved areas like the Danish Straits,
ECOSMO further includes two zooplankton functional groups$o a maximum resolution of ~10 km in the deepest parts of the shelf
(herbivorous and omnivorous) and three functional groups fo(seeFigure 1B. At the shelf break, daed as the 200-m isobath,
detritus (particulate organic matter, dissolved organiatter, horizontal grid size smoothly transitions from 1.5 km to a quasi-
biogenic opal). Benthipelagic coupling is considered, asuniform horizontal resolution of 10 km in the open Atlantic. The
described inDaewel and Schrum (2013Jhe model considers NWES-IT horizontal grid comprises a total number of ~386k grid
three different integrated surface sediment pools for each of thedes and ~758k triangular grid elements. A model gomation
three nutrient cycles, one for opal, one for particular organiwith a uniform horizontal resolution of 1.5 km would require
material consisting of N and C at a Redd ratio, and one for approximately 2.3 million grid nodes. The coupled SCHSM
iron-bound phosphorous. Sediment processes include sedim&@OSMO NWES-IT corguration runs ~170 times faster than
nutrient release as well as sinking, deposition, and resuspensieal time with 36 CPUs on the Levante HPC-System at the German
of POM depending on a critical bottom shear stress. Climate Computing Center (DKRZhttps://www.dkrz.dg last
Light attenuation in ECOSMO Il includes phytoplankton self-accessed March 2023).
shading as well as shading by particulate organic matter (POM) and The coastline for the unstructured horizontal grid was derived
dissolved organic matter (DOM), as proposedNigsen (2014and  from the GSHHS shoreline database at 5-km resolutidessel and
implemented irzhao et al. (2019With this dynamical coupling of Smith, 199% The bathymetry for the domain was interpolated from
turbidity to the seasonal primary production cycle, the modethe EMODnet Digital Bathymetry Digital Terrain Model (version
explicitly resolves the competing major bottom-up tidal process@918) dataset derived from the EMODnet Bathymetry portal
controlling primary production, namely, the reduction of light (http://www.emodnet-bathymetry.ewaccessed 04/2020). The
availability by resuspension and mixing of organic matter into thbathymetry in the model domain is documented Rigure 1A
euphotic zone and the supply of nutrients by tidal mixing. The minimum water depth in the domain was set to 10 m to reduce
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computational demand. The bathymetry was medi at deep Samuelsen et al. (202Forcing data for the spin-up simulations
fijords along the Norwegian coast to simplify the horizontal andis equivalent to the NWES-IT coguration.
vertical gridding processes. No other bathymetry smoathin  We perform two numerical experiments with the NWES-IT
was applied. model conguration to assess the impact of tides on NWES
The LSC vertical grid designed for the NWES-IT modeprimary production. The TIDE experiment includes tidal forcing at
con guration realizes a high vertical resolution of-B.%5n from the lateral open boundaries and tidal potential in the domain. In the
the surface to ~60-m depth in order to highly resolve the region&OTIDE experiment, the same model cauration is run
thermocline. The number of layers in the vertical grid varies fromompletely without tidal forcing. Both experiments are integrated
three layers for the minimum depth of 10 m to 53 layers for watefior a period of 6 years from 2010 to 2015 with hourly instantaneous
depths larger than 6,000 m. model output. Model output is averaged to daily means and only
Model forcing for temperature and salinity, and ECOSMO stateaved in full temporal resolution for spesil months to reduce
variables nitrate, phosphate, silicate, and oxygen, is provided franemory use. Therst year of the TIDE/NOTIDE experiments is
WOAZ2018 climatological dat®86yer et al., 20180pen boundary treated as a secondary spin-up period and omitted from the analysis.
conditions for the remaining ECOSMO state variables are taken
from a HYCOM-ECOSMO hindcast simulation of the North
Atlantic (Samuelsen et al., 2022Dynamic oceanic forcing is . . .
provided twofold. Subtidal SSH and horizontal velocities a2'4 AnalyS|s meth0d$ fOI‘ the internal tide
provided using daily averages frddamuelsen et al. (2022)he eld and turbulent mixing
harmonic tidal signal is added to both SSH and the horizontal
velocities from the FES2014 producyérd et al., 202%or 15 tidal Seasonal strattation on the NWES leads to a quasi two-layer
constituents (Q1, O1, P1, S1, K1, 2N2, MU2, N2, NU2, M2, L2, Toystem in spring and summer, with a warm wind-mixed surface
S2, K2, M4). Corrections for multiyear tidal cycles like the lund@yer formed over cold deeper water masses. The pycnocline
nodal and lunar perigee tide are applied. Tidal potential is app|ie§§eparates the two layers. Internal tides propagate in the horizontal
for the partial tides in the model domain; the effects of seldirection along the pycnocline. In order to achieve realistic bulk
attraction and loading are neglected. We provide dailyrrivé™Xing, the model needs to adequately represent the properties of
forcing in form of river discharge and nutrient loads for the 172he surface and bottom layers, as well as the depth of the
largest rivers in the domain. River discharge and nitratd@yer interface.
ammonium, phosphate, and silicate loads represent daily mean W€ use the potential energy anomaly (PESknpson et al.,
climatological values computed for the period 198RS from a 198) to characterize the stratation of the water column. The
regional river dataset compiled and usedDgewel and Schrum Potential energy anomaly is a measure of the amount of work
(2013)and further updated as described Ziyao et al. (2019)\Ve required to vertically mix the entire water column and is calculated
assume ambient temperatures for river discharge. At the sea surféte,

boundary conditions are provided from a hindcast simulation with 1 Z

the regional atmospheric model COSMO-CLM version 5 with 0.11° D ng(r r)dz (1)
horizontal resolution Geyer, 2017 The atmospheric forcing is Zy

provided at an hourly time step. A domain wide bias correction of ~With the depth mean density = i r dz, the mean water

+15% is applied to shortwave radiation in COSMO-CLM to accourfiePth H, the sea surface elevationthe actual water deptd =
for a domain- wide sea surface temperature (SST) bias. Surfice D, and the gravitational acceleration g.
albedo is globally set to 0.06, and SCHISM light attenuation In order to assess stratiation in vertical temperature prees,
parameters are set to Jerlov type IA. we de ne the thermocline depth followirn@uihou et al. (20183s a
A faster coarse resolution SCHISECOSMO NWES-LR hormalized rst moment of stratication:
con guration was used to run a 10 year spin-up simulation from Toudl)  T(O
which the initial conditions for the NWES-IT coguration d(t) = Hm
are interpolated. The separate coarser resolution NWES-LR top be
con guration was co-developed in the same manner as the Here, H s the depth of the water colunii,, and T,e{t) are the
NWES-IT con guration. Horizontal- grid resolution in the surface and bed temperatures at a given time,Tdgdis the depth-
NWES-LR conguration ranges from 4.5 km in shallow coastahveraged temperature. The thermocline depth is repredentt) in
regions to approximately 10 km in deep central shelf areas attuk limit of a two-layer vertical density structure. Thermatine depth
reaches 15 km in the open oce&upplementary Material Figure is derived in the same manner using density instead of texyer
SJ. The LSC vertical grid in NWES-LR is the equivalent of the one Internal waves that propagate along the layer interface lead to
used in NWES-IT. Temperature, salinity, nitrate, phosphat oscillatory vertical displacements of the pycnocline. We analyze the
silicate, and oxygen for the NWES-LR cguration were variability due to tidally generated internal waves with the help of
initialized from WOA2018 Boyer et al., 20)8 ECOSMO the tidally Itered interface depthd computed with a Doodson
sediment elds for NWES-LR were interpolated from long-termX0 lter (Intergovernmental Oceanographic Commission, 1985
ECOSMO simulations provided by F. Werner (in prep.) and'he pycnocline depth variability is then ded as:

@
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d=d- d : (3) Western Approaches are further separated into smaller subareas
for a more detailed analysis of tidal impacts. The northeastern inner
shelf region (NEC) and the southwestern outer shelf region (SWC)
depth can then be calculated as an estimate of the internal tige o celtic Sea are separated by the approximate 130-m isobath.
activity on shelf scale: The North-Western Approaches subarea is divided into the
r 1 1 Western Irish Shelf (WI), the Malin Shelf (MS), and the Hebrides
sd d(t) = =5 05(@M) o5 0UsEAM)?  (4)  Shelf (HS).

The standard deviation of the tidalictuations in pycnocline

The standard deviation @f is calculated over a moving 3 x 24- )
h window to avoid aliasing from the spring-neap cycle whilg'5'l Tides o N _
retaining sufcient data to isolate a clear signal. The standard 1he NWES-IT model conguration’s ability to simulate
deviation of @ represents a conservative estimate of the tigharotropic tides is evaluated against observational data from tide
variability in the vertical pycnocline displacemen@uihou 9auges and tidal current meters. Tide gauge data are compiled from
etal., 2018 CMEMS In Situ TAC (http://www.marineinsitu.eulast accessed
Dissipation of the energy of baroclinic and barotropic tide98/20_22)' UHSLC tide gauge ga@a(dwell et ?'_-v 20)5and the _
induces turbulence that mixes nutrients and other tracers in thdK Tide Gauge Network provided by the British Oceanographic

water column. To assess the ecosystem-relevant turbulent mixigte Centre fttps://www.bodc.ac.uk/data/hosted_data_systems/

associated with tides, we compute the turbulent nitratein the ~S€@_level/uk_tide_gauge_netwoilst accessed 08/2022).

water column followingSharples et al. (200&: Simulated tidal currents are compared against observational data
from the British Oceanographic Data Centre (made available by
Ros = KV(DNO3); ®) Karen Guihou under a CECILL license Hitps://github.com/
Karen-Guihou/tidal_analysifast accessed 08/2022).
with the (vertical) eddy diffusiviti, computed by the model Hourly model output from the TIDE experiment in July and

turbulence closure, the difference in nitrate concentration betweéwlgust 2014 is used for the harmonic analysis of the tidal signal.
the respective discretized vertical model lay@O3, and the Statistics are computed for the eight major constituents and shown in
vertical model layer thickne®z in meters. The turbulent nitrate Table 1 For the regionally dominant M2 constituent, tidal elevations
ux Jyos can be used to estimate the potential for new productiopield an RMSE of 33.15 cm and a mean erroro83 cm. The RMSE
(Dugdale and Goering, 196fleled by allochthonous nitrate from for the maximum M2 tidal current velocities is 13.42 cm/s, with a
the bottom layer. Assuming full utilization of the vertically mixedmean error of 3.5 cm/s. Mean errors in both tidal elevations and

nitrate by phytoplankton, we compute potential new production aé'ﬂaximum tidal current velocities of the regionally dominant M2
constituent compare well with the performance of established NEMO

PNP= Jos(ze)RuMc, (6)  AMM?7 con gurations O'Dea et al., 2012Guihou et al., 2018

wheredyos(ze) is the turbulent nitrate ux evaluated at the base RMSE for the M2 constituent in the SCHISM NWES-IT

of the euphotic zoneg, is the standard N:C Redld ratio, andMc ~ €O" guration is somewhat higher than in NEMO AMM?7, which
is the molar mass of carbon. might be related to model boundary forcing and the implemented 10-

m minimum water depth. Overall;able 1documents generally good
comparability between model and observations and underlines
2.5 Model validation adequate model performance in regard to tides.

We evaluate the newly developed NWES-IT epmatiois  2.5.2 General hydrography
ability to reproduce general hydrographic and biogeochdmica We assess the adequate representation of the spatial, seasonal,
conditions on the NWES and specally assess its skill in regard and interannual variability of temperature by co-locating observation
to tidal processes. We evaluate the results of the TIDE experimemd model data in space and time againssitu temperature data
on the western part of the NWES (i.e., the Celtic Seas and greatbtained for the period 2042015 from the ICES databagwtps://

North Sea) over the 5-year period from 2011 to 2015. data.ices.dikdownloaded 12/2022). The ICES data comprises a total
To facilitate model validation, we divide the NWES intonumber of 17,420 temperature ptes from CTD casts. Each CTD
subareas (sd€igure 1A following a combination of bathymetric, cask is depth-averaged for comparison against model data to account

geographic, and physical and ecosystem considerations basedasndiffering vertical discretization. The Taylor diagram shown in
Holt et al. (2012)and the ICES subared€ES, 1988 The greater Figure 2A demonstrates a goodt between the model and
North Sea is divided into the southern North Sea (SNS), the centi@dservational data for the deed subareas. Centered RMSE
North Sea (CNS), the northern North Sea (NNS), the EnglistCRMSE) errors are low ( 0.5), and the correlation between
Channel (EC), the Norwegian Trench (NT), and the Kattegathodel and observational data is high (R >0.85) except for the
Skagerrak (SK) subareas. The Celtic Seas are divided into M@ywegian Trench area (excluded Figure 2A. The mean
Armorican Shelf (A), the Celtic Sea (C), the Irish Sea (l), thtemperature bias calculated for the co-located data included in the
Inner Seas off the West Coast of Scotland (Sc), and the NortBupplementary Material (Table SRjrther underlines the good
Western Approaches (NWA). The Celtic Sea and the Northmodel performance.
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TABLE 1 RMSE and mean error for comparison (model-obs) of model results against harmonic analysis from tide gauge data and tidal current semi-
major axis from historical current meter data for the NWES.

Constituent Elevation [cm] Current [cm/s]
Mean error Mean error

Q1 1.67 -0.47 120 - - -

o1 1.88 -0.17 120 0.91 -0.04 269
K1 2.77 +0.45 120 0.99 -0.05 269
N2 6.86 +2.33 c120 3.93 +2.33 261
M2 33.15 -7.33 120 13.42 +3.05 270
S2 14.48 -4.5 120 4.95 +2.01 272
M4 5.04 1.63 120 1.23 -0.55 262

Harmonic analysis is computed from hourly model data for July and August 2014. Outliers are removed (>2.58 STD), N shows number of valid data used in the comparison.

We further compare mean summer (JJA) sea surfadbe domain. Too warm temperatures along the Celtic Sea shelf
temperatures (2032015) against satellite observations obtainetireak suggest underestimated mixing in the region, and too cold
from the European Space Agency SST Climate Change Initiatteenperatures along the northwestern GB coast conversely suggests
(ESA SST CCI) reprocessed sea surface temperature analysi®r overmixing.
(https://doi.org/10.48670/moi-0016@ownloaded 11/2022). Strati cation is evaluated by a direct comparison of vertical
Figure 3Ashows simulated mean summer SST for 20015. temperature structure against observations from a mooring station
SST on the NWES has a latitudinal gradient. It is highest in thia the Celtic Sea. Data for the CSE5 mooring station in the Celtic Sea
Celtic Sea (16%€18°C), followed by the shallow southern North Seavas obtained from the UK FASTnet projdattps://www.bodc.ac.uk/
(15°G-17°C). Surface temperature then decreases with latitude amjects/data_management/uk/fastndbwnloaded 08/2022). The
reaches temperatures around 12°C in the northern North Sea. TBSE5 mooring station was deployed at a distance of approximately
model con guration reproduces a cool band of summer SST with 40 km to the Celtic Sea shelf break in a mean water depth of 184 m.
distinct difference of 1°G 2°C to adjacent areas along the shelfThe nominal position of the CS5 station is 48.77° N and 9.41° W. The
break of the Armorican and Celtic Sea. Such a band of cold SSTCSES station is marked Figure 1B The water column at the CSE5
frequently documented in observationBirfgree et al., 1982 station shown irFFigure 4features a well-established two-layer system
Sharples et al., 2007Comparison with the observed SS&ld in June 2012. Simulated temperatures of 13:B8€C in the surface
from ESA SST CCl satellite dataRigure 3Bshows high agreement mixed layer match observations, and the model resolves the cooling
between the twoelds. The mean bias is belan).5°C in most of of the surface layer during a wind event on-18 June. The

A B
FIGURE 2
(A) Taylor diagram of depth-averaged model temperature co-located against observational data (2011 —2015) downloaded from the ICES database
(https://data.ices.dk ; downloaded December 2022). Data are co-located in time and space for a total number of 17,420 temperature pro les from

CTD casts. (B) Taylor diagram for surface (<20 m) nitrate (orange) and phosphate (green) concentrations co-located to ICES observational data
(2011-2015). We use a total number of 6,045 stations for nitrate and 6,083 stations for phosphate.
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FIGURE 3
Simulated mean summer (JJA) SST for 2011-2015 (A) and temperature bias for simulated mean summer SST (2011-2015) against ESA SST CCI
satellite observations (B).

thermocline depth is captured well in the model. Bottonenables the efient simulation of the general hydrography of the
temperatures at the CSE5 station are marginally overestimated MWES required to capture relevant coupled physical
0.25°G0.5°C in the model. biogeochemical circulation featurd®ifsch et al., 2017

The presented validation of temperature indicates an overall
good representation of the spatial, seasonal, and inteednn 2 5 3 Internal tides
variability of temperature and the associated mixing-stcation
status on the shelf. An additional comparison of mean sea surface The vertical temperature prée in Figure 4shows high-
salinity to climatological data from the Baltic and North Seafequency oscillatory vertical displacements of the thermocline
climatology (BNSCHinrichs and Gouretski, 2019s included in also documented in observations. Such thermocline depth
the Supplementary Material (Figure SZhe model conguration variability indicates the presence of internal tides. We use the

FIGURE 4
Time series of temperature at the CS5 station at 48.77°N, 9.4°W from model (top) and observations (bottom). Black contour indicates thermocline
depth computed with Eq. 2.
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tidal thermocline depth variability deed in Eq. 3 to evaluate the (max. depth< 5m), we use the shallowest observation for direct co-
models ability to reproduce internal tides in more detail. We extradbcation, as the thickness of the surface layer in the model ranges
the tidal thermocline depth variability at the CS5 station as well aslétween 2.5 and 5 m. The observational data is co-located in time
the CCS, MSE, and HSE stations on the NWES (all stations amed space against daily mean model output of the TIDE experiment,
marked inFigure 1B. The CS5 station features low-mode internalind we visualize the normalized statistics for the different subareas
tides but is positioned well out of the complex internal tidewith the help of a Taylor diagram iRigure 2B
generation zone at the shelf brediopkins et al., 2004 The For nitrate, the Taylor diagram ifigure 2Bshows centered
CCS station is located in the central Celtic Sea at a nominal positiRMSE values< 1 for all subareas except the Armorican shelf
of 49.32° N and 8.49°W with a mean water depth of 145.4 filCRMSE 1.9), the Skagerrak/Kattegat region (CRMSE2:4),
Observational data at the CCS station are available for August 2@fhé southern North Sea (CRMSE 2:5), and the northeastern
from the UK Shelf Sea Biogeochemistry proja¥thsgott et al., Celtic Sea (CRMSE 1:2). Normalized standard deviation is
2016. The MSE station is located at the shelf break of the Maliglightly below 1 for the NWA and SWC subareas and between 1
Shelf at 55.87° N and 9.06° W with a mean water depth of 149 and 1.75 for NEC, I, NNS, and CNS subareas, indicating a slightly
The HSE station is positioned at 58.7°N and 7.6°W in proximity ainderestimated/overestimated representation of nitrate variability
the shelf break of the Hebrides shelf and has a mean water depitthe respective subareas. The SNS, A, and SK subareas have high
of 153 m. standard deviation ¥ 2). The correlation is> 0:5 for all subareas

At the CCS and CS5 stations, we extract the tidal thermoclirexcept SK ( 0:49). The correlation is> 0:8 for the CNS, NNS,
depth variability for the respective observational periods to allomnd SWC subareas.
evaluation against observations. At the MSE and HSE stations, we Model performance for phosphate is slightly better than for
extract data in August 2014 to evaluate stedi conditions. The nitrate (Figure 2B but also shows reduced performance for the A
fast Fourier transform spectral (FFT) analysis of the thermoclirend SNS subareas. Centered RMSE is high for the southern North
depth signal ifFigure Sshows that the thermocline depth variability Sea and Armorican Shelf but 1 for the other subareas. The
at all stations clearly shows frequency banding that is best capturgdndard deviation shows a pattern similar to CRMSE; it is high for
by regionally relevant M2, M4, and S1 tidal harmonic bands. Thibe SNS and A subareas, intermediate for the CNg:6), and
frequency bandingts well with observations at the CS5 and CC&round 1 for SK, NEC, SWC, and |. The standard deviation is
stations. The M2 frequency band holds the most energy at all fofor NNS and NWA. The correlation is higher than for nitrate, with
stations. The model underestimates the energy in the M2 tidall subareas showing correlation > 0.6 except for the NWA:64)
frequency band at the CS5 station close to the shelf break. Téwed A subareas ( 0:59). The correlation is particularly high (>0.8)
simulated energy in the M2 frequency bars with observations at for SWC, |, SNS, and CNS subareas.
the CCS station in the central Celtic Sea. The model further We complement the normalized and centered statistics with the
generally underestimates energy in higher frequency bands, epgrcentage biad\(len et al., 2007documented inTable S2n the
for the M4 and M6 overtides, at both the CS5 and CCS stationsSupplementary Materialhe percentage bias shows decent model

performance on the NWES but again shows a reduced model skill

2.5.4 Biogeochemistry particularly in shallow subareas like the southern Nortla, Se

We assess the modelconsistency with large-scale nutrientnortheastern Celtic Sea, or the Irish Sea. The nwgealrticular
distributions and seasonality against situ data of nutrients dif culties in reproducing low summer nutrient concentrations in
obtained from the ICES databaséttps://data.ices.dk shallow regions is a common issue with ECOSND@ewel and
downloaded 11/2022) for the period 262D15. Similar to Schrum (2013Yyelate the reduced model skill in shallow coastal
Daewel and Schrum (2013)e compute the vertical integral of regions to unconsidered impacts of near-coast ecosystems (e.g., the
the observational data in the top 20 m if observations at differet/adden Sea) and the utilization of Retl stoichiometry in the
depth levels are available. For stations with surface values omlgdel. Other aspects of the presented nutrient validation, like

FIGURE 5
Frequency analysis of thermocline depth signal at CCS, CS5, MSE, and HSE stations. The FFT is implemented with a Welch lter (with 192h segments)
and a Hanning window (with 50% overlap). Dotted lines show frequency analysis of available observational data.
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thebetter model performance in regard to phosphate, shoghlorophyll-a Copernicus Global Colour satellite produnttgs://
promising consistency with previous model studies based awi.org/10.48670/moi-0028Hownloaded 5/2023) ifrigure S3
smaller domain sizes and different physical model componengsows the adequate seasonal evolution of phytoplankton biomass
(Daewel and Schrum, 2013hao et al., 2029 in the model. The model reproduces a pronounced bloom in spring
Mean annual primary production in the TIDE experimentand subsequent bloom progression from south to north in summer
(20112015) shown inFigure 6Areproduces the characteristic also documented in the satellite chlorophyll-a product.
spatial pattern of primary production on the NWES (eldalt  Phytoplankton biomass and chlorophyll-a are high in the shallow
et al., 2012Holt et al., 2016 Shallow and coastal regions featurecoastal areas throughout the summer, whereas the segsonall
high primary production, whereas NPP is substantially lower in thstrati ed central basins of the North Sea and Celtic Sea show low
deeper central basins of the shelf where seasonal satiin limits ~ values due to nutrient limitation in the surface layer in summer.
vertical nutrient supply. NPP simulated with ECOSMO is typically Light attenuation in ECOSMO Il explicitly includes
in the lower range of what is reported in literature for the regiomphytoplankton self-shading as well as shading by POM and
(Daewel and Schrum, 2G12hao et al., 2029 Productivity is DOM. In combination with resolved benthkipelagic coupling by
particularly low along the European continental coast, rwhe sedimentation and resuspension of POM, this allows the
observations suggest NPP to range from 199 to 261 §@rh representation of the spatially diverse primary productio
(Joint and Pomroy, 1993Simulated annual NPP of 785 gCm?  dynamics in turbid coastal regions of the NWESapuzzo et al.,
yr 1 in the strati ed central Celtic Seats well with published 2013van Leeuwen et al., 2QTylor et al., 2021Figure S4hows
estimates of 80 gCrfyr * based orin situincubations Jointand a qualitative comparison of simulated mean seasonal surfac
Groom, 200D. The model also resolves intensil biological organic detrital matter concentration (DOM + POM) with the
productivity in tidal frontal zonesMann and Lazier, 20)3e.g., volume absorption coefient of radiative ux in sea water due to
in the southern North Sea, along the western British coast, thikssolved organic matter and other detrital organic pesic
English Channel, or between the Irish and Celtic Seas. A qualitativetained from a Copernicus Global Colour satellite product
comparison of mean seasonal phytoplankton biomass to (https://doi.org/10.48670/moi-0028@ownloaded 5/2023Figure

FIGURE 6

(A) Mean annual primary production (2011 —2015) in TIDE experiment and (B) difference in mean annual primary production for 2011 —2015 between
the experiments (TIDE-NOTIDE). Dashed black contour shows the 200-m isobath. Daily primary production computed for period 2011  —2015 for the
southwestern Celtic Sea (C) and Hebrides Shelf subareas (D).
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S4documents the adequate spatial distribution of DOM and POMpositions of the tidal fronts match results of previous studies and
in the model. Maximum DOM and POM concentrations andobservationsHolt and Umlauf, 2008Pé&tsch et al., 201Graham
associated light absorption occur in the shallow near-coast areasal., 2018eand thus further substantiate the adequate simulation
especially in permanently mixed regions with strong resuspensiofi the mixing-strati cation status on the NWES outlined in
of POM. The seasonality of DOM and POM varies with the season@éct. 2.5.
cycle of primary productivity, which is also present in the satellite- The re ned horizontal grid resolution in the NWES-IT
derived absorption coefient. con guration reproduces pycnocline depth variability at tidal
The consistency across model cguarations and the overall frequencies that suggests the presence of kilometriatd-sc
good agreement between simulated nutrieelds and ICES internal tides (Sect. 2.5.3). We compute the pycnocline depth
observation data afm overall adequate SCHISEMCOSMO tidal standard deviatiorstdd) (Eq. 4) for a spring tide period
performance in regard to simulated biogeochemical cyclefsom 11 to 14 August 2014 to evaluate the resolved internal tide
SCHISM-ECOSMO resolves key processes regarding the effectadiivity on the entire NWES. We chose a period in early August
tidal forcing on nutrients and light, and the presented validatiotbecause the vertical temperature gradients, which mainly control
analysis encourages the use of SCHHENMIOSMO for the strati cation on the NWES, are largest in late July and early August.
investigation of tidal impacts on primary production on the  The computedtdd) in Figure 7Bshows high spatial variability on
entire shelf. the NWES; it ranges from O to over 8 m at sites along the skelkifhe
results from the NWES-IT coguration show high consistency with
kilometrical-scale regional model results presentedsbinou et al.

3 Results and discussion (2018) The std@) along the shelf break of the northern North Sea,
where the continental slope is subcritical for interna tigeneration

3.1 Tidal mixing and the internal tide eld (Huthnance et al., 2022s low. The local horizontal grid resolution(6

in the NWES-IT model con guration 10 km; se€igure 1Bdoes not resolve kilometrical-scale processes in the

central North Sea, and the NWES-IT couaration consequently does
The signature of tidal mixing is illustrated iigure 7Aby  not reproduce internal tides in this region. The studyGoiihou et al.
means of the annual mean Potential Energy Anomaly (PEA; Eq. (2018)shows only very low internal tide activity in the central ilk@8ea,
computed for the period of maximum stratiation from mid-June so that the low internal tide activity in the NWES-IT cguration ts
to mid-August (20142015). Permanently mixed areas (PEA with the expected internal tide activity in the region. Ted) in
20Jmd) are separated from seasonally stredi areas by tidal Figure 7Bs signi cantly elevated along the steep shelf break of the Celtic
mixing fronts, e.g., in the southern North Sea, the wester8ea, in line with multiple observational studies that shigiv imternal
approaches of the English Channel or the St. George frotide activity in this regionRingree and Mardell, 1983ew and Pingree,
separating the Celtic and Irish Seas. PEA magnitude and th89QSharples etal., 20@reen et al., 200Ball et al., 2011 Thestd(d)

FIGURE 7
Mean Potential Energy Anomaly for period of highest strati  cation in TIDE experiment (15 July — 15 August; mean for 2011-2015) computed for top
200 m (A). Pycnocline standard deviation in TIDE experiment computed for spring tide period 11 — 14 August 2014 for top 200 m (B). Permanently
mixed regions (PEA <20 Jm 3) are masked out in (B). Please note the non-proportional color bar discretization in ~ (A).
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is also elevated on the Malin Shelf and its continental Slapere on-  Table 2further documents the NPP response to tidal forcing for the
shelf propagation of internal tides has also been obséStedxin, 1988 subareas introduced in Sect. 2.5. Note that the Celtic Sea and the
Rippeth and Inall, 2002 The std(@) is intermediate on the narrow North-Western Approaches are separated into smaller subareas for
Hebrides Shelf but is elevated on the continental slope tiothe a more detailed analysis of tidal impacts, as described in Sect. 2.5.2
Wyville Thomson Ridge known for internal tide generati@hérwin, and documented ifrigure 1B
1991 Hall et al., 2019 The comparison of mean annual NPP in the two experiments in
The ne-scale structure adtdd) throughout the Celtic Sea Figure 6Bshows that tidal forcing extensively structures biological
further suggests a complex and spatially variable internal &ttt productivity on the NWES. Tidal forcing substantially increases
with internal tide generation at small-scale bathymetric features likeean annual primary production on the shelf by around 16%
canyon ridges and sea banks. Increasssfif) at the edge of the (~14.47 Mt C;Table 2. The tidal response of primary production
permanently mixed areas on the shelf do not indicate increased the inner shelf found in this study is similar to results obtained
internal tide activity but reect reduced stratcation. The resolved by Zhao et al. (2019pr the central and southern North Sea. Tidal
spatial variability of internal tide activity in the Celtigea is impacts on the inner shelf can largely be clesdibased on
consistent with the results dbuihou et al. (2018mnd non- strati cation characteristics and water depths. Tidal forcing
hydrostatic simulations in smaller areas of the Celtic Sedecreases productivity in the majority of the shallow permanently
(Vlasenko et al., 201¥lasenko et al., 2014 mixed regions of the NWES (see PEArigure 7A. The tidal NPP
response is also negative in the tidally energetic North Channel
between Ireland and the UK. Shallow strat areas of the NWES
3.2 Tidal impacts on primary production in turn are particularly responsive to tidal mixing of nutrients and
on the NWES show strong productivity increases. The dynamic tidal fbnt
systems in the southern North Sea, northeastern Celtic Sea, or
We investigate the impact of tidal forcing on primarywestern English Channel particularly invigorate locahyary
production on the NWES by comparing the mean annuaproduction in the TIDE experiment.
primary production (20142015) from the NWES-IT experiments The tidal NPP response is generally lower in the deep outer shelf
with and without tidal forcingFigure 6Ashows mean annual net regions of the NWES. The northern North Sea shows a minor
primary production (NPP) in the TIDE experiment with tidal positive response to tidal forcing (+2%able 2 but features local
forcing. Figure 6Bshows the respective difference in mean annuakductions of up to 10 gCm?yr 1. Tidal NPP response on the
NPP between the TIDE experiment and the NOTIDE experimenhorthern North Sea continental slope is neutral or marginally

TABLE 2 Annual mean primary production (2011 —2015) on the NWES in NOTIDE and TIDE experiments.

Subarea NOTIDE TIDE
Total ¥t C yr !] Total ¥t C yr ]

(Mean%C m?yr 1)) (Mean%C m?yr 1))
S. North Sea (SNS) 17.48 (85.7) 19.9 (97.5) +14%
C. North Sea (CNS) 16.44 (67.7) 19.33 (79.6) +18%
N. North Sea (NNS) 5.89 (74.4) 6.02 (76.0) +2%
Skag./Kattegat (SK) 5.16 (66.3) 5.77 (74.2) +12%
Norwegian Trench (NT) 6.44 (82.9) 6.57 (84.6) +2%
English Channel (EC) 4.82 (58.6) 7.49 (91.1) +55%
Armorican Shelf (A) 5.36 (76.3) 6.21 (88.4) +16%
N-E Celtic Sea (NEC) 7.66 (71.4) 9.86 (91.9) +29%
S-W Celtic Sea (SWC) 6.16 (67.5) 7.69 (84.3) +25%
Irish Sea (1) 4.04 (84.7) 4.27 (84.5) +6%
I. Sea W. of Scotl. (Sc) 3.24 (73.3) 3.63 (82.2) +12%
West Irish Shelf (W1) 3.67 (78.2) 3.89 (82.9) +6%
Malin Shelf (MS) 1.64 (77.1) 1.74 (81.5) +6%
Hebrides Shelf (HS) 2.73 (77.4) 2.84 (80.4) +4%
Sum for NWES 90.74Mt C yrt 105.2IMt C yr * +16%

Difference between experiments computed relative to NOTIDE experiment.
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negative. Tidal forcing also locally decreases NPP on the Hebridifference between the TIDE and NOTIDE experiment occurs
shelf, but the HS subarea still shows an aggregated increase of +4%uly.
At around 58°N, tidal forcing locally increases NPP by 10 Tinker et al. (2022have shown signcant tidal impacts on the
15 gCm?yr ! in a patch on the continental slope. The tidalresidual circulation on the NWES, which are reproduced in our
NPP response further increases southward and yields +6% for $tedy Figure S5 Supplementary Mateyialidal phase-driven
Malin Shelf subarea, where NPP is particularly enhanced by tidehnsport can locally increase residual shelf circulation. Tides also
forcing in a small region that also features high internal tide activityncrease bed friction on the shelf, which in turn can decrease the
in Figure 7BNPP is also increased by 105 gCm?yr * on the residual shelf circulation. The latter tidal impact particularly affects
continental slope of the Malin Shelf at around 55.5°N and on theegions of freshwater imience Lin et al., 2022Tinker et al., 2022
northern ank of the Porcupine Seabank. A tidal slowing of river water export may contribute to the decrease
The Celtic Sea in the southwest of the NWES stands in staifkmean (summer) surface nutrient concentrations found in ROFIs
contrast to the North-Western Approaches, highlighting substantialong the Dutch and German continental coast or in the English
regional differences in the impact of tidal forcing on primaryChannel (se&igure §. The (permanently mixed) near-coast areas
production along the NWES shelf break. Although the watelnowever are not nutrient limited but light limited étt and Walne,
depth in the southwestern Celtic Sea (SWC) subarea 1995 because of intense vertical mixing, high riverine nutrient
comparable with, e.g., the NNS (> 130 m), the SWC subarea dtiputs, and on-shore transport of nutrients and organic matter by
shows a substantial NPP increase of +25% with tidal forcirgstuarine-type circulatiorHofmeister et al., 20).7The reduction
(Table 3. Highest NPP increases (locally up to 50 g&m?') of the residual circulation along the continental coast is thus not the
occur on the continental slope of the Celtic Sea in the Englistecisive factor for the negative near-coast NPP response to tidal
Channel tidal ux window at around 5.5 8.5°W. Tidal forcing forcing. Instead, in line witfzhao et al. (2019we nd that this
moreover substantially increases NPP in the deep outer shelf amegact is caused by the degradation of local light conditions due to
along the Celtic Sea shelf break (up to 30 gfym') and the tidally enhanced resuspension and vertical mixing of P@hao
central Celtic Sea (up to 35 gCiyr %). The deep water column et al. (2019jurther established that the major tidal impact on NPP
limits the impact of the barotropic tide in the regiofigure 7B in the seasonally stragd and tidal frontal regions of the North Sea
however indicates high internal tide activity. isviavertical mixing of nutrients. We therefore focus our analysis of
We turn to the seasonal cycle of NPP to examine the regionidial impacts on vertical mixing in the following sections.
differences of the tidal NPP response in the deep shelf areas alongThe presented study considers major bottom-up processes
the shelf break in more detaikigures 6CD show the mean controlling the tidal impact on primary production, including the
seasonal cycle of NPP (262015) averaged for the southwesterrtidal mixing of nutrients and organic matter, as well as the
Celtic Sea (SWEjgure 6G and the Hebrides Shelf (HEigure 60  resuspension of POM. The 10-m minimum water depths used in
subareas. The seasonal cycle of NPP in the TIDE experimenttlimis study however limits the representation of particularly shallow
Figure 6C ts with observations bjoint et al. (2001)who found an coastal regions, as a wetting and drying scheme is not implemented
extended spring bloom from March to June in the Chapelle Barik the model conguration. River plumes and related near-coastal
region on the Celtic Sea shelf break. Tidal forcing marginallyurrents may therefore be underrepresented. Moreover, the
increases spring NPP in the HS subarea in March and thedenti ed sensitivity of primary production to tidal forcing could
decreases from April to early Jurfeigure 6D. In the Celtic Sea, be affected by sediment retention by macrobentiiying et al.,
tidal forcing similarly increases NPP in late March/early April and996 Kamp and Witte, 20083_e Guitton et al., 20)And its impact
then reduces NPP until late May. The decrease of spring NPP by water column turbidity through reduced POM resuspension.
tidal forcing is more pronounced in the HS subarea than in th&he in uence of inorganic suspended particulate matter on tidal
SWC subarea. We attribute the reduction in spring NPP to a del@ynpacts on NPP is another source of uncertainty in the presented
of the spring bloom that is caused by the deepening of the meapproach that needs to be addressed in future research.
spring surface mixed layer in the TIDE experiment by 8 and 4 m in
the HS and SWC subareas, respectively. In a deeper mixed layer,
phytoplankton spends less time in favorable light conditions clos®.3 Vertical mixing by the barotropic and
to the surface, which hinders the buildup of spring bloom biomaddaroclinic tide
in this period. This mechanism was also ideetl for the northern
North Sea inZhao et al. (2019) We investigate the tidal impact on vertical mixing of nutrients
Tidal forcing continuously enhances NPP during the summeto evaluate its role for the tidal NPP response shown in the previous
bloom period in the southwestern Celtic Sea. The largest tidadgction. In light of the substantial positive NPP responses found in
induced increase in NPP in the SWC occurs in late spring/earreas of internal tide activity, we will particularly evaluate the
summer; the averaged NPP in the SWC is up to 6 g&irhhigher  impact of internal tides on vertical mixing. We focus on nitrate in
in the TIDE experiment in late May/early June. Tidal forcinghe following, as it is the main limiting nutrient for primary
moreover marginally increases autumn NPP in the SWC. Tidaroduction in the stratied regions of the NWES. We compute
forcing also increases summer NPP in the HS subarea, but e mean turbulent nitrate ux Jyo3 (Eg. 5) during the period of
magnitude of the increase is substantially lower (only up to Zstrongest stratication (15 Juby 15 August; mean for 2032015) to
gCm?d 1) than in the SWC. In the HS subarea, the largesassess how effective turbulence in the water column mixes across
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FIGURE 8
Difference (TIDE—NOTIDE) of mean nitrate concentration in June (2011 —2015) vertically integrated over (A) the surface layer (top 20 m) and (B) over
internal depths (20—100 m).

the nitrate gradient and replenishes nutrients in the euphotic zonsouthern North Sea. In the Celtic Sea, with its energetic internal tide
Figure 9Ashows the difference idyg; between the TIDE eld, internal wave breaking will contribute as well. The separation
experiment and the NOTIDE experiment along a vertical transedf the surface and boundary mixed layers increases in the deeper
that spans from the tidal frontal region in the Irish Sea to the shelfater column in the southwestern part of the transect shown in
break of the Celtic Sea. The transect is markeBigure 1B The Figure 9 (beyond the Jones Bank). Here, the impact of the
corresponding vertical transect of mean eddy diffusiifyfrom  barotropic tide becomes negligible and pycnocline mixing relies
the TIDE experiment is shown iRigure 9B on shear instabilities produced by inertial oscillations and internal
In shallow regions with strong tidal currents, like the Irish Sewaves.Figure 9Ashows tidal forcing enhancekqog within the
on the left- hand side ofigure 9 tides and wind generate pycnocline in the deep southwestern section of the transect. Tidal
turbulence in the entire water columnFigure 9B. In  forcing particularly enhanced,o; within the pycnocline in the
transitionary tidal frontal areas, the surface and bottoyeda region close at the shelf break. Turbulent mixing of nitrate across
strongly interact and wind forcing or the spring-neap tidal cycléhe pycnocline has been observed in the shelf regions along the
can laterally move the tidal front. The persistent competitioiCeltic Sea shelf break and is attributed to mixing by the energetic
between tidal mixing and thermal stratation generates intense internal tide eld (Sharples et al., 20Bharples et al., 20T idally
turbulent mixing of nutrients into the upper water column on theelevated}og in the pycnocline in proximity to the Jones Bank
strati ed side of the front (e.gRingree et al., 19Y5Changes in further suggests mixing by internal tides generated at the local
strati cation and/or the vertical nitrate gradient by tidal stirring inextreme bathymetry, which alsts with observationdRalmer et al.,
the bottom boundary layer can also decrease turbulent transpo813 Tweddle et al., 2013
in some regions (sdegure 9A.
In the stably stratied section offFigure 9 the pycnocline
(marked by the N contours) suppresses turbulence and acts a3a4 Tide-generated vertical mixing of
ux barrier. Tidal forcing can however also generate turbulenddutrients across the pycnocline
within the pycnocline, where turbulence has a particularly high
mixing ef ciency due to stronger vertical gradierf$ppeth, 200p To obtain a shelf-wide estimate of the turbulent transport that
Figure 9Aaccordingly shows high tidally generafeg; atthe base can sustain (new) primary production in the strad system
of the pycnocline in the northeastern Celtic Sea (water depthduring summer, we evaluate the mean turbulent nitrate at
130m). Pycnocline mixing is elevated at bathymetric features atite nutricline (denoted a%o3(zy) in the following). We dene the
particularly high at the Jones Bank (approx. 350krFigure 9. nutricline as the maximum vertical nitrate gradient in the water
Pycnocline mixing requires shear to be produced in theolumn. We here followSharples et al. (200Bnd utilize the
pycnocline, either directly by the barotropic tide, internal wavesondition that primary production sets up the nutricline at the
or wind-induced inertial oscillation8echerer et al. (2022)und  base of the euphotic zone below the subsurface biomass maximum
the barotropic tide alone to produce scient shear at the base of in the pycnocline. We shows(zy) averaged for the period of
pycnocline to generate observed diapycnal mixing in the shallawaximum strati cation from the 15 July to 15 August for the entire
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suggest a backgroundix of 1 2 mmol N m?d * for the wider
A Celtic Sea regionSharples et al., 200Williams et al., 2013b A
general underestimation of pycnocline mixing in stredi shelf areas
is common for turbulence closures like the GESlklosure used in
this study. The deciency in the representation of pycnocline mixing
is attributed to the fact that the parameterizations do not include all
physical processes that contribute to pycnocline mixing on the shelf
(Simpson et al., 199@Rippeth, 2005 Observational estimates
close to the Norwegian Trench region of the North Sea
(< 0:5 mmol N m?d *; Bendtsen and Richardson, 2DE&d the
Western Irish Sea (8 mmol N m?d ; Williams et al., 2013a
however t better with the mixing reproduced by the model.

The difference inkyos(zy) between the NOTIDE and TIDE
experiments irFigure 10Bshows that tidal impacts explain almost
all turbulent mixing across the nutricline in the shallow stredi
regions of the NWES and a relevant proportionj@f(zy) in the
central basins of the North Sea and Celtic Sea. Tidal impacts on
Joz(zy) clearly depend on local water depths and mirror the
decreasing positive tidal NPP response with water depths in
Figure 6B J,03(zy) decreases with water depths as mixing driven
by the barotropic tide loses the potential to affect the euphotic zone.
To effectively differentiate between turbulent mixing induced by the
barotropic tide and by baroclinic processes like internal tides, we
compute the distancBZyg between the nutricline, as a proxy for
the euphotic depth, and the depth at which the eddy diffuskity
falls below 1¢ m?s ! in the bottom layer as a proxy for the extent

CIGURE of the bottom boundary layer.

Vertical transect from Irish Sea (52.63°N, 5.49°W) to Celtic Sea shelf Figure 10Dshows mearDZyg on the NWES for the period of

break “ifﬂ*ié‘iw:’xf(AD);L”Eif:c‘ihg"z}i;g‘ngf: Oefstthe maximum strati cation from the 15 July to 15 August (mean for

rsT;reeiin él;rtioun (15 July —15 AugusNt?3é01L2%15) gnd (B) correspgonding 201%2015). The visual comparison withJos(zy) in Figure 10B

eddy diffusivity K, from TIDE experiment. Transect is marked in indicates that in the North Sea, where there is low internal tide

Figure 1B Black contours indicate pycnocline in TIDE experiment activity, DZyg = 30m approximately concurs with the extent of

(N>=0:5-10°% s?andN?>=2-10 3 s ?). . . S _— . .

positive (i.e., tide-induced) J03(zy). The comparison with the

tidal NPP response ifrigure 6Bsupports this assumption; here,
NWES in Figure 10Aand for the Celtic Sea ifigure 10C To DZyg = 30m approximately corresponds to the boundary of the
understand the impact of tides on vertical mixing, we furthepositive tidal NPP response. We use this singgliapproximation
compute the difference betweekos(zy) in the TIDE and to de ne that atDZyg > 30m , the impact of the barotropic tide on
NOTIDE experiments. The proportional difference between thpycnocline mixing becomes negligible and baroclinic processes like
two experiments, expressediadyos(zy), is shown inFigure 10B  internal tides are the dominant drivers of pycnocline mixing.

Juos(zy) in Figure 10AC is zero if there is no vertical nitrate As already indicated iRigure 9A turbulent nitrate uxes across
gradient, like in the permanently mixed regions along the coasts. fine nutricline are enhanced in a distinct band along the Celtic Sea
the northeastern Celtic Sea, the fresh and nutrient-rich riverawat ~ shelf break Figures 10AC). The barotropic tide plays a role in the
from the Bristol Channel obscures the mixing sigidgure 10A EC tidal ux window (5.5- 8.5°W), where tidal energy dissipation is
shows that turbulent transports are high in the tidal frontal regionsery high Pingree et al., 1982ndDZz < 30m extends nearly up to
and weakly stratied shallow regions (delineated by PEA=58° the shelf breakRigure 10D. J,03(zy) is particularly high at the shelf
in Figure 10A. The high turbulent nutrient supply to the surfacebreak part of the EC tidalux window (locally up to 5mmol &m? d
sustains particularly high NPP rates in the transitionary regimes, xsThe remaining area of elevatdghs(zy) along the shelf break
can be seen by the spatial coherence of high NFgure 6Aand  shows pronounced separation of bottom and surface mixed layers
the highdyos(zy) found along tidal frontal zones in the NWES (e.g.{DZyg ~ 30m). In the sector of the Celtic Sea shelf break north of
in the western English Channel or southern North Sea). 8.5°W, Figures 10AC show elevatedyos(zy) with values in the

Turbulent nitrate uxes across the nutricline are generally low irange of~ 0:5 2 mmol Nm?2d ®. Local mixing hotspots with
the stably stratied regions of the NWES (PEA > 50 Jm Jos(zy) of up to 5 mmolNm?d ! are also evident on the
Figure 10AshowsJyos(zy) < 0:5 mmol N m?2d * in most of the northern sector of the Celtic Sea shelf break. The elevated average
central areas of the Celtic Sea and North Sea basins. Observatiortsidfulent nitrate uxes t with the observed range of 19
diapycnal nutrient uxes on the NWES are sparse and limited irmmol N m 2d * reported for the northern sector of the Celtic Sea
time, making a direct comparison diult. Observational estimates shelf break bySharples et al. (2007)he area of tidally enhanced
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FIGURE 10

(A) Mean turbulent nitrate  ux evaluated at nutricline, Jyos(zy), during period of strongest strati  cation (15 July — 15 August, mean for 2011-2015).
Yellow contour in (A) shows PEA=50 Jm 2. (B) Proportional difference D Jyo3(zy) ([TIDE-NOTIDE]/TIDE) of the mean turbulent nitrate  ux in
percent relative to TIDE experiment. Areas where Jyoz(zn) is zero masked for clarity. (C) Jyos(zn) during the period of strongest strati  cation (15 July
— 15 August, mean for 2011-2015) in Celtic Sea. Dashed black contours indicate 100-, 150-, and 200-m isobaths. (D) Mean distance DZyg between
the nutricline and the depth at which the eddy diffusivity K, falls below 10 * m?s ! in the bottom layer for 15 July — 15 August (mean for 2011
2015). Please note non-proportional colorbar discretization in (A, C).

nitrate uxes along the Celtic Sea shelf brealFigures 10AC  the southwestern Celtic S&gure 10Ashows elevatedog(zy) in
extends approximately 200 km onto the shelf. This also agrees wittrsome areas along the shelf break of the NWA where the surface and
the observed dissipation of the majority of baroclinic energy withibottom layer are well separateiZgzs ~ 30m). Jos(zy) is up to
tens of kilometers of the generation siRingree et al., 198@hall 15 mmol N m2d ! along the shelf break northwest of Ireland at
et al., 2011 around 54.5- 55.5°N, where upper-slope bathymetry is irregular
Figure 10Cfurther indicates elevatedoz(zy) at small-scale and features a distinct canyoH{thnance et al., 2022} 03(zy) is
bathymetric features throughout the Celtic Sea, with mean mixirajso elevated (14 mmol N m?2d !, locally up to 18 mmol Km?
rates of ® 3 mmol N m?2d ! at the respective ridges and sead) along the shelf break of and on the Malin Shelf at around 56
banks.Jo3(zy) Shown inFigure 10Qreaches values of up to 10 57°N, in an area wheiféigure 7Bshows high internal tide activity
mmol N m 2d ! at the distinct Jones Bank, which is well within theand mixing by internal tides has been observBtefwin, 1988
range of observed mixing rates attributed to local internal lee waReppeth and Inall, 2002 A small area of highlog(zy) further
generation Tweddle et al., 20188 52 mmol N mZ2d . occurs on the shelf break of Hebrides Shelf at arow83WW; here,
Background turbulent nitrateuxes across the nutricline are Figure 10Ashows values of up to 20 mmol N fd *. Jyo3(zy) on
overall higher on the narrow North-Western Approaches than irthe northern North Sea shelf and shelf break is comparatively low.
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Small patches of elevatdghs(zy) with up to 5 mmolNm?d *  of the magnitude and episodic nature of mixing within the
occur at the shelf break north of the Fair Isle Channel and thgycnocline Davies and Xing, 2003opkins et al., 2004 with
Shetland islands. A small area at northwestern edge of tlpetential impacts in central shelf areas as well. The representation
Norwegian Trench potentially affected by the low salinity Baltiand potentials for such non-linear interaction in kilometrical-scale
Sea outow also showdyos(zy) of up to 20 mmol N m?d L. regional ocean models is particularly interesting in this regard.
The impact of the barotropic tide in the deep regions along the
shelf break of the NWES is negligilBZ{z  30m inFigure 10D).
Figure 10Bhevertheless shows that tidal forcing accounts for >60%.5 Impact of tide-generated pycnocline
of locally elevated,os(zy) in the region along the Celtic Sea shelfmiXing on summer primary productivity
break during the investigated period of strongest stcation. Tidal
forcing also accounts for >4080% of the locally elevatdghs(zy) We further assess the contribution of tide-induced vertical
on the Malin Shelf. Positiv® Jyo3(zy) further correlates with mixing to the overall tidal NPP response in summer for the shelf
elevated]yoz(zy) On the northern ank of the Porcupine Bank, areas along the shelf break. We compute tidally generated potential
the Hebrides Shelf at around-8°W and the shelf break section new production (PNP; Eq. 6) using the sum of tide-generated mean
north of the Fair Isle Channel. Sites of positvé,os(zy) generally  turbulent nitrate uxes across the nutricline, i.83o3(zn), over
feature relevant internal tide activityiure 7B, whereas regions of the summer months (JJA; mean for 262015). We only consider
low internal tide activity along the shelf break of the NWES partiallgtably stratied areas with PEA>50 Jm?3, which explicitly
feature low or negativ® J03(zy). The nding thatD Js(zy) excludes the tidal frontal areas. We further isolate the
predominantly explains locally elevatdghs(zy) along the shelf contribution of the internal-tide eld from Dyo3(zy) by masking
break and the coherence with sites of high internal tide activitiegions with DZyg < 30m and only considering the shelf area
shows that the vertical mixing along the shelf break is caused by tfesolved at kilometrical-scale horizontal resolution. The results
resolved kilometrical-scale internal tideld in the region. The are summarized iTable 3
dissipation of on-shelf propagating low-mode internalesd Tide-generated potential new production sustained by vertical
vertically mixes nutrients into the euphotic zone and camixing across the pycnocline explains 20% (0.23 Mt C) of the mean
contribute to the positive tidal NPP response ideadi for the tidal summer NPP response (JJA; 2&1115) in the SWC subarea,
shelf break regions iRigures 6BD. with around 50% of PNP attributable to mixing by the internal tide
The emergence of substantially tidally elevated pycreclimlone {Table 3. Tide-generated pycnocline mixing in summer
mixing rates in proximity to internal tide generation sites suggestierefore only sustains ~ 3% of mean annual primary production
that resolving kilometrical-scale internal tides locally reduces tlie the SWC subarea. The remaining difference in mean summer
mid-water mixing deciency commonly identied for stratied NPP between the TIDE and NOTIDE experiments in the southwest
shelf regimes in ocean modelSiripson et al.,, 199®urchard Celtic Sea (0.92 Mt C; 80%) suggests that other tidally modulated
et al., 2002Rippeth, 2006 Our results here suppo@raham et al. processes are relevant for local primary production as well.
(2018a) who suggested that a reduction of a warm SST bias along An intensi cation of regenerated primary production in the
the Celtic Sea shelf break in their kilometrical-scale AMM15 NEM®urface layer with tidal forcing, potentially associated with the delay
model conguration was due to enhanced mixing by resolvedf the spring bloom with tidal forcing (see Sect. 3.2) or re-
internal tides. Pycnocline mixing simulated with a hydrostatientrainment of organic matter into the surface layer, could also
model like SCHISM will still likely underestimate mixing by theplay a role in the tidal NPP response in the Celtic Seghnance
fully non-hydrostatic internal waveeld (Vlasenko et al., 20140ur et al. (2022)further showed baroclinic on-shelf transport by
results thus only constitute a lower bound for the impact of internahternal tides at mooring stations at the Celtic Sea shelf break in
tides on shelf primary production. An improved representation ofummer.Graham et al. (2018blso found substantial on-shelf
the non-linear interaction of wind-generated inertial oscillationgransports along the pycnocline and in the surface layer at the Celtic
and internal tides would also further improve the parameterizatioBea shelf break in late spring and summer and attributed the on-

TABLE 3 Overview of tidal impacts on summer net primary production in subareas along the shelf break.

Subarea Internal-tide-generated Tide-generated Tidal summer NPP Ratio of tide-generated PNP to tidal
summer PNP summer PNP response summer NPP response
it C it C it C
swc 0.12 0.23 1.15 20%
MS 0.03 0.08 0.08 92%
HS 0.03 0.06 0.09 65%
NNS 0.04 0.04 0.13 30%

Only stably stratied (PEA > 50 Jm?®) segments of the subareas are considered. Tidal summer NPP response is computed as the sum of vertically integrated mean NPP for summer months
(JJA; 20142015). Potential new production (PNP) is calculated with Eq. 6 using the sum of mean summer (J201X)title-generated turbulent nitratexes across nutriclin®(Jyoz(zy))-
Isolation of internal-tide-generated PNP is described in Sect. 3.5.
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shelf transport at internal depths to internal tides resolved in their Our results suggest that tidal forcing increases biolbgica
kilometrical-scale NEMO AMM15 model coguration. Tide- productivity on the NWES and that around 16% (14.47 Mt C) of
driven on-shelf transport would explain higher early summeannual mean primary production on the shelf is related to tidal
nutrient concentrations in the TIDE experiment found in theforcing. Our study explored the hydrodynamic control of primary
outer shelf regions along the Celtic Sea shelf break for both theoduction on the shelf and identd a dominant role of tides for
surface layer (>20 nirigure 8A and at internal depths (2000 m;  structuring primary production in shallow inner shelf regions like
Figure 8B in our study. In combination, the increased lateral onthe southern and central North Sea, the English Channel, and the
shelf transport of nutrients from the tidally enhanced shelf breakish Sea. Vertical mixing of nutrients by the barotropideti
front (Figures 6B 8A) and vertical mixing by internal tides likely particularly invigorates primary production in the tidal frontal
account for the majority of the tidal response of summer NPP in theegions of the NWES. Tidal mixing and the resuspension of
region. Recent work b¥inker et al. (2022has also shown an suspended matter however also decrease primary production in
impact of tidal forcing on the residual circulation on the NWESshallow permanently mixed regions of the NWES.
with a pronounced tidal impact on the continental slope current. A substantial increase of mean annual primary productivity by
Tidal ow can additionally inuence local circulation through +25% (1.53 Mt C) was shown for the deep southwestern Celtic Sea.
topographically driven residual eddies, which are redobte Tidal forcing mainly enhanced NPP in the southwestern Celtic Sea
kilometrical-scale horizontal resolution in the Celtic SRalton, during the summer productive period. Tide-generated turbulent
2015. Changes in the residual circulation potentially affect thautrient mixing across the pycnocline explains approximately one-
nutrient distribution and biological productivity in the fthof the tidal response of summer NPP in the southwestern Celtic
southwestern Celtic Sea. A detailed analysis of the different tidg¢a. The overall contribution of tide-generated pycnocline mixing
impacts on cross-shelf horizontal transports is however beyond tt@mean annual primary production in the southwestern Celtic Sea
scope of this study. is small (only around ~3%). Around 50% of the tide-generated
Analysis of potential new production driven by vertical mixingpycnocline mixing in the southwestern Celtic Sea is attributed to the

is more complex on the narrow shelves of the North-Westerkilometrical-scale internal tideeld resolved in the NWES-IT
Approaches. The surface layer on the North-Western Approache<isn guration. The large unaccounted remainder of the tidal
not nutrient depleted in summerS@avidge and Lennon, 1987 response of summer NPP found in this study suggests that the
Painter et al., 20)7because of cross-shelf exchange wittidal NPP response in the southwestern Celtic Sea is caused by a
nutrient-rich North Atlantic current water masses and upwellingcombination of processes. The enhancement of lateral on-shelf
at the shelf breakHuthnance et al., 2032 The persistent transport by tidal forcing, e.g., by internal tides alon@ th
availability of nutrients in the surface layer throughout summepycnocline, is likely particularly important for primary
effectively limits the local NPP response to additional nutriemproduction in the southwestern Celtic Sea. Tidal forcing only
supply by tidal processes, which is particularly evident in tidgdlays a minor role for primary production along the shelf break
frontal zones (sekEigure 6B. Table 3nevertheless shows that tide- of the North-Western Approaches and the northern North Sea. The
generated potential new production supplied by vertical mixingigh productivity in these regions is rather due to nutrients supplied
across the pycnocline can explain most of the low tidal responselnf cross-shelf exchange with nutrient-rich North Atlantic current
summer NPP in the strated areas of the Malin Shelf (92%) andwater masses and upwelling at the shelf break.
Hebrides Shelf (65%). Tide-generated potential new production Tidally enhanced turbulent mixing of nutrients across the
however only accounts for 30% of the tidal summer NPP responggcnocline will likely affect the f ratio of summer primary
in the northern North Sea, suggesting relevant contributions giroduction in the stratied regions of the NWES. The f ratio,
other tidally modulated processes here as well. which is the rate of new production to total primary production, is a

relevant control for the oceanic uptake of atmospheric,.CO

tidally enhanced biological carbon pump may increase
4 Conclusions sequestration of atmospheric ¢ shelf sediments ovia off-

shelf transport in the continental shelf carbon pump. As much of

We introduce the exible SCHISM-ECOSMO NWES-IT the tidal NPP response occurs in the frontal areas of the NWES, the

con guration and apply it to quantify the impact of barotropic particular dynamics of primary production in and adjacent to tidal
and baroclinic tides on primary production on the NWES. Thdronts merit careful consideration in future work on the shelf
model validation demonstrates the reasonable simulation of tliarbon cycle. The substantial overall tidal impact on prima
general hydrography and relevant biogeochemical cycles on mduction on the NWES could potentially lead to a contribution
NWES. The applied strategy of local grid mement shows high of long-term tidal variations (e.g., the 18.61-year nodal cycle or the
ef ciency in computational cost and storage requirements, as tBe85-year lunar perigee cycle) to long-term variability of marine
number of grid nodes is reduced by a factor of ~6 compared withecosystem dynamics and oceanic,Cptake.
uniform high-resolution conguration. This makes the NWES-IT The signi cant contribution of the barotropic and baroclinic
con guration a powerful tool for the investigation of kilometrical-tide to primary production on the NWES idenéd in this study
scale physical processes relevant for shelf ecosystem$endfdrther underlines the need to accurately assess and constrain tidal
continental shelf carbon pump. impacts on oceanic uptake of atmospheric,CRurther research

Frontiers in Marine Science 18 frontiersin.org



Kossack et al. 10.3389/fmars.2023.1206062

should also address the potential sensitivity of pycnocline mixing tbeir time and insights. They have helped improve the manuscript.
the increase in thermal stratiation in a warming climateHolt ~ We would like to thank ICDC, CEN, University Hamburg, for data
et al., 2010Mathis et al., 2019 The impact of barotropic and support. This study has been conducted using E.U. Copernicus
baroclinic tides on primary production found in this study Marine Service Informationhttps://doi.org/10.48670/moi-00169
moreover highlights the necessity of their representation http://dx.doi.org/10.17183/REFMARttps://doi.org/10.48670/
regional and global ocean models. This particularly applies mo0i-00281 The manuscript contains data supplied by the Natural
modeling studies that address regional and global marine carb&nvironmental Research Council (NERC). The tidal validation and
cycle dynamics. Kilometrical-scale horizontal resolution will likelgnalysis in this manuscript used tools and open data sets made
remain beyond computational feasibility for large-scaledeh publicly available under a CECILL licensehtps://github.com/
applications in the near future, although advances in mod&arenGuihou/tidal_analysisThe research was funded by the
development were recently made to overcome such conceptl®utsche Forschungsgemeinschaft (DFG, German Research
limitations (Mathis et al., 2022 Therefore, further work is Foundation) under Germary Excellence Strategy EXC 2037
required to improve the parameterization of kilometrical-scal&CLICCS - Climate, Climatic Change, and SocietyProject
physical processes like internal tides. Number: 390683824 and contributes to the CLICCS subproject

A5 — The Land-Ocean Transition Zone. The article processing

charges for this open-access publication were covered ey th
Data availability statement Helmholtz-Zentrum Hereon.

The raw data supporting the conclusions of this article will be ] ]
made available by the authors, without undue reservation. Con ict of interest

The authors declare that the research was conducted in the

Author contributions absence of any commercial anancial relationships that could be

construed as a potential cost of interest.
JK generated the data set, performed the data analysis, and

wrote the manuscript. MM, YZ, and CS provided essential

background knowledge and advised the study. CS initiated tRublisher’s note

idea of the study. All authors contributed to conception and design

of the study and manuscript revision, and read and approved the All claims expressed in this article are solely those of the authors

submitted version. and do not necessarily represent those of theirliafed
organizations, or those of the publisher, the editors ang th
reviewers. Any product that may be evaluated in this article, or

Acknowledg ments claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

We would like to acknowledge the contribution by Richard

Hofmeister to the development of SCHISEACOSMO. We would

like to thank Benjamin Jacob and Johannes Pein for helpful advi@Upplementary material

regarding the SCHISM model. Computational resources were made

available by the German Climate Computing Center (DKRZ) The Supplementary Material for this article can be founaherat:

through support from the German Federal Ministry of Educatiorhttps://www.frontiersin.org/articles/10.3389/fmaf23.1206062/

and Research (BMBF). We would like to thank the reviewers féull#supplementary-material

References
Allen, J. 1., Holt, J. T., Blackford, J., and Proctor, R7{2@0ror quanti cation of a high- Blumberg, A. F., and Mellor, G. L. (1987). A description of a three-dimensional
resolution coupled hydrodynamic-ecosystem coastairocemlel: part 2. chlorophyll-a, coastal ocean circulation model. Tihree-Dimensional Coastal Ocean MqdelS.
nutrients and SPMJ. Mar. Sys68, 38:404. doi:10.1016/j.jmarsys.2007.01.005 Heaps (Ed.),416. doi:10.1029/CO004p0001
Aquaveo, L. L. C. (2019purface-water modeling system: reference manual & Boyer, T. P., Ga@a, H. E., Locarnini, R. A., Zweng, M. M., Mishonov, A. V., Reagan,
tutorials (LLC, Provo, Utah: Aquaveo LLC). J. R., et al. (2018)orld ocean atlas 2018wvailable athttps://www.ncei.noaa.gov/
Baines, P. G. (1982). On internal tide generation mod®ep Sea Res. Part A, archive/accession/NCEI-WOA1Bccessed 29, 2022).
Oceanographic Res. Paj#s307338. d0i:10.1016/0198-0149(82)90098-X Bruggeman, J., and Bolding, K. (2014). A general framewarkaduatic

Becherer, J., Burchard, H., Carpenter, J. R., GraewedWleackelbach, L. M. (2022). biogeochemical model€Environ. Model. Softwaré1, 249265. doi:10.1016/
The role of turbulence in fueling the subsurface chloréphgkimum in tidally dominated  j.envsoft.2014.04.002
shelf seasl. Geophys. Res. Ocelt® e2022JC018561. ddi:1029/2022)C018561 Burchard, H., Bolding, K., Rippeth, T. P., Stips, A., Simpson, J. H., and Sindermann,
Bendtsen, J., and Richardson, K. (2018). Turbulence measurements suggest higP002). Microstructure of turbulence in the Northern North Sea: a comparative study
rates of new production over the shelf edge in the Northeastern North Sea during observations and model simulatiorBrocesses Vertical Exchange Shelf Seas
summer Biogeoscienc#S, 73157332. doi10.5194/bg-15-7315-2018 (PROVESS) Partd7, 223238. doi:10.1016/S1385-1101(02)00126-0

Frontiers in Marine Science 19 frontiersin.org



Kossack et al. 10.3389/fmars.2023.1206062

Caldwell, P. C., Merreld, M. A., and Thompson, P. R. (2015)Sea Level measured byHu, S., Townsend, D. W., Chen, C., Cowles, G., Beardsley, R. C., Ji, R., et al. (2008).
tide gauges from global oceans the joint archive for Sea level holdings (NCEI Tidal pumping and nutrient uxes on georges bank: a process-oriented modeling study.
accession 0019568): version 5.5Dataset{Accessed 02, 2022). J. Mar. Sysf{r4, 528544. doi:10.1016/j.jmarsys.2008.04.007

Capuzzo, E., Lynam, C. P., Barry, J., Stephens, D., Forster, R. M., Greenwood, Nuthnance, J., Hopkins, J., Berx, B., Dale, A., Holt, J., Hosegood, P., et al. (2022). Ocean
etal. (2018). A decline in primary production in the North Sea over 25 years, associagtlf exchange, NW European shelf seas: measurements, estimates and corfsagsons.
with reductions in zooplankton abundance argh stock recruitmenGlobal Change IN OCEANOGRAPH®02, 102760. dal:0.1016/j.pocean.2022.102760

Biol. 24, e352e364. doi10.1111/gcb.13916 ICES (1983). Flushing times of the North SE€&S Cooperative Res. Re}8, 153.

Capuzzo, E., Painting, S. J., Forster, R. M., Greenwood, N., Stephens, D. T., arpga"’ M., Aleynik, D., Boyd, T., Palmer, M., and Sharples, J. (2011). Internal tide

Mikkelsen, O. A. (2013). Variability in the sub-surfacehtiglimate at  oparence and decay over a wide sheliGeaphys. Res. L&8. n/an/a. doi-10.1029/
ecohydrodynamically distinct sites in the North SBmgeochemistry13, 85103.  5011G| 049943 y ys. ' ' R

doi: 10.1007/s10533-012-9772-6
Cloern, J. E. (1991). Tidal stirring and phytoplankton bloom dynamics in an estuary, Intergovernmental Oceanographic Commission (198§anual on sea level
o ; : easurement and interpretatiénin Volume | - basic proceduréBaris, France:
J. Mar. Resi9, 203221. doi:10.1357/002224091784968611 UNESCO) 1. 83, L0 2560 5/OBP-1420 P ¢

Cullen, J. J. (2015). Subsurface chlorophyll maximum layers: enduring enigma Ofoint. I.. and Groom. S. B (2000). Estimation of :
. ) , Ly , S. B. . phytoplankton production from
mystery solvedAnnu. Rev. Mar. Sci7, 20%239. doi:10.1146/annurev-marine- - qnace: current status and future potential of satellite remote sedsiBigp. Mar. Biol.
010213-135111 Ecol.250, 233255. doi:10.1016/S0022-0981(00)00199-4

Daewel, U., and Schrum, C. (2013). Simulating long-term dynamics of the coupled;qint | and Pomroy, A. (1993). PHYTOPLANKTON BIOMASS AND

North Sea and Baltic Sea ecosystem with ECOSMO II: model description aﬂ‘#QODUCTION IN THE SOUTHERN NORTH-SEAar. Ecol. P Se99. 169
validation.J. Mar. SystL19-120, 3649. doi:10.1016/j jmarsys.2013.03.008 182, doi10.3354/meps099169 Aar. £CoL. Frog. »&9,

Davies, A. M., and Xing, J. (2003). On the interaction between internal tides and.]oint I, Wollast, R., Chou, L., Batten, S., Elskens, M., Edwards, E., et al. (2001).
wind-induced near-inertial currents at the shelf edgeGeophys. ReB08(C3).  pgjagic production at the Celtic Sea shelf brB&EP-SEA Res. Part II-TOPICAL Stud.
doi: 10.1029/2002JC001375 IN OCEANOGRAPHMS, 30493081, doi10.1016/S0967-0645(01)00032-7

Dugdale, R. C., and Goering, J. J. (1967). UPTAKE OF NEW AND F“EGE'\IER’L\TEDKamp, A., and Witte, U. (2005). Processing of 13C-labelled phytoplanktomie-a

FORMS OF NITROGEN IN PRIMARY PRODUCTIVITYLimnol. Oceanogrl2 : : . e f
- ' grained sandy-shelf sediment (North Sea): relative importance of different macrofauna
196-206. doi:10.4319/10.1967.12.2.0196 speciesMar. Ecol. Prog. Se&297, 61. doi10.3354/meps297061

Fofonoff, N. P., and Millard, R. C. (1983). Algorithms formpuitation of Kantha, L. H., and Clayson, C. A. (1994). An improved mixed layer model for

fundamental properties of seawatdnesco Tech. papers Mar. 84L. doi:10.25607/ geophysical applications. Geophys. ReS, 2523525266. doi10.1029/94JC02257
Laruelle, G. G., Lauerwald, R., Pfeil, B., and Regnier, P. (2014). Regionalized global

_Frankignoulle, M., and Borges, A. V. (2001). European Continental shelf aspfqget of the CO2 exchange at the air-water interface in continental shelB ez
signi cant sink for atmospheric carbon dioxidelobal Biogeochem. Cyclés 569 Biogeochem. CycRS, 11991214. doi10.1002/2014GB004832

576. doi:10.1029/2000GB001307
. . Legge, O., Johnson, M., Hicks, N., Jickells, T., Diesing, M., Aldridge, J., et al. (2020).
Geyer, B. (20179\‘06‘3@%3—(:03MO'CLM—EWOM Data Center for Cllmgte Carbon on the Northwest European shelf: contemporary budget and futurerioes.
(WDCC) at DKRZ). Available athttp://cera-www.dkrz.de/WDCC/ui/lCompact.jSp? £ront Mar. Sci7. doi:10.3389/fmars.2020.00143

acronym=coastDat-3_COSMO-CLM_ERAI . o .
Le Guitton, M., Soetaert, K., Sinninghe Damdté&., and Middelburg, J. J. (2017). A

Graham, J. A, O'Dea, E., Holt, J., Polton, J., Hewitt, Hrufner, R., et al. (2018a). goaq0n4) study of particulate organic matter composition and quality along an offshore

AMM15: a new high-resolution NEMO coguration for operational simulation of the transect in the Southern North S&stuarine Coast. Shelf 988, 1.11. doi:10.1016/
European north-west sheBeosci. Model. Deil, 681696. doi10.5194/gmd-11-681-2018 j.ecss.2017.02.002 ' ' T

Graham, J. A., Rosser, J. P., O'Dea, E., and Hewitt, H. T. (2018b). Resolving shq:_lfn' L., Liu, H., Huang, X., Fu, Q., and Guo, X. (2022). Effect of tides on river water

break exchange around the European Northwest sBetiphys. Res. Lel6, 12,386 op4yior over the eastern shelf seas of Cliityarology Earth System Sz, 5207
12,395. doi10.1029/2018GL079399 5225. doi10.5194/hess-26-5207-2022

Green, J. A. M., Simpson, J. H., Legg, S., and Paimer, M. R. (2008). Internal waveyarg, F. H., Allain, D. J., Cancet, M., Carrére, L., and Picot, N. (2021). FES2014
baroclinic energy uxes and mixing at the European shelf edintinental Shelf Res. global ocean tide atlas: design and performaBcean Scll7, 615649. doi10.5194/

28, 937950. doi:10.1016/j.csr.2008.01.014 05-17-615-2021
Guihou, K'.' Polton, J., Harle, J., Wakelin, S., O'Dea, E., and Holt,q. (2018). Kllpmetrl ann, K. H., and Lazier, J. R. (201Bynamics of marine ecosystems: biological-
scale modeling of the North West European shelf seas: exploring the spatial

A h - 3 sical interactions in the oceadsl ed.(John Wiley & Sons, Ltd).
temporal variability of internal tidesl. Geophys. Res. Oce&@8, 688707. doi: . . . o . .
10.1002/2017JC012960 Mathis, M., Elizalde, A., and Mikolajewicz, U. (2019). The future regime of Atlantic

) nutrient supply to the Northwest European shelf. Mar. Syst189, 98115.
Hall, R. A., Berx, B., and Damerell, G. M. (2019). Internal tide enangyver a doi: 10.1016/j.jmarsys.2018.10.002

ridge measured by a co-located ocean glider and moored acoustic Doppler current . . o
pro ler.Ocean Scil5, 14391453. doi10.5194/0s-15-1439-2019 Mathis, M., Logemann, K., Maerz, J., Lacroix, F., Hagemann, S., Chegini, F., et al.

. . . 022). Seamless integration of the coastal ocean in global marine carbon cycle
Hickman, A. E., Moore, C. M., Sharples, J., Lucas, M. 1., Tilstone, G. H., Krivtsov, %odenng.l Adv. Model. Earth Sy&#, e2021MS002789. db.1029/2021MS002789
etal. (2012). Primary production and nitrate uptake within the seasonal thermocline o

a strati ed shelf seaMar. Ecol. Prog. Set63, 3957. doi:10.3354/meps09836 New, A. L., and Pingree, R. D. (1990). Evidence for internal tidal mixing near the
. ) . ) . shelf break in the bay of Biscdyeep Sea Res. Part A. Oceanographic Res. Bapers
Hinrichs, I., and Gouretski, V. (2018altic And north Sea climatology hydrographic 1783 1803. doi10.1016/0198-0149(90)90078-A

t (Version 1.1)World Data Center for Climate (WDCC) at DKRZ). d4i0.26050/
WIrDéC?ésl\ll()SnCIimoHy?jrrovlia enter for Climate ( )3 ) Nissen, C. (2014Physical-biogeochemical couplings in the land-ocean transition

zone(Bergen: The University of Bergen).
Hofmeister, R., Fléser, G., and Schartau, M. (2017). Estuary-type circulation as 6 .

- > . ! X . Dea, E. J., Arnold, A. K., Edwards, K. P., Furner, R., Hyder, P., Martin, M. J., et al.
factor sustammg horizontal nutrient gradlents in fresher-in uenced coastal (2012). An operational ocean forecast system incorpora%i/ng NEMO and SST data
systemsGeo-Marine Leti37, 176192. doi-10.1007/s00367-016-0469-z assimilation for the tidally driven European North-West shellOF OPERATIONAL

Holt, J., Butenschon, M., Wakelin, S. L., Artioli, Y., and Allen, J. I. (2012). Oceaf@CEANOGRAPH®S, 3-17. doi:10.1080/1755876X.2012.11020128
controls on the primary production of the Northwest European continental shelf: Painter, S. C., Hartman, S. E., Kivimae, C., Salt, L. A., Clargo, N. M., Daniels, C. J
model experiments under recent past conditions and a potential future scenarg{.al (201’7) .Th-é eIementéI s'toi(.:’hiomet P oy o
. | N . . ry (C, Si, n, p) of the Hebrides shelf and its role
Biogeosciencs97-117. doi:10.5194/bg-9-97-2012 in carbon export.Prog. IN OCEANOGRAPHY59, 154177. doi:10.1016/
Holt, J., Schrum, C., Cannaby, H., Daewel, U., Allen, 1., Artioli, Y., et al. (201¢pocean.2017.10.001
Potential impacts of climate change on the primary production of regional seas: apaimer, M. R., Inall, M. E., and Sharples, J. (2013). The physical oceanography of
comparative analysis ofe European seaBrog. IN OCEANOGRAPHMIO, 9+115.  jones bank: a mixing hotspot in the Celtic $¥ag. IN OCEANOGRAPHM7, 9-24.
doi: 10.1016/j.pocean.2015.11.004 doi: 10.1016/j.pocean.2013.06.009

Holt, J., and Umlauf, L. (2008). Modelling the tidal mixing fronts and seasonal Patsch, J., Burchard, H., Dieterich, C., Grawe, U., Groger, M., Mathis, M., etal. (2017).
strati cation of the Northwest European continental sh@fntinental Shelf Re@8,  An evaluation of the North Sea circulation in global and regional models relevant for
887-903. doi:10.1016/j.csr.2008.01.012 ecosystem simulation®cean Modell16, 7695. doi:10.1016/j.ocemod.2017.06.005

Holt, J., Wakelin, S., Lowe, J., and Tinker, J. (2010). The potential impacts of climat®ein, J., Eisele, A., Sanders, T., Daewel, U., Stanev, E. V., van Beusekom, J. E. E., et al.
change on the hydrography of the Northwest European continental $trelf. IN ~ (2021). Seasonal stratation and biogeochemical turnover in the freshwater reach of a
OCEANOGRAPH®6, 36%+379. doi:10.1016/j.pocean.2010.05.003 partially mixed dredged estuaifyront. Mar. Sci8. doi:10.3389/fmars.2021.623714

Hopkins, J. E., Stephenson, G. R., Green, J. A. M., Inall, M. E., and Palmer, M. R. (2018)ingree, R. D., and Mardell, G. T. (1981). Slope turbulence, internal waves and
Storms modify baroclinic energyixes in a seasonally stratd shelf sea: inertial-tidal phytoplankton growth at the Celtic Sea shelf-brédklos. Trans. R. Soc. London. Ser.
interaction.J. Geophys. Res. Ocekl® 68636883. doi10.1002/2014JC010011 A Math. Phys. Sc802(1472), 66382. doi:10.1098/rsta.1981.0191

Frontiers in Marine Science 20 frontiersin.org



Kossack et al. 10.3389/fmars.2023.1206062

Pingree, R. D., and Mardell, G. T. (1985). Solitary internal waves in the Celtic SeaTaylor, M. H., Akimova, A., Bracher, A., Kempf, A., Kihn, B., anthéiet, P.

Prog. IN OCEANOGRAPHM, 431441. doi:10.1016/0079-6611(85)90021-7 (2021). Using dynamic ocean color provinces to elucidate drivers of North Sea
Pingree, R. D., Mardell, G. T., Holligan, P. M., Gh§, D. K., and Smithers, J. hydrography and ecology. Geophys. Res. Ocets, 2021JC017686. dt:1029/

(1982). Celtic Sea and armorican current structure and the vertical distributions $p21JC017686

temperature and chlorophylContinental Shelf Rels.99-116. doi:10.1016/0278-4343 Tett, P., and Walne, A. (1995). Observations and simulations of hydrography,

(82)90033-4 nutrients and plankton in the southern north S€pheliad2, 37+416. doi:10.1080/
Pingree, R. D., Mardell, G. T., and New, A. L. (1986). Propagation of internal tig30785326.1995.10431514

from the upper slopes of the bay of Bisddgture321, 154158. doi10.1038/321154a0 Thomas, H., Bozec, Y., Elkalay, K., and Baar, H.J.W.de (2004). Enhanced open ocean
Pingree, R. D., and New, A. L. (1995). Structure, seasonal development and sun ﬂiage of CO_2 from shelf sea pumpirgci. (New York N.Y.304, 10051008.

spatial coherence of the internal tide on the celtic and armorican shelves and in the Big- 10-1126/science.1095491

of BiscayDeep Sea Res. Part |: Oceanographic Res. Bap246284. doi:10.1016/ Tinker, J., Polton, J. A., Robins, P. E., Lewis, M. J., &eilDC. K. (2022). The

0967-0637(94)00041-P in uence of tides on the North West European shelf winter residual circul&tiont.
Pingree, R. D., Pugh, P. R., Holligan, P. M., and Forster, G. R. (1975). Summ{g- Sci9. doi:10.3389/fmars.2022.847138

phytoplankton blooms and red tides along tidal fronts in the approaches to the English Tsunogai, S., Watanabe, S., and Sato, T. (1999). Is thawataental shelf punp

channelNature 258, 672677. doi:10.1038/258672a0 for the absorption of atmospheric COZ®llus B51, 70£712. doi:10.1034/j.1600-
Polton, J. A. (2015). Tidally induced meanow over bathymetric features: a 0889.1999.101-2-00010.x

contemporary challenge for high-resolution wide-area elsdGeophysical Tweddle, J. F., Sharples, J., Palmer, M. R., Davidson, K., and McNeill, S. (2013).

Astrophysical Fluid Dynami@§9, 20#215. doi:10.1080/03091929.2014.952726 Enhanced nutrient uxes at the shelf sea seasonal thermocline caused byestrativ
Porter, E. T., Mason, R. P., and Sanford, L. P. (2010). Effect of tidal resuspensior?‘(')?lr a bankProg. IN OCEANOGRAPHNM7, 3#47. doi:10.1016/j.pocean.2013.06.018

benthic-pelagic coupling in an experimental ecosystem stddy. Ecol. Prog. Sef13, Umlauf, L., and Burchard, H. (2003). A generic length-scale equation for geophysical

33-53. doi:10.3354/meps08709 turbulence modelsl. Mar. Res61, 235265. doi:10.1357/002224003322005087
Prins, T., Smaal, A. C., Pouwer, A. J., and Dankers, N. (1996). Filtration andvan Haren, H., Maas, L., Zimmerman, J. T. F., Ridderinkhof, H., and Malschaert, H.

resuspension of particulate matter and phytoplankton on an intertidal mussel bed {©999). Strong inertial currents and marginal internal wave stability in the Central

the oosterschelde estuary (SW Netherland&r. Ecol. Prog. Sefl42, 123134. North SeaGeophys. Res. Leét6, 29932996. doi10.1029/1999GL002352

doi: 10.3354/meps142121 van Leeuwen, S., Tett, P., Mills, D., and van der Molen, J. (2015). &tratid
Richardson, K., Visser, A. W., and Pedersen, F. B. (2000). Subsurface phytoplankimmstrati ed areas in the North Sea: long-term variability and biological and policy

blooms fuel pelagic production in the North Sda.Plankton Re®2, 16631671. implications.J. Geophys. Res. OceB2, 46784686. doi10.1002/2014JC010485

doi: 10.1093/plankt/22.9.1663 Vlasenko, V., Stashchuk, N., Inall, M. E., and Hopkins, J. E. (2014). Tidal energy
Rippeth, T. P. (2005). Mixing in seasonally strdi shelf seas: a shifting paradigm. conversion in a global hot spot: on the 3-d dynamics of baroclinic tides at the Celtic Sea

Philos. Trans. Ser. A Mathematical physical Eng368j.283#2854. doi:10.1098/  shelf breakJ. Geophys. Res. Ocehtf; 32493265. doi10.1002/2013JC009708

rsta.2005.1662 Vlasenko, V., Stashchuk, N., Palmer, M. R., and Inall, M. E. (2013). Generation of
Rippeth, T. P., and Inall, M. E. (2002). Observations of the internal tide andaroclinic tides over an isolated underwater bahiGeophys. Res. Ocekl;, 4395

associated mixing across the malin sh&lfGeophys. Rek)7, 928. doi10.1029/ 4408. doi10.1002/jgrc.20304

2000JC000761 Wang, H., Gong, D., Friedrichs, M. A. M., Harris, C. K., Miles, T., Yu, H.-C., et al.
Rippeth, T. P., Lincoln, B. J., Kennedy, H. A., Palmer, M. R., Sharples, J., §2822). A cycle of wind-driven canyon upwelling and downwelling at Wilmington

Williams, C. A. J. (2014). Impact of vertical mixing on sea surface pCO2 in temperatanyon and the evolution of canyon-upwelled dense water on the MAB Biagit.

seasonally strated shelf seas. Geophys. Res. Oceht8, 38683882. d0i10.1002/  Mar. Sci.9. doi:10.3389/fmars.2022.866075

2014JC010089 Wang, Z., Li, D., Xue, H., Thomas, A. C., Zhang, Y. J., and Chai, F. (2022).
Rippeth, T. P., Wiles, P., Palmer, M. R., Sharples, J., and Tweddle, J. (2009). Areshwater transport in the scotian shelf and its impacts on the gulf of Maine

diapcynal nutrient ux and shear-induced diapcynal mixing in the seasonally séti  salinity. JGR Oceark27, 16. d0i10.1029/2021JC017663

Western Irish Se&ontinental Shelf Re29, 158081587. doi10.1016/j.csr.2009.04.009 Wessel, P., and Smith, W. H. F. (1996). A global, self-consistent, hierarchical, high-
Samuelsen, A., Schrum, C., Yumruktepe,.VOaewel, U., and Roberts, E. M. resolution shoreline databadeGeophys. R&81, 874148743. doi10.1029/96JB00104

(2022). Environmental change at deep-Sea sponge habitats over the last half centuryi@halen. C. B.. Laver ; ;

- S . ,C.B., gne, C., Naveira Garabato, A. C., Klyimisk, MacKinnon, J. A.,
quIeI hindcast study for the age of anthropogenic climate ch&nget. Mar. Sci9.  nq sheen, K. L. (2020). Internal wave-driven mixing: gingeprocesses and consequences
doi: 10.3389/fmars.2022.737164 for climate Nat. Rev. Earth Environ, 606621. doi-10.1038/543017-020-0097-z

Savidge, G., and Lennon, H. J. (1987). Hydrography and phytoplankton distributionsW"1s ; ;
) ) ) " gott, J., Hopkins, J., Sharples, J., Jones, E., anad,Bal{2016). Long-term mooring
in North-west Scottish waterSontinental Shelf Re. 45-66. doi:10.1016/0278-4343  ypsenvations of full depth water column structure spanriidigmonths, collected in a
(87)90063-X temperate shelf sea (Celtic Sea) British Oceanograpliddeatre - Natural Environment
Schrum, C., Alekseeva, I., and St. John, M. (2006). Development of a coupRabearch Council, UK. ddi0.5285/389fe406-ebd9-74f1-e053-6c86abc032a4
physicatbiological ecosystem model ECOSMOMar. Sys61, 79.99. doi:10.1016/ Williams, C., Sharples, J., Green, M., Mahaffey, C., and Rippeth, T. (2013a). The
J-jmarsys.2006.01.005 maintenance of the subsurface chlorophyll maximum in the sedt\Western Irish
Sharples, J. (2008). Potential impacts of the spring-neap tidal cycle on shelf SeaLimnol. OceanogB, 61+73. doi:10.1215/21573689-2285100
primary production.J. Plankton Re80, 183197. doi:10.1093/plankt/fom088 Williams, C., Sharples, J., Mahaffey, C., and Rippeth, T. (2013b). Wind-driven
Sharples, J., Moore, C. M., Hickman, A. E., Holligan, P. M., Tweddle, J. F., PalmernMtrient pulses to the subsurface chlorophyll maximum in seasonally sdashelf
R., et al. (2009). Internal tidal mixing as a control on continental margin ecosystenseasGeophys. Res. Let@, 54675472. doi10.1002/2013GL058171
Geophys. Res. Leif, 249. doi10.1029/2009GL040683 Ye, F., Zhang, Y. J., He, R., Wang, Z., Wang, H. V., and Du, J. (2019). Third-order
Sharples, J., Moore, M. C., Rippeth, T. P., Holligan, P. M., Hydes, D. J., Fisher, NWWEENO transport scheme for simulating the baroclinic eddyimcean on an
et al. (2001). Phytoplankton distribution and survival in the thermoclinenol. unstructured gridOcean Modell43, 101466. doi:0.1016/j.ocemod.2019.101466
Oceanogr46, 486496. doi:10.4319/10.2001.46.3.0486 Ye, F., Zhang, Y. J., Wang, H. V., Friedrichs, M. A., Irby, I. D., Alteljevich, E., et al.
Sharples, J., Tweddle, J. F., Mattias Green, J. A., Palmer, M. R., Kim, Y.-N., Hickni2®18). A 3D unstructured-grid model for Chesapeake bay: importance of bathymetry.
A. E., etal. (2007). Spring-neap modulation of internal tide mixing and vertical nitrat®cean Modell27, 1639. doi:10.1016/j.ocemod.2018.05.002
uxes at a shelf edge in summemnol. Oceanogi52, 17351747. doi:10.4319/ Ye, F., Zhang, Y. J., Yu, H., Sun, W., Moghimi, S., Myers, E., et al. (2020). Simulating
10.2007.52.5.1735 storm surge and compoundoding events with a creek-to-ocean model: importance
Sherwin, T. (1988). Analysis of an internal tide observed on the malin shelf, north of baroclinic effectOcean Modell45, 101526. doi0.1016/j.ocemod.2019.101526
Ireland. J. Phys. Oceanography - J. Phys. OCEANIBGR0351050. doi:10.1175/ Yu. H.-C.. Zhan ; ;
i ) ,H.-C., g,Y.J., Yu,J.C., Terng, C.,, Sun, W., Ye, F., etal. (2017). Simulating
1520-0485(1988)018<1035:A0AITO>2.0.CO;2 multi-scale oceanic processes around Taiwan on unstructured@dean Modell19,
Sherwin, T. J. (1991¥Evidence of a deep internal tide in the Faeroe-Shetland2-93. doi:10.1016/j.ocemod.2017.09.007
ch_annel‘, in Tidal hydrodynamicsvol. 469488 . Ed. B. B. Parker (New York: John Yumruktepe, V.G Samuelsen, A., and Daewel, U. (2022). ECOSMO II(CHL): a
Wiley). marine biogeochemical model for the north Atlantic and the ArGeosci. Model. Dev.
Simpson, J. H., Crawford, W. R., Rippeth, T. P., Campbell, A. R., and Cheok, J. \A% 39043921. doi10.5194/gmd-15-3901-2022

(1996). The vertical structure of turbulent dissipation in shelf seBys. Oceanography ~ Zeng, X., Zhao, M., and Dickinson, R. E. (1998). Intercoisparof bulk
26, 15791590. doi10.1175/1520-0485(1996)026<1579:TVSOTD>2.0.CO;2 aerodynamic algorithms for the computation of Sea surfacees using TOGA

; ; " ; ARE and TAO dataJ. Climatell, 26282644. doi:10.1175/1520-0442(1998)
Simpson, J. H., Crisp, D. J., Hearn, C., Swallow, J. C., Currie, R. I., and Gill, A; . -
(1981). The shelf-sea fronts: implications of their existence and behaRiulos. 0I1%3C2628:10BAAF%3E2.0.CO;2
Trans. R. Soc. London. Ser. A Math. Phyﬁ&l53}546. doi10.1098/rsta.1981.0181 Zhang, Y. le Ateljevich, E'y YU, H.—C., WU, C. H., and Yu, J.C. (2015)' A new vertical

Simpson, J. H., and Hunter, J. R. (1974). Fronts in the IrisiN@@are250, 404406.  coordinate system for a 3D unstructured-grid mod@tean Model85, 1631.
doi: 10.1038/250404a0 doi: 10.1016/j.ocemod.2014.10.003

Frontiers in Marine Science 21 frontiersin.org



Kossack et al. 10.3389/fmars.2023.1206062

Zhang, Y., and Baptista, A. M. (2008). SELFE: a semi-implicit esleagrangian Zhang, Y. J., Ye, F., Stanev, E. V., and Grashorn, S. (28&6ébh)less cross-scale
nite-element model for cross-scale ocean circulat®cean Model21, 7196. modeling with SCHISM.Ocean Model.102, 64-81. doi: 10.1016/
doi: 10.1016/j.ocemod.2007.11.005 j.-ocemod.2016.05.002
Zhang, Y. J., Stanev, E. V., and Grashorn, S. (2016a). Unstructured-grid model foZhao, C., Daewel, U., and Schrum, C. (2019). Tidal impact@ramary
the North Sea and Baltic Sea: validation against observafioean ModeB7, 9:108.  production in the North Se&arth Syst. Dynanil0, 287317. doi:10.5194/esd-
doi: 10.1016/j.ocemod.2015.11.009 10-287-2019

Frontiers in Marine Science 22 frontiersin.org



Supplementary Material

Barotropic and baroclinic tides increase primary production on the
North-West European Shelf

Jan Kossack, Moritz Mathis, Ute Daewel, Yinglong Joseph Zhang, Corinna Schrum

* Correspondence:Jan Kossack: jan.kossack@hereon.de

1  Supplementary Figures and Tables

1.1 Supplementary Figures

Supplementary Figure S1Horizontal grid resolution of coarse NWES-LR configuration.
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Supplementary Figure S2 Simulated mean annual sea surface salinity for the period 2011-2015 (A)
and annual sea surface salinity (1985-2015) from BNSC climatology (B). Patched area indicates
interpolation error > 0.4 in BNSC.



Supplementary Figure S3.Seasonal mean (2011-2015) chlorophyll-a concentration in sea water

from Copernicus Global Color Satellite Product for winter (A), spring (B), summer (C ) and autumn
(D). E-H show respective seasonal mean phytoplankton concentration (diatoms + flagellates; 2011-
2015) from simulation. The simulated phytoplankton concentration has been depth averaged over the
optical depth as described in the Global Color Manut#b$://doi.org/10.48670/moi-0028lhst

accessed 06/2023).
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Supplementary Figure S4.Seasonal mearolume absorption coefficient of radiative flux in sea

water due to dissolved organic matter and other detrital organic particles (CDM, 2011-2015) from
Copernicus Global Color Satellite Product for winter (A), spring (B), summer (C ) and autumn (D).
E-H show respective seasonal mean organic detrital matter (DOM+POM; 2011-2015) concentration
in the surface layer from simulation.



Supplementary Figure S5Difference in annual mean velocity magnitude of the residual circulation
(TIDE-NOTIDE; 2011-2015).



1.2 Supplementary Tables

Supplementary Table STECOSMO parameter set used in study.

Supplementary Material

Definition Abbr Value Unit

Max. growth rate for PI € 1.30 1/d

Max. growth rate for Ps € » 1.10 1/d
Photosynthet. effic. U 0.01 169
Phyto. self-shading 830ica 0.03 I 8 11KH%
Detr. self-shading ago 0.20 I8 IIKH%
DOM self-shading Bt 0.29 I 8 1TKH%
Water ext. coefficient ap 0.05 1/m
External SPM ext. coeff. Qe x 0.0 1/m/(mg/l)
PAR fraction of incident light par_fraction 0.6 -

NH4 half saturation const. N 4g 0.20 I[TKHO I’
NO3 half saturation const. N & 0.5 I[TKHO I
NH4 inhibition parameter o) 3.0 I " 1IKHO
Pl mortality rate | Eg 0.04 1/d

Ps mortality rate | £ 0.08 1/d
Graz. r. ZI on Phytopl. €58E 0.8 1/d
Graz. r. Zs on Phytopl. €5 &E 1.0 1/d
Grazing rate Zl on Zs €m0 = 0.5 1/d

Zs, ZI half saturation const. N 0.5 ITKH% 1
Z| mortality rate | o1 0.1 1/d

Zs mortality rate | 6 0.2 1/d

Z| excretion rate asp 0.06 1/d

Zs excretion rate 80 & 0.08 1/d

ZI assim. eff. on plankton G se 0.75 -



Zs assim. eff. on plankton

ZI & Zs assim. eff. on detr.
Detritus remineralization rate
Detritus sinking rate

PO4 half saturation const.
SiO2 half saturation const.
Si remineralization rate

Max. growth rate for BG

BG Temp. control

BG reference temperature
BG max. grazing rate

BG mortality rate

Critic. bot. stress for resusp.
Resuspension rate
Sedimentation rate

Burial rate

Sed. remineralization rate
Temp. control denitrification
P sedim. rel. p1

P sedim. rel. p2

Sed. remineralization rate Si
Opal sinking rate

BG sinking rate

Diatom sinking rate

Grazing preference Zs on Ps
Grazing preference Zs on PI
Graz. preference Zs on Det.
Grazing preference Zs on BC

Grazing preference Zl on Ps

& xe
B av
¥
Sy,
N s
No
Yo
& A
GC)gébmé
B2 g A
U A
Y
1640
éaeGX
a><Gae
Wea
Yo«

Gapaxpaic

RelSEDp1l
RelSEDp2
Yox7
Seaonr
Sy A
Ser
“O&ea
O0&®R
“O&%ndc
“O&A

o0&

0.75
0.75
0.003
5.0
0.05
0.5
0.015
1.0
1.0
0.0
0.3
0.08
0.007
25.
3.5
0.00001
0.001
0.15
0.15
0.10
0.0002
5.0
-1.0
0.0
0.7
0.25
0.1
0.3
0.1

1/d

m/d
[IKH2 T
IIKH5E "I

1/d

1/d

1/°C

1/d
1/d

1/d

m/d
1/d

1/d
1/°C

1/d
m/d
m/d
m/d
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Grazing preference ZI on Pl SOER 0.85 -
Grazing preference Zl on Zs 0@ 0.15 -
Grazing preference ZI on Det =68% @ ¢ 0.1 -
Grazing preference ZI on BG =68 A 0.3 -
Fract. of dissolved from detr. L EAE 0.4 -
Surface deposition NO3 surface_deposition_no3 0.0 IIKHO 14
Surface deposition NH4 surface_deposition_nh4 0.0 IIKHO I
Surface deposition PHO surface_deposition_pho 0.0 IIKH2 d
Surface_deposition SIL surface_deposition_sil 0.0 IIKH5E
Min. daily rad. for BG growth 4 A 120. 9 |68
Min. daily PAR N fixation 2#4 120. 9 |68



Supplementary Table S2:Statistics from validation against observations. Mean temperature bias of
depth-averaged model temperature co-located in time and space against ICES data (2011-2015).
Percentage bias (model-obs) for model data co-located to ICES observational data (2011-2015). The

e -
Percentage bias is defined following Allen et al. (2007) asf ¢ If\d%'—qgjsd’ Usrrt
d8-

Temperature mean Nitrate percentage  Phosphate percentage

bias bias bias
Subarea [°C]
S. North Sea (SNS) 0.44 +225 % +136 %
C. North Sea (CNS) -0.34 +79 % +57 %
N. North Sea (NNS) -0.2 +27 % +1 %
Skag./ Kategatt (SK) -0.03 +165 % +61 %
N-W Approach (NWA) 0.03 +7 %
Irish Sea (1) 0.27 +87 % +6 %
Celtic Sea (C) -0.21 - -
N-E Celtic Sea (NEC) - +116 % +24 %
S-W Celtic Sea (SWC) - +25 % +1 %
Armorican Shelf (A) - +171 % +271 %
English Channel (E) 0.47 - -
Norwegian Trench (NT) 1.15 - -
|. Seas W. of Sc. (Sc) 0.21 - -
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14  Abstract

Tida&l forcing is a dominant physical forcing mechanism on the Northwest European Shelf (NWES)
thatl@gulates the mixing-stratification status of the water column and thus acts as a major control for
Aivlogical productivity and air-sea G@xchange. Tides further influence the marine carbon cycle on
th&&helf by affecting benthic-pelagic coupling, vertical mixing and the large-scale residual
19 circulation. The cumulative tidal impact on oceanic uptake of atmosphegioilCthe NWES
ROwever remains largely unexplordtle use a coupled physical-biogeochemical ocean model to
21 gain quantitative understanding of the tidal impacts on the air-seaXxe®ange of the NWES by
c@hparing hindcast simulations with and without tidal forcing. Our results show that tidal forcing
23 weakens the annual oceanic Ofptake on the NWES bys w6 | KH %5 toesponding to a
243% stronger C@sink in the experiment without tidal forcing. This impact contrasts with the tide-
indfced increase in marine primary production demonstrated in earlier studies, which primarily
er@@nces biological carbon fixation in shallow inner-shelf regions of the NWES. Instead, we find
tiddl mixing, tide-induced baroclinic circulation and the tidal impact on benthic-pelagic coupling to
2% dominant controls of air-sea €&€xchange. Tidal mixing in the permanently mixed shelf regions
29 accounts for the majority (~40%) of the weakening effect on @pake, while the modulation of
wat8® mass composition in the Celtic Sea by tide-induced baroclinic circulation reduces the uptake
Frther (~33% of the difference in annual mean,@@take). In terms of the shelf carbon budget, the
tiBal response of air-sea @@xchange is primarily mediated by changes to the pelagic DIC reservoir
36-73%; Fras 6 | KH 9%3.UNal impacts on off-shelf carbon export to the North Atlantic only
34account for ~20% F r &u 6 1| K H %9 Oflkhe tidal impact on shelf GQiptake, and changes in
35 sedimentation of particulate organic carbon account for the remaining F7%g 6 |IKH %3U N

36



37

49

1 Introduction

Tida8 forcing is one of the dominant physical forcing mechanisms on the Northwest European Shelf
(NBYES) and affects turbulent mixing, stratification and circulation on the shelf. Being a broad mid-
la#tdde continental shelf, the NWES forms a highly dynamic land-ocean transition zone that
connétts the terrestrial and ocean carbon reservoirs (Bauer et al., 2013). The continental shelf pump
med2anism (Tsunogai et al., 1999), which efficiently exports carbon-enriched subsurface waters from
thé3helf into the deep North Atlantic, further makes the NWES a vital part of the global ocean
carbsh sink (Thomas et al., 2004; Legge et al., 2020). Large uncertainties however persist regarding
thetbole of tides and other shelf-specific processes for the magnitude, variability and future
deviBopment of carbon sequestration on the NWES (Ward et al., 2020; Dai et al., 2022). Global
circudation models used in earth system science also only poorly represent shelf-specific processes
and@ommonly neglect tides, which significantly limits our current understanding of the coastal ocean
in the marine carbon cycle (Holt et al., 2017; Resplandy et al., 2024).

Bsfitom-driven tidal mixing structures the NWES into shallow permanently mixed regions,
traBditionary regions with tidal fronts and weak stratification and seasonally stratified deep regions
(Sisthson and Hunter, 1974). Tides can also generate vertical mixing in stratified shelf regions by
caB8ing intermittent shear instabilities within the pycnocline (Rippeth, 2005; Becherer et al., 2022).
Sevb{al studies report elevated pycnocline mixing associated with the internal tide at the shelf break
andbadjacent outer shelf regions of the NWES (New and Pingree, 1990; Rippeth and Inall, 2002;
Sha&bles et al., 2007). Tides further contribute to the large-scale residual circulation on the NWES by
gebérating baroclinic residual currents (Hill et al., 2008) and also by directly affecting the barotropic
re&flual circulation on the NWES (Tinker et al., 2022). Tides also induce residual mean flow at
smab%cale bathymetric features, which has been hypothesized to affect the large-scale circulation on

60 the NWES (Polton, 2015).

Tedal forcing has been shown to substantially affect biological productivity on the NWES
(RicBardson et al., 2000; Sharples, 2008; Zhao et al., 2019; Kossack et al., 2023). Observations

63 further suggest that tidal mixing acts as a major control for air-seaBange on the NWES

(Thé#as et al., 2004; Thomas et al., 2005b; Bozec et al., 2006; Prowe et al., 2009). Diapycnal
nutriedt fluxes induced by internal tides or other tidal processes (e.g. Sharples et al., 2007; Becherer
et al662022) sustain relevant subsurface primary production on the NWES that is suggested to be
ré@@vant for air-sea C{exchange (Richardson et al., 2000; Hickman et al., 2012; Rippeth et al.,
2084). Tidal impacts on the residual circulation (e.g. Hill et al., 2008; Tinker et al., 2022) also affect

69 the large-scale spatial distribution of the carbonate system and thus air-sesc@&hge. To our

knowl@dge, no study has so far addressed the cumulative impact of the multifaceted tidal processes

71 on air-sea C@exchange on the NWES.

7M this paper, we evaluate tidal impacts on air-sea &©hange by comparing two separate multi-
ye@Bnumerical model experiments with and without any tidal forcing. We extend the high-resolution
coudpled physical-biogeochemical regional model framework introduced in Kossack et al. (2023) for
the Tivestigation of the marine carbon cycle by incorporating an additional carbonate system model.
The&fodel system is based on a flexible unstructured grid that realizes kilometrical-scale horizontal
madel resolution on the NWES, which for the first time allows an investigation of the impacts of the

78regionally important internal tide field on air-sea £8change in a fully coupled physical-
79 biogeochemical model framework.
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We Besent the details of the applied model configuration, and assess the performance of the
carbonate system model in Section 2. In Section 3, we investigate the tidal impacts on air-sea CO
exch&®ye and elucidate the role of tidal processes for the shelf carbon cycle. Section 4 discusses the
pre88nted results and provides conclusions on the role of tidal forcing for the shelf carbon cycle.

2 Materials and methods

2.1.1 SCHISM-ECOSMO model configuration

W88apply the coupled physical-biogeochemical regional model framework SCHISM-ECOSMO
int8@uced in Kossack et al. (2023) in this study. The 3D hydrodynamic model SCHISM (Zhang et
al.9P016) is coupled to the lower trophic level ecosystem model ECOSMO Il (Daewel and Schrum,
2013) via the FABM framework (Bruggeman and Bolding, 2014). The additional coupling to a
carbonate system model is described in Sect. 2.1.2. The model domain extends froa6@0RN

an®20° W=30°E and thus covers the entire NWES and a part of the north-east Atlantic (see Fig. 1).
Weéinpose a minimum water depths of 10 m in the model domain. The Baltic Sea is included to
adedately resolve basin-exchange processes, but is not particularly attended to in this study, as it

9@loes not feature relevant tidal energy.

TH physical model component SCHISM is a numerically efficient and robust modelling system
bag#ftl on an unstructured horizontal grid. SCHISM is specifically designed for cross-scale simulation
of 3B%aroclinic ocean circulation from shallow coastal areas to the deep open ocean (Yu et al., 2017,
Yéd@dal.,, 2020; Wang et al., 2022). The applied NWES-IT model configuration realizes a telescoping
High horizontal resolution of 1.5km in the Celtic Sea and in a 75km wide band delimited in off-shelf
diaction by the 200m isobath. The high-resolution model grid explicitly resolves the kilometrical-
sdfl@ internal tide field on the NWES (Guihou et al., 2018) and the generation of tide-induced

residual mean flow at small-scale bathymetric features (Polton, 2015). The horizontal resolution in

105 the remaining model domain smoothly varies from a maximuri2dskm in the shallow coastal
106zones, or even 500m at the Danish Straits, to a maximum resolutididkin in the deepest parts of

the0shelf. In the vertical, the model applies a flexible Localized Sigma Coordinate with shaved cells
amC2) with a maximum of 53 vertical layers. The specific implementation of the physical SCHISM
4€18p and an extensive model validation is provided in Kossack et al. (2023).

ThEObiogeochemical model ECOSMO Il uses a nutrient-phytoplankton-zooplankton-detritus (NPZD)
cohtéptual model approach with a total number of 16 state variables (see Fig. 2), including three
phyfoplankton functional groups (diatoms, flagellates and cyanobacteria), two zooplankton
fuht8onal groups (herbivorous and omnivorous) and three functional groups for detritus (particulate
orgbhic matter, dissolved organic matter, biogenic opal). All organic matter pools contain carbon,
nilrbgen and phosphorous in elemental Redfield ratios of 106:16:1 (Redfield et al., 1963). Benthic-
pelhbc coupling is implemented as described in Daewel and Schrum (2013). The model considers
thrégdifferent integrated surface sediment pools for each of the three nutrient cycles, one for opal/
silith8e, one for particulate organic material consisting of carbon, nitrogen and phosphorous at a
Retlfi@ld ratio, and one for iron-bound phosphorous. Sediment processes include sinking, deposition,
and 28suspension of particulate organic matter (POM) and opal depending on a critical bottom shear

121stress, as well as benthic remineralisation of POM and ©palextended formulation of ECOSMO

Il A8Bws the simulation of lower trophic level dynamics in a wide range of ecosystems and resolves

3



pelé&tfic and benthic biological processes that affect the marine carbon cycle. The coupled SCHISM-
ECQ@3MO system is introduced and validated by Kossack et al. (2023). The parameter set used here
1&5documented in Table ST1 in the supplementary material.

126

127 2.1.2 Carbonate system model

128 employ the FABM framework to further couple the SCHISM-ECOSMO model configuration to
the 2@rbonate system model introduced by Blackford and Gilbert (2007). The carbonate system
mod&0simulates the carbonate chemistry in seawater based on four state variables: pH, the partial

13essure of CO(pCQy), dissolved inorganic carbon (DIC) and total alkalinity (TA). When two of the
fout 3fate variables are known, the model estimates the other two iteratively. In the subsequent text,
1tB8 used model configuration is referred to as SCHISM-ECOSMO-CO2.

DiffeBdnt adaptions of the implemented carbonate system model component have been employed to
inl@stigate carbonate chemistry on the NWES in several previous studies (Artioli et al., 2012,
1Békelin et al., 2012; Artioli et al., 2014; Blackford et al., 2017). In this study, DIC and TA are
pr@@ided as prognostic state variables from the ecosystem model component ECOSMO II. The
carb8®ate system model then uses DIC and TA, along with temperature, pressure and salinity, to

139 derive the speciation of DIC in seawater and iteratively solve for pH and g@®applied

140 carbonate system dissociation constants are taken from Millero et al. (2006). Air-sescGange is

141 calculated based on the pe@adient between the ocean and prescribed atmospheriépn@ig

14Re gas transfer parameterization of Wanninkhof (2014).

Fig32illustrates the coupling of ECOSMO Il and the carbonate system model. Simulated DIC is

inffidenced by organic carbon production by net primary production by the three phytoplankton

tdups (0 2 2 5 5 62 @R by organic carbon decomposition by pelagic remineralization of DOM and
146  POM, zooplankton excretion and DIC release from benthic remineralizafioRa g iy

147 (wasoda YeMesf ¥ebeaE 8%sE 8% 6E (Lasooil 022s5ae6ac7 (1)

Hdi& % denotes the respective biomass of DOM, POM, herbivorous zooplankton (Z1) and
1d@nivorous zooplankton (Z2)Y, & £ 5  @notes the respective remineralization rates for DOM and
1390M, and & 5 the excretion ratess 4 for the two zooplankton groups. We do not simulate a
§&diment DIC pool and consequently do not include a DIC flux to the sediment.

We2mplement TA as a fully prognostic variable that is influenced by benthic and pelagic biological

pldc®sses as described by Wolf-Gladrow et al. (2007) and Gustafsson (2013). TA is explicitly

affédted by nitrate and ammonium based primary production, aerobic remineralization of organic
155natter and anaerobic denitrification in ECOSMO II.

156

157 2.1.3Model forcing and experiments

Atrb8spheric forcing and SCHISM-ECOSMO forcing at the open boundaries used in this study are
eqlb@lent to Kossack et al. (2023). Boundary conditions for temperature, salinity, nitrate, phosphate,
slié@te and oxygen are provided from monthly mean WOA2018 climatological data (Boyer et al.,
2088) and thus do not include inter-annual variability. The model configuration used in this study
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163

168

indlédes spatial varying surface deposition of nitrate and ammonium based on EMEP MSC-W data

from MET Norway {ttps://emep.int/mscw/mscw_moddata.htddwnloaded 09/2023), which was

nbd4/et implemented in Kossack et al. (2023). Boundary conditions for TA are provided from the
16§mbal 3D NNGV2LDEO TA climatology (Broullon et al., 2019). Boundary conditions for DIC are
1pvided from the global NNGv2LDEO DIC climatology (Broullon et al., 2020). We add an

ddifitional trend for the simulation period derived from a global ICON-coast simulation (Mathis et al.,

2022) to account for the effect of rising atmospherie.@@mospheric pCis prescribed from

b&dnthly mean atmospheric pg@ata measured at the Mace Head station (Lan et al., 2022).

RnAger forcing is provided in form of daily river discharge and nutrient, DIC and TA loads for the 172
largést rivers in the domain. River input for ECOSMO state variables other than nutrients are set to
zerd.7River discharge as well as nitrate, ammonium, phosphate and silicate loads represent multi-year
dally3nean values computed for the period 2000-2015 from a regional river dataset compiled and
usefi#y Daewel and Schrum (2013) and further updated by Zhao et al. (2019). We use annual mean
cbrigentrations compiled by Patsch and Lenhart (2008) for riverine DIC, DOM and TA input via the
Schelft, Meuse, Rhine, Ems and Elbe on the European continental coast. We use annual mean
t@icentrations compiled in Neal and Davies (2003) for riverine DIC, DOM and TA input via the
Huni@& estuary, Wear, Twead, Great Ouse and Thames on the eastern UK coast. As done in Kiihn et
all72010), we assume that only 10% of the riverine DOM is bioavailable and, assuming rapid
rd®eralization in the land-ocean transition zone, directly add it to riverine DIC. We prescribe an

18iverage DIC concentration of 2700 mmol € acomputed from Patsch and Lenhart (2008) for the

187

rek@aining rivers on the NWES with no available DIC. For missing DOM concentrations, we assume
4&BOM/DIC ratio of 1/10, of which only 10% is considered bio-available and added to riverine DIC.
Da84o the overall lack of riverine TA data, we use the end member approach following Hjalmarsson
€1&B., (2008) and Artioli et al. (2012) to estimate riverine TA concentrations for the rivers on the
NYMEES with no available data. For rivers not included in the resulting geographic groupings, we use
the average of the estimated riverine TA on the NWES (2050 mrfjol m

AB3&one in Kossack et al. (2023), a faster coarse resolution SCHISM-ECOSMO-CO2 NWES-LR
c#figuration was used to run a 5 year spin-up simulation from which the initial conditions for the
higt8@esolution configuration used in this study are interpolated. The separate coarser resolution
N@ES-LR configuration is described in Kossack et al. (2023). Temperature, salinity, nitrate,
ph@3phate, silicate and oxygen for the spin-up simulation were initialized from WOA2018 (Boyer et
193 2018). Initial conditions for DIC and TA are interpolated from the respective NNGv2LDEO
Id4natologies (Broullon et al., 2019; Broullon et al., 2020), except for the Baltic, where TA initial
cohégions are generated using the end-member approach following Hjalmarsson et al. (2008).
EEBOSMO sediment fields for NWES-LR were interpolated from long-term ECOSMO simulations
prd@ded by F. Werner (in pers. comm.) and Samuelsen et al. (2022). Forcing data for the spin-up

198imulation is equivalent to thegh-resolution model configuration described above.

W9 perform two numerical experiments with the high-resolution SCHISM-ECOSMO-CO2 model

200configuration to assess the impact of tides on air-sese®€hange on the NWES. The TIDE

206

exiEriment includes tidal forcing at the lateral open boundaries and tidal potential in the domain. In
P@2NOTIDE experiment, the same model configuration is run completely without tidal forcing. Both
exp@diments are integrated for a period of 5 years from 2000 to 2005 with hourly instantaneous
n&idel output that is averaged to daily means. The first year of the TIDE/ NOTIDE experiments is
tP@&ted as a secondary spin-up period and omitted from the analysis.



207 2.2 Analysis methods for the carbonate system

208 2.2.1Biological and temperature control of pCQ in the ocean

209We assess the temperature and biological control of surfacefplBfving the approach proposed

210 by Takahashi et al. (2002), which uses a linearization of the temperature dependencytof pCO
211 differentiate between temperature and biologically driven changes of p@calculate the effect
212 of temperature and biology on pe@ver an annual cycle as

o L %g; L L9E$H £486728 ()
214 L %k L %6 H praseTl; (3

215 where L %gand 6are in-situ pC@and temperature, andt¥4$and &denote annual meank.%g;

hetsestimates the pC@alues expected from changes in sea surface temperature alone. The
Biblogical signalL %4 ;in this approach inherently comprises all non-temperature related effects

218 on pCQ (e.g. also changes in TA).

Ag&n following Takahashi et al. (2002), the ratio of the effects of temperature and biology on
suzf2te pCwas calculated to assess the relative importance of biology and temperature over the
221 annual cycle:

222 6o$L L%g ® L%sqp, 4)
22®ith the seasonal amplitudes of the change inp@@ted to temperature and biological effects:

224 L%GIL'fék.%6|'0|:°('|_%6l',(5)
225 L %gy L * f 3k %egQ F * <o L %pg f6)

226 Regions with annually strong biological effects on p@@ show a smaller6= $ratio, while
227 regions with weaker biological effects on pg&¥bow a higher6 = $ratio.

228

229 2.2.2Net community production

Was@alculate net community production (NCP), i.e. the difference between net primary production
areBheterotrophic pelagic and benthic remineralization, to evaluate the net change of DIC in the
waB& column evoked by biological processes. We calculate net community production as

233 0%2 Li,;:022%54e6de74e; F Geaadp i (7)

234 where 0 22 5 4 ¢ 6 isehet primary production by the three phytoplankton functional grougg, L
235, M. 4E Ye ke £E 8% sE  §% ds pelagic heterotrophic remineralization comprising

236 DOM and POM remineralization and zooplankton excretion (see Eq. 1208k & 4§ the DIC

237release from benthic remineralization.

238
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239 2.2.3Diapycnal fluxes driven by turbulent mixing across the pycnocline

Tadd8sess turbulent mixing relevant for the carbonate system, we compute turbulent fluxes of DIC
add nitrate following Sharples et al. (2001) and in line with Kossack et al. (2023) as

E7
242 cw L R+ZZ o @

v Ay,
243 wank R (9)

244th the (vertical) eddy diffusivity- ; computed by the model turbulence closure, the difference in
245 nitrate and DIC concentrations between the respective discretized vertical model laylerand
246 &+%DQG WKH YHUWLFDO PRGHOTOget thedidpychdt fuges Mg the] LQ PHW
247 euphotic zone at the surface, we evaluate the diapycnal fluxes at the nuidldedined as the
24aximum vertical nitrate gradient in the water column).

Ihe turbulent nitrate fluxc & into the surface mixed layer can be used to estimate a potential for

s@xfurface primary production, which constitutes a DIC sink in the surface mixed layer. Assuming

ABlutilization of the vertically mixed nitrate by phytoplankton, we compute potential subsurface
252 primary production as

253 252 L Vi 4 (20)

254 where ,c 7: ¢, is the turbulent nitrate flux evaluated at the base of the euphotic zork:dne
255 standard N:C Redfield ratio.

256

257 2.3 Carbonate system model validation

258 We validate the model results against different observatiSBfdlRGXFWV WR HYDOXDWH Wi
pePfo®mance in reproducing the marine carbon cycle on the NWES. We focus on the results of the
carl2@f@ate system component of the model system. The model performance with respect to general
hy@@fraphic conditions and lower trophic level ecosystem dynamics has already been evaluated for
th@BRVES (excluding the Baltic) in Kossack et al. (2023). The subareas used to evaluate model
perBance in this section (see Fig. 1) are chosen as in Kossack et al. (2023) and account for the
spédal heterogeneity of physical and biogeochemical processes on the NWES.

DIgednd TA are validated against observational data obtained from the Global Ocean Data Analysis
R@fect version 2 data product (GLODAPVv2.2022; Key et al., 2015; Olsen et al., 2016).

26 GODAPV2.2022 comprises a total number of 4888lity controlled in situ seawater samples for
6e8and 3824 samples for TA on the NWES in the simulated time period from 2001-2005, the
m2§&ity of which are from the greater North Sea area. Simulated pCO2 is validated against

27Mmbservational data obtained from tbeX UI D FH 2 F H D @er&idchv2033d&Dpvoduct (Bakker et

271 al., 2016). SOCATV2023 contains a total number of 786018 in situ surface oceafCIGO
fugadty) measurements collected on the NWES in the simulated time period from 2001-2005. Ocean
Siiface fCQis converted to pCgusing the PyCO2SYS v1.8.2 software (Humphreys et al., 2023).
Tha=BOCATv2023 data has high temporal and spatial resolutions, but the coverage of the NWES is
irregjibar. Data coverage is high for the greater North Sea region, intermediate in the Celtic Sea and
27€parse on the North Western Approaches.



277 2.3.1DIC and TA validation

W&780-locate the observational DIC and TA samples from the GLODAPv2.2022 data product and

279 daily mean model output in time and space for each subafexXtb QWLWDWLYHO\ DVVHVV '
coP8@stency with the spatial and temporal variability of the large-scale carbonate system. Data
spzasity limits the quantitative validation of DIC and TA to the greater North Sea area (i.e. the SNS,
CIR82NNS, SK and NT subareas in Fig. 1). The direct co-location of observational data and model
re2@®s is a rigorous test for the model and sensitive to relatively minor spatial and temporal
rABmatches between model and observations (Allen et al., 2007; Artioli et al., 2012).

Fig.ZBShows the statistics of the centered co-located data for the greater North Sea subareas in form
286 of a Taylor diagram. Correlation coefficients &er afor the NNS, NT and SK subareas ang {in
287 the central North Sea. The southern North Sea shows the lowest correlation coefficieM (SNS
r 888The centered standard deviation is below 1 in all evaluated subareas and lowest in the CNS,
id8ating an underestimation of the amplitude of DIC variability (in time and space) in the model.
Centeffl root mean square errors (CRMSE) for the subareas are between 0.5 and 1, which suggests a
godbfit between the model data and observations. The SNS shows the highest CRMSE, which again
und®fines slightly reduced model performance in the shallow SNS compared to the deeper North Sea
293 areas.

Th@ATaylor plot in Fig. 3 illustrates that TA shows poorer agreement with observations than DIC,
pa@ffularly in the northern North Sea subarea. The correlation coefficient between model results and
296 observations is moderately high for the NN ( n&@ and SK (N &3 subareas, andN r@ gor the
29BNS. Correlation is however low the CNS (N r#x) and and statistically insignificant in the deep
298 NNS (4 N rranand p-value > 0.3). The centered standard deviation for T@ isafar all subareas
23X cept the Skagerrak/ Kattegat subarea (CSNIDy&y, which suggests a general underestimation of
B@Oamplitude of TA variability in the model. The centered standard deviation is particularly low for
3ahe CNS (CSTD N nay and the NNS (CSTDN rt&@). Centered root mean square errors (CRMSE)
302 are between 0.75 and 1 in the NT, SK, SNS and CNS subareas. The NNS subarea shows the highest
303 CRMSE (P 3.

TI894valuation of the percentage bias (i.e. the sum of model error normalized by the data)
docd®dented in Table 1 complements the normalized and centered statistics in Fig. 3 and provides a
medB86re for systematic over- or underestimation of observations (Allen et al., 2007). The percentage
30xases for both DIC and TA in Table 1 ag %o in all subareas except the SNS, where the

308 percentage bias is 1.7% for DIC and 1.1% for TA. The low percentage bias in Tatulerlines the
goddDft between model data and observations demonstrated by the centered statistics in Fig. 3, but
s@@Qests a minor overestimation of both DIC and TA concentrations in the model. An additional

311 evaluation of the mean bias of seasonal surface DIC concentration (kigth8ksupplementary
ma&gRal) indicates that the model particularly overestimates surface DIC concentrations in spring and

313 summer.

314

315 2.3.2pCO02 validation

3Tde evaluation of simulated surface p{@ainst observational SOCATVv2023, which provides data
cAdErage for more shelf regions than the greater North Sea, is an important indicator for the
318 representation of the air-sea £€xchange on the NWES. We evaluate simulatedd&y@o-
locatifig it in time and space against surface in situ measurements obtained from the SOCATv2023
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320 data product. Errors in the derived carbonate system variablevaC®e largerthan in TA and DIC,
&&trors in DIC, TA and the applied parameterizations accumulate (Artioli et al., 2012; Wakelin et
322al., 2012). Fig. 4hows simulated mean seasonal surfacep@@he period 2001-2005, as well as
323the biases (model-observation) between simulatecbp@®co-located SOCATv2023 data
aggr&&fated for the respective seasons. The annual mean percentage bias and normalized root mean
325 square error (NRMSE; calculated as RMS error divided by standard deviation of observations),
aggd@gated for subareas with relevant observational coverage, are further documented in Table 1.

327Fig. 4 shows that the model both over- and underestimates surfagey&he course of the year
328 and that there is substantial temporal and spatial variability in the model bias. The bias in pCO
wirB2gis relatively small in the deeper areas of the North Sea and Celtic Sea and indicates a minor
38€al underestimation of pGan the model. Shallow inner-shelf areas like the English Channel and
331 the southern North Sea in turn show stronger p@@erestimation in winter.

332 High DIC consumption by the spring bloom induces a strong drawdown of surfacehEE G
3&3olved by the model. The spring p&tas shown in Fig. 4 suggests an overestimation of simulated
38dface pC@on most of the NWES. The overestimation in spring is particularly high in the shallow
solgBBrn North Sea and the Skagerrak. Some shelf regions, for example in the English Channel,
336 however show a local underestimation of simulated f6®pring.

Th&8igher temperature and heterotrophic remineralization of spring bloom remnants increase surface
p&3® again in summer, especially in permanently mixed shallow inner-shelf regions. The model
388s0lves the increase in surface pCiaut summer pCghiases suggest that the model overestimates
8dthmer pC@nearly everywhere on the NWES. The positive bias in summer is particularly high in
the3gauthern Bight region of the North Sea, the Norwegian Trench and parts of the central North Sea.

SoB#2shelf regions like the south-western North Sea however also show a local underestimation of
343 surface pC®@in summer.

Jadkutumn, the majority of the co-located pQfata again suggests a moderate underestimation of
345 simulated pC@on most of the NWES. The underestimation of surface;p@@utumn is
par8d6larly pronounced in the coastal areas of the southern North Sea. The model nevertheless

Btally also overestimates pG(.g. in a small area in the southern part of the central North Sea or in
348 the Norwegian Trench.

349 The percentage bias for pe@ Table 1shows that the model overestimates annual mean GO

350 subareas. The percentage bias is nevertheless low throughout the model dom@inv linghe
CBEL, NNS and English Channel, and slightly larger than 10% in the SNS, SK, NT and Celtic Sea
subdtfas. The NRMS errors documented in Table 1 range from 0.9 in the NNS and SNS subareas to
1.388the NT subarea. The low NRMSE values indicate that the difference between the model and
obs@fvations are small compared to the variability of the observations in the respective subarea, and

355 suggest good to fair agreement (Allen et al., 2007) between simulated and obseryed pCO

356

357 2.3.3Air-Sea CO2 flux validation

358 We further assess the overall model performance by evaluating the simulated air-flea ©@he
TIBEexperiment with observation and model-based literature estimates for the NWES. The annual

360 air-sea COQflux in Fig. 5A and Table 2hows that most regions of the NWES are net sinks af CO
SBfllated oceanic Cuptake is high in deep outer shelf areas and strongest on the Hebrides shelf

9



362nd in the northern North Sea. Simulated oceanigup@ke is substantially lower or nearly neutral
in 8B8llow inner-shelf areas like the southern North Sea and English Channel. Permanently mixed
364 regions in the Irish Sea and along the German North Sea coast show neutral aif-eeeh@e or
368eak outgassing. The simulated annuab@aX in the Irish Sea suggests the region is a minor
soBBée of CQto the atmosphere over the year (see Table 2). ROFIs close to the major rivers on the
367 continental and UK coasts also show outgassing oftG@@he atmosphere.

368 decrease of the oceanic &3k from the deep northern North Sea to the shallow southern North
SezbQualitatively fits to the spatial structure of observations by Thomas et al. (2004) and the multi-year
n354h air-sea COlux derived in Becker et al. (2021). Based on an extensive observational campaign
371 in 2001, Thomas et al. (2004) estimate annual oceanicuptake ofsaw F taw | KAU & in
372 the northern North Sea, which compares well to the estimated annual meantftus of K H “$8J R®
373n our simulations. Our model shows a weak oceanig €2X in the Southern Bight of the North Sea
and3fhe eastern English Channel. Thomas et al. (2004) and Becker et al. (2021) in contrast found the
JEgion to be a weak source of X0 the atmosphere. There however is large interannual variability in
tI3¥ Begion and studies from different years and with different methodologies conflict in the direction
0817e CQ flux in the region (Thomas et al., 2004; Schiettecatte et al., 2007; Omar et al., 2010; Kitidis
378 etal., 2019).

379Simulated annual mean oceanic 4Mtake of 0.8 1 KH %°®W RPin the north-eastern Celtic Sea
#B8D1.4 IKH %°W RPin the south-western Celtic Sea are higher than respective estimates in
38Marrec et al. (2015), who proposed 016K H %°W RPfor the north-eastern Celtic Sea and
3821 KH 9%°W RPfor the south-western Celtic Sea. Frankignoulle and Borges (2001) however
383 estimated a higher oceanic €aptake ofsay F ta{ | K HuRifor the Celtic Sea and Bay of
384 Biscay region. Simulated area-mean weak outgassifgraf u | K H? % RPin the Irish Sea
385 matches the estimate &fr au | K H'$ R®in Marrec et al. (2015).

3B overall mean annual oceanic O{take on the NWES (delineated by the 200m isobath plus the
38Worwegian Trench) for the period 2001-2005si6 %6 | K H 13 Mompared to the estimated range of
388 u F uau 6 Rptopddédn Legge et al. (2020) based on two observational and two modelling
389studies. The standard deviation of the simulated annual mean shelp@Re, i.e. the interannual
390variability for the simulation period 2001-2005,&r &z 6 | K H ?8 The overall mean net annual
o@&AHnic CQuptake in the North Sea (here defined as the SNS, CNS and NT subareas) is
392 ravwe | KH 9%°ibdur simulations, with a standard deviation®féu 6 1K H 9% WsNg a
slig§BBy larger geographical definition of the North Sea, Thomas et al. (2005a) estimated an annual
38eanic CQuptake ofr & {v 6 | K H *Bfdt the North Sea based on observational surveys in 2001
and902, with an estimated range of uncertainty of 20-50% related to differences in gas transfer
3P&rameterizations (Watson et al., 2009; Meyer et al., 2018).

397

398 2.4 \Validation summary

Thgdgalidation demonstrates that the applied SCHISM-ECOSMO-CO2 model system reproduces key
400 features of the marine carbon cycle on the NWES. Simulated oceapigp@®e on the NWES

compares favourably with estimates from literature, but the model shows a tendency to underestimate

t®2helf CQ sink. The validation of the carbonate system model state variables DIC and TA indicate

guéddtative agreement between the model and observational data. Model performance for DIC is

bdéfidr than for TA. The model biases for both DIC and TA indicate a minor overestimation against

. - . . . 10
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405

410

observations in both variables. Errors for the derived carbonate system model variab#hp@O
re486nable model performance, but are larger than for DIC and TA and especially highlight model
fBiitations in the simulation of the full spatial heterogeneity and temporal variability of the shelf
catb®nate system. The presented model validation aligns with the modelling studies by Artioli et al.
(2002) and Wakelin et al. (2012), who find comparable quantitative agreement to observations for
DIC and TA, and also poorer model performance for pCO

411The good quantitative validation results for DIC underline the n®deineral ability to reproduce the

412
413

415

417

spatial and temporal variability of DIC on the shelf. Model performance for DIC is slightly fower

the shallow southern North Sea (SNS) compared to the deeper North Sea areas. Tioa Gaigipests
thatlthe model underestimates DIC drawdown during the productive season, especially in summer.
Overestimated DIC is likely a dominant factor for the identified overestimation of surfaceipCO
spdibg and summer (Fig. 4), and therefore potentially contributes to the underestimation of the NWES
CQO sink in the model. The overestimation of DIC in spring and summer is presumably linked to an

Atlerestimation of primary productivity commonly identified for ECOSMO Il (Daewel and Schrum,

203 Zhao et al., 2019). Small summer SST warm biases (documented in Kossack et al., 2023) might

420 also locally contribute to the overestimation of surface pCkhe strict application of Redfield

gt@ichiometry in ECOSMO Il likely is a key factor that contributes to DIC overestimation in the model.

Nar2Redfield DIC fixation has been observed on the NWES (e.g. Bozec et al., 2006; Humphreys et
al422019), and ecosystem models assuming Redfield stoichiometry in the production and
det¥mposition of organic matter generally tend to underestimate biological carbon fixation, especially

425 summer (Prowe et al., 2009; Kihn et al., 2010).

Fdi2ber model limitations arise from applied model parameterizations. POM is parameterized with a

427constant sinking rate. POM and DOfemineralizationn ECOSMO Il are parameterized with only

437

tem@8rature-dependent bulk remineralization rates that potentially contribute to the misrepresentation
ofA8Patial and temporal variability of the shelf carbonate system. Further differentiation of size and
Kkility of the POM and DOM compartments, or the explicit parameterization of the microbial loop
(A2dm et al., 1983) hold potential for further model improvement. Uncertainty in benthic carbon stocks
amtBparameterizations of benthic-pelagic coupling also restrict model performance on the NWES
(U83ye et al., 2020). Benthic-pelagic coupling is particularly relevant in shelf settings where the
sedid@dnt and atmosphere can directly interact. Recent work has shown the importance of macrobenthos
andassociated bioturbation for the sedimentary organic carbon budget and benthic-pelagic coupling
(Zhalg et al., 2019). The inclusion of macrobenthos and associated bioturbation could potentially
improve the seasonal cycle of pelagic DIC concentrations (and associated airss#ax€s) by

438odulating benthic remineralization and resuspension.

@BRen the substantial inter-annual variability of DIC concentrations in the eastern North Atlantic
(Thdfnas et al., 2008), the climatological forcing applied at the open boundary further impedes model
petddrmance on the NWES. The river loads for DIC and TA also lack seasonal and inter-annual
vaddBRility. Given the general sparsity of adequate data for riverine and other coastal carbon inputs,
tdd Zpplied riverine forcing is generally subject to particularly high uncertainty (Legge et al., 2020)
thddlimits model performance in the coastal regime. This likely contributes to the lower model

448erformance found for DIC in the southern North Sea.

Théduse of climatological data at the open boundary also likely limits model performance for TA and
gdtentially contributes to the low TA model skill in the northern North Sea. In contrast to other
apgdfaches, the applied prognostic TA model enables the simulation of the highly heterogeneous
MWES including the Baltic Sea, for which no single reliable TA-salinity regression is applicable. The
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cofflex biological dynamics and coastal processes and inputs that affect TA however are a
chilenge for the fully prognostic simulation of TA. Benthic processes and associated TA fluxes have
beébZshown to be relevant on the NWES (Brenner et al., 2016), but are only partially reproduced in
thé58odel system. Simulated TA will also be restricted by errors in the simulation of nutrient sources
anlsinks in ECOSMO Il (see Kossack et al., 2023). Another significant caveat is the large
untstainty in riverine inputs of TA and the lack of adequate (basin-scale) data for additional coastal
TA5SBputs, for example from the Wadden Sea (Thomas et al., 2009). The moderate model
pedBrmance in the southern North Sea is therefore already promising. The comparatively high model
perttance in the Skagerrak/ Kattegat and the Norwegian Trench further suggests a reasonable
459%epresentation of TA in the Baltic Sea outflow.

Théadynamic shelf environment and the complexity of coastal ecosystems, as well as the large
unetainty in riverine and other coastal inputs relevant to the carbonate system (Legge et al., 2020),
méd2 modelling the coastal and shelf carbon cycle very challenging. Despite its limitations, the
preégshted SCHISM-ECOSMO-CO2 model system is accepted to reproduce key features of the
n&dne carbon cycle on the NWES both qualitatively and with reasonable quantitative skill. The
mégterate complexity of the biogeochemical components of the applied model configuration further
fd6iitates the use of a high horizontal model resolution of 1.5km required to resolve key tidal
prodésses on the NWES (Polton, 2015; Guihou et al., 2018) at reasonable computational cost (see
Kd&ack et al., 2023). The model validation therefore encourages the use of SCHISM-ECOSMO-
469 CO2 for the investigation of tidal impacts on the air-sea fi@ in the following sections of the
470 study.

471
472
473 3 Results

474 3.1 Tidal impacts on air-sea CQ exchange

AWEe find that annual mean oceanic Otake on the NWES (area delimited by the 200m isobath,
476excluding the Baltic Sea) iFraw6 | KH %°loWér in the experiment with tidal forcing than in
thdEkperiment without tidal forcing (Table 2). This amounts to a 13% higher annual mean oceanic
@@ uptake on the NWES in the NOTIDE experiment (Fig. 5B) compared to the TIDE experiment
479 (Fig. 5A).

480The difference of mean annual air-sea>@0x (2001-2005) between the two experiments
481 documented in Fig. 5C and Table 2 shows spatially heterogeneous tidal impacts on the air-sea CO
482 flux on the NWES. Tidal forcing substantially decreases oceaniau@t@ke in large parts of the
483 NWES, predominantly in shallow inner-shelf regions. The relative difference in the air-sea CO
484 exchange is particularly pronounced in the Irish Sea (-157%), which shows neutg@ssing over
485the annual cycle in the TIDE experiment but net oceanigptake in the NOTIDE experiment.
Ind&6shelf subareas like the North-Eastern Celtic Sea (-44%) or the English Channel (-34%) also
487 show a relevant reduction of oceanic O@take. Tidal forcing however also increases oceanic CO
Af&ake (up tos | K H %°%W RO, predominantly in seasonally stratified areas in the central and
ndB&fern North Sea. The northern North Sea is the only subarea in which tidal forcing marginally
di@dreases mean annual oceanic;@ptake (+5%). The seasonally stratified Celtic Sea in contrast
491 show a distinct reduction of mean annual oceanig @ake. The tidal impacts on the air-seaCO
fld@2n the outer-shelf Western Irish, Malin and Hebrides Shelves are generally negligible, with only
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493all local decreases of oceanic Qtake in shallow near-coast areas. Fig. 5C however indicates

49hat tidal forcing substantially decreases oceanig @ifake on the continental slope along the Celtic

496

497
498

Sé8%and on adjacent outer-shelf areas of the south-western Celtic Sea.

3.2 Understanding the mechanisms behind the tidal impacts on air-sea G@xchange

3.2.1Tidal impacts on sedimentation
Th&98et annual carbon flux from the water column to the sediment due to deposition of POC on the

50NWES is small in the TIDE experimens () | KH 95 théan for 2001-2005). Neglecting tides,

504

506

507
508

ariiiherefore primarily the tidal impact on benthic-pelagic coupling due to physical resuspension by
strob@2idal currents, increases POC deposition and results in a higher annual mean sediment carbon
édBent on the NWES (Fig. 6). Over the annual cycle, benthic remineralization in the NOTIDE
experiment however also diffusively returns the bulk of the depositedd@€iCOnto the water

é&flomn as DICThe resulting mean annual net carbon flux to the sediment is thus also only

rds 61 KH %°idtNe NOTIDE experiment.

3.2.2Tidal impacts on net community production

Tid@Bforcing has been shown to substantially increase net primary production (NPP) on the NWES
(bysdifout 14%, see Kossack et al., 2023). Changes in heterotrophic remineralization however also
négdito be considered to obtain the net tidal impact on biological carbon cycling on the NWES. We
diretfly evaluate tidal impacts on net community production (i.e. the metabolic balance between NPP

51&nd heterotrophic remineralization) computed with Ei. &ssess tidal impacts on biological cycling

515
516

517
518

obtdrbon. Mean annual NCP in the TIDE experiment is shown in Fig. 7A. The difference in mean
annual NCP between the TIDE and NOTIDE experiments is shown in FendBdditionally
documented in Table 2.

Our results suggest that the entire NWES is net heterotroptic2 L Fx& 61K H %3 thkhe
TIDE experiment (mean for 2001-2005). The North Sea is also net heterotrOghii@ (L

519F réat 6 1 KH %9 ihkhe TIDE experiment, with particularly negative NCP (i.e. strong
52Meterotrophy) in the Norwegian Trench. Fig. 7B and Taldlkdv a spatially heterogeneous tidal

527

resphse of NCP on the NWES, and suggest that tides make the NWES slightly more heterotrophic
E32F rav 61 KH 9%35.UNe difference between the experiments amounts to ~7% (relative to the
TH2E experiment). About % of the increase in heterotrophy with tidal forcing can be explained by the
higi2dr sequestration of POC in the sediment in the NOTIDE experiment (see Sect. 3.2.1). The
ré&fmining ¥ imply higher organic carbon import onto the NWES. We therefore find that although
tidé26ubstantially increase net primary production on the NWES, this does not move the shelf system
closer to autotrophy.

BA8 tidal impact on heterotrophic remineralization is primarily facilitated through the strong tidal
impaét on benthic-pelagic coupling on the shelf (see Sect. 3.2.1). Higher sedimentation of POC in the
NG IDE experiment redistributes heterotrophic remineralization from the water column into the
sbdiment. Benthic heterotrophic remineralization is also slower than pelagic heterotrophic
rédBheralization (e.g. Krumins et al., 2013). The difference in the parameterized remineralization
rates3@ee parameter set in Table ST1 in the supplementary material) therefore additionally affects the
®hg of heterotrophic remineralization in the two experiments. Heterotrophic remineralization in
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tB8SIDE experiment consequently occurs earlier in the annual cycle than in the NOTIDE
expeériment. Compared to the TIDE experiment, the NOTIDE experiment is more autotrophic in
suBBder and more heterotrophic in autumn and winter (see Fig. S2 in the supplementary material).

53&idal impacts on mean annual NCP in Fig.sti®wlarge spatial heterogeneity on the NWES. Tidal

imaB8as on NCP are most pronounced in inner-shelf regions, where Fig. 7B shows areas with strong
inckel@ses of NCP with tidal forcing, but often also directly adjacent areas of strong decreases of NCP.
Tidad Impacts on NCP in the deeper shelf regions are generally smaller, but also show a pattern of
localbA2reases and local decreases. Only the northern North Sea shows a moderate net increase in
NeABwith tidal forcing (Table 2), particularly in the region east of the Shetland Islands. The observed
spaddl pattern in the tidal response of NCP in Fig. 7B, with local increases and often adjacent local
dedréases of NCP, is consistent with the strong tidal impact on benthic-pelagic coupling and suggest
adb4stive transport of tidally resuspended POM. The tidally resuspended POM is advected
dbwnstream, for example with the cyclonic circulation in the North Sea, while the sedimented POM
ib8 NOTIDE experiment remains stationary. Advective transport of POM out of a specific area
deéptBases local heterotrophic remineralization relative to primary production, i.e. it increases local
autds@phy. Local increases in heterotrophy in turn suggests tides enhance advective transport of
orgahic matter into the the respective area. The substantial reduction of NCP with tidal forcing in the

58Brwegian TrenchFutaz ) I KH 99 suggests tides are particularly important for organic matter

58@nsport from the North Sea shelf into the Norwegian Trench.

Thlad forcing therefore mainly laterally redistributes organic matter on the shelf, affects the balance
obbénthic and pelagic heterotrophic remineralization and determines the timing of heterotrophic
556 remineralization. The large mismatches between the tidal impacts on the air-stax@ad tidal
impfEcts on NCP shown in Table 2 however suggests there is no direct relationship between the tidal
BPacts on NCP and air-sea £€xchange. The discrepancies are particularly large in shallow inner-
559 shelf regions like the Irish Sea and English Channel, where tides decrease annual mean ogeanic CO
upb@ie even though tidal forcing makes the subareas more autotrophic (which generally facilitates
m&ELCQ uptake from the atmosphere). This indicates that other tidal processes are the prevailing
562 factor for the tidal impacts on air-sea £i@x in shallow inner-shelf regions.

563

564 3.2.3Tidal impacts in permanently mixed regions

THA8l mixing partitions the shelf into permanently mixed and seasonally stratified regions, which
566 both constitute distinct biogeochemical regimes with implications for air-se@&x@Bange (e.g.
ThéBias et al., 2004). Seasonal stratification enables the drawdown of surface DIC concentrations by
nBé8ns of the biological pump mechanism (Volk and Hoffert, 1985). The drawdown of surface DIC
569 in spring and summer counteracts the effect of seasonal warming, which drives up surfaa@dCO
57@hus facilitates net oceanic uptake of atmospherige @@r the annual cycle. In permanently mixed
refgifdns, primary production and heterotrophic remineralization are not vertically separated and
(reSpized) carbon in the water column can constantly exchange with the atmosphere. Strong tidal
redirspension of POM from the sediment additionally increases the organic carbon pool available for
574 pelagic heterotrophic remineralization and mixing in spring and sunffagnanently mixed regions
5@dnsequently generally exhibit weak air-sea@&change or show a tendency to weak outgassing of
576 excess carbon to the atmosphere (i.e. from riverine input).

Negjlgcting tides leads to a larger part of the shallow inner-shelf being seasonally stratified (see Fig.
i@ the supplementary material), which in turn affects biogeochemical cycling in the region. We
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57Bwvestigate the associated tidal impact on air-seagx€hange by evaluating the tidal impacts on
580 temperature and biological control of surface pQWe use Eq. 2 and Eqt@8calculate the effects of
581 temperature and biology on pe@om monthly mean surface pc@nd SST (2001-2005). We
588ubsequently use Eq. 5 and Eq. 6 to computé&he; and L %4 4 fhe respective mean seasonal
abgditudes of surface pG@hanges related to temperature and biology, and assess the relative
58#nportance of temperature and biological effects on p@@r the mean annual cycle by means of
585 the T/B ratio calculated with Eq. 4.

586 The T/B ratio in the TIDE experiment (Fig. 8A) shows that the temperature effect on surface pCO
stiaigly dominates in inner-shelf areas, while central and outer shelf areas exhibit a stronger
58®logical effect on pC@ The tidal impact on the T/B ratio shown in Fig. 8B, i.e. the difference
ed@een the T/B ratio in the TIDE and NOTIDE experiments, demonstrates that tidal forcing is
590 largely responsible for the relative dominance of the temperature effect on surface pi@Careas
tfElare permanently mixed in the TIDE experiment. The tidal impact on the T/B ratio in central and
5920outer shelf regions is generally low.

593 In general, tides affect both temperature and biological control on,p@h in turn determines the
594 tidal impact on the T/B ratio. Tidal mixing affects temperature control of;dgy®nodulating oceanic
hed®bptake on the NWES (Arnold et al., 2021), which results in colder summer SST and warmer winter
S$Ban the shallow inner-shelf areas of the NWES (Fig. S4 in the supplementary material). Neglecting
597 tides thus results in a larger seasonal amplitude of the temperature effect-on hC®s;; Eqg. 5) on
598 most of the NWES (Fig. 8C), which suggests larger temperature control on air-sexdb@nge in
59¢he NOTIDE experiment. The tidal impact or. %, is however small compared to the tidal impact
600n the biological effect on pCQ L %e4 5 £d. 6) shown in Fig. 8D. Neglecting tides results in a
6Mdrger seasonal amplitude of pe&€hanges related to biology (i.e. a stronger biological control of
pdZ,) on the NWES, particularly in regions that are permanently mixed regions in the TIDE
exXjiliment, but are seasonally stratified in the NOTIDE experiment (Fig. S3 in the supplementary
nétérial). Our results therefore indicate that it is mainly the tidal weakening of the biological effect on
G5O, that causes the tidal impact on the T/B ratio documented Fig. 8B.

60Big. 8E exemplifies the tidal impact on surface p@Qa station in the permanently mixed Irish Sea.
BB& strong tidal mixing in the Irish Sea nearly completely offsets the biological buffering of the
tedfBerature-driven pGOncrease during seasonal warming, and thus leads to temperature-driven net
outg§@8sing in the Irish Sea over the annual cycle (Table 2). If tides are neglected, the water column at
théIation is seasonally stratified and allows the biological buffering of the seasonal warming effect,
611which draws down surface pG@ summer and enables net oceanic @ftake in the Irish Sea over
612 the annual cycle.

TB&Znalysis of the tidal impact on the T/B ratio demonstrates how the partitioning of the NWES into
614 seasonally stratified and permanently mixed regions plays a key role in controlling surfacapCO
615 thus air-sea Cg&exchange. Dominance of temperature control onp€@@he permanently mixed
6%Belf regions ultimately entails stronger £dditgassing in summer (e.g. Thomas et al., 2004), which
lBdits annual CQ uptake or even leads to net outgassing like in the Irish Sea. We find that the
618 permanently mixed regions (as defined in Fig. 8B) alone account for ~EQ%X 6 | K H %3 0OfN
61Be difference in oceanic CQptake on the NWES between the experiments.

620
621
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622 3.2.4Tidal impacts in the seasonally stratified North Sea

Largg2Barts of the deep northern and central North Sea show a moderate increase in mean annual
@ianic CQuptake with tidal forcing (Fig. 5C), which indicates that there is a tidal impact specific
625t0 these seasonally stratified central and outer-shelf regiongvahgtion of the annual cycle of
sZéce pCQat a station in the northern North Sea shown in Fig. 9A demonstrates that the higher
627 annual oceanic CQuptake in the TIDE experiment predominantly stems from lower surface ipCO
628 winter.

G¥8 find that the lower winter pGt the station in the northern North Sea is the result of a weaker
630 biological mitigation of the seasonal cooling effect on p@@he TIDE experiment (Fig. 9A).
HE8&rotrophic remineralization of organic matter produced in summer increases the DIC
deB2entration in the water column in autumn and winter, which constitutes a biological buffering of
688 effect of seasonal cooling on p£4nd controls winter uptake on the shelf. Fig. 9C shows that
ré@4an winter surface DIC is lower in the TIDE experiment than in the NOTIDE experiment in large
p&3s of the northern and central North Sea, which indicates that the weaker biological mitigation of
636 the seasonal cooling effect on p&&xcurs throughout most of the seasonally stratified North Sea.

W&37ind that the difference in the winter DIC concentration in the seasonally stratified North Sea is
ca68&d by the tidal impact on benthic-pelagic coupling and associated differences of heterotrophic
rendBOralization between the two experiments (see Sect. 3.2.2). The comparison of the annual cycles
ofod@an DIC in the water column (2001-2005) for the station in the northern North Sea shown in Fig.
9Bddveals significant tidal impacts on the vertical structure and seasonality of the DIC concentration.
lI64Be TIDE experiment, primary production draws down surface layer DIC during the productive
se@d48n, while vertical POM export and subsequent heterotrophic remineralization increases DIC in
th@ddottom layer (Fig. 9D). Resuspension and mixing by strong tidal currents retains POM in the
waddbcolumn and limits sedimentation. With seasonal cooling at the end of the summer, surface
ating then convectively mixes the DIC-enriched subsurface water to the surface.

N@gjlecting tides in contrast redistributes heterotrophic remineralization from the water column into
tr@8ediment, where heterotrophic remineralization is slower and only diffusively releases DIC into
thedSottom layer. Bottom layer mixing is also low in the absence of tides, so that the respired DIC
adgbdnulates in a shallow bottom boundary layer and leads to substantially higher bottom layer DIC
651concentrations in the NOTIDE experiment (upEair | | KH 9% “Isee Fig. 9E). The entrainment
d@58e DIC-enriched bottom layer into the water column by December results in higher winter DIC
teERIghout the water column in the NOTIDE experiment, which ultimately leads to higher surface
654CO (Fig. 9A) and thus lower oceanic @0ptake during winter compared to the TIDE experiment.

&5l increases in NCP in the central and northern North Sea with tidal forcing (Fig. 7B) imply a
B&duction of local heterotrophic remineralization relative to local primary production. The local
incré&ges in NCP therefore suggest that subsurface advective transport of organic carbon out of the
re8p8ctive shelf areas in the North Sea, predominantly in form of POM (not shown), is more effective
i859e TIDE experiment than in the NOTIDE experiment. Tidally enhanced advective transport of
6@0dganic matter in the bottom layeltimately reduces the magnitude of the biological buffering of the
661 effect of winter cooling on surface pG@nd thus contributes to the higher oceanie G@ake in
662 winter. We find that about 5%z(a u )| K H $Tabl 2) of the high annual mean oceaniezCO
©PBake in the northern North Sea subarea is related to tides.

664
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665 3.2.5Tidal impacts in the seasonally stratified Celtic Sea

UntiBé in the North Sea, the majority of the seasonally stratified Celtic Sea shows a decrease in the
667 oceanic CQuptake with tidal forcing (Fig. 5C). The evaluation of surface p&Q@ station in the
668 central Celtic Sea (Fig. 9B) indicates that the dominant cause for the lower annual mean ocganic CO
669 uptake in the TIDE experiment is higher biologically-driven surfacei@@te autumn/ early
v@nger. Fig. 9Cshows corresponding higher winter surface DIC concentrations in the Celtic Sea in
tied TIDE experiment. The area of higher surface winter DIC in the TIDE experiment extends from
théZA&morican shelf in the south across the Celtic Sea to the south-west coast of Ireland.

We7#thd a strong tidal impact on the large-scale residual circulation in the Celtic Sea to be the main

674 reason for the difference in winter DIC that causes the regional reduction of oceanipt&ik2 with
tid&@lMrcing. The seasonal mean depth-averaged residual circulation (2001-2005) and respective
se@gbnal mean surface DIC fields in the TIDE and NOTIDE experiments are documented in Fig. 10.
Ti@dl7forcing evokes a seasonal cyclonic circulation pattern in the Celtic Sea and Western English
Clgfdhel not present in the experiment without tides. In summer, Fig. 10 shows northward residual
tra@g@ort in the Western English Channel tidal frontal zone and along the south-western UK coast,
wé&dWard flow at the tidal front in the St. George Channel and a tendency to southeastward flow in
B&1south-western Celtic Sea in the TIDE experiment. Winter (DJF) circulation in the TIDE
expé8ment also shows a tendency to southeastward flow in the south-western Celtic Sea, and weak
e@Bthwestward flow from the Armorican shelf into the Celtic Sea. The NOTIDE experiment in
céBdast shows very weak residual circulation in summer. In winter, the NOTIDE experiment shows
p@Bounced northwestward flow from the Armorican shelf across the Celtic Sea. A vertical transect
of B&&n summer horizontal velocity across the south-western Celtic Sea reveals that the cyclonic
regi8ual circulation in the TIDE experiment is caused by a near-surface baroclinic current generated
at #e8density gradient of a cold pool trapped below the seasonal thermocline (Fig. 11). Such a cold
&8 flanked by sharp density gradients is only set up in the Celtic Sea with tidal forcing.

690 he tidal impact on the residual circulation is relevant for air-seae€Ehange because it affects the
wdet mass composition in the Celtic Sea. The strong northward transport in the NOTIDE experiment
fla8Bes the Celtic Sea with low-DIC waters from the Armorican shelf and Bay of Biscay in the south,
@8k in the TIDE experiment the Celtic Sea is more influenced by DIC-rich waters from the north,
aB84%otentially from the Bristol Channel. Mean winter surface DIC in the Celtic Sea is consequently
69%er in the TIDE experiment than in the NOTIDE experiment, with the largest difference (up to
606 |1 KH 9% jloccurring in December (not shown). The lower winter DIC concentration in the

6NOTIDE experiment drives stronger oceanicaMtake in the Celtic Sea. The seasonally stratified
698 part of the Celtic Sea consequently takesvf@i t ) | K HU & more atmospheric GOn the
NEYBIDE experiment than in the TIDE experiment. This makes up more than 90% of the difference
700 in annual mean oceanic GOptake between the experiments in the Celtic Seéw 6 | K H U%E
701 Table 2), and amounts to ~34% of the difference of the annual mean NWESnhK®etween the
702 experiments.

703

704 3.2.5.1lmpact of internal tides in the Celtic Sea

The T@ftic Sea shelf break and adjacent outer-shelf areas also exhibit a substantial decrease of annual
Téan oceanic CQuptake with tidal forcing (Fig. 5C). The tidal impact at the Celtic Sea shelf break
iF@ominated by internal tides generated by the interaction of tidal flow with the steep local

toptiigaphy. The internal tides produce strong pycnocline mixing at the Celtic Sea shelf break and on
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the7@@acent Celtic Sea shelf, which locally decreases SST and enhances primary production by

geiéfating diapycnal nutrient fluxes into the surface layer (New and Pingree, 1990; Sharples et al.,

200Y; Kossack et al., 2023). We calculate the net effect of pycnocline mixing on surface DIC

ddricentration by computing the difference of the diapycnal DIC flux into the euphotic zone

(733 )\ ; &alculated with Eq. 9) and compensatory potential subsurface primary production

sudtdined by the diapycnal nutrient flux into the euphotic zone (calculated with Eqg. 10). Diapycnal
7B®M and DOM fluxes into the surface layer are found to be negligible.

Fig161A demonstrates that in the Celtic Sea, the mean summer diapycnal DIC flux into the euphotic

zatieis marginally overcompensated by primary production sustained by the diapycnal nutrient flux.

Onlie Armorican shelf and in the shallow north-eastern Celtic Sea, the diapycnal DIC flux is larger
71¢han the effect of potential new productidie net reduction of surface layer DIC by potential

720subsurface primary production is mostiy ryaw| | K H 9% °i@the area of tidally enhanced

py@iocline mixing along the shelf break of the Celtic Sea. Sites of strong pycnocline mixing at the

shélRBreak or at small-scale bathymetric features on the shelf show a net reduction of surface layer

DE3byuptot |1KH %5 @tegrated for the south-western Celtic Sea subarea along the shelf

24k (SWC in Fig. 1), the effect of the dominantly tide-driven pycnocline mixing only amounts to a
72%t reduction of surface layer DIC byra z )| K blve¥the entire summer (June to August). The

(26 net reduction of surface layer DIC resulting from pycnocline mixing thus only marginally affects
7#7e biological control on surface pe® summer. This is further emphasized by the analysis of

siéace pCQat a station at the Celtic Sea shelf break in Fig. 12B, which only shows a small tidal

729 impact on biological pC&control in summer.

3@ surface pCOIn Fig. 12B further illustrates that the tide-driven reduction of local mean annual
océafiic CQuptake at the Celtic Sea shelf break rather stems from warmer winter SST and a stronger
732biological buffering of winter cooling on surface p&£@ autumn and winter. The warmer winter
SE33in the TIDE experiment (see also Fig. S4B in the supplementary material) is likely largely the
resedt of tidally enhanced heat storage in the water column. The relatively stronger biological-driven
7BErease of surface pG@h the TIDE experiment is also evident in the higher winter surface DIC
736oncentrations along the Celtic Sea shelf break (Fig.@@)results indicate that the higher surface
Dr3oncentration mainly result from a higher end-of-summer POM concentration in the upper water
col@8n above the shelf break in the TIDE experiment (Fig. S5 in the supplementary material). The
higs@r POM concentration results from the overall tidally elevated net primary production at the shelf
bréd® (see Kossack et al., 2023), but tide-induced turbulent mixing potentially also retains more
7#10DM within the reach of the deep winter surface mixed layer.

742
743
744 4 Discussion and conclusion

Webise the novel SCHISM-ECOSMO-CO2 model configuration to assess the impact of tidal forcing
746 on oceanic uptake of atmospheric £0@ the NWES. Tidal impacts on air-seafchange on the
MYVES are multifaceted and show high spatial variability. We find tidal forcing responsible for a
748 reduction of mean annual oceanic Of{take on the NWES bF raw6 | KH %5 Which amounts
7490 a ~13% stronger NWES GGink in the experiment without any tidal forcing.
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TheBominant tidal impacts on air-sea CO2 exchange are summarized in Fig. 13. Tidal mixing in the
751 permanently mixed shelf regions accounts for the majority (~40%#x 6 | K H %3 ofkhe tidal
752 weakening of the NWES CGGink. The tidal intensification of temperature control on surfaceopCO
753 in the permanently mixed shelf regions, and the corresponding decrease in oceanitake)
754 agrees with prior studies that found tidal mixing to distinctly structure air-se@xBange on the
NWES (Thomas et al., 2004; Thomas et al., 2005b; Prowe et al., 2009; Omar et al., 2010). Another
78ignificant tidal impact on air-sea G@xchange is mediated by the modulation of water mass
a@wposition in the Celtic Sea by tide-induced baroclinic circulation, which accounts for ~34%
758(Fraw 6 | KH %3 Ofikhe tidal weakening of the NWES €6ink. Our results indicate that a
cy8&8nic baroclinic circulation induced by a cold and dense bottom pool that is only set up in the
preséd@e of tidal forcing contributes to the seasonal near-surface southeastward transport observed in
the 86ith-western Celtic Sea (Pingree and Le Cann, 1989; Charria et al., 2013). The presence of cold
p@6B in the Celtic Sea and the importance of associated cyclonic baroclinic circulation was
7@8eviously suggested in Brown et al. (2003) and Hill et al. (2008).

ThéGvaluation of net community production in the model describes the NWES as a net heterotrophic
765 system(@ %2 L Fx&61KH %Y. BMulated net heterotrophy éfréat 6 | KH %°ib e
766 North Sea agrees well with the observational estimate o u 6 | K H? 9pravitied by Thomas et
a6712005a). We find tidal forcing to strengthen net heterotrophy on the NWES by
FoBav 61 KH 9%° 7% relative to TIDE experiment). Physical resuspension by tides affects the
bal&ace of benthic and pelagic heterotrophic remineralization, which in turn modulates the lateral
dig®ibution and timing of heterotrophic remineralization on the shelf. Neglecting tides however only
ré&sts in a minor increase in the net carbon flux to the sediment by POC deposition (by
7@3 61 KH %3UWNich suggests that the increase in heterotrophy with tides mainly stems from
hig3er organic carbon import onto the NWES. The tidal increase in heterotrophy implies a
774 FRUUHVSRQGLQJ GHFUHDVH LQ WKH VK HOWHjoh csrgribiubesltHe FD SD F L\
77Bemaining ~26% of the difference in oceanic ptake between the experiments. A key finding of
s study therefore is that the substantial increase in biological productivity with tidal forcing
dematstrated in Kossack et al. (2023) does not translate into a general strengthening of the oceanic
778 COz sink on the shelf.

Ouir9esults further suggest a low net impact of the kilometrical-scale internal tide field on air-sea
Ca8&xchange in the Celtic Sea because of the mutual compensation of diapycnal fluxes of DIC and
Pi@hary production sustained by diapycnal nutrient fluxes. The identified low impact of diapycnal
mBdng on air-sea Coexchange in the Celtic Sea is in agreement with Rippeth et al. (2014), who
alsé@Xtimated diapycnal fluxes of nitrate and DIC to largely compensate each other. The hydrostatic
ni@del applied in this study however likely undestimates pycnocline mixing by the non-hydrostatic
785 internal wave field in the Celtic Sea (Vlasenko et al., 2014). The decrease of oceanjut&k@ on
the7@&mtinental slope of the Celtic Sea as a result of changes in heterotrophic remineralization and
et storage in the upper water column by tide-induced pycnocline mixing merits further
788nvestigation. Our results suggest that observations of air-seaxc@ange in the area should
789 especially account for the full lifecycle of biologically fixed carbon and air-sese&€hange in
wifiéer to determine the role of tide-induced pycnocline mixing at the Celtic Sea shelf break.

ThEdresented study considers major bottom-up processes controlling the sensitivity of the shelf
cdfibn cycle to tidal forcing. The 10-m minimum water depths used in this study however limits the
repré8entation of very shallow coastal regions, as a wetting and drying scheme is not implemented in
794the model configurationfhe tendency to underestimated oceanie Qi@ake on the NWES due to
ui@érestimated primary production identified in the model validation (Sect. 2.3) is not expected to

19



797

sig@ificantly affect the sensitivity to tidal forcing, as the tidal response is rather determined by the
tidal impact on the balance between net primary production and heterotrophic remineralietion
idé@ffied tidal response of the shelf carbon cycle may however be affected by the lack of sediment
ré@ation by macrobenthos (e.g. Zhang et al., 2019) in the applied model configuration.

THOEBesults of this study generally suggest that (subsurface) primary production in seasonally
s8alified shelf regions sustained by tide-induced pycnocline mixing does not significantly contribute
t8@2r-sea C@exchange. As argued in Rippeth et al. (2014), the simulated net sensitivity of the air-
SBCQO exchange to (tide-induced) pycnocline mixing in summer however relies on the Redfield
r&0d in phytoplankton growth and is thus limited by the use of constant Redfield stoichiometry in our
s&@ty. The production and subsequent lateral export of long-lived organic matter with C-rich non-
R&@keld stoichiometry, as for example shown for the seasonally stratified Celtic Sea by Humphreys

807 et al. (2019), could also marginally increase the sensitivity of oceanic@&ke to tide-induced

808

811

813

815

pycnocline mixing.

Bl impacts, mainly the upward transport of respiratory DIC by tidal mixing and the modulation of
wa&@®0 mass composition by tide-induced baroclinic circulation in the Celtic Sea, constrain the annual
increase of the pelagic DIC stock on the NWES due to the rising atmosphemo@@ntration.
N&kftecting tides therefore results in a higher annual increase of the NWES DIC stock of
ravelKH 9%°5 While the TIDE experiment shows an increase rated®dfi 6 | KH %5 UN
C8hsidering that neglecting tides also increases the carbon flux to the sediment by

ras 61KH %> théldifference in the increase rate of the NWES DIC stoékg 6 |KH %3U N

816 implies that only ~20% (& u 6 | KH 9%72;0fhe enhanced shelf GQptake in the experiment

830

834

841

8ithout tides ¢ & w6 | K H 9?9 i$ Bxported off-shelf. Our results therefore suggest that tidal
f@tmg mainly affects carbon reservoirs on the shelf and only marginally modulates off-shelf carbon
8aAsport into the North Atlantic. To which extent tidal forcing affects carbon export below the
p8&af@anent pycnocline critically depends on tidal impacts on the downwelling circulation and cross-
sB2Il fluxes at the shelf break. Tidal impacts on bed stress and friction (Tinker et al., 2022) likely
affeg2Ekman drain in the bottom boundary layer at the shelf break. Previous studies have also
de®@8strated direct tidal impacts on the European Slope current (Stashchuk et al., 2017; Tinker et
&4 2022) that potentially affect the downwelling circulation. Tidal motion further directly affects
cr@bshelf transports at the shelf break, for example through internal-tide-driven Stokes transport
(SBipgys et al., 2020; Huthnance et al., 2022). Graham et al. (2018) for example demonstrated
reBXant on-shelf transport at internal depths likely associated with internal tides on the NWES that is
B resolved at kilometrical-scale horizontal model resolution. The evaluation of tidal impacts on
cré29-shelf fluxes and the downwelling circulation is beyond the scope of this study, but is planned
for future work.

InB&dnclusion, our study highlights the importance of representing multifaceted tidal phenomena in
oc@&32 models used to investigate marine carbon cycle dynamics on continental shelves. Our
sB3Bilations at kilometrical-scale horizontal resolution suggest that the effects of tidal mixing, tidal
impacts on shelf circulation and benthic-pelagic coupling are most relevant for air-seachiénge

@3the NWES. High-resolution modelling and improved realism of shelf-specific biogeochemical
pro88sses has recently been shown to significantly improve coastal carbon dynamics in global ocean
nB@dels (Mathis et al., 2022) and these improvements in modelling skill further show potential for
c@Bdraining uncertainties in our understanding of the marine carbon cycle (Mathis et al., 2024).
HB@@ver, as the computational demands likely remain challenging for the near future, further work is
red@@dted to improve the parameterization of tidal processes in large-scale regional and global model
applications.
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5 Tables

844 able 1: Statistics from validation of DIC, TA and pG@gainst observations. DIC/ TA model data
845 are co-located in time and space against GLODAPv2.2022 (2001-2005) npéciel data is co-
locad&d in time and space against SOCATv2023 (2001-2005). The Percentage bias is defined

- A
84ibllowing Allen et al. (2007) as,, < f (288 X754 (4q r | The normalized root mean square error

Alg.Sq

(NBMASE) is calculated as the RMS error divided by the standard deviation of the observations in the

Subarea

DIC percentage

bias

TA percentage

bias

pCO:2
percentage bias

pCO2 NRMSE

S. North Sea
(SNS)

C. North Sea
(CNS)

N. North Sea
(NNS)

Skag./ Kategatt
(SK)

Norwegian
Trench (NT)

English Channel
(E)
Celtic Sea (C)

+1.7%

+1%

+0.6%

+0.5%

0.6%

+1.1%

+1%

+0.2%

+0.8%

-13.6%

+3.7%

+1.3%

+13.4%

+13.8%

0.9

0.9

1.2

11
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85Bable 2: Area mean annual G@lux (2001-2005) on the NWES in TIDE and NOTIDE experiments.
Po8ti¥e values denote oceanic uptake. Net community production calculated using Eq. 7. Differences
b&6aeen the experiments calculated as TIDE-NOTIDE. Proportional differences between
8@&Xperiments are computed relative to TIDE experiment.
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867
868

6 Figures

Figure 1: Bathymetry in the model domain. Red lines delineate subareas.
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869

Fgare 2: Schematic diagram of biochemical interactions in ECOSMO Il and coupling to carbonate
871 system model
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872

Bif@ire 3: Taylor Plot of model DIC data (orange) and TA data (green) co-located against
874GLODAPv2.2022 data for 2001-2005.

875

8M&gure 4: Simulated seasonal mean surface p(2001-2005). Bottom panel shows the respective
873easonally aggregated model bias (mati@bservations) against co-located SOCATv2023
878 observations for 2001-2005.

879
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880

881Figure 5: Annual mearair-sea CQflux (2001-2005) for (A) TIDE experiment and (B) NOTIDE
882 experiment. (C) shows the difference (TIDENOTIDE) of the air-sea C£{flux between the two
883experiments. Positive (red) values in (A) and (B) indicate oceaniaupfake, negative values (blue)
88hdicate outgassing to the atmosphere.

885

Fig86e 6: Difference of the annual mean sediment organic carbon inventories (2001-2005) between
887 the two experiments (TIDE-NOTIDE).
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888

&8gure 7: (A) Mean annual net community production (2001-2005; Eq. 7) in TIDE experiment. (B)
890 Difference ofmeanannual net community production (2001-2005) in the two experiments (HDE
891 NOTIDE).

27



892

893 Figure 8: (A) T/B ratio of the temperature and biological effects on p&¢&r the mean annual
89dle (2001-2005) in the TIDE experiment calculated with Eq. 4. (B) Difference in the T/B ratio
895 between the two experiments (TIDE-NOTIDE). Magenta contour indicates PEA=F". The
8@fference in the amplitudes of surface pQBanges related to temperature (C ) and biology (D)
897between the two experiments (TIDE-NOTIDE). (E) Surface p@@luated at 53°N 5.25°W in the
89&ish Sea (marked with green star in Fig. 8B).
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899

9igure 9: Surface pCQevaluated at (A) 61°N 0.75°E in the northern North Sea (marked with
magénta star in Fig. 9C) and (B) 49.9°N 8.2°W in the Celtic Sea (marked with green star in Fig. 9C).

9@e) Difference in mean surface winter DIC (2001-2005; TIDE-NOTIDE). (D) Mean DIC
@03centration in TIDE experiment and (E) difference in mean DIC concentration (TIDE-NOTIDE) at
8@4aN 0.75°E in the northern North Sea (marked with magenta star in Fig. 9C).
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905

Fifige 10: Mean winter (left) and summer (right) surface DIC and overlayed seasonal mean depth-
av@ddged residual circulation in the Celtic Sea (2001-2005) in the TIDE experiment (top panel) and
908 NOTIDE experiment (bottom panel).
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909

HgQre 11: Mean summer horizontal u-velocity on transect across Celtic Sea in TIDE experiment (A)
a@tINOTIDE experiment (B). Positive values (red) denote eastward flow. Location of transect
912 marked in inset figure in Fig. 11B.
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913

Riire 12: Difference of the summer mean turbulent DIC flux (2001-2005; Eq. 9) evaluated at the

ba84®f the euphotic zone and summer mean potential subsurface primary production (Eq. 10)

susthéhed by the turbulent nitrate flux into the surface layer. Permanently mixed regions are masked

At7(B) Surface pC@evaluated at 14.4°W 53°N on the Celtic Sea shelf break (marked with magenta
918 starin Fig. 12A).
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919
920 Figure 13: Schematic illustration of tidal impacts on air-sea.@®change on the NWES.
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1 Supplementary Figures and Tables

1.1 Supplementary Figures

Supplementary Figure S1Model bias in surface DIC concentrations aggregated for winter (A) and
summer (B) against co-located GLODAP data for 2001-2005.



Supplementary Material

Supplementary Figure S2.Top panel shows seasoma¢an net community production (2001-2005;
Eq. 7) in TIDE experiment. Bottom panel shows the differenseasonal mean net community
production (2001-2005) in the two experiments (TIREOTIDE).



Supplementary Figure S3Mean Potential Energy Anomaly for period of strongest stratification (15
July £15 August; mean for 20G2005) computed for top 200 m in TIDE experiment (A) and
NOTIDE experiment (B). Difference (TIDE-NOTIDE) in the mean Potential Energy Anomaly for
period of strongest stratification between the two experiments (C). The red contourt(PEA$ %
marks the tidal frontal zone.
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Supplementary Figure S4 Difference of mean summer (A) and winter SST (B) in the two
experiments (2001-2005; TIDENOTIDE).

Supplementary Figure S5Difference inmean September POM concentration on transect across
Celtic Sea in TIDE experiment. Transect marked in inset in Fig. 11B.



1.2 Supplementary Tables

Supplementary Table ST1:ECOSMO Il parameter set used in study.

Definition Abbr. Value Unit

Max. growth rate for Pl € 1.30 1/d

Max. growth rate for Ps € » 1.10 1/d
Photosynthet. effic. U 0.01 169
Phyto. self-shading 8301ca 0.03 8 1IKH%
Detr. self-shading ap 0.20 I8 IIKH%
DOM self-shading &t & 0.29 I IIKH%
Water ext. coefficient ap 0.03 1/m
External SPM ext. coeff. dcx 0.0 1/m/(mg/l)
PAR fraction of incident light par_fraction 0.6 -

NH4 half saturation const. N g 0.20 I[TKHO I’
NO3 half saturation const. N & 0.5 I[ITKHO I
NH4 inhibition parameter ) 3.0 I " 1IKHO
Pl mortality rate | gg 0.04 1/d

Ps mortality rate | £ 0.08 1/d

Graz. r. ZI on Phytopl. €sae 0.8 1/d
Graz. r. Zs on Phytopl. €5 %E 1.0 1/d
Grazing rate ZI on Zs €50 = 0.5 1/d

Zs, ZI half saturation const. N 0.5 ITKH% 1
Z| mortality rate | 6 0.1 1/d

Zs mortality rate | 6 0.2 1/d

Z| excretion rate asg 0.06 1/d

Zs excretion rate 86 = 0.08 1/d

ZI assim. eff. on plankton G se 0.75 -

Zs assim. eff. on plankton & %e 0.75 -

ZI & Zs assim. eff. on detr. 5 0.75 -



Detritus remineralization rate
Detritus sinking rate

PO4 half saturation const.
SiO2 half saturation const.
Si remineralization rate

Max. growth rate for BG

BG Temp. control

BG reference temperature
BG max. grazing rate

BG mortality rate

Critic. bot. stress for resusp.
Resuspension rate
Sedimentation rate

Burial rate

Sed. remineralization rate
Temp. control denitrification
P sedim. rel. p1

P sedim. rel. p2

Sed. remineralization rate Si
Opal sinking rate

BG sinking rate

Diatom sinking rate

Grazing preference Zs on Ps
Grazing preference Zs on Pl
Graz. preference Zs on Det.
Grazing preference Zs on BC
Grazing preference Zl on Ps

Grazing preference Zl on PI

\2
Sy,
N s
Ng
Yo
& A
60(;5>mé
B oA
U, A
I 5 A
1640
e 6 x
é-><Gae
Wea
Yo

Gélﬂiﬂxﬂél]g

RelSEDpl
RelSEDp2
Yox7
Seaonr
Sy A
Ser
O&ea
“O0&R
“O0&%D¢
O&A
O& e

“O&R
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0.003 1/d
5.0 m/d
0.05 [IKH2
0.5 IIKH5E "I
0.015 1/d
1.0 1/d
1.0 1/°C
0.0
0.3 1/d
0.08 1/d
0.007 016
25. 1/d
3.5 m/d
0.00001 1/d
0.001 1/d
0.15 1/°C
0.15 -
0.10 -
0.0002 1/d
5.0 m/d
-1.0 m/d
0.0 m/d
0.7 -
0.25 -
0.1 -
0.3 -
0.1 -
0.85 -



Grazing preference Zl on Zs o 0.15 -

Grazing preference Z| on Del =08%g¢ 0.1 -
Grazing preference ZI on BG =68 A 0.3 -
Fract. of dissolved from detr. SLE A 0.4 -
Surface deposition PHO surface_deposition_pho 0.0 IIKH2 d
Surface_deposition SIL surface_deposition_sil 0.0 IIKH5E
Min. daily rad. for BG growth 4 A 120. 9 | 6
Min. daily PAR N fixation 2#4 5 120. 9 16
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3 %DUEHUR / %DWHV 1 5 %HFNHU 0O %HOORXLQ 1
% 0 &DGXOH 3 &KDPEHUODLQ © 7% HWXD@GUD 1 *@KIDBIX

&DUERQ %XQDWWK 6\WVW 6FL *DWDGRL HVVG
*DWWXVR - 3 )JUDQNLJQRXOOH 0O DQG :ROODVW 5
0(7$%2/,60 ,1 &2%$67$/ $48%$7,& (&26%@QEOBO S5HYLHZ Rl (FROF
(YROXWLRQ DQG 6\VWHPGRILFV DQQXUHY HFROV\V
*UDKDP - $ 271'HD ( +ROW - 3ROWRQ - +HZLWW + 7
$ $UQROG $ :DNHOLQ 6 &DVWLOOR 6DQFKH] - 0 DQC

$00 D QHZ KLJK UHVROXWLRQ 1(02 FRQILIJXUDWLRQ IRU
(XURSHDQ QRUWHRXZHVYWQOQWKIHOF ORGHO 'HYHG@WRIPHQW
JPG



*UDKDP - $ 5RVVHU - 3 2 'HD ( DQG +HZLWW + 7
([FKDQJH $URXQG WKH (XURSHISXK\M W K ZBERWWs KHO |
*

*UHHQ - $ 0 6LPSVRQ - + /HJJ 6 DQG 3DOPHU 0 5
EDURFOLQLF HQHUJ\ IOX[HV DQG PLER@INVD YHQKWD OX BRISOID §
+ GRL M FVU

*U/JHU 0 ODLHU 5HLPHU ( OLNRODMHZLF] 8 OROO $ D
(XURSHDQ VKHOI XQGHU FOLPDWH ZDUPLQJ LPSOLFDWLRC
SULPDU\ SURGXFWLRQ D® FDRNEFRR.QI QENR U SIRLR Q

EJ

*XLKRX . 3ROWRQ - +DUOH - :DNHOLQ 6 2 'HD ( DO
ORGHOLQJ RI WKH 1RUWK :HVW (XURSHDQ 6KHOI 6HDV ([SC
9DULDELOLW\ RI-,JWRSK\NO 5H\G HAF HHD QV G R L

-&

*\SHQV 1 /DFURL[ * /DQFHORW & DQG %RUJHV $ 9
YDULDELOLW\ RI DLU+VHD &2 IOX[HV DQG VHDZDWHU FDUE
BHBURJUHVV LQ 2FHD QR JUBBIK\ M SRFHDQ

+INNLQHQ 6 5KLQHV 3 % DQG :RUWKHQ ' / ‘DUP T
WKH PHULGLRQDO FLUFXODWLR® RH R\SKH VQ BHIW K RERD DR/U W

-&

+DOOEHUJ 5 8VLQJ D UHVROXWLRQ IXQFWLRQ WR UH.
PHVRVFDOH HAFG\DII IHFFGVHO QL QJ GRL M RFHPRG

+DPPHU . G6FKQHLGHU % .XOL VNL . DQG 6FKXO] %XO0O
RI %DOWLF 6HD GLVVRRXUWCDROURD QDK [PONW BAM W B RV

M MPDUV\V
+DQVHOO ' $ SHFDOFLWUDQW GIS\QWRBONHGRWEBQLF F
+ GRL DQQXUHY PDULQH

+DUWPDQ 6 ( +XPSKUH\V 0 3 .LYLPIH & :RRGZDUG (
+\GHV ' - *UHHQZRRG 1 +X00O 7 2VWOH & 3HDUFH
'DOVKDP 3 3DLQWHU 6 & OF*RYHUQ ( +DUULV & *UL
- 'DYLV & 6DQGHUV 5 DQG 1LJKWLQJDOH 3 6HD
RI WKH VXUIDFH RFHDQ FDUERQDWH V\VWHP LQ WKH QRUW
3URJUHVV LQ 2FHDQRJU B M SRFHDQ

+DXFN - =HLVLQJ O /H 4XpUp & *UXEHU 1 %DNNHU
*«UVHV g ,O0\LQD 7 /DQGVFK+W]HU 3 /HQWRQ $ 5HVS
6FKZLQJHU - DQG 6plpULDQ 5 &RQVLVWHQF\ DQG !¢
6LQN (VWLPDWH IRU WKH )URRBDIOH 8P UFR QD% X GBIHAF LHQ F H

+LFNPDQ $ ( ORRUH & 0O 6KDUSOHV - [/XFDV 0 , 7LO
+ROOLJDQ 3 0 3ULPDU\ SURGXFWLRQ DQG QLWUDW!
WKHUPRFOLQH RI D ¥BVW (WR OL H3U R K H&OH ULGFOL

PHSV

+LOO0 $ ( %WURZQ - )HUQDQG / +ROW - +RUVEXUJK .

7XUUHOO : 5 7KHUPRKDOLQH FLHRSKDW LRHY R I HWK\D
GRL * |

+ROW - %XWHQVFK|Q 0 :DNHOLQ 6 / $UWLROL < DQG

RQ WKH SULPDU\ SURGXFWLRQ Rl WKH QRUWKZHVW (XURSI



XQGHU UHFHQW SDVW FRQGLWLR®@YRIGI® \DF BRAHOBRD O | X

EJ

+ROW - +\GHU 3 $VKZRUWK 0 +DUOH - +HZLWW + 7
3RUWHU $ 3RSRYD ( $0OHQ - , 6LGGRUQ - DQG :RR
LPSURYLQJ WKH UHSUHVHQWDWLRQ RI FRD YMROWCF DHGWLK IHR
ORGHO 'HYHORSPHQWGRL JPG

+ROW - DQG 3URFWRU 5 7KH VHDVRQDO FLUFXODW|
QRUWKZHVW (XURSHDQ FRQWLQHQWDO VKIRGK\Y |5QN UHVI
2FHDQV GRL - &

+ROW - :DNHOLQ 6 DQG +XWKQDQFH - 'RZQ ZHOOI

(XURSHDQ FRQWLQHQWDO VKHOI $ GULYLQJ PHFKDQLVP IF
*HRSK\VLFDO 5HVHDGRK /HWWHU W/
+RSNLQV - ( B6WHSKHQVRQ * 5 *UHHQ - $ 0 ,QDOO 0
6WRUPV PRGLI\ EDURFOLQLF HQHUJ\ IOX[HV LQ D VHDVRQT
LOQWHUDPWRB®\V 5HV 2FHBQV GRL - &
+RSNLQVRQ & 6 DQG 9DOOLQR - - (IILFLHQW H[SRL
WKURXJK GLVVROYHBWRKWID QtF PB\WRW H U QDWXUH
+XPSKUH\V 0 3 $FKWHUEHUJ ( 3 +RSNLQV - ( &KRZGK
+DUWPDQ 6 ( +XOO 7 6PLOHQRYD $ :LKVJRWW - 8
& 0 OHFKDQLVPV IRU D QXWULHQW FRQVHUYLQJ FDL
WHPSHUDWH FRQV8U® B QNMAVO L\DK HFOH DUHRDI U 053K
M SRFHDQ
+XWKQDQFH - +RSNLQV - %HU[ % 'DOH $ +ROW - +]
JRYHGD\ % 5 OLOOHU 3 , 3ROWRQ - 3RUWHU 0 DQG
H[FKDQJH 1: (XURSHDQ VKHOI VHDV OHDVXGBHRHQMWW HEYW
2FHDQRJUDSK\ GRL M SRFHDQ
+XWKQDQFH - 0 BORSH &RXUBQW\RDBIG\FLEPIE 2FHD Q
+ GRL 6&$! &2
+\GHV ' *RZHQ 5 +ROOLGD\ 1 6KDPPRQ 7 DQG OLOOV
FRQWURO Rl ZLQWHU FRQFHQWUDWLRQV RI QXWULHQWV 1
VHODVWXDULQH &RDVWDO DQS& 6KBAL6FLHQRMHHFVYV

,NHGD 0 -RKDQQHVVHQ - $ /\JUH . DQG 6DQGYHQ 6
OHVRVFDOH OHDQGHUV DQG (GGLHV LQ WKW 1RFHEBQRDQ &R

+ GRL $36200! &2
,QDOO 0 $OH\QLN ' %R\G 7 3DOPHU 0O DQG 6KDUSOHYV
DQG GHFD\ RYHU DHRSK\WKHOM YHIVY D GRL

*

-LDR 1 +HUQGO * - +DQVHOO ' $ %HQQHU 5 .DWWQF
/ :HLQEDXHU 0 * /XR 7 &KHQ ) DQG $]DP ) oL
UHFDOFLWUDQW GLVVROYHG RUJDQLF PDWWHUDW RGN WH LU
OLFURELRG GRL QUPLFUR
LWLGLV 9 BKXWOHU - ' $VKWRQ , :DUUHQ 0 %URZQ

6DQGHUV 5 +XPSKUH\V 0 .LYLPIH & *UHHQZRRG 1 +
7 6WHZDUW % 0 :DOVKDP 3 OF*RYHUQ ( %R]JHF < *
& +RSSHPD 0 6FKXVWHU 8 -RKDQQHVVHQ 7 2PDU $
20VHQ $ G6WHLQKRII 7 .JUW]JLQJHU $ %HFNHU 0 HW I



QHW LQIOX[ RI DWPRVSKHULF &2 RQMMKH ORILWKS BB R WWX |

GRL Y
.XOL VNL . 6]\PF]\FKD % .RJLRURZVND . +DPPHU . DQ
$QRPDO\ RI WRWDO ERURQ FRQFHQWUDWLRQ LQ WKH EUDF
FRQVHTXHQFH IRU WKH &2 DWWV R KFHDROLA4\DWD\W RR Q V

M PDUFKHP
.ZLDWNRZVNL / $XPRQW 2 %RSS / DQG &LDLV 3
3K\WRSODQNWRQ 6WRLFKLRPHWU\ RQ 3URMHFWLRQV RI 3U
&DUERQ 8SWDNH LQ WHKIEPOR%EDRJPHRHFBEBEP: &\FGRVY

* 0%

IDUXHOOH * * [DXHUZDOG 5 3IHLO % DQG 5HJQLHU 3
RI WKH &2 H[FKDQJH DW WKH DLU ZDW H® R BBV IIDREEIH R KA
&\FOHV % GRL * 0f
/JHJJH 2 -RKQVRQ 0 +LFNV 1 -LFNHOOV 7 'LHVLQJ 0
< %DNNHU ' & ( %XUURZV 0 7 &DUU 1 &ULSSV * )
*UHHQZRRG 1 +DUWPDQ 6 .U|JHU 6 /HVVLQ * ODKDI
AXHLUYV $ 0 B6KXWOHU - ' 6LOYD 7 6WDKO + 7LQNE
OROHQ - :DNHOLQ 6 :HVWRQ . HW DO &DUERQ R
&RQWHPSRUDU\ %XGJHW PURQ WKIWDHUWHL @ IODXBLRYFHEFELH Q F H

IPDUV
/JHVVLQ * $UWLROL < $OPURWK 5RVHOO ( %ODFNIRUG
OLGGHOEXUJ - - 3DVWUHV 5 4XHLUyV $ 0 G5DERXLOO
6ROLGRUR & B6WHSKHQV 1 DQG <DNXVKHW ( ORGH
%LRIJHRFKHPLVWU\ &XUUHQW .QRZOHGJH *DSV &KDOOHQ.
IRU $GY D QFRHRHOPMWA UV LQ 0D WBIRIH 6FLHQFBUYV
/LDQJ = /HWVFKHU 5 7 DQG .QDSS $ 1 *OREDO 3L
'LVVROYHG 2UJDQLF ODVOWREHD G WRRBEKRERBWILA\FOHYV

*0f

IXQHYD 0 9 :DNHOLQ 6 +ROW - 7 ,QDOO 0 ( .R]JORY
0 =XENRYD ( 9 DQG 3ROWRQ - $ &KDOOHQJLQJ ¢
6FKHPHV LQ D 7LGDOO\ (QHUJHWLF (QYLURQPHQW (' 6K
*HRSK\V 5HV 2FHDHV GRL - &
0DQQ & 5 7KH WHUPLQDWLRQ RI WKH *XOl 6WUHDP D
$WODQWLFHESUIHDQSHVHDUFK DQG 2FHDQRAUDSKRE $EVWU

ODUVK 5 +DLJK , ' &XQQLQJKDP 6 $ ,QDOO 0 ( 3RU\

/DUJH VFDOH IRUFLQJ Rl WKH (XURSHDQ 60RSH &XUUHQW

2FHDQ 6FLHQRH GRL RV

ODUWLQ\ $ & 3KDP & 7 $ S3ULPHDX ) : 9UXJW - $ OF

/JRPDV 0 : BWURQJ ODWLWXGLQDO SDWWHUQV LQ W

DQG RUJDQLEWOUMHWHBRWFL GRL QJHR

ODWKLVY 0 J/RJHPDQQ . ODHU] - J/DFURL[ ) +DJHPDQQ

,O\MLQD 7 .RUQ 3 DQG 6FKUXP & 6HDPOHVV ,QWH.

*OREDO ODULQH &DUERRX8\G0HA RRGBUDQFHV LQ ORGHOLQ.
H 06 GRL 06



ODWKLV 0 OD\HU % DQG 3RKOPDQQ 7 $Q XQFRXSO
WKH 1RUWK 6HD OHWRRIGDMQEGRBHUDOXQW LRRL

M RFHPRG

OLGGHOEXUJ - - DQG +HUPDQ 3 0 2UJDQLF PDWWH
ODULQH &KHPLVWU\ GRL M PDUFKHP

OLGGHOEXUJ - - 6RHWDHUW . DQG +DJHQV 0 2FH
%LRIJHRFKHPLFBBY3URRSIKWH V 5 * GRL

5*

OLQ[ - & /DPE : ) &DOODJKDQ O : )XVV 6 +LODLUH
%HULQJHU 7 20LYHLUD *DUFLD : GH +DUWPDQQ - .KD
1IHPHW * ) B5RJHOM - 6PLWK 3 O9LFHQWH 9LFHQWH - /
'RPLQJXH] 0 1HJDWLYH HPLVVLRQV23DUW 5HVHDU
(QYLURQ 5HV /HWGRL DDEI E

ORUHQR $ 5 DQG ODUWLQ\ $ & (FRORJLFmM® 6 WRLFI
5HY ODU 6Fl+ GRL DQQXUHY PDULQH

2PDU $ 0 20VHQ $ -RKDQQHVVHQ 7 +RSSHPD 0 7KRP
6SDWLRWHPSRUDOLQDWK BW REGMKFEEIRLL GRL

RV
2WWR [/ =LPPHUPDQ - )XUQHV * . ORUN O 6DHWUH 5
Rl WKH SK\VLFDO RFHDQR JIUHMSKH RO DA}V 1-RXW K 6GI R 6 HD
* GRL 7

SDLQWHU 6 & +DUWPDQ 6 ( .LYLPIH & 6DOW [/ $ &OI
< 'DQLHOV / $0OOHQ 6 +HPVOH\ 9 6 ORVFKRQDV * [
HOHPHQWDO VWRLFKLRPHWU\ & 6L 1 3 RI WKH +HEULGH

3URJUHVV LQ 2FHDQR&JUD SRL M SRFHDQ

3DULV 3 - :DOVK - 3 DQG &RUEHWW ' *HRSK\V :lEHVH W]
/HW W GRL * |

3LQJUHH 5 ' DQG /H &DQQ % &HOWLF DQG $UPRULF
FXUUBQRUWHVY LQ 2FHDQRJUDGRL

3LQJUHH 5 ' DQG ODUGHOO * 7 6 RO L WDRIJ UHMVH U Q
LQ 2FHDQRJUDSK\ GRL

3LQJUHH 5 ' 6LQKD % DQG *ULIILWKV & 5 6HDVR

FXUUHQW *REDQ 6SXU DQG&REHDLDADWIDQ 6K AKMD G HW HD U

GRL 6

3ROWRQ - $ 7LGDOO\ LQGXFHG PHDQ IORZ RYHU EDW

FKDOOHQJH IRU KLJK UHVROGRBKRWOLEDGH BVWD FPSRG MDRD O

'"\QDPLFV # GRL

3RUWHU ( 7 ODVRQ 5 3 DQG 6DQIRUG / 3 (IIHFW

SHODJLF FRXSOLQJ LQ DQ H[SHU P(HF@®W D ®UIRBER ¥ HU/GHRR. V W X
PHSV

3RU] / =KDQJ : &KULVWLDQVHQ 1 .RVVDFN - 'DHZHO

AXDQWLILFDWLRQ DQG PLWLJDWLRQ RI ERWWRP WUDZOLQ.

VWRENV LQ W%HRIRHRWVE LGHHDRHY  GRL EJ

3RZOH\ + 5 3ROLPHQH / 7RUUHV 5 $0 $]KDU 0 %HOO

6 DQG $UWLROL < ORGHOOLQJ WHUULJHQRXV '2& D

6KHOI )DWH Rl ULYHULQH LQSXW D5GG LRWDPW @NLDRQ VHI
GRL M VFLWRWHQY



3URZH $ 7KRPDV + 3IWVFK - .«KQ : %R]JHF < G6FKLHYV

DQG %DDU + - GH OHFKDQLVPV FRQWUROOLQJ WKH
&RQWLQHQWDO 6KHOE5HVIBRUFK M FVU
3XJK ' 7 7LGHV VXUJHV DQG-RKQ QLOHD ORI\ /WG ,6%1
4XHLUYV $ 0 B6WHSKHQV 1 :LGGLFRPEH 6 7DLW . OF&
$LUV 5 %HHVOH\ $ &DUQRYDOH * &D]JHQDYH 3 'DVKI
JLQGHTXH 3 OF1HLOO & / 1XQHV - 3DUU\ + 3DVFRH
$WNLQVRQ $ .UDXVH(-HQVHQ ' DQG 6RPHUILHOG 3 -
VHGLPHQW V\WVWHPV EOXH FDUERQ DQG(FRRP®R AHDWLQ WK
ORQRJUDSIGRL HFP
SHLVVPDQQ - + %XUFKDUG + )HLVWHO 5 +DJHQ ( /D
8PODX| / DQG :LHFJRUHN * 9HUWLFDO PL[LQJ LQ W
IRU HXWURSKLF DIWIRIQ HVY WY 2 FHHED QR JUBBIK \

M SRFHDQ
5HVSODQG\ / +RJLN\DQ $ O0¢OOHU - ' 1DMMDU 5 * %I
7 &DL : - 'RQH\ 6 & )HQQHO . *HKOHQ 0 +DXFN -
3 /H 4XpUp & B5S5RREDHUW $ 6FKZLQJHU - %HUWKHW
*UXEHU 1 ,0\LQD 7 .RFN $ ODQL]]D 0 /DFKNDU = /I
, ' 1LVVHQ & HW DO $ 6\QWKHVLV RI *OREDO &RD
JOX[MOREDO %LRJHRFKHP &%OHV GRL * 0
5LFKDUGVRQ . 6XEVXUIDFH SK\WRSODQNWRQ EORRP\
6HPRXUQDO Rl 30DQNWRG& 5HVIBRUFK SODQNW
5LSSHWK 7 3 OL[LQJ LQ VHDVRQDOO\ VWVKRWRMHG VI
7UDQV $ ODWK 3K\V (Q# 6FLGRL UV WD
5LSSHWK 7 3 /LQFROQ % - .HQQHG\ + $ 3DOPHU 0 5
- ,PSDFW Rl YHUWLFDO PL[LQJ RQ VHD VXUIDFH S &2
VKHOI-VHBRSK\V 5HV 2FHBQV GRL - &

5RREDHUW $ /DUXHOOH * * /DQGVFKeW]J]HU 3 *UXEHU
7KH 6SDWLRWHPSRUDO '"\QDPLFV RI WKH 6RXUFHYVY DQG 6LC

2FHDOREDO %LRJHRFKHP+\FOBRL * 04
6DUPLHQWR - *UXEHU 1 DQG OF(OUR\ 0 2FHDQ %L
3K\VLFV 7RGD\GRL
6FKUXP & J/RZH - OHLHU + ( 0O *UDEHPDQQ , +ROW -
6NRJHQ 0 ' 6WHUO $ DQG :DNHOLQ 6 1FRBW\R K HF W
6HD 5HJLRQ &OLPDWH &KGQJIH $HAXNDDWRHDYG ) &ROLMQ 6.
,QWHUQDWLRQDO 3XEOLVKLQJ + GRL
BFKZLFKWHQEHUJ ) 3IWVFK - %|WWFKHU 0 ( 7KRPDV -
7KH LPSDFW Rl LOWHUWLGDO DUHDV RQ WKH FDUERC
%LRIJHRVFLHQRHV GRL EJ
BHLGHO 0 ODQHFNL O +HUOHPDQQ ' 3 5 'HXWVFK %
'LWWPDU 7 &RPSRVLWLRQ DQG 7UDQVIRUPDWLRQ RI
%DOWLBROW (DUWKREFL IHDUW
6KDUSOHV - 3RWHQWLDO LPSDFWV RI WKH VSULQJ Q}

SURGXFRXUWR@DO RI SODQNWR® S5SHGRDUFK SODQNW IEP



6KDUSOHV - ORRUH O & 5LSSHWK 7 3 +ROOLJDQ 3 O

6LPSVRQ - + 3K\WRSODQNWRQ GLVWUUERQ@RRQ DQGC
2FHDQRJU + GRL OR
6KDUSOHV - 7ZHGGOH - ) ODWWLDV *UHHQ - $ 3DOPH!

+ROOLJDQ 3 0 ORRUH & 0O 5LSSHWK 7 3 6LPSVRQ -

6SULQJ(QHDS PRGXODWLRQ RI LQWHUQDO WLGH PL[LQJ DG

VXPPHWQRO 2FHDQRZU GRL OR

6LPSVRQ - + 37KH &HOWLF BKIHD 6 HFIR DARDIX® H/ H J PTHK®IW |

&RDVWDO 2FHDQ + 5HJLR QD ®HEWARALN V- B : 6 \IHY K HB\RHOW /\

+
6LPSVRQ - + DQG +XQWHU - 5 1DWXURQWYV LGRIKH ,UL
D

6LPSVRQ - + DQG BKRDWIRMB\KFWLRQ WR WKH 3K\VLFDO DQ

2FHDQRJUDSK\ REOREOLGHBBQLYHUVLW\ 3UHVYV

BRQJ 6 %HOOHUE\ 5 * - :DQJ = $ :XUJDIW ( DQG /L

DQ ,PSRUWDQW &RQVWLWXHQW RI 7TRWDO $ONDOLQLW\ DQ¢

7UDQVLWLRQOHMRSMHV 5HV 2ERDQV -&

6RQJ 6 :DQJ = $ *RQQHHD 0 ( .URHJHU . ' &KX 6 1
$Q LPSRUWDQW ELRJHRFKHPLFDO OLQN EHWZHHQ RU

(IHIHFWV Rl RUJDQLF DONDOLQLW\ RQ FDUERQDWH FKHPLVV

LQWHUWLGDOHRFKWPRBDVWWMW.RVPRFKLEPLFBRBEWD

M JFD
6. QGHUPDQQ - DQG 3RKOPDQQ 7 $ EREHDQRORJIVYDV
+ GRL RF
BYHQGVHQ ( 6-WUH 5 DQG ORUN 0 JHDWXUHV RI W
&RQWLQHQWDO 6KHQI 5HBRDRUFK %
7KRPDV + %R]HF < %DDU + - : GH (ONDOD\ . )UDQNL
.DWWQHU * DQG %RUJHV $ 9 7 K H 96 LORUEHARQY FELXHEQI FHHAY
+ GRL EJ
7KRPDV + %R]JHF < (ONDOD\ . DQG %DDU + - : G
6WRUDJHIBRR2KHO| 6HEOFBHOSHQJ + GRL
VFLHQFH
7KRPDV + G6FKLHWWHFDWWH / 6 6X\NHQV . .RQp < - |
) %R]JHF < %DDU + - : GH DQG %RUJHV $ O (QK
IURP DQDHURELF DONDOLQLW\ J% QR UDRWFRG GRHNFEIRLW D O
EJ
7LQNHU - 3ROWRQ - $ B5RELQV 3 ( /HZLV 0 - DQG 27

RI WLGHV RQ WKH 1RUWK :HVW (XURSHDU®RYWHA U Y LLGOWVHDUU U
6FLHQFG®RL IPDUV

7RJJZHLOHU - 5 & D UE RMWRNHU FR Q V XGFRSIWW L R Q
D

7RQDQL 0 6\NHV 3 .LQJ 5 5 O0OF&RQQHOO 1 3pTXLJQH

$ 3ROWRQ - DQG 6LGGRUQ - 7KH LPSDFW RI D QF

WKH OHW 2IILFH 1IRUWK :HVW (XURSZHMHP @ KHFQH{RAHHF DV W L (
GRL RV



ITVXQRJDL 6 :DWDQDEH 6 DQG 7THWVXUR 6 , V. WKH I
DEVRUSWLRQ RI DWHPROSK MU LEKEHPLFDO DQG 3K\VALFDO OHV

GRL WHOOXVE Y L

7ZHGGOH - ) B6KDUSOHV - 3DOPHU O 5 'DYLGVRQ . D
QXWULHQW IOX[HV DW WKH VKHOI VHD VHDVRQDO WKHUPR
3URJUHVV LQ 2FHDQRJUBRK\ M SRFHDQ

8PODX|I /| DQG %XUFKDUG + $ JHQHULF OHQJWK VFD
WXUEXOHQRIXPRB®BVBORI ODULQH ¥HVHOREK

8PZHOWEXQGHWDAWDWH HPLVVLRQV IDOO E\ SHU FHQW
VLQFH 8%%$ SURMHFWLRQ 1DWLRQDO ROLPIDWIHR %D DXH'

YDQ +DUHQ + O0DDV / =LPPHUPDQ - 7 ) B5LGGHULQNKRI
BWURQJ LQHUWLDO FXUUHQWYV DQG PDUJLQDO LQWHUQDO
*HRSK\V 5HV /HWW GRL * |

YDQ /HHXZHQ 6 7HWW 3 O0LOOV ' DQG YDQ GHU OROHQ
DUHDV LQ WKH 1RUWK 6HD /RQJ WHUP YDULDELOLW)\ DQG
*HRSK\V 5HV 2FHDHV GRL - &

YDQ /HHXZHQ 6 0 YDQ GHU OROHQ - 5XDUGLM 3 )HUQTL
ORGHOOLQJ WKH FRQWULEXWLRQ Rl GHHS FKORURSK\0O0 P
1IRUWKWAHRDHRFKHPLVWU\ GRL v

90O0DVHQNR 9 6WDVKFKXN 1 ,QDOO 0O ( DQG +RSNLQV -
LQ D JOREDO KRW VSRW 2Q WKH (' G\QDPLFV RI EDURFOL

- *HRSK\V 5HV 2FHBQV GRL -&
9R\QRYD < * 3HWHUVHQ : *HKUXQJ 0 $%PDQQ 6 DQG
UHJLRQV FKDQJLQJ FRDVWDO DONDOLQLW\ 7KH :DGGHQ 6}
JLPQRO 2FHDQR2U GRL OQR

‘DNHOLQ 6 / +ROW - 7 %ODFNIRUG - & $OOHQ - , %

ORGHOLQJ WKH FDUERQ IOX[HV RI WKH QRUWKZHVW (XURS
EXGJHRKW QDO RI *HRSK\VLFDO 58BRHDUFK 2FHBEQV
'LKVJRWW - 8 B6KDUSOHV - +RSNLQV - ( :RRGZDUG (
DQG 6LY\HU ' % 2EVHUYDWLRQV Rl YHUWLFDO PL[L¢
DXWXPQ SK\WRS G@&NWHR\QV E@RRPH D Q R J U BEFKU
M SRFHDQ
'LOOLDPV & 6KDUSOHV - *UHHQ O ODKDIIH\ & DQG 5L
RI WKH VXEVXUIDFH FKORURSK\OO PDI[L P XIPPQQ) @/XLHG V WLOIG/
(QOYLURQPHQ@WVGRL

;LH ; + &X\SHUV < %RXUXHW($XEHUWRW 3 3LFKRQ $

*HQHUDWLRQ DQG SURSDJDWLRQ RI LQWHUQDO WLGH
WKH %D\ R{I %HRBB\V 5HV 2FHBRQV GRL -&
=KDQJ : :LUW] . 'DHZHO 8 :UHGH $ .U|QFNH , .XKQ
OD 0 DQG 6FKUXP & 7KH %XGJHW RI ODFUREHQWKI
ORGHOLQJ &DVH 6WXG\*B %W\ RH HIFRVUAMLK GR#DV ~ GRL

*

=KDQJ < - <H ) 6WDQHY ( 9 DQG *UDVKRUQ 6 6+
ZLWK 6&2BHDQ ORGHOOEQJ GRL M RFHPRG
=KDR & 'DHZHO 8 DQG 6FKUXP & 7LGDO LPSDFWYV

IRUWK(BHWK 6\VWHP "\QD#PLFWGRL HVG






$FNQRZOHGJHPHQWYV

6FLHQFH LV D FROODERUDWLYH HDSPWW WKDWKH B R PYSHOH WKL
WKHVLV KDV RQO\ EHHQ SRVVLEOH ZLWE\ADKQMW WKEBSWKDQR |
VXSHUYLVRU &RULQQD 6FKUXP 7KDQN \RX IRU WKH VXSSR
DQG HQOLJKWHQLQJ GLVFXVVLRQV , DP YHU\ JUDWHIXO IRL
FKDOOHQJH , ZRXOG OLNH WR WKDQN P\ FR VXSHUYLVRU
SHUYDVLYH VXSSRUW WKURXJKRXW WKH ODVW \HDUV 7K
LQYDULDEO\ XVHIXO NQRZOHGJH LQ WKH ILHOG IRU DOO W
WKLQJV LQWR BRMVG HAWHYWR WKDQN P\ VHFRQG FR VXSHLU
VKDULQJ KLV LPPHQVH H[SHULHQFH DQG W KW AR QWMYUHX § VWL Y
RI WKLV WKHVLV 6SHFLDO WKDQNV WR 8WH 'DHZHO ZKRTYV
PRGHOOLQJ DUH WUXO\ LQVSLUDWLRQDO DQG WR -RVHSK
H[SHULHQFH DQG KHOS ZLWK WKH FKDOOHQJHV RI PRGHOOL

, DOVR ZRXOG OLNH WR WWBQNRXDPOQBGKEHRRQOHDKRXHWKDUH
RXU .67 JURXS ZzDV D JUHDW LQVSLUDWLRQ DQG QRW IDFLC
FKDOOHQJLQJ WLPHV ZDV YHU\ LPSRUWDQW IRU PH O0DQ\ W
ILUVW VWHSYV LQWR VFLHQFH DQG DOO WKH LQIRUPDWLYH C
%YHQMDPLQ -DFRE IRU WKHLU DVVLVWDQFH ZLWK WKH PRGH!
WHFKQLFDO WURXEOHVKRRWLQJ

, ZRXO0G QRW EH KHUH ZLWKRXW DOO WKH VXSSRUW FDUH C
\RX /HQD IRU DOO WKH VXSSRUW IRU KDHGSRQIGPWEDRN DRYGC
(OLQ IRU PRWLYDWLQJ PH RQ WKH ILQDO VWUHWEFK






(LGHVVWDWWOLFKH 9HUVLFKHUXQJ _ 'HFODU

+LHUPLW HUNOIUH LFK DQ (LGHV VWDWW GDVV LFK GLH YR
YHUIDVVW XQG NHLQH DQGHUHQ DOV GLH DQJHJHEHQHQ 4X

, KHUHE\ GHFODUH XSRQ RDWK WKDW , KDYH ZULWWHQ WKH
DQG KDYH QRW XVHG IXUWKHU UHVRXUFHY DQG DLGV WKDQ

+DPEXUJ

-DQ )HOL[ *RWWOLHE .RVVDFN



	Dissertation
	Appendix A - Study I
	Study I
	Appendix B - Study II
	Study II
	Appendix C - Study III
	Study III

