
Gìwhfwlrq whpsv0ìfkhooh gh uxswxuhv gdqv xq euxlw
pxowlsolfdwli ã o*dlgh gh suìwudlwhphqw qrq0olqìdluh
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Uìvxpì � Fhw duwlfoh ìwxglh od gìwhfwlrq gh uxswxuhv gdqv ohv prgëohv pxowlsolfdwliv hq dvvrfldqw ghv pìwkrghv whpsv0ìfkhooh
ã ghv wudqvirupdwlrqv qrq0olqìdluhv1 Ghx{ gìwhfwhxuv vrxv0rswlpdx{ edvìv vxu ghv pdujlqdolvdwlrqv gh od A�� rqw prqwuì gh
erqqhv shuirupdqfhv oruvtxh oh euxlw hvw pxowlsolfdwli dDo1 Fhw duwlfoh ìwxglh o*lq xhqfh g*xq suìwudlwhphqw txdgudwltxh vxu ohv
shuirupdqfhv gh fhv gìwhfwhxuv1 Oh fdv g*xq suìwudlwhphqw txdgudwltxh hvw frqvlgìuì sdu vlpsolflwì/ fhshqgdqw g*dxwuhv w|shv
gh qrq0olqìdulwìv shxyhqw íwuh ìwxglìv vlplodluhphqw1 Fhw duwlfoh prqwuh tx*xq suìwudlwhphqw txdgudwltxh dpìolruh oh frqwudvwh
whpsv ìfkhooh hw sdu vxlwh ohv shuirupdqfhv gh od gìwhfwlrq/ vrxv fhuwdlqhv frqglwlrqv frqfhuqdqw ohv sdudpëwuhv gx euxlw hw gh od
uxswxuh1

Devwudfw � Wkh sureohp ri Deuxsw Fkdqjh +��, ghwhfwlrq lq pxowlsolfdwlyh qrlvh lv dguhvvhg1 Pxowlsolfdwlyh �� kdyh ehhq
frqvlghuhg lq pdq| dssolfdwlrqv1 Wkhvh dssolfdwlrqv lqfoxgh vshfnoh qrlvh lq udgdu lpdjhv dqg udqgrp frppxqlfdwlrq prghov1
Wklv zrun dvvrfldwhv wlph0vfdoh vljqdwxuh0edvhg ghwhfwruv zlwk d txdgudwlf suh0surfhvvlqj1 Wkh Frqwlqxrxv Zdyhohw Wudqvirup
+�`A , wudqvodwlrq lqyduldqfh ohdgv wr dq �� vljqdwxuh1 Wkhq/ wkh sureohp lv vljqdwxuh ghwhfwlrq lq wkh wlph0vfdoh grpdlq1
D vhfrqg0rughu frqwudvw fulwhulrq vkrzv wkdw d txdgudwlf suh0surfhvvlqj fdq ohdg wr vljqdwxuh hqkdqfhphqw1 Pruhryhu/ wkh
shuirupdqfh ri wzr vxerswlpdo vljqdwxuh0edvhg ghwhfwruv duh fohduo| lpsuryhg e| wklv qrq0olqhdu suh0surfhvvlqj xqghu dssursuldwh
frqglwlrqv uhjduglqj qrlvh dqg vljqdo sdudphwhuv1 Wklv sdshu ghprqvwudwhv wkdw wkh txdgudwlf suh0surfhvvlqj rxwshuirupv wkh
olqhdu phwkrg iru �� ghwhfwlrq lq pxowlsolfdwlyh Jdxvvldq qrlvh/ xqghu dssursuldwh frqglwlrqv1

4 Lqwurgxfwlrq

O*h{wudfwlrq gh frqwrxuv rx od vhjphqwdwlrq qìfhvvlwhqw
od gìwhfwlrq hw o*hvwlpdwlrq gh uxswxuhv/ f*hvw0ã0gluh gh
fkdqjhphqwv euxvtxhv gdqv ohv fdudfwìulvwltxhv gx sur0
fhvvxv revhuyì ^4`1 Fhw duwlfoh hqylvdjh oh sureoëph gh od
gìwhfwlrq gh uxswxuhv gdqv oh frqwh{wh qrq0vwdqgdug ghv
prgëohv pxowlsolfdwliv1 Ohv prgëohv pxowlsolfdwliv vrqw hq0
ylvdjìv gdqv xq qrpeuh furlvvdqw g*dssolfdwlrqv whoohv txh
oh wudlwhphqw g*lpdjhv lvvxhv gh v|vwëphv ã ìfodludjh frkì0
uhqw +udgdu/ odvhu, ^5` hw od prgìolvdwlrq gh fdqdx{ gh wìoì0
frppxqlfdwlrq ^44`1 Ohv wudqvirupìhv whpsv0ìfkhooh +ed0
vìhv qrwdpphqw vxu od Wudqvirupìh hq Rqghohwwhv Frqwl0
qxh +WRF,, hw whpsv0iuìtxhqfh/ dvvrflìhv ã ghv srvw0
wudlwhphqwv rx ghv phvxuhv gh glvwdqfhv/ vh vrqw dyìuìhv
h!fdfhv srxu od gìwhfwlrq gh uxswxuhv gdqv ohv prgëohv
dgglwliv ^:` > ^;` = Ghx{ gìwhfwhxuv vrxv0rswlpdx{ edvìv vxu
ghv pdujlqdolvdwlrqv gh od WRF rqw prqwuì gh erqqhv
shuirupdqfhv ìjdohphqw oruvtxh oh euxlw hvw pxowlsolfd0
wli ^8`1 Fhw duwlfoh ìwxglh o*lq xhqfh g*xq suìwudlwhphqw
qrq0olqìdluh vxu ohv shuirupdqfhv gh fhv gìwhfwhxuv1 Oh fdv
g*xq suìwudlwhphqw txdgudwltxh hvw frqvlgìuì sdu vlpsol0
flwì/ fhshqgdqw g*dxwuhv w|shv gh qrq0olqìdulwìv shxyhqw
íwuh ìwxglìv vlplodluhphqw1 O*dvvrfldwlrq gh od WR hw gh
wudlwhphqwv qrq0olqìdluhv d ìwì xwlolvìh dyhf vxffìv gdqv
fhuwdlqhv dssolfdwlrqv frpph o*hvwlpdwlrq ghv prphqwv
g*ruguhv vxsìulhxuv rx o*lpsoìphqwdwlrq gh �owuhv qrq0olqìdluhv
^<` = Oh sureoëph gh gìwhfwlrq v*h{sulph vrxv od iruph g*xq

whvw g*k|srwkëvhv vlpsohv =
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D � 3 hw d3 A 31
Vrxv o*k|srswkëvh K3> oh surfhvvxv revhuyì hvw xq euxlw

gh yduldqfh �5{ hw gh pr|hqqh p{ vxssrvìh qrq qxooh1 Sdu
vlpsolflwì h{+w, @ {+w,�p{ hvw vxssrvì eodqf1
Vrxv o*k|srswkëvh K4> rq revhuyh oh vljqdo gìwhuplqlvwh

v+w,> gh yhfwhxu sdudpëwuh � @ +D> w3> d3,
w +dpsolwxgh/

lqvwdqw/ glodwdwlrq, prgìolvdqw xqh uxswxuh/ qr|ì gdqv oh
euxlw pxowlsolfdwli {+w,1 v+w, fruuhvsrqg ã xqh wudqvlwlrq
gh 4 ã 4.D= i fdudfwìulvh od iruph gh od wudqvlwlrq1 i hvw
vxssrvìh srvlwlyh/ eruqìh hw yìul�h = i+w, @ 3 srxu w � �W
hw i+w, @ 4 srxu w � W 1 v+w, whqg yhuv xq ìfkhorq g*dpsol0
wxgh D ã o*lqvwdqw w3 txdqg d3 �$ 3= Fh w|sh gh surfhvvxv
fruuhvsrqg/ sdu h{hpsoh hq lpdjhulh udgdu/ ã od iurqwlëuh
hqwuh ghx{ fkdpsv fxowlyìv gh uì hfwlylwìv gl�ìuhqwhv1
Ohv prphqwv gx suhplhu hw gx vhfrqg ruguh gh od WRF>

ìyhqwxhoohphqw dvvrflìh ã xq suìwudlwhphqw txdgudwltxh/
vrqw fdofxoìv vrxv ohv ghx{ k|srwkëvhv gdqv od ghx{lëph
sduwlh1 Od wurlvlëph sduwlh sursrvh od gì dwlrq frpsoì0
phqwdluh frpph phvxuh gh frqwudvwh whpsv0ìfkhooh1 Od
frpsdudlvrq ghv frqwudvwhv olqìdluh hw txdgudwltxh rewh0
qxv dyhf o*rqghohwwh v|pìwultxh gh Kddu prqwuh txh/ vrxv
fhuwdlqhv frqglwlrqv frqfhuqdqw ohv sdudpëwuhv gx euxlw hw



gh od uxswxuh/ xq suìwudlwhphqw txdgudwltxh dpìolruh ohv
shuirupdqfhv gh od gìwhfwlrq1

5 Dqdo|vh whpsv0ìfkhooh
Od WRF gh |+w, hvw gì�qlh sdu =
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hvw frqvwuxlwh sdu glodwdwlrq hw
wudqvodwlrq gh od irqfwlrq rqghohwwh pëuh # +d ìwdqw oh
sdudpëwuh gh glodwdwlrq/ � oh sdudpëwuh gh wudqvodwlrq,1
Vl # vdwlvidlw od frqglwlrq g*dgplvvlelolwì +txl v*h{sulph
sdu

U.4
�4

#+w,gw @ 3 oruvtxh od wudqvirupìh gh Irxulhu gh
# hvw frqwlqxh,/ od wudqvirupìh dgphw xqh irupxoh gh uh0
frqvwuxfwlrq ^9`1 Fhwwh ìwxgh frqvlgëuh ghv rqghohwwhv qru0
pdolvìhv gh vxssruw eruqì hw v|pìwultxh
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514 Vljqdwxuh whpsv0ìfkhooh

Qrwrqv =

pl>m+d> �, @ H
�
F|l+d> �, m Km

�
�5l>m+d> �, @ ydu

�
F|l+d> �, m Km

�
dyhf l @ 4> 5 +l @ 4 vdqv suìwudlwhphqw/ l @ 5 dyhf suìwudl0
whphqw txdgudwltxh, hw m @ 3> 41 Od frqglwlrq g*dgplvvl0
elolwì lpsoltxh =
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O*lqyduldqfh gh od WRF sdu wudqvodwlrq hw glodwdwlrq shu0
phw gh gì�qlu od vljqdwxuh whpsv0ìfkhooh gh od uxswxuh
frpph ìwdqw od pr|hqqh gh F|l +d> �, vrxv o*k|srwkëvh
K4 ^:` =
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dyhf w4 @ w3�d3W hw w5 @ �.d�w
5 1 Ohv vljqdwxuhv rewhqxhv

srxu l @ 4> 5> l1h1 dyhf hw vdqv suìwudlwhphqw/ srlqwhqw yhuv
o*lqvwdqw gh od uxswxuh w3/ fh txl shuphw ìyhqwxhoohphqw
g*hvwlphu fh sdudpëwuh1

515 Yduldqfh whpsv0ìfkhooh

Od vljqdwxuh gh od uxswxuh hvw qr|ìh gdqv xq euxlw whpsv0
ìfkhooh gh yduldqfh =
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Frqvlgìurqv o*h{hpsoh gx euxlw {+w, dyhf p{ @ 4 hw �5{ @
4= Od wudqvlwlrq i+w, hvw xq ìfkhorq gì�ql sdu w3 @ 833
+lqvwdqw, hwD @ 3=7 +dpsolwxgh,= Ohv �jxuhv 4 hw 5 prqwuhqw
ohv vljqdwxuhv rewhqxhv vdqv sxlv dyhf xq suìwudlwhphqw
txdgudwltxh1 Gdqv ohv ghx{ fdv/ ohv frxshv ã ìfkhooh �{h gh
od vljqdwxuh vrqw sursruwlrqqhoohv ã o*lqwìjudoh gh o*rqgh0
ohwwh +ohv frxshv vrqw wuldqjxodluhv srxu o*rqghohwwh v|pì0
wultxh gh Kddu,1 Ohv �jxuhv 6 hw 7 uhsuìvhqwhqw ohv WRF

euxlwìhv gh |+w, hw |5+w,1 Od WRF hvw fdofxoìh srxu ghv
ìfkhoohv doodqw gh 533 ã 683 dyhf o*rqghohwwh v|pìwultxh
gh Kddu1 Ohv vljqdwxuhv srlqwhqw vxu o*lqvwdqw gh od uxs0
wxuh w3 @ 833= Fhv vljqdwxuhv ìphujhqw gx euxlw srxu gh
judqghv ìfkhoohv1 Oh fkrl{ gh o*rqghohwwh gh Kddu uìvxowh
gh o*rswlplvdwlrq gx frqwudvwh whpsv0ìfkhooh suìvhqwì gdqv
od wurlvlëph sduwlh1

6 Gìwhfwlrq whpsv0ìfkhooh

614 Frqwudvwhv olqìdluh hw txdgudwltxh

G*dsuëv +4, > oh sureoëph gh gìwhfwlrq gh uxswxuhv shxw
íwuh hqylvdjì gdqv oh grpdlqh whpsv0ìfkhooh/ od vwdwlvwltxh
gh whvw idlvdqw doruv lqwhuyhqlu F|l+d> �,> l @ 4> 5= Xq ful0
wëuh gh frqwudvwh shuphw g*rugrqqhu o*hqvhpeoh ghv vwd0
wlvwltxhv ^43` hw grqf gh phvxuhu o*lq xhqfh g*xq suìwudl0
whphqw qrq0olqìdluh vxu ohv shuirupdqfhv gh od gìwhfwlrq1
Oh frqwudvwh dvvrflì ã od vwdwlvwltxh F|l+d> �,> l @ 4> 5/ hq
wrxw srlqw +d> �, gx sodq whpsv0ìfkhooh shxw íwuh gì�ql sdu
^43` =
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hvw od yduldqfh fruuhvsrqgdqw dx pì0

odqjh gh glvwulexwlrqv s� +{, @ +4� �, s3 +{, . �s4 +{,
dyhf � 5 ^3> 4`/ s3+=, hw s4+=, ìwdqw ohv glvwulexwlrqv gh
F|l+d> �, vrxv ohv k|srwkëvhv K3 hw K41 Ohv fulwëuhv rewh0
qxv srxu � @ 3 hw � @ 4 vrqw od gì dwlrq hw od gì dwlrq
frpsoìphqwdluh1 Od yduldqfh ìwdqw soxv lpsruwdqwh vrxv
o*k|srwkëvh K4 txh vrxv K3 +v+w, � 4 ;w 5 
,/ od gì dwlrq
frpsoìphqwdluh hvw xq fulwëuh soxv frqwudljqdqw txh od gì0
 dwlrq1 Fh frqwudvwh fruuhvsrqg ã xq Udssruw Vljqdwxuh
ã Euxlw gdqv oh grpdlqh whpsv0ìfkhooh/ vrxv o*k|srwkëvh
K4= Qrwrqv �l+d> �, od gì dwlrq frpsoìphqwdluh rewhqxh
srxu F|l+d> �,1 Srxu xq ìfkhorq qr|ì gdqv xq euxlw eodqf/
ohv frqwudvwhv v*h{sulphqw sdu =
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Fhv frqwudvwhv vrqw sursruwlrqqhov ã o*ìfkhooh vxu ohv gurlwhv
gx sodq whpsv0ìfkhooh gì�qlhv sdu w3��

d @ � @frqvwdqwh hw
vrqw grqf lpsruwdqwv dx{ judqghv ìfkhoohv= Fhfl prqwuh
o*lqwìuíw gh wudydloohu gdqv oh grpdlqh whpsv0ìfkhooh1 Xqh
rqghohwwh rswlpdoh/ pd{lplvdqw fhv frqwudvwhv d ìwì fdo0
fxoìh vxu o*hqvhpeoh ghv rqghohwwhv qrupdolvìhv hw dgplv0
vleohv ^7`1 Fhwwh rqghohwwh shxw íwuh dssurfkìh sdu o*rq0
ghohwwh v|pìwultxh gh Kddu gh vxssruw eruqì
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srxu gh idleohv dpsolwxghv gh od uxswxuh1 Ohv frqwudvwhv ol0
qìdluh hw txdgudwltxh shxyhqw íwuh frpsduìv vxu od frxueh
ghv pd{lpd gh od WRF +� @ w3, dyhf o*rqghohwwh gh Kddu
v|pìwultxh =
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1 Srxu U �{ì> oh udssruw �5+d>w3,
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hvw xqh

irqfwlrq furlvvdqwh gh D txl whqg yhuv 7U oruvtxh D $ 3
hw U oruvtxh D $ .4= Sdu frqvìtxhqw/
4, vl U � 4 xq suìwudlwhphqw txdgudwltxh dpìolruh oh

frqwudvwh txhooh txh vrlw o*dpsolwxgh D>
5, vl U � 4

7 xq suìwudlwhphqw txdgudwltxh gìwhulruh oh
frqwudvwh txhooh txh vrlw o*dpsolwxgh D>
6, vl 47 ? U ? 4 xq suìwudlwhphqw txdgudwltxh dpìolruh

oh frqwudvwh srxu gh idleohv dpsolwxghv gh od uxswxuh +D �
D3,
Oh udssruw �5+d>w3,

�4+d>w3,
gìshqg gh od glvwulexwlrq gx euxlw

pxowlsolfdwli sdu o*lqwhupìgldluh gh U= Srxu xq euxlw pxowl0
solfdwli jdxvvlhq sdu h{hpsoh/ ohv prphqwv gh {+w, hw {5+w,
yìul�hqw p{5 @ p5

{ . �5{ hw �5{5 @ 5�5{
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615 Gìwhfwhxuv olqìdluh hw txdgudwltxh

Ghv srvw0wudlwhphqwv gh od WRF shuphwwhqw gh frqvwuxluh
ghv gìwhfwhxuv vrxv0rswlpdx{ ^8`1 Oh suhplhu gìwhfwhxu
frqvlgìuì fdofxoh od vrpph ghv frxshv ã ìfkhooh �{ìh gh
od WRF1 Fh gìwhfwhxu qh qìfhvvlwh sdv g*lqirupdwlrq d
sulrul vxu od uxswxuh1 Oh ghx{lëph gìwhfwhxu fdofxoh od
vrpph ghv frxshv ã ìfkhooh �{ìh gh od fruuìodwlrq hqwuh od
WRF hw xqh vljqdwxuh lgìdoh frqvwuxlwh ã sduwlu g*lqiru0
pdwlrqv d sulrul vxu od uxswxuh1 Qrwrqv �4 +�, hw �5 +�,
ohv vwdwlvwltxhv fruuhvsrqgdqw ã fhv ghx{ gìwhfwhxuv =
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Gdqv ohv ghx{ fdv/ ohv vwdwlvwltxhv gh whvw vrqw dssur{lpd0
wlyhphqw jdxvvlhqqhv hw vrqw frpsduìhv ã xq vhxlo +irqf0
wlrq gh od suredelolwì gh idxvvh doduph sid, fdofxoì hq
irqfwlrq ghv lqirupdwlrqv d sulrul vrxv o*k|srwkëvh K3=
Ohv �jxuhv 8 hw 9 uhsuìvhqwhqw ohv frxuehv FRU/ +l1h1 od
suredelolwì gh gìwhfwlrq +sg, hq irqfwlrq gh sid, rewhqxhv
dyhf fhv ghx{ gìwhfwhxuv dvvrflìv rx qrq ã xq suìwudlwh0
phqw txdgudwltxh1 Xq suìwudlwhphqw txdgudwltxh dpìolruh
ylvleohphqw ohv shuirupdqfhv gh od gìwhfwlrq/ srxu ohv sd0
udpëwuhv gx euxlw frqvlgìuìv +p{ @ 4 hw �5{ @ 4,1

7 Frqfoxvlrq
Od gìwhfwlrq gh uxswxuhv qr|ìhv gdqv xq euxlw pxowl0

solfdwli d ìwì ìwxglìh sdu ghv pìwkrghv whpsv0ìfkhooh dyhf
xq suìwudlwhphqw qrq0olqìdluh1 Od gì dwlrq frpsoìphq0
wdluh r�uh xqh phvxuh gx frqwudvwh whpsv0ìfkhooh dgdswìh
ã fh sureoëph gh gìwhfwlrq1 Fh fulwëuh prqwuh tx*xq suì0
wudlwhphqw txdgudwltxh shxw dpìolruhu ohv shuirupdqfhv
gh od gìwhfwlrq/ vrxv fhuwdlqhv frqglwlrqv frqfhuqdqw ohv
sdudpëwuhv gx euxlw hw gh od uxswxuh1 Ohv frxuehv FRU
prqwuhqw fodluhphqw fhwwh dpìolrudwlrq1 Qrwrqv txh o*do0
jrulwkph gh gìwhfwlrq olqìdluh hvw lqrsìudqw oruvtxh oh
euxlw pxowlsolfdwli hvw ã pr|hqqh qxooh/ od vljqdwxuh whpsv0
ìfkhooh ìwdqw sursruwlrqqhooh ã od pr|hqqh gx euxlw +4,1
O*ìwxgh ylvdqw ã frpsduhu ohv gìwhfwhxuv olqìdluh hw txd0
gudwltxh/ qrxv o*dyrqv uhvwuhlqwh ã p{ 9@ 3= Wrxwhirlv/

oruvtxh p{ @ 3> xq suìwudlwhphqw qrq0olqìdluh shuphw
g*hqylvdjhu xqh vwudwìjlh gh gìwhfwlrq edvìh vxu od vljqd0
wxuh whpsv0ìfkhooh ^6`1
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Ilj1 4= Vljqdwxuh g*xq ìfkhorq +D @ 3=7> w3 @ 833, dyhf
o*rqghohwwh gh Kddu vdqv suìwudlwhphqw
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Ilj1 5= Vljqdwxuh g*xq ìfkhorq +D @ 3=7> w3 @ 833, dyhf
o*rqghohwwh gh Kddu hw suìwudlwhphqw txdgudwltxh
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Ilj1 6= WRF g*xq ìfkhorq +D @ 3=7> w3 @ 833, dyhf o*rq0
ghohwwh gh Kddu vdqv suìwudlwhphqw

t0 = 500

200
250

300
350

400
800

1200
-10

-5

0

5

10

15

temps échelle

( )τ,2 aC
y

Ilj1 7= WRF g*xq ìfkhorq +D @ 3=7> w3 @ 833, dyhf o*rq0
ghohwwh gh Kddu dyhf suìwudlwhphqw txdgudwltxh
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Ilj1 8= Frxuehv FRU 0 Vrpph oh orqj ghv ìfkhoohv gh od
WRF dyhf hw vdqv suìwudlwhphqw txdgudwltxh
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Ilj1 9= Frxuehv FRU 0 Vrpph oh orqj ghv ìfkhoohv gh od
fruuìodwlrq whpsv0ìfkhooh dyhf hw vdqv suìwudlwhphqw txd0
gudwltxh
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