Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Spatiotemporal Features of Pollutant Loads in the
Yan River Basin, a Typical Loess hilly and Gully
Watershed in the Chinese Loess Plateau

Yanni Song

<M ER .MESXSRK 9RMZIVWMX]
Yiping Wu (! rocky.ypwu@gmail.com )

<M"ER .MESXSRKLIXRWM&ZIVWWIGWH SVK

Changshun Sun

7LEER\M 4VSZMRGMEP %GEHIQ] SW)RZMVSRQIRXEP 7GMIRGI
Fubo Zhao

<M ER .MESXSRK 9RMZIVWMX]

Jingyi Hu

<M ER .MESXSRK 9RMZIVWMX]
Ji Chen

9RMZIVWMX] SJ ,SRK /SRK
Linjing Qiu

<M ER .MESXSRK 9RMZIVWMX]

Research Letter

Keywords: '3( 2YXVMIRX PSEHW 03%()78 247 TSPPYXMSR 7;%38
Posted Date: 1E] XL

DOLL LXXTW HSM SVK VW VW Z

License: g O 8LMW [SVO MW PMGIRWIH YRHIWHEFYDEMSMRZ | 'S RXSRRE %
6lEH *YPP OMGIRWI


https://doi.org/10.21203/rs.3.rs-502118/v1
mailto:rocky.ypwu@gmail.com
https://orcid.org/0000-0002-5163-0884
https://doi.org/10.21203/rs.3.rs-502118/v1
https://creativecommons.org/licenses/by/4.0/

10

11

12

13

14

15

Spatiotemporal features of pollutant loads in the Yan River
Basin, a typical loess hilly and gully watershed in the Chinese

Loess Plateau
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Abstract

:DWHU TXDOLW\ LV WKH UHVWULFWLYH IDFWRU IRU E
GHYHORSPHQW LQ WKH &KLQHVH /RHVV 30DWHDX D XQLT
IJUDJLOH HFRORJ\ DQG ZDWHU VKRUWDJH 8QGHUVWDQGL
ORDGV LV Rl YLWDO LPSRUWDQFH IRU WKH VXVWDLQDEL
30DWHDX 7KLV VWXG\ LQYHVWLIJDWHG WKH VSDWLRWH
GHPDQG &2' WRWDO QLWURJHQ 71 DQG WRWDO SKRVS
6RLO DQG :DWHU $VVHVVPHQW 7RRO 6:$7 DQG UHJUHV
/2$'(67 LQ D W\SLFDO ORHVV KII2OWKH @BQJ%DDN UZ DUDA L
<DQ5% 5HVXOWV VKRZHG WKDW WKH PRGHO VLPXODW
SROOXWDQW ORDGYV ZHUH LQ JRRG DJUHHPHQW ZLWK WKR
7KH WHPSRUDO YDULDWLRQ DQDO\VLV VXJIJHVWHG WKDW
LQ WKH VWXG\ SHULRG - DW IRXU RI WKH ILYH VW
LQ DQG WKH PXOWL \HDU L H + ZLWK EHLQ
UDLQIDOO DYHUDJH ORDGV RI &2' 71 DQG 73 DW WKH 7]
WKH RXWOHW RI WKH EDVLQ ZHUH NJ G NJ G L
VSDWLDO GLVWULEXWLRQ RI WKH 71 DQG 73 ORDGV DORC
EHFDXVH WKH 73 OHYHO ZHUH REYLRXYO &KX WK BURXWD Q¢
*DQJX\L WKDQ WKH GRZQVWUHDP HJ 7DQMLDKH DQG
ULYHU IORZHG IURP =KXMLDJRX WR *DQJX\L )XUWKHU W
WKH QXWULHQW ORDGV ZHUH WKH KLIJKHVW LQ VXPPHU

WKHVH WZR ZHW VHDVRQV FRQWULEXWHG WKH PRVW RI V
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DQG IRUL1DQYB UHVSHFWLYHO\ LQGLFDWLQJ WKH KLJKHU
ORDG D VLPLODU SRLQW EDVHGQRIMGW KW LIRGQW NIUK B QFRDIT
DQDO\VLV RI SRLQW VRXUFH DQG QRQ SRLQW VRXUFH SR
PRVW RI WKH SROOXWDQW ORDGV DWQWKH ZR{ROKHZ®OAW H U
71 DQG 73 ORDGV UHVSHFWLYHO\ 2YHUDOO WKLV V
GLVWULEXWLRQV RI WKH NH\ SR ®D®W DDV XORDOH |IRQ WK

TXDOLW\ SURWHFWLRQ DQG SROOXWLRQ FRQWURO LQ WK

. H\ZRU&GY' 1XWULHQW OROGY SROPKWLRQ 6:$7
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1 Introduction

3ROOXWDQW GLVFKDUJH FDXVHV ZLGHVSUHDG RUJDQLF
ZLWK VHYHUH HFRORJLFDO GHVWUXFWLRQ DQG IXUWKH!I
SURGXFW.LR®Y DODQJ HW DOFKZDUJHQEDFK:B@J[DX G

<DQJ 7KH &KLQHVH JRYHUQPHQW KDV UHDOL]J]HG WKH L
SROOXWLRQ DQG SXEOLVKHG $FWLRQ 30DQ IRU 3UHYHQ\
SURWHFW WKH VXUIDFH ZDWHU PRIG HW RXQHEFRZHNYHWU LQ $S
PDNLQJ HIILFLHQW ZDWHU TXDOLW\ PDQDJHPHQW PHDYVXI
DQWKURSRJHQLF DQG QDWXUDO LQIOXHQFLQJ IDFWRUV
LQFUHDVH UDWH RI ZDVWHZDWHU DQGSNMHZ\BHIHJ GD QK /U]
GDLO\ GLVFKDUJH RI LQGXVWULDO DQG GRPHVWLF ZDVWH
=KRX DQG /LYHVEBKWW DXVHG DQ LQYHQWRU\ DQDO\VL)
WKH DJULFXOWXUDO QRQ SRLQW VRXUFH 136 SROOXWLI
DQG IRXQG WKDW WKH SROOXWLRQ ORDGV RI FKHPLFDO
71 DQG WRWDO SKRVSKRUXV 73 LQFUHDVHG E\
7TKHUHIRUH LGHQWLI\LQJ WKH FXUUHQW SROOXWLRQ VLW
ZLWK KXPDQ DFWLYLWLHY DUH LPSRUWDQW IRU ZDWHU U}
+\GURPHWHRURORJUFD®UHBESURWUD/W LR Q UXQRII DQG
DOWKURSRIJHQLFODDOFWRUYM BJIJULFXOWXUDO SUDFWLFHYV
HJ VRLO YHIHWDWLRQ VORSH JUDGLHQW FDQ ODU.
WUDQVIRUPDWLRQ RI SROOXWDQWY 7KHUH ZHUH D QXPE}

LVVXHV LQ UHFHQW \HDUV HVSHFLDOO\ DERXW QXWULH
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XUEDQL]DWLRQ DQG HYHUI R LD R SEMIHIDWWR Q@ D

HW DO 1XPHULFDO ZDWHU TXDOLW\ PRGHOV DUH XVHIXC
ORDGY DW WKH ZDWHUVKHG VFDOH DQG WKHVH PRGHOV
PRGHOV HJ 586/( 6('" DQG 3/2%$'" VWDWLVWLFDO PR
:57'6 DQG *$00.6 SK\VLFDOO\ EDVHG PRGHOV H J 6:%
$QQ$*136 DQG LQWHOOLJHQW GDWD DQDO\VLV PHWK
JHHGIRUZDUG 1HXUDO 1HWZRUN DQG )X %M DO\ & RPSDL
/ILQ HW DBRX HW DO7KH 6RLO DQG :DWHU $VVHVVPHQW 7R
KDV EHHQ ZLGHO\ XVHG WR VLPXODWH WKH VHGLPHQW
VXUIDFHMWXHQWIROD IORZ DQG JMWKRXDRGIADWEHRIBRAU WKH
DSSOLFDWLRQV Rl 6:37 LQ VRPH UHJLRQV DUHaRIWHQ GLV
et al. (2019)proposed the Hydro-Informatic Modelling Systepollution load (HIMS-
PL) model to simulate the processes of pollutant generation and transport, and
quantified the pollution load in semiarid and semi-humid areas. However, this model
needs intensive input data including the spatial attribute information of study area,

P HW H R,dtre@iIdW, point source (PS) pollutant loads, and cross-section pollutant
concentrationsThe Load Estimator (LOADESTmodel, which has been widely used
for quantitative assessment of pollution loads in those ungauged watersheds or those
with limited gaging watershed, has been proven to be an efficient tool in water quality
assessment& KHQ HW D&KHQ HOW DXDQ HW DO

SROOXWDQWY FDQ EH FODVVLILHG DV 36 DQG 136 SROO.

WR PDQDJH DQG FRQWURO EHFBEGEMKW. WW. \LVHD XL WHR &IHI |1

Page 5of 33



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

TXDQWLI\ 136 SROOXWLRQ ORDG DQG GHWHUPLQH LWV
LQVHSDUDEOH IURP SUHFLSLWDWLRQ VQRZPHOW UXQR
VWXGLHV KDYH SURSRVHG PHWKRGV +R®R HHYWLRADWLQJ 13¢
PDLQO\ LQFOXGLQJ PXOWLYDULDWH VWDWLVWLFD
K\GURORJLFDO DQG ZDWHU TXDOLW\ ZDWHUVKHG PRGHO
*6 WHFKQRORJ\ DQG K\GUR FKHPLIF B® EKD,DWWHWVHVY W L
PHWKRGY WKH VWDWLVWLFDO PHWKRG KDV EHHQ ZLGH
EHWZHHQ IORZ DQG. RO PH@W U DWW R Q D
7KH RUJDQLF SROOXWLRQ H[FHVVLYH QXWULHQWV H J
PHWDO SROOXWLRQ DUH LPSRUWDQGWQRRRWRDBIQWYV RI Z|
SDUWLFXODU WKH UDSLG HFRQRPLF GHYHORSPHQW LQ 1
LPEDODQFHYVY EHWZHHQ WKH QDWXUDO HQYLURQPHQW DC
30DWHDX PDLQO\ ORFDWHG LQ WKH PLGGOH UHDFK RI W}
WKH UHJLRQV ZLWK WKH PRVW VHYHUHO\ HURGHG DUHD
VLIQLONEP®MEWHG QIWMKILM QW ORXWWKHU WKH <HOORZ 5
IDFLQJ WKH SUREOHP Rl ZDWHU TXDOLW\ GHWHULRUDWLF
LQ DOPRVW RI PDLQ WULEXWDULHV HJ WKH 4LQJM
<DQ 5LYHUV ZHUH JHQHUDOO\ EHORZ &ODVV ,,, VWDQGD
SROOXWDQWYVY ZHUH &2' DPRRBALKDQLBWYRUHQRBRWHG LQ
30DWHPYLQVW UL@MMEIBOH <HOORZ 5LYHU ORVW H[LVWLQ.
RQ WKH ODQG XVH HFRORJLFDO HYDOXDWH®REHWRLO HUF

HW DO6X HW DO6X HVE DODQJ DQG =KBRRX DQG /L
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EXW IHZ VWXGLHVY ZHUH FRQGXFWHG WR HYDOXDWH WE
SROOXWDQW ORDGV RI WKH <DQ5% GXH WR LADWBUIILFXO
TXDOLW\ GHIJUDGDWLRQ LQGXFHG E\ RUJDQLF PDWWHU D
WR WKHFRRFDLORQPHQW

7KH SULPDU\ WDUJHW RI WKLYV VWXG\ ZDV WR LQYHVWL
SROOXWDQWY DQG LGHQWLI\ KLJIKO\ SROOXWRG DUHDV
HVWLPDWH WKH ORDGV RI WKH NH\ SROOXWDQWV &2' 71
RI WKH ULYHU TXDQWLI\ WKH FRQWULEXWLRQV RI 36 D
ORDG LQYHVWLIJDWH WKH WUDQVSRUW RI SROOXWDQW
FRQGLWLRQV
2 Materials and Method
2.1 Study area

7KH <DQ 5LYHU RULJLQDWHYV IURP %DL\X ORXQWDLQ D
VRXWKHDVW WKURXJK =KLGDQ $QVDL <DQYDQ DQG <DQ
<HOORZ 5LYHU 7KH OHQJWK RI WKH ULYHW LVNP NP DC
X HW DO )LJ 7KH DQQXDO DYHUDJH DLU WHPSHUDWXUH

f& LQ WKH ZHVW WR f& LQ WKH HDVW 7KH DQQXDO D
DQG PP DFURVV WKH EDVLQ %HVLGHY WKH VKRUW G
SUHFLSLWDWLRQ OHG WR DERXW RI WKH UXQRII RFFX
-XO\ WKURXJK 6HSWHPEHU DQG FDXVHG LD WEBELYH VRL
WKHUH DUH WKUHH GRPLQDWH ODQG XVH W\SHV2JUDV

DFFRXQWLQJ IRU DQG RI WKH EDVLQ UHVS

Page 7of 33



141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

(QHUJ\ HJ RILOWKGIGGRPRQDQW LQGXVWHJHRIBWKH <DQ5
SURIRXQG LQIOXHQFH RQ WKH HFRQRPLF GHYHORSPHQW
DUHD LQFOXGH DSSOH JUHHQKRXVH YHJHMWDIE®WHNO 2U\]D

D DQG WKH IIHNDYWLVOH]DGWMLRQVLYH OHDGLQJ WR UHODW
WRVKH ULYHU :H FKRVH ILYH FURVV VHFWLRQV23QVDL
=KXMLDJRX DQG *DQJX\L LQ WKH PLGGOH VWUHDP DQG 7
2WR DQDO\]H WKH IHDWXUHV RI SROOXWDQW ORDGV DORC

ORGHO GHVFULSWLRQ

6:$7

7KH 6 RLO DQG :DWHU $VVHVVPHQW 7RRO 6:37 PRGHO C
SHVHDUFK 6HUYLFH RI WKH 8QLWHG 6WDWHY "HSDUWPHQ
FRPSUHKHQVLYH K\GURORJLFD®UDRGEBWHBDWXD®LAMWV PR
DO 6:$7 WDNHV VSDWLDOO\ YDULDEOH VRLO DQG
FRQVLGHUDWLRQ WR GHOLQHDWH WKH ZDWHUVKHG 7KH +
WKH EDVLF DQG OHDVW FRPSXWLQJ XQLWYVY WKDW SRVVHYV
7KH PDLQ RXWSXWV RI 6:$7 DUH VXUIDFH UXQRII ODWHUD:
ZDWHU \LHOG VHGLPHQW ORDG DQG QXWULHQW ORDGYV

7KH 6:$7 PRGHO ZDV GHVLJQHG IRU ORQJ WMUPHRQWLQ
VWHS IRU ZDWHUVKHG POX@XIHHPHEW EWKYNVROWX G\ ZH X
WKH 6HTXHQWLDO 8QFHUWDLQW\ )LWWLQJ YHUVLRQ (
SDUDPHWHUV DQG WKH FDOLEUDWHG YDOLGDWHG 6:3%7

VWUHDPIORZ ZKLFK ZHUH WKHQ XVHG IRU VXEVHTXHQV
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/2$'(67 VHH WKH IROORZLQJ VHFWLRQ
12$'(67
7KH /RDG (VWLPDWRU /2$'(67 LI/ORE HO S GWILYRHDOR §W® \E L
8QLWHG 6WDWHYV *HRORJLFDO 6XUYH\ 86*6 DQG FDQ HVW
XVLQJ WKH VWUHDPIORZ DQG SROOXWD Q&K B R QIEHQW DDW L
7KH VHWWLQJ RI WKH PRGHO UHTXLUHY DW OHDVW
GDWDUN DQG (QJRBQVLGHULQJ WKH GLIIHUHQW GLIIXVLR
DQG WKH DGDSWDELOLW\ RI SROOXWDQW ORDGV WR ULY
DYDLODEOH WR XVHUV LQ WKH /2$'(67 7KH PRGHO XVHV
GLVFUHWH ZDWHU TXDOLW\ DQG VWUHDPIORZ GDWD DW !
VHOHFWYV WKH SUHGHILQHG PRGHO WKURXJK WKH ORZHV
DQG WKH 6FKZDU] 3RVWH U 6FRBE SXREDIEL 6 MWD & ULWHULRQ
7KH PRGHO SDUDPHWHU HVWLPDWLRQ LV HVYWDEOLVKHG
LQFOXGLQJ WKH DGMXVWHG PD[LPXP OLNHOLKRRG HVWLP
XQELDVHG HVWLPDWH 098( DQG WKH OHDVW DEVROXWH
VHOHFWHG WKH $0/( HYWLPDWLRQ PHWKRG ZKLFK FDQ H
GDWD DV PXFK DV SRVVLEOH DQG KDV EHHQ SURYHQ WI
$XOHQEDFKDQ HW DO7KH VSHFLILF SULQFLSOH RI WKH $¢

DV IROCORKZY HW DO

L. exp a M:a;XéH(ab,iD,/\)

J

where 8. is the AMLE estimate of instantaneous loadhndb are functions of the

explanatory variables D Q Gare parameters of the gamma distributens the
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residual varianceg, anda; are maximum likelihood estimates corrected for first-order

bias, the bias correction factdt(a,b,s2,., )] is an approximation of the infinite series.
'‘DWD

7KH PDLQ LQSXW GDWD IRU 6:$7 LQFOXGH GLJLWDO HOH)
DQG PHWHRURORJLFDO GDWD 7KH '(0 GDWD ZLWK D P U
IDWLRQDO *HRPRWWEY &HQWHBFH FQGQXMM G DMDN K
P UHVROXWLRQ ZHUH SURYLGHG E\ WKH ,QVWLWXWH RI
&KLQHVH $FDGHP\ RI 6FLHQFHVY OHWHRURORJLFDO GDWD
WKH 'DWD &HQWHU RI WKH &KLQD KHWHRURBORJILFPO BG
LQFOXGLQJ SUHFLSLWDWLRQ UHODWLYH KXPLGLW\ ZLQ
WHPSHUDWXUH 7KH VRODU UDGLDWLRQ ZDV HVWLPDWHG
FDOFXODWLRQ GHWDLOV DUH D¥RDQDEOM DRQ7RMUESUHY
REVHUYHG PRQWKO\ UXQRII GDWD + DWDIVKH *DQJ»
GUDLQDJH DUHD RHUH REWDLQHG IURP WKH <HOORZ 5LY
&RPPLVVLRQ
,Q WKLV VWXG\ WKH LQ VLWX REVHUYHG UXQRIlI GDWD :
*DQJX\L IORZ JDJLQJ VWDWLRQV FRYHULQJ WKH SHULRG
IRU WKH RWKHU SHULRGYV + ZHUH IURP 6:$7 VLPXC
+ LQFOXGLQJ FKHPLFDO GHPDQG R[\JHQ &2' WRW
SKRVSKRUXV 73 DFELQHHRRQUDWRILR@®J VWDWLRQV ZHUH RE!
TXDOLW\ PRQLWRULQJ VWDWLRQ ZLWK 71 PLVVLQJ IURP .
ORGHO VHWXS DQG YHULILFDWLRQ

7KH $UF6:37 YHUVLROQWRBUHDPNVUXKVWE&EH PRGHO LQSXW IRU
PagelOof 33
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WR VLPXODWH WKH VWUHDPIORZ RI WKH <DQ5% %DVHG F
DQG VORBRWXWH GLVFUHWL]HG LQWR VXEEDVLQV DQG
6:$7 &83 6:$7 &DOLEUDWLRQ DQG 8QFHUWDLQW\ 3URJUDF
PRGHO SDURRFRWHHUYDWLREY FRMAVKL FUHEWHQF\ FRHIILFLHC
DQG SHUFHQW H&krD \sele@éd, ®6 quantify thBtness between the
measurements and simulations/ K H R U HwddeF $indufation is rated satisfactory

when 5e 16(- "3%,%$6" D F FRRUGLEIL WHRY M BH
$SSHQGL]

,Q WKLV VWXG\ ZH XVHG IORZ DQG Z W/@gHBUDVXD@IXW G D\
IRU WKH /2%$'(67 PRGHO 7KHQ ZH VHW XS D IHZ NH\ YDULD
GDWH WLPH VWUHDPIORZ DQG FRQFHQWUDWLRQ IRU /
VHULHV RI HDFK NH\ YDULDEOH EDVHG RQ WKH RSWLPDO
EHVW FDQGLGDWH HTXDWLRQ ZDV YDOLGDWHG E\ FRPSD!|
IHZ VWDWLVWLFDO WIBUP3Y% , $6F OXQGLYWKHE SUREDELOLW\ S
FRHIILFLHQW 33&& ZHUH XVHG WR HYDOXDWH WKH PRG
ILQDO HTXDWLRQ IRU HVWLPDWLQJ FRQVWLWXHQW ORDG"

AXDQWLILBDWIGROIRISROOXWDQW ORDGV
'LJLWDO ILOWHULQJ PHWKRG

%DVHIORZ LV DQ LQWHJUDO SRUWLRQ RI VWUHDPIORZ W
GHOD\HG YREOFHNDQJ HW BRX HW DMQG UHMKERDOQL ]
LPSRUWDQW K\GURORJLFDO SDWXWZDHWR DI XOMEL QW HI[S

'DQJ HW DO HVSHFLDOO\ LQ DULGD@RGHWHPIODULG DU
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ODQ\ PHWKRGV KDYH EHHQ XVHG WRUDWBKLFD® HP EWKRIGE
VWDWLVWLFDO PHWKRGWLDQG UF KIN2IRB)AO PIMVER GV D
7KHUH ZHUH D YDULHW\ RI IDFWRUV VXFK DV FOLPDWH
DITHFW EDWHNKXAWRZ HW [RX DQG +XDQURXQG WKDW WKH GL.
ILOWHULQIDP NWIKWBEOH IRU WKH EDVHIORZ VHIPHQWDW
3ODWHDX )RU RWKH/WXGANDBHHDXQRII DQG WKH SROOXW
JUHDWO\ LQIOXHQFHG E\ HHIWHUQDO IDFWRUV VXFK DV Ul
7KXV WKH VLJQDO RI SROOXWDQWY FDUULHG E\ VXUIDFH
D KLIJK TUHTXHQF\ VLIJQDO ,Q FRPSDULVRQ GXH WR WK
SUHFLSLWDWLRQ WKH EDVHIORZ DQG WKH FRQFHQWUDW|
ZKLFK FDQ EH UHJDUGHG DV (BNGRZ GUWHTKHQHF\NRWIH QWKH
EDVHIORZ FDOFXODWLRQ LQ WKQW VYWXGARFEDILEM H[SUHV)
a &, “1Q QJ
ZKHOHY WKH ILOWHUY'G DAIDWA R QV R'W B @Y G00R Z IREW K H
WKH ILOWHU SDUDPHWHUYV ZLWK D UHIHUHQFH YDOXH RI
SROOXWDQW VHSDUDWLRQ PHWKRG

$VDVWDWLVWLWKH KMGWKR@GRILFDO HVWLPDWH KDV UHF
HVSHFLDOO\ LQ DUHDV ZKHUH WKH D Q QnD\® HIWDK RGDIOW G L
EDVHG RQ WKH DVVXPSWLRQV WKDW WKH 136 SROOXWLR(
UXQRII SURFHVV DQG WKH SROOXWDQW ORDG LQ WKH GU
WK %DVHG RQ WKH VHIPHQWDWLRQ RI EDVHIORZ ZH DV

SROOXWDQW LV UHODWLYHO\ VWDEOH DQG FDQ EH GHU
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December to March 7KH FDOFXODWLRQ IRU WKH WMRWDO SROOX
‘LQ HW DO
W=in1QQ't:in10pQﬁ1

where W is the total pollution loads in the river channel; i€ the PS pollutant
concentratiorin the i"" month, UHSUHVHQWHG E\ WKH DYHUDJH FRQFH
TXDOLW\ GDWD GXULR & theKodseWw; (Visdthe/ RRP pollutant
concentration in thé" month Qnp is the surface flown is the number of months, and

{t is the timein thei™ month.

V\A=i?1CQ't
where ds observed pollutant concentration in thenonth, and is the average flow
in thei™ month.The total pollution load minus the point source pollution load equals
the NPS pollution load.
3. Results
ORGHO SHUIRUPDQFH HYDOXDWLRQ
+\GURORJLFDO PRGHOLQJ

%DVHG RQ WKH VHQVLWLYLW\ DQDO\VLV ZH LGHQWLILI
RSWLPDO YDOXHVIDELIQYLI6WKRGWKH YLVXDO FRPSDULV]
VLPXODWHG PRQWKO\ VWUHDPIORZ DJDLQVW WKH REVHL
VWDWLRQ $OWKRXJK WKHUH ZDV DQ XQGHUHVWLPDWLRC
WKH RYHUDOO SHUIRUPDQFH zZDV VDWLVIDFWRU\ GXULQ
YDOLGDWLRQ + BABGLRGW QWK 5 IURP WR D (
EHLQJ OHVV WKDQ $FFRUGLQJ MRRJ MCKH. HHYDWRBWLRQ \
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PRGHO SHUIRUPDQFH LQ VWUHDPIORZ VLPXODWLRQ FDQ |
‘DWHU TXDOLW\ PRGHO HYDOXDWLRQ

7KH /2$'(67 VLPXODWHG DQTGL REY® WBHGROTBY ZLWK WKHI
FRQILGHQFH LQWHUYDO DW *DQJX\L ZDWHU TXDOLW\ PR
ZHUH VKRZ@E@®QG H $OWKRXJK WKH PRGHO XQGHUHVWL
-XO\ LW FDQ VWLOO FDSWXUH WKH WHPSRUDO SDWWHUQ
WKH PRGHO SHUIRUPDQIEHE WK HDVEKSDRM\G HAY ZIDMR WVEKRY 51

16( ZzDV DERYH DQG _3%,$6_ ZDV ORZHU WKDQ
ORDGV %HVLGHV ZH IRXQG WKDW WKH HVWLPDWLRQ |
SHUIRUPDQFH WKDQ &2' )RU ILYH ZDWHU TXDOLW\ PRQ
HYDOXDWLRQ WHUPV VKRZHG WKDW WKH PRGHOLQJ ORI
SHUIRUPDQFHW DAQINK WIKIHR B W R WKH 16( UDQJLQJ
WKH 3%,$6 UDQJLQJ IURP W R DQG WKHJ33&& UDQ

2YHUDOO WKH PRGHO FDQ DFFXUDWHKB\<DOBYODWH WK
6SDWLRWHPSRUDO GLVWULEXWLRQ RI SROOXWDQW OR
$QQXDO SROOXWLRQ ORDGV LQ WKH <DQ5%

)LJ GHPRQVWUDWHG WKH PRQWKO\ DYHUDJH ORDGV RI
IURP W R H[FOXGLQJ 7KH SROOXWDBWUORDGV |
EHFDXVH SUHFLSLWDWLRQ GRPLQDWHG WKH SROOXWDQW
-DQXDU\ ZDV NJ G DQG ‘NJDOVRURXOQG LERWK
DQG 73 ORDG DW *DQJX\L D VWDWLRQ LQ WKH PLGGOH U

LH 7DQMLDKH GXULQJ 6ZH IRXYQURRVKDW WKH DQQXDO |
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309

310

311

312

313

314

315

316

317

RI &2' 71 DQG 73 ZHUH UHODWLYHO\ VWDEOH EHIRUH
WUHQG IRU &2' DQG 73 ORDGVY DW IRXU Rl WKH ILYH VWDW
DQG 7DQMLDKH GXULQJ WKH \HDU VWXG\ SHULRG WKI
VLIJQLILFDQW )XUWKHU WKHUH ZDV D GHFUHDVLQJ WUH
WHEKXMLDJRX VWDWLRQ 6SHFLILFDOO\ WKH DQQXDO DYF
NJ G LQ W R NJ G LQ DERXW GHFUHDVH
GHFUHDVHG IURP NJ G LQ W R NJ G LQ DE
DQQXDO DYHUDJH 73 ORDG GHFOLQHG IURP NJ G LQ
GHFUHDRVEGGLWLRQ WKH WHPSRUDO YDULDWLRQ VKRZH
JHQHUDOO\ ULVLQJ DQG UHDFKHG WKH PD[LPXP LQ
VLIJQLILFDQW DW IRXU RI WKH ILYH VWDWLRQV L H $QV

VWDWLRQ
ORQWKO\ SROOXWLRQ ORDGV LQ WKH <DQ5%

)L VKRGV KH PXOWL \HDU DYHUDJH ORDGV RI &2' 71 D
PRQWK DW ¢(¢YH VWDWLRQV IURP WR HIFOXGLQJ
PRQWKO\ GLVWULEXWLRQ RI SROOXWDQW ORDGV LV YH
RFFXUUHG KK VEROWLDO GLVWULEXWLRQ RI WKH &2' ORDG
GRZQVWUHDP RI WKH ULYHU UHIOHFWLQJ WKDW WKH W
SROOXWDQW ZI/WK YWORDBMOEBHAFUHDVHG ZKHQ ULYHU IOl
WR *DQJX\L VWDWLRQ DQG WKLV ZDV PDLQO\ FDXVHG E\
SUDFWLFHYVY VXFK DV IHUWLOL]DWLRQ DQG IORRGLQJ LUUL

DORQJ WKH ULYHU VHHPHG WR EH TXLWH XQLTBW EHFDXV

Pagel5of 33
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331

332

333

334

335

336

337

338

339

WKH =KXMLDJRX DQG *DQJX\L VWDWLRQ LQ WKH PLGVWU
GRZQVWUHDP
6HDVRQDO SROOXW®WRQ ORDGV LQ WKH <

(VWLPDWHG VHDVRQDO ORDGV RI 71 DQG 73 DW ILYH ZDV
KLJKO\ YDULDEOH LQ WKH <DQ5% 7KH UHVXOW VKRZHG
VXPPHU GXH WR KLJK VWUHDPIORZ IROORZHG E\ DXWXP(
VHDVRQV FRQWULEXWHG WKH PRVW RI WKH DQQXDO SROC
DQG 73 UHVSHFWLYHO\ UHIOHFWLQJ WKH HIIHFW RI VHD
SUDFWLFHV RQ $RD O XWH PPX WD GWDU DYHUDJH SURSRUW
VXPPHU ZDV D OLWWOH KLJKHU WKDQ WKDW RI 71 OR
WKH SURSRUOWQRQGRI WKMXPPHU DW =KXMLDJRX ZHUH VLJ
PLJKW EH DWWULEXWHG WR UHODWLYHO\ ORUJHU IDUPO
7KHUHIRUH LW VKR XO®%PH JXRW HG MV WKW AKKMHOOHQJIH RI +
LQ VXPPHU DQG VHUB XGIXWR WHIKQM LOQRWAQVLYH DJULFXOW XU

&RQWULEXWLRQV RI 36 DQG 136 SROOXWLRQ ORDGYV

7KH GLIIHUHQW ZDWHU TXDOLW\ GDWD VRXUFHV K\GU
EDVHIORZ SHULRG DVVXPSWLRQV FDXVHG ODUJHO\ XQFF
SDWKZXW HW DO7KH VHSDUDWLRQ RI EDVHIORZ XVLQJ GL
DQG VLPXGOVWMHGEDFOORZ GDWD GHULYHG IURP 6:$7 PRGHO
WKDW WKH EDVHIORZ DFFRXQWHGVIRRIGVK H RR Q/W/WIHDXAWQ F
RI 136 SROOWRLKRD VORWBO SROOXWLRQ ORDGYV 7KH SHUF

UDQJHG IURP WR LQGLFDWLQJ WKDW WKH 136 SROC
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349
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351

352

353

354

355

356

357

358

359

360

361

WKH WRWDO SROOXWLRQ ORDGV LQ WKH <DQ5% 2XU VSD
RI WKH 136 SROOXWLRQ IRU WKH =KXMLDJRX VWDWLRQ Z
IRXQG WKDW WKH 136 FRQWULEXWLRQ SHUFHQWDJH GHF
HVSHFLDOO\ IRU 73 ORDEY DIQGEFK GBAUMKWHHEKXMLDJIRX
7DQMLDKH VWDWLRQ UHVSHFWLYHO\ LQ ,Q FRQWUD\
Rl 36 WR 73 ZzDV KLJKHU DQG WKLV LV SUREDEO\ EHFDXV
VRPH GHJUHH GXH WR DGVRUSWLRQ ZLWK VHGLPHQW DQ ¢
FKDQQHOV %HVLGHV 36 SKRVSKRUXV ORDG PD\ EHFRPH
ZDVWHZDWHU FDXVHG E\ SRSXODWLRQ JURZWK DQG XUED
4 Discussion
:DWHU SROOXWLRQ IHDWXUHYV

,Q WP WKH 36 SROOXWLRQ PDLQO\ FRPHV IURP LQ
ZDVWHZDWHU ZKHUHDV 136 SROOXWLRQ PDLQO\ FRPHYV
SRXOWU\ EUHHGLQJ DQG ODUJH VYIFD OAHRIRX @O®®' kK B W/OWHK
ZDWHUVKHG ZDV PRUH VHULRXVO\ SROOXWHG E\ WKH R
PDLQO\ FRPH IURP RLO DQG FRDO PLQLQJ OLYHVWREFN
GLVWULEXWLRQ RI 73 ORDGY DORQJ WKH ULYHU VKRZHG
VWDWLRQ LQ WKH PLGGOH UHDFK IROORZHG E\ D VKDUS
WR WKH HVWXDU\ 2Q0H UHDVRQ LV WKDW WKH VORSH R\
DIWHU *DQJX\L EHFDPH OHVV DQG WKH ULYHU YHORF
K\GUDXOLF FRQGLWLRQ FDXVLQJ WKH GHSRVLWLRQ RI

UHDVRQ FDQ EH WKH FKHFN GDPV LQ JXOOLHV FKDQQHOV
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369
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371
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373
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376

377

378

379

380

381

382

383

OHDGLQJ WR WKH LQWHUFHSW DQG DGVRUSWLRQ RI SKR!
*XR HW DO6XQ HW DO 2YHUDOO WKH VSDWLDO GLVWUL
H[KLELWHG D QRQ OLQHDU FKDQJH IURP XSVWUHDP WR G|
EH DWWULEXWHG WR YDUBRXKM FXPXXFWLDN BLHRWNQ
K\GURG\QDPLF FRQGLWLRQV SRSXODWLRQ GHQVLW\ WRSE
LQ VRPH VSHPRRIWARXYWHDWEKH PHWHRURORJLFDO K\GURC
VXUIDFH FRQGLWLRQV DUH DOVR LIQRMSKRHWB QW L R QVIDXHR
FKDUDFWHULVWLEV RI SROO XWX R-QVLRQOW R @GR MAKD WLY & H
GLVWULEXWLRQV RI 136 SROOXWLRQ ORDG DQG VHGLPHC
W\SHV DQG VRLO HURVLRQ Rl WKH ODMLD3®X @IRWHUVKHC
VWXG\ DUHD WKH IDUPLQJ SUDFWLFHV VX EK DNVX HURMIO L ]
RQ 71 DQG 73 ORDGV LQ PLGGOH DUHDYV

'LWK UHVSHFW WR PDQDRKB HHW X0 WAK VK RIEHMDE RQK/D W W K
LH 6KL\DRFXQ =KXMLDJRX DQG *DQJX\L ORFDWLQJ L
PRVW WR WKH SROOXWDQW ORDGVY ZKL¥KIWDWYOLQ DJUHHF
7KHUHIRUH LW LV VLJQLILADRYWLWFDSBD RRBKSRW® &/X\Q WG
DGGLWLRQ ZH IRXQG WIXWOM WKH BROW WK B QI JKRIVGW L H
WKDW RI 7DQMLDKH ZKLFK ZDV FORVH WR WKH HVWXDU\

EHFRPKLJKO\ SROOXWHG DUHD LQ UHFHQW \HDUV 7KHU
PHDVXUHV HJ ULSDULDQ ILOWHU JRQH GULS LUULJDWL
LQ IDUPODLQIGWRODW DUHD ZRXOG EH FRVW HIIHFWLYH )XU\

WHFKQRORJLHY DQG PDQDJHPHQW RI LQGXVWULDO DQ
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392
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394

395

396

397

398

399

400

401

402

403

404

405

LPSRUWDQW WR DOOHYLDWH WKH GHWHYGRKKDVOILRQ RI Wi
,PSOLFDWLRQV Rl WKH IORRG+SROOXWLRQ ORDGV UHO
,QSUHYLRXV VWXGLHVY RQ SROOXWLRQ RI WKH <DQ 5LYHU
WR LQYHVWLJIJDWH V HGHVSEKGIWWVRQKEU @ X WRIQ DWW WOKRV V O R S H
DWWHQWLRQ ZDV SDLG WR WKH FKDQJHV RI &2' 71 DQG
FRQGLWLRQV WKRXJK WKHVH SROOXWDQWY FDXVHG DG
'XULQJ RXU VWXG\ SHULRG DQ H[WUHPHO\ KHDY\ UDLQVW
D UDSLG VXUIDFH IORZ FUHDWLQJ DQG UHVKDSLQJ WKH
VI\WVWHPJDU HW D®WLY QRWHG WKDW DQ H[WUHPH UDLQIDC
VW D IVAWOHIORG DQDO\VLY RI WKH SROOXWLRQ ORDG DW WK
ZH H[FOXGHG DQ H[WUHPHO\+KLJK ZDWHU \HDU ZKHQ
DYHUDJH FKDUDFWHULVWLFV RI SROOXWDQW ORDGV DV
GLIIHUHQFH Rl WKH SROOXWDQW ORDGYV LQ H[WUHPH DQC
FRPSDUHG WKH SROOXWDQW ORDGVY GXULQJ DQG DYH
+ DQG + DW IRXU VWDWKRRYVD IRK *KQJIRRF XX
7DQMLDKH 7KH VSDWLDO DQDO\VLY LQGLFDWHG WKDW \
RQ WKH GRZQVWUHDP |URPDNDGIXVL GXR DR WIKIHK AR Q 1 O X |
ULYHU WULEXWDULHV LQ VXJIHVWLQJ WKH VHYHUH W
HQYLURQPHQW ,W KDV EHHQ UHFRJQL]JHG WKDW SROOX\
H[WUHPH \HDU EHFDXVH WKH SROOXWDQWY WHPSRUDULC
TXLFNO\ HQWUDLQHG DQG WHID@ HI\W UIUN 8 UG MLOLRSIOND R\ & N

DYHUDJH YD@MH RI &2NJ G DW *DQJX\L GXULQJ ZKLF
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412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

WLPHV WKH DYHUDJH ORDG NJ G DFURVV RWKHU \H
PRUH DWWHQWLRQ VKRXOG EH SDLG WR WKH LPSDFWV RI
TXDOLW\ IRU GHYHORSLQJ FRVW HIIHFWLYH SUHYHQWLR(
WHOOMLWKDWFDOH HJ GD\ DQG KRXU VWXG\ RI SROO
K\GURORJLFDO HYHQW L H EHIRUH DQG DIWHU WKH IOR
8QFHUWDLQW\ DQDO\VLV RI WKH /2$'(67 PRGHOLQJ
7KH SHUIRUPDQFH Rl WKH ORDG HVWLPDWLRQ PHWKRG
IDFWRUV LQFOXGLQJ FRQVWLWXHQW W\SH VWUHDPIORZ |
ZDWHU TXDOLW\ UHRRUGWFRBQYQ WWHIPAA RI UHJUHVVLRQ P
XQFHUWDLQW)\ PD\ EH KLJKHU EHFDXVH WKH /2$'(67 PRGH
YDULDEOHV KDYHOJBINWRLB UHRUWKLY VWXG\ WKH XQFHUW
/2$'(67 PRGHOLQJ GHVHUYHV DWWHQWLRQ EHFDXVH WK
IUHTXHQ@HB\FRIXOG DIIHFW WKH VLPXODWLRDGEKDRXIHD F\ D
FRXOG FDXVH SRRU FR\OWMWNROYWE RRGAHQWUDWLRQ DQG
WKH VWUHDPIORZ IOXFWXDWHG JUHDWO\ UHVXOWLQJ LQ
PDLQO\ EHFDXVH WKH UHJUHVVLRQ PRGHO DVVXPHG D
UHODWLRQURBICSH )BRVHWLYH K\WWHUHVLV RFFXUV ZKHQ F
RQ WKH ULVLQJ OLPE RI D VWRUP K\GURJUDSK DUH KLJKF
IORZV RQ WKH HPIOOLHQD VP PKOHUHIRXIOG EH VLIQLILFDQW
FKDOOHMRIPGURYH WKH DFFXUDF\ Rl ORDG HVWLPDWLR
WRSRJUDSK\ SOD\V DQ LPSRUWDQW UROH LQ SROOXWD

VWDWLVWLFDO PRGHOV DQG ZDWHUVKHG GHOLQHDWLRQ
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437
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439
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441

442

443

444

445

446

447

448

449

DQG DFKLHYH ORDG UHGXFWLRQ WDUJHWYDEDWH® RQ ZDV
., QWKH IXWXUH VW X GO MXRHDMWMD ERQWGHWLRQV
SURHND/YG HIWUHPH K\GURORJLWEDB HQWYIQWWVLDDW HGH VRIU

HVWLPDIBRBQXWDQW IOX[HV
5. Conclusions

,Q WKLV VWXG\ ZH LQYHVWLJDWHG WKH VSDWLRWHPS
FRPELQLQJ WKH K\GURORJLFDO PRGHO 6:$7 DQG WKH V
/2%$'(67 LQ WKH <DQ5% :H DOVR TXDQWLILHG 36 DQG 136 O
DQG K\GURORJLFDO VWDWLVWLFDO PHWKRGV 7KH WHPSF
ORDGVY VKRZHG D VOLJKW XSZDUG WUHQG DW IRXU RI IL
*DQJX\L 7DQMLDKH DQG UHDFKHG WKH PD[LPXP LQ
XQGHU WKH QRUPDO ZDWHU \HDU FRQGLWLRQV 7KH VHD)
LQGLFDWHG WKDW WKHWHYBUY B IUSRODOOKWBIQWKALRRGV LQ
E\ DXWERK WR WKH KLJK IORZ DQG |UHQXKQWWH DNIR F2HOW
VHDVRQV )XUWKHU ZH IRXQG WKDW WKH SROOXWDQW ¢
UHODWLNWOLLORBVWLQJ PXFK DWWHQWLRQ VKRXOG EH
HIWUHPH BRUQMBDWLDO UHVXOW VKRZHG WKDW WKH PR
PLGVWUHDP DUHD DZHRKNEGPRLAIDPWWHQOWLRQ DQG PHD)\
FRQVLGHUHG 7KH KLJK ZDWHU \HDU ZDV DQG WKH
DOPRVW WLPHV WKDW RI RWKHU \HDUV LQGLFDWLQJ WK
ZH IRXQG WKDW 136 SROOXWLRQ FRQWULEXWHG VXEVWD

ZLWK D FRQWULEXWLRQ SHUFHQWDJH R DQG U
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458

459

460

461

462

463

464

465

466

467

FDQ SURYLGH GHFLVLRQ PDNHUV ZLWK LGHQWLILFDWLRQ
WKH SRWHQWLDO RBRERAKHIVV X¥R\WYWIUQEXKOH QDWHU TXDOLW)
ZDWHUVKHG VFDOH RQ WKH /RHVV 30DWHDX
6. Appendix

,Q RUGHU WR DVVHVV PRGHO SHUIRUPDQFH FRPSDUHG
SRSXODU FULWHULD ZHUH XVHG LQ WKLV VWXG\

, TKH SHUFHQWDJH ELDV 3%,$6 PHDVXUHV WKH DYHUD
VLPXODWHG YDOXH 7KH RSWLPDO YDOXH RI 3%,%$6 LV
LQGLFDWLQJ DFFXUDWH PRGHO VLPXODWLRQ ZKLOH SF

RYHUHVWLPDBMWVYLWROPPWKRG ELBVYWUHNIS HHFP'W DYH O\

" Y Y 8
PBIAS L1 lsm T 9q5 Q)
nill Yi,obs ©

,, T KH 1DVK 6 XWFOLIIH {(DVRKLEBEQG\6 AB/(F QM IH QRUPDOL]JHCG
VWDWLVWLF WKDW PHDVXUHV WKH JRRGQHVV RI ILW I\
SUHGLFWLRQV DUH ZRUVH WKDQ D SUHGLFWLRQ SHUIRUP|
ZKLOH WKH HIILFLHQF\ LV FORVHU WR FRUUHVSRQGLQJ

REVHUYHG GDWD

2

Y,

1 i,sim

Y

i,obs

(2)

vy, (KHUBBYHDOV WKH VWUHQJWK DQG GLUHFWLRQ RI D
VLPX@D®G REVHUYHG YDOXH 7KH GLIITHUHIQF N IEBIW AMKIH

16( FDQ LQWHUSUHW PRGHO SHUIRUPDQFH LQ UHSOLFDWL
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476

477

478

479

480

481

WKHGRHV*QRMWQ DQG YDQ *ULHQVYHQ

n _2
: (Yi,obs Yobs)(Yi,sim Ysim) 5
@1 1

R? ®3)

:(Yi,obs Vobs)2 : (Yi,sim Vsim)2
il i1
a 7KH 33&& WHVW E\ XVLQJ WKH FRUUHODWLRQ FRHI

REVHUYDDMIR Y KH FRUUHVSRQ&IDQJ S UWR WIHEHDGXENQW LOHYV 0
IRU QRUPDOLW\ WHVW 7KH FRUUHVSRQGLQJ ILWWHG TX
SORWWLQJ SRVLWLRQ IRU HDFK REVHUYDWLRQ ,W LV DV
EHHQ GUDZQ IURP WKH ILWWHG GLVWULEXWLRQ LI WKH Y
1" Y ™M
(X XM M)

r
YCIRS VI Ok

; DQOAGGHQRWH WKH PHDQ YDOXHW & | WKKH | R\W WHHLGY D WD R ¢
UHVSHFWLYHO\ DQG Q LV WKH VDPSOH VL]H ®WKH HVWLPL
LV VKRZQ DV IROORZV

M, J(R)
P :1-(0.5)% L
i 0.3175

n 0.365
1

057 LOQ
- LV WKH LQYHUVH RI FXPXQDWLYH GLVWULEXWLRQ IXQF

R

R

7. Availability of data and materials
7KH GDWD VXSSRUWLQJ 6:$37 DQDO\WVHYV FDQ EH DFFHVVH
LQ WKLV SDSHU DQG WKH VLPXODWLRQ GDWD DUH DYDL

UHDVRQDEOH UHTXHVW
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487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

8. Competing interests
7KH DXWKRUV GHFODUHG WKDW WKH\ KDYH QR FRQIOLF\
9. Funding

1IDWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &KLQD

RI 6KDDQ[L 3URYLQFH 7' WKH 6WUDWHJLF 3ULRUL
&KLQHVH $FDGHP\ Rl 6FLHQFHV ;'% WKH 6KDDQ[L
BUDFWLFDO 3URJUDP 67 WKH 6KDDQ[L .H\ 5HVHDUF
RI &KLQD =0

10 $XWKRUVY FRQWULEXWLRQV

<DQQL 6RQJ FROOHFWHG K\GURORJLFDO DQG ZDWHU T
PDQXVFULSW <LSLQJ :X SURYLGHG VXSHUYLVLRQ PHWKEF
WKLV VWXG\ DQG FKHFNHG FRUUHFWHG DOO WKH YHUVL
SURYLGHG ZDWHU TXDOLW\ GDWD )XER =KDR FRPPHQYV
PDQXVFULSW -LQJ\L +X FRPPHQWHG RQ HDUOLHU YHUYV
SURYLGHG UHVRXUFHV J/LQMLQJ 4LX SURYLGHG K\GURO
DSSURYHG WKH ILQDO PDQXVFULSW
11. Acknowledgments

7KLV VWXG\ ZDV IXQGHG E\ WKH 1DWLRQDO 1DWXUDO

WKH ,QQRYDWLRQ 7HDP RI 6KDDQ[L 3URYLQFH

BULRULW\ 5HVHDUFK 3URJUDP RI WKH &KLQHVH $FDGHP\ |
6KDDQ[L ODMRU 7KHRUHWLFDO DQG 3UDFWLFDO 3URJUL

SHVHDUFK DQG '"HYHORSPHQW 3URJUDP BQ&KWRKRB 1D WLRX |

Page24 of 33



504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522
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524

525

526

527

528

529

TKRXVDQG <RXWK 7DOHQW 3URJUDP RI &KLQD :H DOVR W
-LDRWRQJ 8QLYHUVLW\ IRU FRPSXWLQJ HTXLSPHQW DQG |
12. Author information

'"HSDUWPHQW RI (DUWK (QYLURQPHQWDO 6FLHQFH ;L¥
6KDDQ[L 3URYLQFH &KLQD

<DQQL 6RQJ <LSLQJ :X )XER =KDR -LQJ\L +X /LQMLQJ 4L
6KDDQ[L 3URYLQFLDO $FDGHP\ Rl (QYLURQPHQWDO 6FLHQ
&KDQJVKXQ 6XQ

'"HSDUWPHQW RI &LYLO (QJLQHHULQJ 7KH 8QLYHUVLW\ RI
&KLQD

-L &KHQ
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ZDWHUVKHG (FRV\WWHP 6HUYLFHV
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&KHQ / /LX 5 +XDQJ 4 &KHQ < *DR ©OQEXQKKBQ6KHQ = X LQWHJU
VLPXODWLRQ PRQLWRULQJ IUDPHZRUN IRQ WKWWRDH[Q DVVHVVPF
ZDWHUVKHG &KLQD 3URFHGLD (QYLURQPHQWDO 6FLHQFHYV

&KHQ / 6XQ & :DQJ * :;LH + DQGDFKH® QRQSRLEWHORWKUFH SROOXV
SUHGLFWLRQ LQ D VFDUFH GDWD FDWFKPHQW -RXUQDO RI +\GU

&KHQ < 6RQJ ; =KDQJ = 6KL 3 DQGWRR LPSDFW®W RLPXRBGIQJ HYH
QRQ SRLQW VRXUFH SROOXWLRQ DQG W KOH Will FXFOMAX B D OL @ DAM H U
LQ &KLQD /LPQRORJ\

&RKQ 7 $ *LOUR\ (- DQG %DLHU :* VSRUW\RLRDUDIEGI ARQY WD & X\HL
UHJUHVVLRQ PRGHO ZLWK GDWD VXEMHFW WR FHQVRULQJ 7KH |

'DL ; =KRX < 0D : DQG =KRX / L POV O X & Q.FoH CRDI QUGS IXW H DSCD WIMAH U
WRSRJUDSK\ RQ ZDWHU TXDOLW\ Rl WKH DUYH BHHGS!0 R RHQLQWRk
SODWHDX RI VRXWKZHVWHUQ &KLQD (FRORJLFDO (QJLQHHULQJ

'RX / DQG +XDQJ 0 % $SSOLHG 6WMN®KRG Y% D\DH IMWR B B\HKSHDAND W L
/IRHVV 30DWHDX %XOOHWLQ RI 6RLO DQG :DWHU &RQVHUYDWLR

'UHZU\ - 1HZKDP / *UHHQH 5 -DNHPDG@ WH-YLIHZGR& QRMHIRWHQ DQG
SKRVSKRUXV H[SRUW WR ZDWHUZD\V &RIHNBIQW RY \FOIDRVKHP B Q W
5HVHDUFK

'XDQ 6 3RZHOO 57 DQG %LDQFKL 7 6 HQW RLJKLWUHDI'W H GFFR QPFHDDWX L
WKH /RZHU OLVVLVVLSSL 5LYHU 86$% -RXUQDO RI +\GURORJ\

'XDQ : 7DNDUD . +H % /XR 3 1RYHU 6'SDWIGDEDPRGKWHPSKRUDO WU
HVWLPDWHV RI QXWULHQW DQG VXVSHQGHG VHGLRHQW ORDGV |
6FLHQFH RI WKH 7TRWDO (QYLURQPHQW

(FNKDUGW . +RZ WR FRQVWUXFW UHFAKSDALYW LRLQ L WO RIORW HRD
3URFHVVHV $Q ,QWHUQDWLRQDO -RXUQDO

JLOOLEHQ - - 7KH BUREDELOLW\ 30RW BKWUUWHOBQYRRBVERIHAVLF L

*UHHQ & + DQG YDQ *ULHQVYHQ $ RORJSRVPRGHMDLEIID WY RQJILE$R\G L
LQ VPDOO VFDOH ZDWHUVKHGV (QYLURQPHQWDO ORGHOOLQJ ¢

*U\JDU 7 0 (O]J]QLFRYi - %IiEHN 2 +RaHN O2HQDHQLOJIJDYBFKMRQHV
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589

IURP SROOXWLRQ VLJQDOV LQ D IOXYLDQLMAPGERBOQWWIHFRUG D
IORRGSODLQ Rl WKH 30RXpQLFH 5LYHU &]HFK 5HSXEOLF $SSOL
*XR < &KDQJ +XDQJ & 3DQJ - =KRX < 5+KEFRQVWQRBFOWMIR B SDODHRIC
K\GURORJ\ XVLQJ VODFNZDWHU IORZ GHSHNK PRLIGVBIORIG<HQ OWRKZH <D
5LYHU EDVLQ &KLQD -RXUQDO RI +\GURORJ\ 6
+D0O0O )5 %DVH()ORZ 5HFHVVLRQV2$ 5HYLHZ :DWHU 5HVRXUFHYV
+DR ) <DQJ 6 &KHQJ + % 8 4 D@ ®G IRMWQIVWLPDWBROHRWKQRQ SRL

VRXUFH SROOXWLRQ ORDG LQ WKH ODUJH VFDIMHEDVLQV RI &KL

+H 6 DQG /X - &RQWULEXWLRQ R$ FEIDQW I'DRXZ UE HWSIFDONDHK W LSRR VG
&KLQD (DUWK 6FLHQFHYV

-LDQJ < /LX & +DR 6 =KDR + DQGWR GHYHORISIDDHAHZRUWXKHG SRO
PRGHO IRU VHPLDULG DQG VHPLKXPLG DUHDV -RXUQDO RI +\GU!

/IDQJ 0 /L 3 DQG <DQ ; 5X QR 11| FRIQNF B RIHIOD IVQ & B IPR\GS R R DB VRI

UHVLGHQWLDO DUHD LQ DQ LOQOWHQVLYH DJULFXQWXUDO ZDWHU\

/HH & - +LUVFK 50 6FKzDU] * ( +ROWVFEKODY DQGBUHVIMRD® & '9 &l

$Q HYDOXDWLRQ RI PHWKRGV IRU -HRXW QPIODWRIQI\GHRDEB®DO V

/L -LDNHa /, +XDLHQa 6+(1 %LQJa DQG /, <DMLDFRRLDYGVRXNE H (11 H

SROOXWLRQ RQ ZDWHU TXDOLW\ RI WKH PHRMW SIHWVHD URKVHU QD \

L+ OHDQ FRQFHQWUDWLRQ PHWKRE EHI RWR BIE VDIRD WW R D B § QRRY
$FWDHQWLDH &LUFXPVWDQWLDH
/LQ & :X = 0D 5 DQG 6X = RIVOHE WR RIQURM LWIVQWH /D WH & WR Q

SKRVSKRUXVY SROOXWLRQ E\ LQWHJUDWHG PRGHQ@®V RI 6('' DQG 3

/LQ & OD 5 DQG ;LRQJ - &DQ KRS EKRW KV \BKRHOG RO\R QRVRE B L BW
E\ FULWLFDO VRLO SURSHUWLHV" $ QHZ LQVHJKRWRIOGLIIHUHQW

(QYLURQPHQW -8/
Page27of 33
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619

/\QH 9' DQG +ROOLFN 0 6WRFKDVWLFGHPH@DULDEOH 5DLQIDC

OLDR < +\GURORJLFDO (OHPHQWYV 9MWQKHNEIRGH ) HB WX UG B9 B0 \W
/IDVW  <HDUV *HRVSDWLDO ,QIRUPDWLRQ

OLOOHU 0 3 -RKQVRQ + 0 6XVRQJ '' BR®SBORPRK'IRU FRQWOQQXR X
HVWLPDWLRQ RI EDVHIORZ XVLQJ GLVFUHWH ZPSMDHUW VK@ OLW\ GI
ZLWK EDVHIORZ HVWLPDWHYV IURP WZR ROIRJWLQJ DSSURDFKHV

ORULDVL ' $UQROG - 9DQ /LHZ 0 %LQJQHU 5 R«DHIP KD GX'D\WRREQIH
*XLGHOLQHV IRU 6\WVWHPDWLF 4XDQWLILFDWLERQQVDFFXRO¥\ LQ
RI WKH $6$% (

1DVK - ( DQG 6XWFOLIIH -9 5 K YAHRUQ FOHRSZV MROUCH PR'GW DY SVTKUVR X J
GLVFXVVLRQ RI SULQFLSOHV -RXUQDO RI +\GURORJ\

1IHLWVFK 6 $UQROG - .LQLU\ - DQGDWEOLDWPHVVPHQW W RRIOOWKHR
GRFXPHQWDWLRQ YHUVLRQ 7H[DV :DWHU 5HVRNDWFHV ,QVWL
‘DWHU 5HVRXUFHV ,QVWLWXWH 7H[DV $ 0 8QLYHUVLW\ 7H[DV 8¢

2HOVQHU * 3 DQG BWHWV ( * 5HFHW VW RIUGIQQEIVW.RY FRON WIH@ W U

WKH FRQWHUPLQRXV 86 ,QVLJKWV DQG JORBDONFRQWH[W 6FLH

3DUN < (QJHO % )UDQNHQEHUJHU -DPBG #RRQJIWR (VWLPD\WH 3RO O
/RDGLQJ 8VLQJ /2%$'(67 :DWHU

3DUN <6 DQG (QJHO % $ ,GHQWZDWGU W KB CIRV\UG DW W LLRIG E H V
/2$'(67 PRGHO EHKDYLRU LQ DQQXDO VHGLPHQW ORDG HVWLPDW

3DWULFH 2 <DSR DQG +RVKLQ 9LMDL *XSWD DQGFERUERMXWDRG BRUR
FRQFHSWXDO UDLQIDOO UXQRII PRGHOV VHQURORMLW\ WR FDOL

3HOOHULQ % $ %HUJDPDVFKL % $ *LOODRPUKGHWIUDNZIRUG & * 6DL
& 3 'RZQLQJ % ' DQG OXUSK\ - & RIDCGNALVVRPSHLIKYHU 1LW
JUHTXHQF\ 6HQVRU OHDVXUHPHQWY DQG 5 IWHRDWLHREDND D VHHGF IR |

7HFKQRORJ\

5XQNHO 5/ &UDZIRUG & * DQG SRKQWRSY /2$'(BRDGS (\2575%1

SURJUDP IRU HVYWLPDWLQJ FRQVWLWXHQW ORDGV LQ VWUHDPV |

6FKZDUJHQEDFK 5 3 (JOL 7 +RIVWHWWHU 7*% RPOONVIDG/HUY DQG :H
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3ROOXWLRQ DQG +XPDQ +HDOWK $QQXDBHMMYLHZ RI (QYLURQPH
6HIJXUD & 1RRQH ' :DUUHQ ' -RQHV - $ 7&QIPDWH QG FGIRWRPV 0

DQG *HRORJ\ $IIHFW %DVHIORZ 6RXUFHV LQ D ORKN@GWDLQ &DWFK

6KDULIL $ <HQ + :DOODFH & : OF&DUW\ * GDRHJIJKLOBPHHH % /DQJ
DQG 'HQYHU - (IIHFW RI ZDWHU TXWQIDMWH DROGL YU HELFWR,
RI D SURPLQHQW UHJUHVVLRQ EDVHG PRGHO :DWHU

6KL ; /L / DQG =KDQJ 7 ‘DWHU 3RD GKWO R QWLRFQIVQ®R G UIFIWPLDRAD
30DQ22 $Q ,QWHUSUHWDWLRQ RI :DWHU 3ROOXVWLVRKFARBWURO $!
HQFH

6X & )X % /X < /X 1 =HQJ < +H $DDOBOM® KYBURMNLO ¥ DQG

DQWKURSRJHQLF GULYLQJ IRUFHV $&KD QM WHYV XHER JLUD S Q KBIO5 HYQH

6X & )X % /X < /X 1 =HQJ < +H $EDMNMORIBUIPKDQI DQG
DQWKURSRJHQLF GULYLQJ IRUFHV $ RDHWHVHHRIUD SRQKMHOS5 LY
6FLHQFH

6X & )X % :HL < /+ < /LX * :DQJ ' ODR(FRDQ@HRQ@IDQDJIJHPHQW
EDVHG RQ HFRV\WWHP VHUYLFHV DQG KXRP ZDWWUYKWGHY D FD
6XVWDLQDELOLW\ 6FLHQFH

6XGKHHU . &KDXEH\ , *DUJ 9 DQG OLPE(DFBOR Rl WKH PEO®ER RW Y

REMHFWLYH IXQFWLRQ RQ WKH SHUIRUPDBQRFRVVZIDWHUVKHG PR

6XQ 3 :X < <DQJ = 6LYDNXPDU % 4LX &DQLWK6 *WPE X DRU<UHHQ

3URJUDP 5HDOO\ (QVXUH D /RZ 6HGLPHQW (RDGQRIG W.IQH &KLQHYV

7RQJ < =KDR < =KHQ * &KL - /LX KWXQ < DQG SsKBRR 5 &
1IXWULHQW ORDGV IORZLQJ LQWR FRDVWDO+*ZDWHUV IURP WKH P
6FLHQWLILF UHSRUWYV

86(3% &RQQHFWLYLW\ RI VWUHDPV D @G $ZHMYOIHZGI/Q\S RV GRVE QN WLV

WKH VFLHQWLILF HYLGHQFH 86 (QYLURQPHQWDO 3URWHFWLRQ -
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:DQJ & DQG =KDR + 7KH DVVHVVPHRHQ WI DQUJ EDQ HHIFRKOHRG MDD H

3URFHGLD (QYLURQPHQWDO 6FLHQFHYV

'DQJ + =HQLQJ : &DLKRQJ + DQG ;LQJERQ@IRLQW MR X:DMHH B ROQGK W L
HVWLPDWLRQ LQ WKH ZDWHUVKHG ZLWK OLPLWHIBNGRQ®D DYDLOL
DQG UHJUHVVLRQ PRGHO (QYLURQPHQWDO 6FLHQFH DQG 3ROO X

'DQJ 4 DQG <DQJ = ,QG XV W UL DRQPHY MU VSIRIDIDW MH QW P DS HUH E
LQ &KLQD (QYLURQPHQWDO 3ROOXWLRQ

'DQJ < /LX ; /L < /LX ) 6KHQ - OD 4 E<LZ5LFH DQWBGLPXOWXUH LQFUF
EDVH IORZ FRQWULEXWLRQ WR FDWFKPHQW RIUNBROWXIRDGLQJ
(FRV\WWHPV DQG (QYLURQPHQW

'HL 0 'XDQ 3 *DR 3 *XR 6 DQG /L 0 ([8\GRIRIAK HRQ FD@G DS SO
FKDUDFWHULVWLFV PHWKRG IRU TXDQWLILRRW R HRU YRRQO XWLF
DUHD -RXUQDO RI +\GURORJ\

X | *DR - H OD : \ DQG /L $ 8 BIRUF\D VF RRHQ! RA LAMROGAL IR HWW K R G
ORDG HVWLPDWLRQ RI QRQ SRLQW VRXEFNRLOVD®GHID I/GIE SRRN
LQ VHPLDULG UHJLRQV (QYLURQPHQWDO 6FLHQFH DQG 3ROOXW

X |/ /LX ; DQG 0D ; < 6SDWLR WHMSRH DR ®DIRIDWWN /& RU FHU R\
SROOXWLRQ LQ D VPDOO ZDWHUVKHG RIOKLMD W QG JXOO\ UHJLF
(QYLURQPHQWDO 6FLHQFH 3ROOXWLRQ 5HVHDUFK

X | +H < DQG 0D ; 8VLQJ ILY R HORMRIUWR DRH LVAHDWOL B WDGWR F D C
G\QDPLF VHGLPHQW GHOLYHU\ UDWLR DO JRGLFWR QWU PXOWL VF
(QYLURQPHQWDO 6FLHQFH DQG 3ROOXWLRQ 5HVHDUFK

X < DQG &KHQ - ,QY HV W L A\DRALUGFH WDKQHS HQ RHFSARL. ® W SRRDQUF H SR

WKH ZDWHU TXDOLW\ RI WKH (DVW 5LYHU QRODWDWN LEYHER XWK

‘LD < =KDQJ 0 7VDQJ '& *HQJ 1 /X ' =KXQD\DNMHODBYLWKQQDHBH
- DQG <DQJ 5HFHQW DGYDQFHW LERE R YWWWRXQ MH BROR R
ZLWK QLWURJHQ DQG SKRVSKRURXV DFRF PH VY LIFX® WXWDWOHU X QR |
SURVSHFWV $SSOLHG %LRORJLFDO &KHPLVWU\

;LQ ;. <LQ : DQG /L .) (VWLPDWQR XYWL RER Q RDRANQ WL WRKXIORH E
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LQ 'DQMLDQJNRX 5HVHUYRLU DUHD &KLQD :DWHU HQFH DQG (Q.

<DQJ 4 /L = +DQ < DQG *DR + GHROGRIQ VDY RIRD BWHDIORZLW@ C

=HQJ

&OLPDWH &KDQJH LQ 'LITHUHQW *HRPRUSKRORJKEQD 7\SHV LQ 7k
:DWHU
= /XR : * :DQJ = DQG <L )W&RQ DQDWHWU &RMHYV LQ WKH 7X

5LYHU %DVLQ &KLQD $Q $UWLILFLDO 1HXUDO 1HWZRUN $QDO\VI

=KDQJ - =KDQJ < 6RQJ - DQG &KHQH PHULWV(RDORDPW EQY HIFDRZW L

VHSDUDWLRQ PHWKRGYV LQ (DVWHUQ $XVWUDOLD -RXUQDO RI +\

=KDQJ - B6RQJ - &KHQJ / =KHQJ + BQIKDRXDLD®J6XQDQGAILL 4

D %DVHIORZ HVWLPDWLRQ IRU FDWFKRHQWY RQ WKH /RHVYV .

(QYLURQPHQWDO O0DQDJHPHQW

=KDQJ 6 :X < B6LYDNXPDU % O0X ; =KDRKHQ6XQDR®GRAQE 4LX /E

=KDR

=KRX

=KRX

=KX

=RX

&OLPDWH FKDQJH LQGXFHG GURXJKW HYROXMHRQ &KKIHUHWKH SD
/JRHVV 30DWHDX (QYLURQPHQWDO ORGHOOLQJ DQG 6RIWZDUH

- )HQJ ; 'HQJ / <DQJ < =KPR = 34XDPRVELIDIQE WKH (IIHFWV
9HIJHWDWLRQ 5HVWRUDWLRQV RQ WKH 6RHO/RURVLRID WSPXW DQ
JURQWLHUV LQ 30DQW 6FLHQFH

/| DQG /L < $ VWXG\ RQ &KLDOQ G/ ZIDWHW HBROLANRVQIPRIE® WW D
PDQDJHPHQW VWUDWHJ\ (QYLURQPHQW 'HYHORSPHQW

= DQG /L - 7KH FRUUHPDSH BQWWHOQ/LQ RH) WRB & DEQURU
SURFHVVHV LQ WKH <DQKH ZDWHUVKHG &KLQD -RXUQDO RI +\G
< &KHQ / :HL * /L 6 DQG 6KHYH¥VPHQWQRHEDWDHI@RZDQRQSR
VRXUFH SROOXWLRQ SUHGLFWLRQ 7KH LRRG\D FGDMWRDI KREWUR BHWD S K
DQG EDVHIORZ SHULRG DVVXPSWLRQV -RXUQDO RI +\GURORJ\
/ /ILX < :DQJ < DQG +X ; \ V&V VRIVY PUHLGFW OWQXGUD QDMR Q SR LG

SROOXWLRQ ORDSV LQRXXUL@MDO RI (QYLURQPHQWDO ODQDJHPHQV

Table Captions

7TDEOBHQVLWLYH SDUDPHWHUYV DQG RSWLPL]J]HG YDOXHV R

7TDEOHFY¥DOXDWLRQ RI /2%$'(67 SHUIRUPDQFH LQ VLPXODWLQ
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Figure Captions
)L) /RFDWLRQ HOHYDWLRQ DQG ODQG XVH RI WKH <DQ 5
)L (YDOXDWLRQ RI WKH PRGHO SHUIRUPDQFH LQ VWUHD
JDJLQJ VWDWLRQ GXULQJ WKH IRXU \HDU FDOLEU
YDOLGDWLRQ SHULRGYV
)L &RPSDULVRQ RI WKH VLPXODWHG YHUVXV WKH REVHU
DQG 73 H DQG | ORDGV 7KH VFDWWHUSORWYV RQ WKH
EHWZHHQ REVHUYHG DQG VLPXODWHG ORDGYV
)L (VWLPDWHG PRQWKO\ DYHUDJH ORDGV RI &2' 71 DQG
PDLQVWUHDP RI WKH <DQ 5LYHU
)L (VWLPDWHG PXOWL \HDU DYHUDJH ORDGV RI &2' 71 D
PRQWK DW ¢YH VWDWLRQV LQ WKH <DQ 5LYHU %DVLQ
)L 7TKH PXOWL \HDU DYHUDJH 7SWWORDREMVIL@ D RHK ¥H DYRSQ
ZDWHU TXDOLW\ PRQLWRULQJ VWDWLRQV 7KH ELJ SLH F
SURSRUWLRQV RI 71 DQG 73 UHVSHFWLYHO\
)L 7KH FRQWULEXWLRQV RI 36 DQG 136 SROOXWDQW ORD
VWDWLRQV
)L %R[SORWYV RI &2' 71 DQG 73 ORDGV GXULQJ IORRG D
ZDWHU TXDOLW\ PRQLWRULQJ VWDWLRQV D 6KL\DRFXQ
7TDQMLDKH 7KH KRUL]JRQWDO OLQHV UHSUHVHQW IURP WI

WKH PHGLDQ WKH ILUVW TXDUWLOH DQG WKH PLQLPXP 7
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731 DQG WKH EOXH VTXDUHVY UHSUHVHQW RXWOLHUV
732

733
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