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Abstract O

3UHFLSLWDWLRQ GRZQVFDORQ@J HYKZQGHQ@) WKHHORHMR O’
DFFXUDF\ RI SUHFLSLWDWLRQ SURGXFWV IURP JHQHUDO
VWXG\ ZH SURSRVH D QRYHO VWDWLVWLFDO GRZQVFDOLC(
SUHGLFWLRQ UHVROXWLRQ DQG :BIFEXYBPRIRD BRIG\SRAD
QHWZRUN FRPSRVHG RI FRQYROXWLRQ DQG /RQJ 6KRUW
PRGXOH WR HVWLPDWH SUHFLBODWBRBMRKCH B DKV HG QROQP IZAHBDMD
7KH SURSRVHG PRGHO LV FRPSDUHG DJDG& @AOMD VEIOFBOHF
GRZQVFDOLQJ PHWKRGV LQ WKH ;LDQJMLDQJ 5LYHU %DV
FRQVLGHUDEOH LPSURYHPHQWQRRPSIDPU H B DR QWK HV( SU:H F
$OVR WKH PRGHO RXWSHUIRUPV EHQFKPDUN GRZQVFDOL:
PDSSLQJ VXSSRUW YHFWRU PDFKLQH DQG FRQYROX
UREXVWQHVYV RI WKH RRGWO LD S UDFWDEEO\ UWERH R/D VY WL Q4
QHWZRUN IRU SUHFLSLWDWLRQ SUHGLFWLRQ IRUFHG E\
PRGHO &RPSDUHGHWIRS (AMDWE2BQ IRPBINBV WV HRXNHRRGHDOR |
UHVROYHG G\QDPLFDO ILHOG IRU PRUH DFFHXUIDRWH SUHFL
GD\ XS WR 7TKAWHWXSHULRULW\ GHFUHDVHY DOR®@O IRUHFD
LQ SUHGLFWLQJ DWPRYVSKHUMK B &Q B\P WA\HIEAKIORIWR/EPEHH | H F
EXLOG D GKYBURBRWIH®O PRGHOWBQGLIRHWAHWWVRXUF
SUHFLSLWDWLRQ LQSXWYV +\GURORJLFDO VLPXODWLRAQ
SUHFIRRQWMWLPDWLRQ VKRZV VLJQLILFDQW DGYDQWDJH

RULJLQDOWSH®LP SUHFLSLWDWLRQ ZLWK 16( YDOXH LQFU
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WKH SHUIRUPDQFH LV MXVW VOLJKWO\ ZRUVH WKDQ WKH
16 ( 7KLV IXUWKHU SURYHV WKH YDOXH RI WKH SURS
VXJIJHVWV LWV SRWHQWLDO IRU K\GURORJLFDO IRUHFDVYV
Key Words 3UFLSLWDW LR Q &RZYR/FOWLRQDO IRRW BE RBW ZR U

7THUP OHPRU\ 1HWBGDUDROMRMLFDO VLPXODWLRQ

1. Introduction

SBUHFLSLWDWLRQ LV D SULPDU\ IRUFLQJ LQ K\GURORJLF

2EWDLQLQJ DFFXUDWH DQG UHOLDEOH SUHFLSLWD

WHPSRUDO VFDOHV LV FUXFLDO IRU HIILFANHZDW DQUHU UH
RI SUHFLESHWDWHRQQDWXUDO KD]DUGV VXFK DV IORRG
UHDVRQDEOWQRI JI FOH DRKIQ WDERYHG DSSOLFDWLRQV LW
HPSOR\ SUHFLSLWDWLRQ SUHGLFWLRQ WHFKQLTXHYV

JRU VWRHWW UDQJH XBDQYRHFOQXFPPHWHFDO ZHDWKHU FOLP
SHUKDSV WKH RQO\ UHOLDEOH WRRO IRU SUHGLFWLRQV
PRGHOV KDYH DFKLHYHG LPSUHVVLYH SURJUHVVHYV LQ S
SK\VLFV HH#ODRBU +HUH &QUQDPLAWVR DWPRVSKHULF VWDWF
GHQVLW\ SUHVVXUH WHPSHUDWXUH DQG YHORFLW\
DWPRVSKHULF SULPLWLYH HTXDWLRQV DQG UHVROYHG E\
VROYHUV ZKLOH SK\VLF\G SHIRBRHWRHW KHKRYUBIVR GGr'lHD J Q
UHVROYHG YDULDEOHY EDVHG RQ HPSLULFDO SDUDPHWH

IURP FRPSOH[ SURFHVVHVY WKDW DUH PRVWO\ SDUDPHWHL
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VDWLVIDEFWRU\ VNLOOV L@ LEHGROYRIQIV WRRGHW PR VSWKHI
HVWLPDWLRQ VXIIHUV IURP P XDTSLEMBRAD W HD\QRGX WKHV R |
VNLOO KDV EHHQ GHVBWIHEHGREY 3G UKD XIXPHUWDLQWLH\
SUHFLSLWDWLRQ SUHGLFWEKRQIREQRDD®IO\DWVSWHHRVVUR P
G\QDPLFDO IRUFLQJV DUH RI OLPLWHG UHVROXWLRQ IRU |
PLFURSK\VLFV ZH XVXDOO\ GR QRW KDYH GLUHFW REV
VWDWH IRU FORXG K\GURRWWHRKHGE BKIDMAXLG WRIDLGYRC
LQWHUDFWLRQ RI SUHFLSLWDWLQJ FORXG K\GURPHWHRI
OLPLWHG XQGHUVWDQGLQJV RU FRPSXWDWLRQ UHVRXUF
DERYH DVSHFWV TXLFNO\ UH FHSIOND WH RYSHSIHNRBHKIE W K H

0DQ\ VWXGLHV KD WK HDFHFXOBE\ WRKIWKH *&DVQIDOO SU
VXFK DV (&0:) DQ® 1R(B IURP HQRXJK WR EH XVHG GLUH
PRQVRRQ DHJLR® DO :D Q4 HHML GHOW WIKG I X OKHH I THFW W
UHVROXWHERRS KWW B OXRSMOFER D ILIRMHK\GURORJLFDO VLPXO
;X *KRVK OHHKO HW DO

7R LPSURYH WKH SUHFLSRWD W LRIOR BRWIHPE WY R QR SRIIG
YDULRRX¥QVFDOLQJ PHWKRGV LQFOXGLQJ WKH G\QDPLFECL
GRZQVFBBIQHNWDBHQHVWDG DQG +DXJHQ &KULVWH

+DQVNWQ O3UXGKRPAPH O 'X\QDPLFDO GRZQVFDOL
XVXDOO\ LQRARGHY WKIJLRQDO FOLPDWH PRGHO\ZLWK W
FRQGLWLRQV SUWRYKEHG/EYHERPSXWDWLRQDO FRVW DQG

ORFDO FRYQIEYMWULRQWVLWLP LIVSEG QF P\U DR QU BWIDRALW W LF D O
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GRZQVFDOLQJ VWWIWDIEON VKHE O LD\ HE W B MHK® U0 DIQXH O
REVHUY'DIWSBMRIPH OLPLWDWLRQV VXFK DV LWVOKMW KHVDW LF
S UH GASFUMRSW FW D Q G DUQHED DUMITRKQ V B IREREW H IRYUDHEIRRUGG V
VWDWGERWQFBEDOLQY RAMUKDRRCU ZDRIFES BWOW LR Q DVOIOX VH I I LF L |
FDQ EH HDVLO\ DSSOLHG WR GLIIHUHQW UHJLRQV

7KHUH DUHVPWGR Q¥ PDOLQJ PHWKRG SURSKWHG E\ SD
VLPSOHVW IRUP LV OLQHDU UHJUHVV XRQ QZ KILG KR 8 WWR P]Hi\
OLQHDU FRPELQDWLRQ Rl ORFDO FLUFXODWLRQ IHDWXUH

/L DQG 6PLWK 7KH IHDWXUHV DUH XVXDOO\ UHSL

&RPSRQHQWYV 3& RI WKH PRLVWX:KHOISUWAKN XQHID BQGJ Z3
UHSUHVHQW WKH LQQHU OLQHDU VWUXFWXUH RI WKH FLL
QRW EH GLUHFWO\ UHODWHG WR WKH SUHGLFWDQG DV
SUHFLSLWDWLRQ LV FORVHO\ UHODWRBHWBELHWYV VR&WKUE
GHSUHVVLRQ LQWHQVLW\ FRYHUDJH DQG GLVWDQFH 7KI
HYHQW WR HYHQW QRW DOO RI WKHP FRXOG EH ZHOO LO
RI WKH FLUFXODWLRQ ILHOG

6RPH RWKHU PHWKRSVWBWLIRRD \E B\ BGIHDRQ | QRW X UHV
UHOHYDQW FLUFXODW LR DIGHPICQ IVXEF K D52 OV KHRBH O | €
FOXVWHUV VIQRSWLF FLUFXODWLRQ ILHOG LQWR GLIIHUH
D VSDWLDO UDLQIDOOLGDW\WKDQJH RRY YHILQFILBDO FRPS|
DSSOLHV KHUH DV ZHOO VLQFH WKHVH IHBWKEHWDQOH Q R

FRQQHFWLRQ EXW WKH LQQHU VWUXFWXUH RI WKH SUHGI
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ZHDWKHU VFDOH\SWHEESWWRQY LRQ G

$QRWKHU FDWHJRU\ Rl PDFKLQH OHDUQLQJ DOJRULWK
WUDQVIHU UDZ LQSXW GDWD LQWR IHDWXUH VSDFH IUR
EHWWHU H[WUDFW XVHIXO LQIRUPDWLRQ RSB O\IQRYHI WD
NHUQHO IXQFWLRQ WR HVWLPDWH WZR SRLQWVYT GLVWDC
WKHLSURBWFW LQ WKH LQSXW VSDFH .HUQHO WULFN DO
VSHFLILF WDUJHW E\ VHOHFWLQJ NHU QD@ WX D 5 %0 REDMD.@ !
LQFOXGH NHUQHO UHJUHVVLRQ .DQQDQ DQG *KRVK
7ULSDWKL HW DO 3DQ DQG &RQJ 7KH GHVLJC
PRGHOHUTV SULRU NQRZOHGJH )RU WKH SUREHDHP KHU
IXQFWLRQV WKDW H[SOLFLWO\ FRQVLGHU WKH SUHFLSL\
LQWHQVLW\ FRYHUDJH RU GLVWDQFH IRU GLIIHUHQW F\F

7KH UHTXLUHPHQW IRU UHFRJQL]JLQJ NH\ FIFBHHRXODWLR
DQERVLWLRQV OBHEEKYUWR MSWEFR/UNLDO 1HXUDO 1HWZRL
KDYH DOVR EHHQ ZLGHO\ DSSOLHG WR BQHWKSILWDWILRC
*XKDWKDNXUMPHY 1RUWRQ 6FKRRI DQ® BHYXRU
FRQYHQWLRQDO $11V WHQGV WR JHW WHID®DIH H Q\ SRRV
RU QR EHWWHU WKDQ RWKHU GRZQVFDOLQJ PHWKRGV -
&RQYROXWLRQDO 1HXUDO 1HWZRUNV &11V DQG UHFXUU
JDLQ JUHDW VXFFHVV LQ PDQ\ DSSOLFDWLRQ OLNH V¢
UHFRJQLWLRQ DQG REMHFW GHWHFWLRQ HWF :RUNV E\ ¢

DOVR KDYH SURYHG WKH HIIHFWLYHQHVYV Rl &11V LQ SU
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6WMHY 6KL HW DO SURSRVHG D QHZ PHWKRG IRU UL
FRPELQLQJ WKH &11V ZLWK /RQJ 6KRUW 7HUP OHPRU\ 1HW

,Q WKLV VWXG\ ZH DW SHHPELYS IWHD WR RWDRE ¥ WIKRHD W\ D QN
RI DUW GHHS OGQQWVOWE PF®UHMHIRDY VEY ERU QXPHULFDO PF
SFHSLWDWLRQ 2Z4HW WURBRVRQWR SUHGLPW WE HJ YR Q YIH@O
FLUFXODWLR@RWKHUPZ RV GM ZODFHIX WRHVROYHG SURFHVYV
WKH RULJLQ INQPQODHNMESR AOHMKN B D O \THKWY RWNPRWLYDWHG
WKH IDFW WKDW DOWKRXJK WKH SUHGLFWIEXHO DINLRQ V
G\QDPLFV DUH GLPLQLVKLQJ DSIR.@L \NRLY HIFDH GHHEGEDA L P |
PRUH UHOLDEOH DQG VXVWDLQV D ORQJHU XVDEOH IRUHI

$IWHU WKH , QW U R GXUFHWIHRIQNV \6 AVRAHL R @ XEH FIMULHRID DQ G G
LQW UR GER B ¥ WHRHDN KIREG/ K\G U R O RW KPDINO (PRRHGMIOK G\ L Q WKL
7KH UHVXOGIWNVS RWBWLRQV HA/WO® DDNVLRYWY SHUIRUPDQFH F
GHVFULEHG LQLE@PPWARQD EULHI VXPPDU\ DQG WKH PDM
SURYLGHG LQ 6HFWLRQ
2. Study area and datasets
2.1 Study area

7KH ;LDQ3MYBQJD WULEXWDU\ RI WKH <DQJW]H 5LYHU

NPDW WKH +HQJVKDQ K\GURORJLFDO VWDWLRQ ZDV

JLIXUH 7KLY EDVLQ LV ORFDWHG LQ VRXWKHDVWHUQ
HIWHQGYV IURRIORQJFWWEBHY f( IURP ODWLWXGHV RI

7KH FOLPDWH RI WKLV UHJLRQ LV KXPLG VXEWURSLFD!
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SUHFLSLWDWLRQ RI DSSUR[LPDWHO\ PP 7KH SUHFLSL
VHDVR QD ODD@X DLBWORWIDD QG PDLQO\ REFFXUV EHWZHHQ $
7KH DQQXDO DYHUDJH UXQRII GHSWK LV DSSUR[LPDWHO
WRSRJUDSK\ ZLWK HOHYDWLRQV UDQJLQJ IURP P WR
KHDGZDWHU UHJLRQV DUH ¥@WDDOWHORIHE BEQ@WHHHS AR
DQG FRQVHTXHQWO\ VXIIHU IURP IODVK IORRGLQJ 7KH
WKURXJK WKH IORRGSODLQ ZKHUH WKH RXWOHW VWDWLR
JLIXUHW WR EH LQVHUWHG DERXW KHUH®@

2.2 Datasets

'DWD WARHD LQ D QG &PDQ\GFD/MH. MK FIE WEKRGREVHUYHG UL
GDWD DQG WKH SUHGLFWRU IRU SUHFLSLWDWLRQ HVWLP
*DXJHDVHG 'DLO\ 3UHFLSLWDWLRQ $QDO\VLV SURGXFW
OHWHRURORJLRQ & H@WHBDWKHQ D@EWKRRJIJWSP®RDDO
UHVROXWLRQ RI RQH GD\ DQG f DOQW ZFHEN LBHH GRZ

KWW S GDVIDRGOFARHIURPRWHDQ &HQWUH IRU OHGLXP 51

JRUHFD&W)Y ,QWHULP 5HDQR@\WUWNP (5'$HH BIWHDOHFW H G
DV WKH SUHGLFWRUV IRU SUHFLS LWSDMWLRDD HMW IRFICXAMLLRR®
GD\ DQ& 7KH SRWHQWLDO SUHGLFWRU FDQGLGDWHV X\
IROOR ZADQIDWH G IFWRPLRWFSKOHDML L R QP Y D\QH_ID EOOHHNH OWKWBIH V V X
0/6 WKH WRWDO FROXMWXHIFRBOYHFWLYH DYDLODEOH SI
&$3( [DQANVKH SRWHQWLPO KWKHKS ZLQG BRPMRKGQHQW

SHUWLFDO YOHORWVRMWY WHPSHUBRWHRBWLDO39YBWWLFLW\
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KSBWDLO GHVFULSWLRQ Rl WKWKRNDULDEC
ZHEVLRMMHWSY DSSV HFPZI LGW FIRG HVY QDQE SWH®WPFWR UV
GHWHUPLQHG WKURXJK D DVMUL DWRP QMR B ULRMRFHHWKIR G
DQI@RP ODWLWXGHV RI f1 WR 1 BRI H [RIUDEMGILG WRDLD
HIWHQG IJJRWRf( DQG IURP f1 WR f1
7R IXUWKBOUGDHRZ@GMKHDOLQJ ZMHWRRBVXVHG WKH (&0:
VXEVHDVRQDO6WRSYMBLRYDLAQ SURMHFWLWDWWEBWHD X L
ZKLFK FRQWDLQV WKH VD BN BUKEHS (W R K 1 QZ3 DKV \\6\6
PRGHO LV LQLWLDOL]HG ZLWK UHDOLVWLF HVWLPDWHV RI
SUHGLFWV WKH ZHDWKHU IRU D SUHVHW H[WHQVLRQ ZLW
RQ HYHU\ ORQGD\ DQG 7KXUVGD\ IURP WIRDW KRR IR U |
HYROXWLRQ XVLQJ HQVHPEOH PHPEHUV ,W LV FRXSOH

PRGHO 7RIJHWKHU WKHUH DUH KLQGFDVW H[SHULPHQ

7KH RWKHU GDWD XVHG LQ WKLV VWXG\ LQFOXGH JHRJLU
WR EXLOG WKH GLVWULEXWHG K\GURORJLFDO PRGHO PH
LQSXW GDWD IRU WKH KGGVRORMWEBDDKRRKE ZBIUBIQGVHG WR
DQG YDOLGDWH WKH K\GURORJLFDO PRGHO &DWFKPHQYV
aAJLWDO HOHYDWLRQ PRGHO '(0 ZLWK D VSDWLDO UHVRC
GRZQORDGHG IURP WKH 6570 'DWDEDVH KWWS VUWP F
REWDLQHG IURP WKH &KLQD 'DWDVHW RI 6RLO 3URSHUWL
DO /IDQG XVH FRYHU GDWD ZHUH REWDLQHG IURP WKH

6FLHQFH 'DWD &HQWHU RI :HVW &KLQD KWWS ZHVWGF Z

9
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RI P 'DLO\ GLVFKDUJH GDWD IURP WKH +HQJVKDQ K\G
IURP WR DQG ZHUH REWDLQHG IURP WKH +\GURORJLF
YDOLGDWH WKH K\GURORJLFDO PRGHO 'DLO\ PHWHRURC
&KLQD $GPLQLVWUDWLRQ Rl OHWHRURORJ\ DQG LQFOXGH
PLQLPXP BHUWDWPUHY VXQVKLQH GXUDWLRQ ZLQG VSHH
7KH PHWHRURORJLFDO GDWD ZHUH XVHG WR HVWLPDWH

SHQPDQ HTXDWLRQ 3HQPDQ ZKLFK ZDV DOVR XVHG |

3. Methods
3.1 Downscaling Methods

Convolutional Neural Networks

7KH FRQYROXWLRQDO QHXUDO QHWZRUNV &11V LV D
IHW2ZRYRU D UHJXODU QHXUDO QHWZRUN D VWDWLVWLFD
WKH RXWSXWV LV FRQVW UXFQHFGN WE URDAHU K LRIU Q H R KRR
QHXURQ LV D FRPSXWLQJ XQLW WKDW UHFHLYHV VRPH
RSWLRQDOO\ IROQHIAY WUPRY IRUPDWLRQ )RU VXSHUYLVH
FODVVLILFDWLRQ DQG UHJUH\WAEQ FFP ORVVQUX QKM LA BW
RXWSXW HVWLPDWLRQV ZLWK REVHUYDWLRQV 7KH QHW
PLQLPL]LQJ WKH ORVV IXQFWLRQ XVLQJ JUDGLHQW C

EDFNSURSDJDWLRQ WUDLQLQJ

'LITHUHQW |1UR R QMQKIH WX@GO Q WWIZRYURNYYHML W ZR VSHFLDC
RSHUDWRUV D FRQYROXWLRQDO OD\HU DQG D SRROLQJ

RQO\ FRQQHFWHG WR VSHFLILF ORFDO SDWFKHV WKURXJK

10
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OD\HUV VKDUH WKH VDIPM JUG\NY WOV U, QG RHY IDKH QXPEHU
QHWZRUNV DQG DOORZV WKH QHWZRUNV WR GEHQEBHSHU [
IXQFWLRQ VXFK DV UHFWLILHG OLQHDU XQLW RU K\EH!
FRQYR GRSWMROWIR KM Y DN\ HW 7KHQ WKH SRROLQJ OD\HU
PHUJH VHPDQWLFDOO\VVL®WRDR QMR B 6 XI® WXAMH W R

WKH IDEWOWKDWH SRVLWLRQV RI IHDWXUHV WKDW PDNH >
WKKRDUVLQJ WK H BRK L WIDIQY® BB NVRHFW UHQLSERDOPRW LI
SRROLQJ OD\HUV SDUWLWLRQ DRNDWOOSES PRI UHRWD QJ €
RXWSXW WKH PD[LPXP RU WKH DWHJLRIH YHDHOSK HH DRWQ IHQ@

7TXWRULDOV

,Q DGGWWHRB@FH RYHUILWWHQG USRISERMI¥RI\W BOE |DW LR Q
PHWKRGV DUH DOVR DGR SVHG S\Q UWHIGLYF M WRYGIERIBR S R R W
VHWWLQJ VRPH ZHLJKW RS DVIOHR KW G R RERIVIREIVE B KW M ILQH G
SUREDGKOL®) W UD LOUL@W RSQ R MEIDAVARU PDOL]DWLRQ DOOH
LQWHUQDO FRYDULDWH VKLIW,RAYHQRQBD®|HLMEHOD\HU L
&11V DUH LPSOHPHQWHKBD B WHQVRUIORZGHU S\WKRQ S
'LITHUH QW VWSRIUED N UGIL [ THUH QW WHKHHQIRHSBWVD/Q 6 TXDUH (UUR
EHWZHMRPWRBWHG BQE RIEBRMNBMWHGS DYFO/RBYK H $GDP
JUDGEBQMWG RSWLPL]HU LV XOWRMNGQ WM LR HP L ]H @X\HW UD W H

DUFKLVVRHMANOHU&LL QHWZRUNV XVHG LQ WKLV VWXG\

SLIXUHW WR EH LQVHUWHG DERXW KHUH@

Combination of CNN and Long Short Term Memory Networks

11
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7K ORQJ V IPRIPW UN HYUHRV Z R UMNR\F K/\6 A @MOHQ LV D VSHF
W\SHJRF X U U HQ WWZHRWNYB 15N R Q WIHIHGDEDFN FR/EQOMFW LR Q
DOORZV SDVW DQIREWHDWXRQHORY RXWSXW WKXV LV YHU
LQYROYLQJ VHTXHQWLDO L&SXOVDVH [WFHXQY LR RO WKH FRC
511V/670 LQWURBXSHNLBDOVRIG PHPRWLFKHOGWY OLNH I
DEFXPXODWRU WHR P IGBISE QROIF\ LQ DVRHBWHRIABWLRRG P
PXFHDVLHULY FHER® QYHVMGIG DD\ VZR@ BXSE\G VWDWH DC
DFFXPX\WRM H [ WO 8XMPX 6 WD HDREXY BHOO LV FRQWUROOHC
PXOWLSRQEWKHYRSXSXW DQG WRR B-HW HDWHYH ZKHWKHU
SDVW FHOO VWDWXV RU WR @K DEK HUD GNRIVREEAU D/QRS \B K A HO/
LQIRUPDWLRQ RYMHROORFKEHRIUNGR| *UBKHVRUPXODWLRC

DUH VRRZIQOORZV

L V o d w Kae w FoeEw L
W Vil w Ka w F e By |
Re  WFw WPRQK [ Ky,
RV i w Kew F eRw =
K RWVDQK,

KHUHI F UHSUHVHQWR WKHVLR QBEWR XW SXKHIPMAR U\ FHOC
V LV WRHLVWLF VLIPR LY IXKEWGCRIQQEHBPWHRUDWH PDWUL]|
DQG ELDV WHUP

&11V LV JRRG DW GHDOLQJ ZLWKW\KSD VLD AW JRRID W
WHPSRUDO VLIJQDOV &RPELQDWLRQ RI WKHVH WZR PHWK

ZRUOGV 7R WKBP¥®™ W MRFO>XOMLRQY WR H[WUDFW WKH VS|

12
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RI WKH UDZWRISEE WEG P WR W KHKHUT B LEOQHDWER UNWHIHUUH
&RQY/67,0 WK LVSWHGLEWRRPU SICKHE DDWXHY MR HV W DPDW H

UDLQTBBOVWUXFWRQMRROIXWKRQRODUH MXBWHWKRIXVDPH C
PHQWLR®WAHGKLGGHQ OD\HUV MU B 2AKHL\WKXSVLQONRHLPSOHPH

LQ WHQ\WBWEDIEIR D O XQGHU S\WKRQ SODWIRUP
Support Vector Machine

7KIBXSSRUW 9HFW®RID 0P BIKU QW SHEXHIDB QLN IRU
ELQDU\ FODYNHIBERWERKOH RI 690 DBRKW LWKE VW SDR DML
K\SHUSEHDV/WMZHHQ WZR FODVVHV E\ PD[LPEHVQZHW®&HWEKRIX Q
FORVHVW SRLQWV RRX\XGBBE&BWBY RIQHWHHSRLQWYV DUH FD

VXSSRUW YHFWRUYV

,Q 690 UHJUHVVLRQVMWIKWWLBBXSMHG LQWR D KLIKHU GLI

VSDFH DQG WKHQ D OLQHDU PRGHRRFMY EG-PREDVWUXF\

'KHUB, GHQRWHY D VHW Rl QRQPDRQEBMDW W BRQMIRUPDWL
SDUDPHWHUV WHR IEQ FRRWHHDVHG LYH/QRVV: IXQFWLRQ

9DSQLN

5 Ll\ \ ;\ZH
I, \ 1 Z
a\@?\ | ;z‘ H RWKHUZLVH

7TKHQ WKH HPBLQLE®D ¢ LNAAMNODWHG DV
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Q
Sips Z : Lo\l 3 Z
L

Q
JROORZLQJ +D\NLQ TV UHJXODUL]DVOHRIQ® WIKHR U\ |
VODFN YQULDW®HWHDVXUH WKH GHYLDWLRQ RI WUDLQL

LQVHQVLWLYH ]RQHZ DRQIGHDSBIUPPWWRUWHG E\ PLQLPL]LQ

IXQFWLRQ

PLGZ &l £ [,

-\, I ZdH [
o\ | ; ZdH
A [

of t

ZKH&HYV D SRVLWLYH UHDO FRQVWDQW 7KLV RSWLPL]D

PHWKRG RI /DJUDQJLDQ PXOWLSOLHUV +D\NLQ

ZKHUWD Q@ DUH WKH /DJUDQJH PKMOWRVE&/DOUHYR @ XK WK /W

,Q WKLV VWXG\ WKH 690 PRGHO3HGUPIS®WPAH QWHG LQ
XQGHU S\WKR® I ODMIRURJI Rl 690 LQFOXGHV VHOHFWLQJ
GHWHUPLQLQJ WKH PRGHO S DIKHRHWSRIYDRSIMQBLYDPBP B
WKURXJK WKIRHEKLBQGNPKIW DO DQ&G E *DPPD

DQO AHEDVIX\Q FWIURHQXVHG LQ WKLV VWXG\
Quantile Mapping Method

7KH TXDQWLOHKWOPDSVBKRGE 3DQRIVN\ DQG %ULHU L
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314

VLPSOH DSSURDFK WKDW KDV EHHQ VXFFHVVIXOO\ XVHG

W XVHV WKH FXPXODWLYH IUHTXHQF\ FXUYH Rl WKF
WKH VLPXODWHGWKH GIPWOHFVWRHBKDWLQIDOO ZLOO KDYH
IUHTXHQF\ FXUYH ZLWK WKHLRBXNWWHDGV R H R JIXDHY W L
PHWKRG YRWMWFK JULG FDOFXODWH WKH FXPXODWLYH
VLPXODWHG SWHFISLWRWLREH REVHUYHG,.SUHFLSLWDW
UHVSHFMKINHIDRUS HFLILF SUHFLSLWDW LR ZWKBDQDOLGI
FDOFXODWH LW&),|UHDX&)QRURQ $QG WKHQ WKH FRUUHVS

SUHFLSLWDWLRQ RQ FXPXODWLYH IUHTXHQF\ IXQFWLRQ R

SUHFLSIWDME)LRE) . 3L

SLIXUHW WR EH LQVHUWHG DERXW KHUH@

3.2 Statistical evaluation based on gauge rainfall data

7R TXDOLWDWLYIBRZ Y PbDXDWWRRRHWHRFO®OWR ZLQJ PHWULF
DGRSWHG UH®@DWQKRHWMKRWPHDQ VTXDUH AHUR W V3DGE ( Z
WR VKRZ WKH HUURWL BDX@D WIHIGY JRRHARB EHINAEY HRIQ H G
UDLQIDOO GDWD G6EHOWIHWKMHOFRUUHODWLRQ FRHIILFLHC
DLPV WR VKRZ W K HHFHRQ WIKHN S QHFG IEFHVWHG UDLQIDOO DQG

7KH PHWULFV DUH FDOFXODWHG DV IROORZV
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317 ZKHWHDQG®, GHQRWIHUMXKIHWHG BBVELNGHD QGLQIDOO

318 UHVSHFWLYHO\

319 3.3 Evaluation through hydrological modeling

320 Description of the Distributed Hydrological Model and Model Validation

321 7KH K\GURORJLFDO PRGHO XVHG LQ WKLVEDWMNG\ LV D
322 K\GURORJLFDO PRGHO *%+0 GHYHORSHG E\ <DQJ HW D
323 *%+0 WKH VWXG\ EDVLQXPE U RDARERQOPMRVDOLQNHG E\ W
324 QHWZRUN DQG RUGHWBMG IEKOWKHVFRHARHRQ7KHQ JULGV
32 FDWFKPHQW DUH JURXSHG LQWR VHYHUDO IORZ LQWHUYTE
326 RXWOHW 7KH UXQRII JHQHKULDWH GORR P QWKHU ¥ D DG FRDIMU
327 PDLQ VWUHDP ZLWK WKH VDPH IORZ GLVWDQFH DQG HDF
322 WRSRJUDSKLFDOO\ WLODBIDU VAKNMOHPMORBKLFK LV WKH ED

329 K\GURORJLFDO VLPXODWLRQ <DQJ HW DO

330 7KH *%+0 PDLQO\ FRQVLVWY RI D KLOOVORSH PRGXOF
331 URXWLQJ PRGXOH <DQJ HW DO ,Q WKH KLOOVOF
332 WKH K\GURORJLFDO SURFHVVHV LQFOXGLQJ LQWHUFHS
333 RYHURXYQGEQUDWXUDWHG IORZ DQG JURXQGZDWHU IORZ (

334 DV HYDSRUDWLRQ IURP ZDWHU VWRUHG LQ WKH FDQRS\ F
16



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2019

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

LQ DGGLWLRQ WR WUDQVSLUDWLRQ IURP WKH URRW ]JRQH
DFFRUGLQJ WR GHSWK DQG WKH YHUWLFDO VRLO ZDW
5LFKDUGYV HTXDWLRQ 2YHUODQG I®RZHRW LGRHMFQ INEHYGH KD
ZDYH HTXDWLRQ 6XEVXUIDFH IORZ DORQJ WKH KLOOVOR!
H[FHHGWOG FDSDFLW\ 7KH JURXQGZDWHU DTXLIHU FRLU
GLVFUHWL]HG DQG WUHDWHG DV DQ LQGLYLGXDO VWRU
EHWZHHQ WKH JURXQGZDWHU DQG ULYHU FKDQQHO LV H
XVLQJ 'DUFYPQDBW DO ORVW PRGHO SDUDPHWHUV C
WKHLU SK\WVLFDO PHDQLQJ HLWKHU EDVHG RQ LQ VLWX
2Q0\ D IHZ SDUDPHWHUV PXVW EH FDOLEUDWHG VXFK D

JURXQGZDWHU

,Q WMX G\ FDWKEKPHQWY DUH GLYLGHG ZLWK D JULG
VXJIJHVWHG E\ <DQDQBGNODDR HW DKOH *%+0 VLPXODWHV W
K\GURORJLFDO SURFHVVHDN QW MDKH. KRXWE ' GWR B HWMWKW HSH L

DOQGODODLGDWHG IRU WKH SHKHLRBVRKIDQG 6 XWFOLIIH FR
16( DQKGODW L5YADEHDWGRSWHG WR HYDOXDWH WKH PRGH

GHILQHG DV IROORZV

]
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375

ZKHUM DQGY GHQRWH WKH REVHUYHG DQG@_VLPXODWH
GHQRWHVY WKH DYHUDJH YDOXHV RI WKH REVHUYHG GLVF
7DEOARQWDLQV WKH FDOLEUDWLRQ DQG YDOLGDWLRQ L
UDLQIDOO LQSXW GDWD IRU WKH PRGHO 7KH 16( YDOXH
SHULRG DUH JUHDWHU WKDQ 5%DD@GOWKY WEDROXWH. @0 C

WKDW O KDV JRRG SHUIRUPDQFH LQ WKH VWXG\ EDVLQ
DEOH WR EH LQVHUWHG DERXW KHUH@

4. Results and Discussion
4.1 Precipitation Estimation Performance With different Predictors
, QVKH SDVWDW¥XIGE HEMWRIUEFHH QS K WYIH GSIGRRUDQMRDO L Q J
VXFKIBRSRWHQWLDO KHLIJIKWPSEVRQ.LGVRRWLWED DQG YRC
VHD SHYWAMXUH &DYD]RV JHRVWURSKLF YRUWLF
ZLQG VSHHG OXAKIK¥FKRLFH RI WKH SUHGURVQRW YV HIDBQNF
FKDUDFWHULVWLFVFDROH WKW P FO\DS KIHHULIH D VR QIB@@WW LR Q
JHRPRUSKRO@RQGKL HWRDIOQ WKLY VHFWLRQ ZH GHVLJQHG
WR HYDOXDIHHF DNKH SRUIGUIPBOYABWYWOLVMWHGDEOH
([SHULPHI®SW H VR QMIV. \\DKH, (@W HBWIHF LSLWDWLRQV ([SHULPH
WKHDMMHD OHYHO SWHEVEKWRULDY HOWKHRSRWHQWLDO KHLJI
KSBUWIHGLFWEKHULPHQWHRSAHWHQWLDO KHLJI
KBD ZHOQVRW MK HF R O 6 RIGI GQUDFBHRWL P H Q W
XVHW PXFK FOLPDWRIDWR BRYD\U EDHOGHFRNOROEGE. @Q JW K H

FLUFXODW LREHWBWLEDHE® H\Q (NHIRMLPRIQ YO XVH WKH &11
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395

396

397

QHWZRUNV DV GRZQRBBMONQIHRGHVKIRGEL® HER BH U L RR

DQCHUYHDOLGDWHG IURP WR

7DEOBILVWY WKH PHW U L F\ SRIUW AIMRRYDAV W IRD W MHOMH L QG H [
FDOFXIRDWHDFRKHYVSHFEWLYHO\ DQG WKH DYHUDJH YDOXH |
LQ 7DE®WHBPH LQ 7DEXWH 3DHBL $ILIW CDMLRRD YW\DWIHP SORWWH G
REVHUYH® RIQBYHY X ON 8 HRJ L PAKQREYV HID D W REFRIOUHODW LR Q
FRHIILELWEWREGBWDMWX && RIRU YDOLGDWURD VIHPHLR G
KHUHDDWR QJDZRYWHU HVRVQVWRRM SUHFLSLWDWLRQ WKWK 5% F
URRMDWT XDUH. MU WPRPUGBKHVH PHWULFV LQGLFIRWH D EDG
RULJ(ESDLA) W H U L P 5UHD/LXQDI & [B5GRU L P H QIMEEBOW SHE LRUPQD O
(58 LQWHULP6SBEQIBRDO®@ DQG 506 ( ([SEXHIHNGW
PP GHOO PHWULEP SIKRZRFBQW[SHULPHQW  EXW
IURP HQRXJK DQG WKH VFINWWHLESBRMWW\RBIKMK PR VIA
LOQWHQVLWKHK RIEQ IDW ®QG 506( YDOXHV IRU ([THUAPHQW
DQG WKH VFDWWHKH PRFEW Q. ¢ RFODBME NOQHAMKLENKL W \
UDLQ,IM B3 UL P KGWY DICOUMLIQHFW MDR/ HY{ S H U L P 3 QYW H

KLIK&E& WD OXH RI
DEOH WR EH LQVHUWHG DERXW KHUH@
SLIXUHW WR EH LQVHUWHG DERXW KHUH@

2YHUDOO XVLRHEWHR PRERILIBBEIRIVYV LEOHRQGXFLYH WR
LPSURYLMIFWRBFARZQVFDOIS@R QD D@O PHIWHRURORJILFDO

WKH JHRSRW RQWKWD & KK FKIWHKIWPR \RQH &R QFEGHDEQ.D 8RB W K
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419

FRPSOH[LW\ZH PROMHKDW WKH FRPELQDWLRQ RI JHRSRWH!

ZDWHUPLDSRIHEHVRQDEOH

4.2 Precipitation Estimation Performance of different Methods

,Q WKLV VHFWLRQSHHUHIRBPENBH ®RRDQEON FDOLQJ PHWKRC
AXDQWDRABPHWKRIG QHW BP0 MWER Q670 QHW ZRK NKW DG
DV GRZQVFDOLQJ PHWKRGVHRYHESHWHBHQW XVHV (5%
LQWHWHFLSLWDWLRQ [['¢HIALHPG QMM RIH RBER® H@WLD O KHL

KBEQG WROMZDWHUSUHGLFWRUV

OHWULFV DQG VFDWWHU SOPWS DIUIK UHKRIDF W Q Y HDE C
([SHULMPKQYH WKH WAXD @ \RDISFBQEDIV KWGPSURYHPHQW XSRQ
RULJLQD@ WiSU HFF L S IVWYDHAL RAQZKIHWE&KG YDOXH LV RQO\ C
506( YDOXH LV PP QW \L V RAARBGW L R@ OAKSGW VP H Q

SHUIRUPDQFH LQ YDOLGDWLRQ SHUEZRGFRWMPARG®SWUDEOF
WBWYV VLPSOH PR G HIDZ MW IPROPIOWGERRDIE | R UF FRRABIOH
PRGHSHUIRUPDQFH LQ MNIDELHQW D \YWGIHEEBWEZRQFEHULRG
UHPLQGVZXVVWK R EF®X \EHRKW KH (R YWH U LW W LDR XSKH QRPBQ D
WR EDG UHVXOW®HWLRBAWDKHLRRPH DV ([SHULPHQW LOQ
DQG Z®IO QRW UHBKIDVBIOWLKHKWHIG DV WUBHQLOB PWMWKRG
WKH && 5% DQG 506( YDOXHV IRD@XLFK MRUBD\ $OWKRXJ
LWWWDOXDWHR @UBGHRPSDUPEQW W RL\[8HUF DWKMHW S\® R W \
FRXOG EDUHWKWYILRXMIWBHEWWR&H VWXG\ DUHD DOWKRXJ

FODLPV JRRG SHUIRUPDQFH RI 690 LQ UDLQIZIKOPKGRZQV
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441

JUHDW PLW Y DLVOD @ LKKDMGWR OR J L FE@W\HLLPXMW B HRRD QJH WR
GUubDZ WKH DUHD PHDQ SUHFLSLWDBWQA PG WIXK\R &K FFD® LIQ VE
UHDVRQDEGHUURVRD@YNH RI (KSHBOBAHQWLYHY WKH EHVW
HYDOXDWHWR OWIKQ &ERYDOX5H YDOXH RI DQG 506( YDOXH

PP GD\

DEOH WR EH LQVHUWHG DERXW KHUH@

SLIXUHW WR EH LQVHUWHG DERXW KHUH®@

SLIXUHW WR EH LQVHUWHG DERXW KHUH@

2YHUWEKSHUIRUMRD QWKHVH GRZQVFDWOIL®XDPIOW KRGV HD V

DFFRUGLQJ WRAXDKHRROSHAI R &11 QHWI® BNRBG UD

QHWZRUNYV

4.3 Application of Methods in Precipitation Forecast

7R IXUWKHU HVW L PRIWWHKW KW R EZWNBEBE8YW. HG WKH WUD
QHWZRUSIUHFLSLWDWLRQ IRUHBEDVWLL@IGE DV MWERBR G GXKEW §
VLPSORRMWKH JHRSRWHDWVLDO KHLIJKWDQED WRWDO ZDWH
YDSRU FRUIHWKQMG D VUW Q HVEUEMABMYWHRW KDW RQIOX JHRSRW
DYDLQB®EQ&O:) KLQGHDMWW FDQ EH WUDQVIHUUHG WR JHRS
PXOWLSO\ E\ D FRQVWDQW&BQXH RI QHWZRVUNG DV WKH
WUDLQLQRBRMGKIO HQVHPEOH PR KW XIMHHE®S/W DW LR Q
XVLQJ WKH RXWSXWHV R H FI@E& KRG A0 MWHUDKHLDY WKH

ILQDO UHVXOW

JLIXUHO O X WKWHEEHFWLYH MEQLOQOSBHFLSLWDWLRQ DQG
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D G M XS/AWHHFG §L @ DWKIHR Y D O L G BVX IQREQV BRI Q HARIE DM P H

FDQ VHWKAKIDM URD Q\FKH F FBSW B E /DABD IR\KXRVG MW R H P
GLUHFW RoXB(&X\W RRU WKH 'D\ WRWHFRVWHODWLRQ FRH
EHWZHHQ WKSUFRUS B\§ V\WRERR SYHHEGELSLWDWLRQ LV v
ORZHU WHKD/XO®MHRI| H[SHULPH QMWWDIO & & @ X\WH RV ERIQILFD QW O
EHWWHUBWHKO® )WKUHHFLS IZUWWWRRE KH GLIIHUHQFH RI Wi
FRUUHODWLRQ FRKE&PLHG@RADNKD ZSOAK WKH LQFUHDVH R
OHDG WUPWKH I'PVHFW&& Y DRIXWIRKW UISEHWRAGSLWDWLRQ DQG
(&0:) GURS WR UB®SHFALWKHD\GLIIHUHQPBHVKIPRQ O\

WKH FIRG UH F IS L WXOSMHILR.GBU &R W WHK U R XO® R XMKH OHDG WLE

EXWKREKKSHULBDGWD OOY GWMKUHOWHQFUHDVH RI WKH OHDG V

SLIXUHW WR EH LQVHUWHG DERXW KHUH@

JRWKH RUROLQBOHFLSLWDWLRQ SUHGRBWQAQFRWKHV X Q
IURWZR VRXUHFHW VMW LV G\QDPLFDO GHYLDWLRQ IURP WKF
DQG WKH VHFRQGDML SO UDPPHRUHGXH WR LPSHUIHFW GHYV
VFDOH SK\VLFRRPSDRFHRWRHMXBIOS UHFLSLWDW LMRH) SUHGLF
GRXY®DOHG SUFBKOLWDWLRIE WKHNER YHRPHBRHI H[WHQW  IF
WKH RQH KDMICH RESBNGHNHSSL BVOW WRK@!I *&0 LV QRW FDOLEUL
IRU WKH RWWHKH ¥YXWOQOGLIKQNRUIDBWZ RGN XBGHRZQD WRS
SDUDPHWHUL]DWLRQ SDUDGLJP DQGURSKIMEBWRHRIUH HI
'KHQ WKH ONKGERWHHRRVN LXOGKNHRWDXBGRHOQRW EH LIQRUH

WKSWUIRUPDWRER ®Y /6 TRZQVFDOLQSUFRMBEWG QLILFDQW
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485

DGYDQW MBI &EOYHSUHFLSLWDW I$R/IR S H BBDWWMIRBI) G V
WKH ILUVW NGQEDRLADOURBY Y GDBRIR@OXMHWR WKH FKDRW

HITHPWWHEKSHURRWRMY/6GRZQVHADONKWEBGXCRLVOSSHDUV

4.4 Application in Hydrological Simulation
$IWHU FDOLEUDWLRQ DQG YDOLGDWLRQ WKH *%+0 LV
RULJLQDQWIHBULP UDLQIDOO DQG WKH GRZQVFDOHG UDLQ
KSD DQGFRAXE @ BWHGLFWRQUWWEZRQNW670
DV GRZQVFDOH PHWKRG L H ([SHULPHQW LQ DV
VLPXODWWKEGVKXYHWRORJLFDO VWDVOHVDMD @&/ kIR HRIIGVRRQ Z

REWDLQARQWRB®X®RINVQJ *%+0 X VLQJIDIDXJIH LLQSXW

7DEOBLYHY WKH HYDOXDWDRIHRESE\WHM DWW HDPIORZ
VLPXODWLRQ WHKWKEWYVRXVLIMLIG HEIO KIS X\RADWL R\WY R
UHVSHRWRYRAR®ODW IRREY KWPRGIDOO GDWD DJUHHV ZH
REVHUYHG BILWRKIDBY YD OX®IGRF% YDOMRZRYHU WKH RULJLCG
(5% LQW H U L A RADALHG D\CLIPVX D DRARRASAD H W H OA LYWKH O HIN6Y Y D O X H
RI VMYHBMEBUHVWLPDWHY PRVW IORRG SHDNV DV V
RYHUHVWLPDWH R7TK W R/HL RAXFOVD BVADROQVIQURMMIQBEDRREL G H V
UHDVRQDEQ@HWKHYEOWDOXH RI DQGWs%VYBPORWHRWR W
REVHUYHG UDLIPIPODWRRGHBQG IDU (BW @MW K UL R DUD WXKID @
IRUFHG VLPXODRQARILFDO V\\DWE@RDUDVWWREY XQFHUWI
SUHFLSLWDWLRQ LQSXWQ® PW\LEHWPDDIQVIHHG HZ&E WR UXQRI

FRUUHFWLRQUHGUARWHM® UDLQIDOO PRUH QHFHVVDU\
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DEOH WR EH LQVHUWHG DERXW KHUH@
SLIXUHW WR EH LQVHUWHG DERXW KHUH@

5. Summary and conclusions

,Q WKLV ZHWSIGR SRQHAG PHWRKIR GUHFLSLWDWERQ GRZQV
FRPEQ@11 DQG /6/MVHG RQURRBBEBVHG FLUFXOGRMWLRQ G\Q
PHWKRG ZzDV WHVWHG IRU SUHFLSLWDWLRQ HVWLPDWLRQ
LQ VRXW KZ RKRRMIW HG DL\QVWSK/H Q PR QKRIRWDHV M OMVWRWQ VKR Z W
WKLYV PHWKRG KDV DGY D QWDIRDLEKSHHEWWK IRIE R U D66 D WEIDR/HE:
PHWKRKGH GRZQVFDOHG UDLRYDOADXIOHG IMKWRHKUK D GL

K\GURORJLFKG PRMROU FREPOQXFHR/ XPPDUL]J]HG DV IROORZ

([SHULPGVQWY GIFILHE X QD/W G RIBWHR GWH YV W BW\E WRH
HITHFWLRHQWKBYHGLEWMRNOBWYV VKRIQWKDW PXFK
PHWHRURORJLFDO YDULDEOHV DV SRAKHL EJDH QUID TR C
HVWLPDRWLICRHQ XVLQJ PHDQ VHD OHYHO DORQH FDQ
LPSURYHIPHR@QW DOO PHDVHRWDRQREIOHY WKH JHRSRW
PLIKW EH WHKSIRPROMDVWERQVLGHULQJ ERWK DFFXUDF\
RI PRGHO ZH VXJJHVW WKDW WKH FRPELQDWLRQ R

ZDWHU YDSRU PLJKW EH UHDVRQDEOH

$QRW KHSH U L DHUWGEH V ERPISGVBWR G L | | HRUHRD/) FSHH R |
AXDQWLOH O0DSSLQJ PHWKRG 6 ®R05Z01QPNWZRRIINNY D
3UHFLSLWDW LR @ RHP&WO RCHWHZIR EN \BMR/MW SHUIRUPDQFF

ZLWK KERKHHBRMWILRRLHQW ORQJ &ZIUW K90 DQG
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4XDQWLOH 0DSS ZQWREUHIMREV LRRL H Q W
U HWVBW LYHIDOVR IRXQG WKDW PHWKRG EDVHG RQ 690 |

YHU\ KLIK LQWHQVLW\ UDLQIDOO

7KH WUDLQHG &RQY/670 QHWRERBUSNIV) DKLH) FBVON H G

GDWDVHWYV W R UIKEXWAHQHYWE'M ARVMUHFWHG SUHFLSL
VXSHWRWKHI6QE&®0:) SUHFLS DWDWWR® WLPH EXW
VXSHULRULW\ JUDGXDOO\ GHFUHDVHB WIKWRNVWIKH QF
LPSURYHPHQW PDLQO\ FRPHV IURP WKH XVH Rl REVI
QHWZRUNV ZKLFK FDQ UHGXF M6 WW HZG DMKDHHP 6 WHE WD P
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