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SGERBEEMOCTT ) SR T ARG WU A A S AR L3R 20220 RSO TR A Bk R T
IR B PSR ST BRI T R A T o JR T dE AT R B, B Dy Tl . PO, B, PSR DU ARSI
A HEMS%

1T @RIRHR

1.1 £HRSERBEHRE

LR GBI 1 8 SOREF BRI Y Navier- Stokes i i3 73 75 2 2H ot 221 il 42 2K K £ 5 6 18 AH 5G4 ik
i, PEmER ARG VTR R, MUK AL LR R AR R GOR I AR R Sl
ATLLEWIE] 1904 4, IPEIRZ %4 Vilhelm Bjerknes & 335 2418 SC My 27 RNy B2 (1) 1 B 2% S8 R S T4 7]
R, R B B A SR SRR S AT B IR (A IBRIE 50 a 5, RESRLEEK Jule
Charney - 1950 4FE WS B T2 pRoR S BB T, JTa 1T R m &AL . B e A sh ik e Al
MEHARE S AR, 985 TR AR EUEDR A . MBI AT IEEE . TR Rk 5t i W 0[] £ 56 S i R R
IR, RERRGERIBET TR BN 2O Z R H a8 8oyt R4 B0 oz ool
%% TAEPSO SRy, B i B RS R e European Centre for Medium- Range Weather Forecasts, ECM-
WF) | ZEE FE KR WU o0 (National Centers for Environmental Prediction, NCEP) 45 8 %2/ 42 WL T 1) A [A]
I e RO A SR B At 1 — RS E B SAEAT TR, ansk 1 s,

F1 KREELHSKAMB XK E RS EFATITXI

Table 1 International cooperative research programs on representative global climate forecasts

HA SR ] LI & ESCIRTAR K AR 275 3k
PR Rk 1-~14d AT AKRESFRMFTHE  TIGGE, THORPEX Interactive Grand Global Ensemble Park %£(28]
WEWHHR  KHE1~60d W R T S2S, Sub-seasonal to Seasonal prediction Vitart %[0

FHHHR AK1~1240H LR SHEBESHHRBITH NMME, North American Multi-Model Ensemble Kirtman %%

MRS AR AR A, BRI B2 IV IR R R A e 220 T3 1 TR 3
RGP, TR R AR 20 AR, s BV L) f e 2R 28 B2 e R R b R 30 T 45
USSR BYRE XL WM, B2 Z 20 IR AE MR, o2 850 50w 2, DR i &
Zel03t o B, R R IR EEZ A AR, RN MK Rl R R A T
KA sRAMER,

1.2 PEHRSHR

T A AR 1—14 d B/ RUBE R R R A, R 4L ( World Meteorological Organization, WMO)
TEA BRI 22 S iF 9% 5 vl P4 4 056 ( The Observing system Research and Predictability EXperiment, THOR-
PEX) BHFIHI I E T TIGGE ™, TIGGE ZFRH 1« KRARE ™ 4 1 2l ik — 5 1 s Dl & R A I 11 4
B 13 MR R AT, AR RGM R R R PG . R4 )8 ( China Meteorological Adminis-
tration, CMA) . JL[E 4 )51 ( United Kingdom Met Office, UKMO)%§; “32H 3" $8 AOSEAR Hi FH P 7 SR ok B i
TP E LUK HEURES S, AR A O R | RS () p R | IR R R A5 0

R — U TR SR, TIGGE 2R 8 2 MU BUREER , BEME MREIR b 1 25 M 48 THXF T AR BUOR /IR |
RN BERE | OB AR R KA R I RO BT SR B UL, 454 TR AT AR 2 Al
AR, PRSEREK S, RN ARG 2R . RBMERKSIE; X, FESIAGEHTIE D7 2k LA
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AR AR A, R R A AR R IR R . AR TR T (R R R MR, iR
PRI TG T TR i > Sz BR IR AR, e I OO Y nT R SRR AE 2 R LA
1.3 RETEETR

T AR 1 ~60 d FIRFETTIRIR, A ARHLTE 4R UE MR S5 HELE (Global Framework for Climate
Services, GFCS) FyFLAl B S2S, B M/KFEIRAERE . Aol S0 . eV SR . &K FE XSG B ST 12
PR BRI IR . BB AR E TR IR0 | R R T R AR RS i R
Mo VKRR AR, 8 R TR Bl M- Y UK S AR EAE P DAE K UL . SR TIGGE 13217
B, 828 G R AT WO A R AT rhts | S8 [ I ZE IR EE 0 rpu O A B R R SE AL T E I 10 RE A
BRI A0

ML T TIGGE (UK A LRI TR 252, 828 FEMl 55381 7t B R SUR FAR A BT 7R K 1 ~60 d 1955
BPASCRBUR, T 1) 7 S [ EA T DU ) SR B i, SO e 0 R AT O 1 R 4 T4y ok
2520 a; BP2023 4F 10 A 1 H GEIRAFE ) XF 2023 410 A 1 HE 11 H 30 H (FWLI 60 d) #4750 R
e, TR 3R A 2003—2022 4F (8220 a)10 A 1 HZ 11 A 30 B (7 52 [F10) A4 [k it . 1m0 i 15141
ANASCRT ARG 5[] — B AU T g S0 =k g SRR, 0 v LUE s AN R B Rge SRR 2, A TIT
TS NP0 A ey Tl i 4
1.4 FPEKHR

AR 1 ~12 DN H B RIERR iR, 92 E E R #FE 42 (National Science Foundation, NSF) K&
EFEVE S KAAE R (National Oceanic and Atmospheric Administration, NOAA) . 3¢ [E % 7 i 7 ( National
Aeronautics and Space Administration, NASA)ZFZAHE TECA S NMME ™', NMME 4 B o 9« Jb 98 45 (10 2
L) 32 T 1) S FE AUINER Y 10 RADFTEW AR AR, 4N, 3¢ B FE 3R B e 9 TR R R 40
% —fX( Climate Forecast System version 1, CFSvl) A AR (CFSv2) ZE5 ik, #Rif i NMME & A3 T % 5%
Pael s EEHBRFAK ) 1 5928 % ( Geophysical Fluid Dynamics Laboratory, GFDL) &% — At/ 42 45 %I ( Climate
Model version 2, CM2) ¥ £ [RIi} 247 4 ASARAS CM2pl . CM2pl-aer04 ., CM2p5- FLOR- A06 #l CM2p5- FLOR-
BO1, JfHBr & T Joas il M ER 22 5o 5% R 4t ( Seamless System for Prediction and EArth System Research,
SPEAR), iX 5 B Z Y HiR W HRE L NMME & i ficis 7,

ARG AT R A [ RUAS TR A | 385 245 A [ i (] DA RUAS [) 25 (8] 43 B i i 2, Bl =
[1] 14 2 S Pk R T AR DGR FE e . BEXTIXAN R, Jb 36 AR G SR Y 1100 Se 2R AT I [A] - 225 ) J R A
BRI AR G — R 1 AR | B RIERG— N 10, )5 A AT R A THREIE >, X —2 5 K {2 ik
T BRI EY QA TG, AR ERR | PPN A R 5 5 T
1.5 FHMAIEERSKHR

A IR G KA 2 S8 I B R A T B A b R R G R AR, HESH AN LR (AD) Pl AR A G A
Jelsa =2l A RR R TE R, B R = Bl G KA RS (Pangu- Weather ) 8 ¥ %% LR F T 4 B 4
W NE A 2 AN, SRR KR T ARG — )y, SR AKUE N 0. 25° x
0.25° Mg AL BRI EEE, BARNS , B4 13 MRS B i WREE | 28 ) R A ) XL
M, AR AR . M 2 m R 10 m ZEEAGE | 10 m L XUk, 3L 69 AR, Ty, A
AR TR AR 69 N, AR 0.25° x 0. 25° MRS AL A BRI . 1545 T A I A 4 A5 s 58l i
PR B, e SRR A HI 1, 3, 6, 24 h i 4 MR IR, LILE Rz R
PEIRAR AN SRR R TR, BRI, X 18 h R AR LM, RFTEH 6 h B KA TR KA
HABAT 3 W 5 1 OB TR 2R R E MmO %2, 3 Is1THR A E— IR BRI L ik



1 R, A RBRRG IR S K SCHER DT e 5 e 2 159

YEHHA

WAEHE N =&, S0 G BRI R e 39 AT 00 19 56 FAR A 3R 103 B B8 B (ERAS)
YEoRSRS), LA 1979—2017 AERYEAR ATEYIZR, 2018 AFRYRHE IR, 2019 4F A9 RHs AR SR, i ri 437 35
R OREE | S R | 2 KU 2 ARG T R, SRR KB RUA LRI R AR AR
DB RS R 2240 (Integrated Forecasting System, 1FS) 5230 H 55w Al FROKS 2122

2 SRWERIRS K SCHR

2.1 S|SEMMHFERISITIE

SRR RO SOk Y AL T 20 2B ANARAR, KGRI AN Kk, KA
WEE T AR, 46}, SEE E % KSR (National Weather Service, NWS) #2 H DA &[5 #0 < % &4 M i
3K SO Y B 0K 30 B 25 SR A AT I PR R B8 ( River Forecast System, RFS), B 32 B2 3 I du - M bR 25 ) s R
FE K A2 Pl ( Extended Streamflow Forecasting, ESP); LASZBRaesR S, %R R MR KR T . &/h
B, BRI WK — R UK SCHIR S, A58 TS TR A, WS L, ESP Y
BTk R, WEMBRR R KK B 5 D s R K AR R A STt P BT X FE RS, AR f A
B EEBR TR TR, A K MK BEEEKAITHEERED

PEBES RS THREE AR G TR G A, ff e M T gl 1 T BR Sl SORERY | A il B — 1 S ) A o
PEKSCHIR ; E—0, KGEA TR T IRSh K SORERL, 15 26051 215 K SCEEA TR,
FHLE TPy s R RS 450, i MR R TR R 45 & TR e % B8 A 2 S WS R I 0L ;. SRR S
AR SRS AT LA b B v b BE Bk ST, ANl E DL PO B p 4, BRIHTh TR RS, WS A
TR R TG Y gk 2 iR, TIGGE, NMME ., S2S &S L Wik MRS EDFF i, L&
B ) Pangu- Weather 55, 4241t T/NIF . H . AR EALRKAE . A SN BULYIR 2KIE
T, AR K SCHURE H 2Rk /N B H SRR ] RUBE A K SCRERY ; SERR TR 45, 75 2R
B AR TR T 254K A K SO R AR R 5 b 3R BT 7 /< R TR S >

®2 SEWMHRESHEERL

Table 2 Overview of climate forecast models and data

W R B i AR R KEE B TR

SCHT R, 2006 4FEE A4 https: // apps. ecmwf. int/datasets/da-
TIGGE >10 R 6 h 16 d

TG 1B T34 ta/tigge/ levtype = sfc/type = cf/

SERF TR, 2016 FEEA https: // iridl. ldeo. columbia. edu/

$28 >10 3 B 1d 60dZH

5 B AR, i R 7R O A B v 5 B 120 SOURCES/. ECMWF/. $28/index. html

SCRF TR, 2011 AFES https: // iridl. ldeo. columbia. edu/
NMME >10 1A 12 A

[l PE iR, 1982—2010 4F SOURCES/. Models/. NMME/

TFEEERER B 1, 3, 6, 24 h TN RBIAL,
Pangu- Weather 4 iy A E M 20 ERAS 23K P Mgt 2B al 2019 1h N
AR ARSI TR

https: // github. com/198808xc/Pangu-
Weather

AR S, 2RSSR ELN, EREGAEIR TR (0R BEAEE I BAE . AR IR <
SR BIK SCRERY | IR SCHHR A E PERE 22 32 B I TR PR IR 2Z M 249, 32 32 B ok SCRERY i 32
T2 RS, ARG BRI T AT IE AR K SCHUR I BR2E AR S0 AR R B T IE
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()% L 4 T30 N [R) 22 (R, ROSERT AT D 46 T i) 25 (-5 B A O ) A (RO He - AT AR ASA e R i
WA T IE AR T, 3% 2 Bl ik T DAPGH S bR R G822 s RO 2 — 2L 1A 0 AL Bt o ik, B
o3 AU IR TR S5 W ) 3 2% 03 AT, AR % A AT T S W i) SR ARG, R A R GE TRk
R E SR TR 5 UL B Bt 5C R T T IR AR Tt , 2007 L BRREIHBR Rt iR 22, NBE— & fEE FALFRFHHL
BRI TR E AR Copula UL G AR B, S SERTRYAAN % F8 B R AL 1 30 2% 434
17 5.7 FEFR 55 LI 22 (8] SCH OC 2R 3R 55, AR Hs — 38 1 JCI0E ¢ 8 A B WU (B 107 T PR ARL A 25 1F o3 A, el it
VT IE AR A TR 40

2.2 WEKXTHRERIEE

XHER G PRAICE PRI 40, [ PR/K SCEE A Fid A 5¢ 11 R ( Hydrological Ensemble Prediction Experi-
ment, HEPEX) M 2004 4FIEZE 24 BRI AKSCARRE T B TR B AL K SCHdR, B4 il 55 T 0K
P TR BEA B T 1) PARAR Y 595 JF &, HEPEX #2 H S KWFSE £/ (hitps:  // hepex. org. au/about- hep-
ex/), SR QO GBI FE R VR AR ORI A 5 Q) Je T /K ORISR S R 5 15 B K30 K
KT E AR R Rl ;. @ BB S AL IS 2R R ;. O FRAG I S M BV © T [ SR
R T RN, TR SR BN . TIGGE, S2S Al NMME %5 [ bRV 11l A2 FF 4008 22 1 T 204 ik 4 Bk
LW, WRHIFER 77K SCTARTH G R AR T (3R 2) , AUk SCRRAEAEELR I . A SCRHIT
AT 8RR B SRy B R 31 R SO Ry B 2l 2614, T o) EL AR U ST J S 401 5 v A B K SR 4 ST
5%, WG T RAFRIRCR T SubRIE, B T A R 0 SR SR ST R KRR T & AR R
IKSCHERY R A O RGBT OK Sl K SCRSE R AT 2 1 X R 4 Rk SCIiai > fildn, BRI bR < iR
HRUC R A BRI K T R 48 (Global Flood Awareness System, GloFAS) , SRR RS 1IFS K4 4Rk
VER IR AR 1 ~30 d Y H RERBRIZIR IR, SCRTIER 2019 48 11 A 24, USRS 1999 4 1
HZE2018 412 A,

PUSRTURAE N B8 Sh R SEAT /K SO, I UK SO SRR E M 3K | HiTR K, BRESEE KR ITY)
GRS B S B AR IR A 2 0 — T, AT DA B T oK SO, B X TR — YR SIS TR AT AR B
BTN AR K SRR TR AT B SR e MU, B TR A B K — 2 i e e SR BOE 451 E K
BITHIRIGRRES S Sy — O, WEARSEC L% S, W] LR AR Rk ST RRLIR S, BISIA
THOK . HROK . B SRR K ERIOAR DGRl s R T R SR AR R, Bl R SR SRR T AN WS AU
JEA I DA TR 3 25 K SR TT IR DA T SO AR 0 T > % T K SRR A S B, s T T T BG4 T RO T R
SRR, T IAR IS S o P 5 A e b 38 5 R S RO B AR 5 Ry BRI AT e K — 2 i G &R 7T
REAFTERTIOG, JF ELATHIRLIIR 22 S5 e 5 AR R LA, b BE 0T & i A I IR 25 G b AL ) 4K
PaTEAC RS, DE SR L M T LI AN TR A 2 URUE B RBRIEAE TR AR kil . kL7 i S5 W) AL Rk
FAXFEE S, W BRI KT S0 B0 L S PSSR g SRAL 56 S5 A R0
2.3 HIEK TR TR

DA A Ay e o AT I K SO Al AG 0, BB PR AU PR RE VT (1 E 2RSSO TEE TR0
FR T B P20 oK SR LA R B AT AR | KGR SRR i @ e, o3 D0 AR [ 8 45 Bl
i 2T P T ) B T R A T (5 WL R (A I B R/ N 22 5, AT AT N i 22 ( Relative Bias, RB)#H5K
VEA ;RIS R S I 1] B TR X ) 2 75 BE AT RO A5 WL (B A2 A A R, T LI 3R AR 0 B 48 ( Probability
Integral Transform, PIT)F8ARATFAL s A LI 1 18 0] 56 WU -5 060 I R 22 1] %) 22 S (B, W] DA 3% 282 53 9k
P43 ( Continuous Ranked Probability Score, CRPS) FEARACPRAL 2573 2 e 2 G5 446 b 55000 75 5 20 ~
30 AREAR, TIRKI0 BE T B A U, A TR P A A g sk [ 3 [ B A
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AHE MR TR G BB A TR, 5 PR I 2 411 SR e G i R R AN 5 1 SO Ge i o A,
AEAAER SCRGSIAF RN T )2 R R 722 MOKRI TR B TR A, SRS T & 9 &
GLHRENLIR 2, EHSE RO F L " oK SO . SRR R, K SO R 2
I . AEES R, EATARES B2 ) (15 22 A EOGHKE ) AR HE T 30— B B AR TR
ITIE, RSCES Bl Z W TR 28 A AOCHERIR IR, A THTIER 2RI Z I8 2w B, ITIE R K A5
TR BOON N, XFE, —Fh i R TR ZE T 6] 7 50 04, 1 e X HE T S L g A+ 2 B 1R 22
PR 1 [T U SR AR Y LU0 5 A AT I Be 2 TA] R 25 SR HKOG 25, SR AR Al 1 DL 30 DA a0 30 3 o 2 2 R AT R AH
B2l bR, — R A TIRFE 2 e Ge i Rk B A 1 2 i B TR S W =2 ) Y v AR B 45 43
HRRER B 4311 A= B2 7 TR A IR WAL ) 25 53 A, B IR A A Al RE T A B T IE BR ™ LAk 2 #piT
TE 7K SCTRHR 11 S A 052 A AR 5 X oy [ e o 0%

VE S FETRR  SGAR BRI A AL, WO 3 A v T BA RS 28 T 2015 4E7E Nature 1% 30 The quiet
revolution of numerical weather prediction” , FiER 20 {42 50 4EAR LIRS SR Fa b & By AL > i, %
BATE Nature Reviews Earth & Environment 433 “ Deep learning and a changing economy in weather and climate pre-
diction” , # tH AVREE S > A AFR M N TR REBTALKL 23 0 S BRI R AR S 52 o X Fok Scmidie, G
AT DR F A BRGSO VR R 3k sl 250 SOAT A2 38R F 8l R KB S N T RS AR A i i) 4
BRI E IRk 2 Sk lE ey, A TR B RS AT LS A AR, SRR T R
SRR K — AR AL OO IR SR R SR A H AL (9 R L R A A B i o R A L TR
PR DA AR T N A AL AT AT ) S AR K SO LRI &, O H 5 A K
SCEEHCA G A BHR R GE, AN ) LI R 7K SCIORS B S 70

N T IR TR A R GE M PERE, R B pU ST K SR, AT B A g [ B i 0% A s
TR BB ST A T RAUR A [BUMESE AT R SRR T 92 R AR Rk g R, o A
BT P S R A A R AR AT IR . S B AE T Y AR IR T 5200, [l S a0 54
P st b2 (AR5 1) SR ERRIG 5 dile, Sy TR 5 1T T e 2 ik TR ) F A 28 52 5
PRI, S AT LA TR S A BRI PERE S . B, AR 2 Al R OB 5 RO P R AT
W OB MERE LA, TERAS 88 TAIXI T s o, JUE & WU st 0, B RS LA A2 Y
S5 RBP4 R G ARG AR, Ry A S R R [ B G sk SO B B A A SR TR B A A
S [ E K SCHR , T koK T RAEAGRE R R ITR AT, E ARSI AN [F] TR A TR
&, VPTG T P TR PR RE AT LA KA T AR TR - ] B S BRI HIHT T IR S SEA)

4 gy

faE T AR R BRI B FE AL A AN N T RERC L A R HED | ARG | UL AN s ] 73 HE 5
AR BR AR BURBIR)Z IATT, BN B Tl DR A% G /K SCHUIR BT T i ) R B s AR AL, SR oK SC
BRI 5 s S OB IR i 38 A HOK SCHIUR SGTE T RAR I RN B0 R RO PR, @Bk IR il
0 22 A S X U 2 A RN B B R A TR OR, . P BE Bl M- DR - Ve - M s TR | il ]
b NTRBEFCHLARNIL | RIRTRIRG SR L JRFIRTE, O 1 AU 2 BRI R TR
W55 TURBOKSCHUR , 7 Zar 2T HFRREOTRE 3 4751 89 TAE
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(1) RBRAGIHCE HITEAL . RFPFIKSCAESE | K SCol s . 08 Wl 55K S0l 55 TAERRR T
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PEREHLER 22, S K SCTIUR SR A R A9 R T Ak sh e

(2) WAL PGP, FEE PR PR HERN L, ARG R BOK SORE Y 475 25 U R B IR sl B8l
HART, X T B UK OB, 55 2 MR £b A SOR IR S MU P 2 U Bl % T 20 A1 Xk Sosss
B,y EARE K SCRERY 1 25 18] 73 B R 0 R PR A AT AR TR, b — 2B 0, ARE K SCRBERL AR /N
H. ASARTRER, @ B R R A AR DUl W 2

(3) WK SR BRAGE . LA G i R sh /K SCRERY 74 2 [l Bk /K SCHiAe, B x Dy stk |
S FLAE BRI T U BE DT AG . R b K SCHIURORS B 22 B R BR AR SO 2 AN J5 T Y52
Wi, SE RIS A, R U R SCHHR AR WA T ), 2B 00, Il S TR ik m] LS e AR R AR 4G
B, SHRBUK . TREAFEIE L HEEBUBTE | SR

SE Lk

(1] Ed, B, RBEHE, %5 MYUKERFEG W CHE AR LRI SR [J]. KA, 2019, 50(1): 25-37.
(WANG H, WANG X, LEI X H, et al. The development and prospect of key techniques in the cascade reservoir operation[ J].
Journal of Hydraulic Engineering, 2019, 50(1) . 25-37. (in Chinese) )

(2] 8IFRZE, MBER, 2OeHk, % PO iR X a2 G MR SRR R R ERR [ ], KR, 2022,
33(3) . 337-359. (HU CH, ZHENG CM, WANG G Q, etal. Reviews of the major research plan “runoff change and its adap-
tive management in the source region of major rivers in Southwestern China” [ J]. Advances in Water Science, 2022, 33(3):
337-359. (in Chinese) )

[3] sk, GPERE, EWA, 55 M7 - 20" BFUER LA KSR RS [) ], HBE2dR, 2023, 78(7): 1618-1626.
(ZHANG J Y, SHU Z K, WANG H J, et al. A discussion on several hydrological issues of “7 - 20” rainstorm and flood in
Zhengzhou[ J]. Acta Geographica Sinica, 2023, 78(7): 1618-1626. (in Chinese) )

[4] MILLY P C D, BETANCOURT J, FALKENMARK M, et al. Stationarity is dead: whither water management? [J]. Science,
2008, 319(5863) : 573-574.

[5] #A44k, XEH, farf. WKt kR R S5 [T]. KR4k, 2016, 47(3): 302-314. (GUO S L, LIU
7 J, XIONG L H. Advances and assessment on design flood estimation methods[ J]. Journal of Hydraulic Engineering, 2016, 47
(3): 302-314. (in Chinese))

[6] GUDMUNDSSON L, BOULANGE J, DO H X, et al. Globally observed trends in mean and extreme river flow attributed to climate
change[ J]. Science, 2021, 371(6534) . 1159-1162.

[7] EHEE, skiEx, S0, & PEEELMAEREALHEEESI[I]. KES#PER, 2020, 31(3): 313-323.
(WANG G Q, ZHANG J Y, GUAN X X, et al. Quantifying attribution of runoff change for major rivers in China[J]. Advances
in Water Science, 2020, 31(3): 313-323. (in Chinese) )

[8] Ewrsk, BKFR. P RYUKCHIR I ENELAL)]. KRB, 2010, 32(3): 25-28. (WANG FQ, HUO F L. Summa-
ry of research on medium and long- term hydrological forecasting methods[ J]. Yellow River, 2010, 32(3). 25-28. (in Chi-
nese) )

(9] PMASE, XU, sKiEz, & PRI RS R[], KIS, 2023, 39(2): 136-144, 223. (SUN
Z L, LIUY L, ZHANG J Y, et al. Research progress and prospect of mid-long term runoff prediction[ J]. Water Resources Pro-
tection, 2023, 39(2): 136-144, 223. (in Chinese))

[10] LU Q W, ZHONG P G, XU B, et al. Multi-objective risk analysis for flood control operation of a complex reservoir system under

multiple time-space correlated uncertainties[ J]. Journal of Hydrology, 2022, 606 127419.
[11] DING W, ZHANG C, LIN J, et al. Flood risk quantification, transmission, and propagation analysis for flood water utilization



1 R, A RBRRG IR S K SCHER DT e 5 e 2 163

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

[29]

[30]

of parallel reservoirs[ J]. Journal of Hydrology, 2023, 618, 129202.

SRR, XIZE, FAmEE, G HIEOK SCRIRI SN AR K R K AL Z T S B . RAOK AR B K R[] KR
2, 2023, 54(4) . 426-438, 450. (ZHANG X J, LIUP, ZHOU LT, etal. Real-time forecasting of reservoir water levels o-
ver multiple lead times considering time-varying hydrological model parameters and its application in the Shuibuya Reservoir[ J].
Journal of Hydraulic Engineering, 2023, 54(4). 426-438, 450. (in Chinese) )

TURNER S W D, BENNETT J C, ROBERTSON D E, et al. Complex relationship between seasonal streamflow forecast skill and
value in reservoir operations[ J]. Hydrology and Earth System Sciences, 2017, 21(9) . 4841-4859.

ANGHILERI D, VOISIN N, CASTELLETTI A, et al. Value of long-term streamflow forecasts to reservoir operations for water
supply in snow-dominated river catchments[ J]. Water Resources Research, 2016, 52(6): 4209-4225.

CHANG J X, GUO A J, WANG Y M, et al. Reservoir operations to mitigate drought effects with a hedging policy triggered by
the drought prevention limiting water level[ J]. Water Resources Research, 2019, 55(2): 904-922.

LUO C X, XU B, DING W, etal. Characteristics of reservoirs to mitigate drought effects with a hedging rule triggered by drought
limited water level[ J]. Journal of Hydrology, 2023, 617. 129106.

CLOKE H L, PAPPENBERGER F. Ensemble flood forecasting: a review [ J]. Journal of Hydrology, 2009, 375 (3/4) .
613-626.

BRUNNER M, SLATER L, TALLAKSEN L, et al. Challenges in modeling and predicting floods and droughts: a review[]].
WIREs Water, 2021, 8(3): el520.

ek, K, TEK. B XK SCHM A SB[ )], KEF#ER, 2023, 34(2): 159-171. (YONG B,
ZHANG J Y, WANG G Q. Key scientific issues of hydrological forecast in the headwater area of Yellow River[ J]. Advances in
Water Science, 2023, 34(2): 159-171. (in Chinese) )

BAUER P, THORPE A, BRUNET G. The quiet revolution of numerical weather prediction[ J]. Nature, 2015, 525(7567) .
47-55.

RAVURI S, LENC K, WILLSON M, et al. Skilful precipitation nowcasting using deep generative models of radar[ J]. Nature,
2021, 597(7878) . 672-6717.

BIK F, XIE L. X, ZHANG H H, et al. Accurate medium-range global weather forecasting with 3D neural networks[ J]. Na-
ture, 2023, 619(7970) . 533-538.

SRR, SRR, B, S BETRUER BRI GOKSCRS RBER (T ], KBEERE, 2019, 30(3): 316-
325. (JINJL, SHUZK, CHEN M, etal. Meteo-hydrological coupled runoff forecasting based on numerical weather prediction
products[ J]. Advances in Water Science, 2019, 30(3): 316-325. (in Chinese))

EMERTON R, ZSOTER E, ARNAL L, et al. Developing a global operational seasonal hydro- meteorological forecasting system
GloFAS-Seasonal v1.0[J]. Geoscientific Model Development, 2018, 11(8) . 3327-3346.

YUAN X, WOOD E F, MA Z. A review on climate- model- based seasonal hydrologic forecasting: physical understanding and
system development[ J]. WIREs Water, 2015, 2(5): 523-536.

e, SRR, X6, A5 ETHER R R T AR R AR [ T]. AKADKAREAR, 2018, 49(11) . 46-53.
(GUAN X X, JINJ L, LIUY, etal. Numerical weather forecast mode-based medium-term runoff prediction of watershed[ J].
Water Resources and Hydropower Engineering, 2018, 49(11): 46-53. (in Chinese) )

HIRPA F A, SALAMON P, BECK HE, et al. Calibration of the Global Flood Awareness System ( GloFAS) using daily stream-
flow data[ J]. Journal of Hydrology, 2018, 566: 595-606.

PARK Y Y, BUIZZA R, LEUTBECHER M. TIGGE: preliminary results on comparing and combining ensembles[ J]. Quarterly
Journal of the Royal Meteorological Society, 2008, 134(637): 2029-2050.

KIRTMAN B P, MIN D, INFANTI J M, et al. The North American multimodel ensemble: phase-1 seasonal-to-interannual pre-
diction; phase-2 toward developing intraseasonal prediction[ J]. Bulletin of the American Meteorological Society, 2014, 95(4) .
585-601.

VITART F, ARDILOUZE C, BONET A, et al. The subseasonal to seasonal (S2S) prediction project database[ J]. Bulletin of



164

KoOBE o B R %35 %

[31]

(32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

the American Meteorological Society, 2017, 98. 163-173.

PR/, RSHE BERAIER SiRIX (1], KEPRHEPER, 2022, 12(4): 2-6. (XU X F. Pursuit and misunderstanding of
“accurate” forecast[ J]. Advances in Meteorological Science and Technology, 2022, 12(4): 2-6. (in Chinese) )

T—iC. WA MR ]]. KRR, 2011, 1(3): 14-27. (DING Y H. Progress and prospects of
seasonal climate prediction[ J]. Advances in Meteorological Science and Technology, 2011, 1(3): 14-27. (in Chinese) )
AR, T, HOY, . RES-TURRGHTRERAEE)]. IRPHGERE, 2023, 13(4): 114-120. (TANG W,
YU D, XIAO F, et al. Progress and prospect in developing the unified forecast system in USA[J]. Advances in Meteorological
Science and Technology, 2023, 13(4). 114-120. (in Chinese) )

TRIRERE, ERRK, R, 45, IS EGERI(STPM) AT 2 245 (S28) Bl ML I [ 1], ARk, 2020,
43(1) . 212-224. (XUBQ, ZANG Y X, ZHUZ W, et al. Subseasonal-to-seasonal (S2S) prediction using the spatial-tempo-
ral projection model (STPM)[J]. Transactions of Atmospheric Sciences, 2020, 43(1): 212-224. (in Chinese) )

FRUE, LT, RS, A RO YRR - ZE TN AR G0 X P R b R R R KR 2R TR B T PPN MR 22 1T IE
[J]. BWES%, 2021, 40(3): 644-655. (GUO Q, HUANG A N, FU Z P, et al. Evaluation and bias correction on the
subseasonal forecast of summer precipitation over southwestern China forecasted by the Beijing climate center sub-seasonal to sea-
sonal predication system[J]. Plateau Meteorology, 2021, 40(3) . 644-655. (in Chinese) )

SWINBANK R, KYOUDA M, BUCHANAN P, et al. The TIGGE project and its Achievements[ J]. Bulletin of the American
Meteorological Society, 2016, 97(1) . 49-67.

RO, XA, RS K, AF. SREAUA R B TR P AR R (1], NG E R, 2014, 25(6) : 641-653.
(ZHAO L N, LIUY, DANG HF, et al. The progress on application of ensemble prediction to flood forecasting[ J]. Journal of
Applied Meteorological Science, 2014, 25(6): 641-653. (in Chinese) )

ZHAO T, BENNETT J C, WANG Q J, et al. How suitable is quantile mapping for postprocessing GCM precipitation forecasts?
[J]. Journal of Climate, 2017, 30(9): 3185-3196.

T, RER, RERE. DR EEREK TR E WITIE T EX LR [ 1], K%M, 2021, 79(1): 132-149. (SU X,
YUAN H L, ZHU Y J. A comparative study of four objective quantitative precipitation forecast calibration methods[J]. Acta Me-
teorologica Sinica, 2021, 79(1): 132-149. (in Chinese))

HUANG Z Q, ZHAO T, XU W X, et al. A seven-parameter Bernoulli- Gamma- Gaussian model to calibrate subseasonal to sea-
sonal precipitation forecasts[ J]. Journal of Hydrology, 2022, 610. 127896.

HUANG L, LUO Y L. Evaluation of quantitative precipitation forecasts by TIGGE ensembles for South China during the presum-
mer rainy season[ J]. Journal of Geophysical Research; Atmospheres, 2017, 122(16) . 8494-8516.

2, RIE. BCC_S2S FUR VT b rh e it bk R =R O BE AR (1], TRERH2 50K, 2022, 54(6): 21-31. (LI H,
ZHU J. Accuracy evaluation of BCC_S2S summer precipitation forecast in the upper and middle reaches of the Yangtze River[ J].
Advanced Engineering Sciences, 2022, 54(6): 21-31. (in Chinese))

SAHA S, MOORTHI S, WU X R, et al. The NCEP climate forecast system version 2[ J]. Journal of Climate, 2014, 27(6) :
2185-2208.

DELWORTH T L, COOKE W F, ADCROFT A, et al. SPEAR: the next generation GFDL modeling system for seasonal to mul-
tidecadal prediction and projection[ J]. Journal of Advances in Modeling Earth Systems, 2020, 12(3): ¢2019MS001895.
BECKER E J, KIRTMAN B P, L'HEUREUX M, et al. A decade of the North American multimodel ensemble (NMME) : re-
search, application, and future directions[ J]. Bulletin of the American Meteorological Society, 2022, 103(3): E973-E995.
SLATER L J, VILLARINI G, BRADLEY A A. Evaluation of the skill of North- American Multi-Model Ensemble (NMME) Glob-
al Climate Models in predicting average and extreme precipitation and temperature over the continental USA[ J]. Climate Dynam-
ics, 2019, 53(12). 7381-7396.

TR, X, BIRE, % JLESRIRE S TR SLE (NMME ) 4 BRI K R AHS I L i 5 8 2 2R kGl PR [ 7]
JK3C, 2020, 40(6): 16-23. (HUANGZ Q, LIUY, YANG Z H, et al. Global precipitation forecasts of summer precipitation

in the Upper Yangtze River basin: an investigation based on the North Americamulti- model ensemble( NMME ) experiment] ] ].



1 R, A RBRRG IR S K SCHER DT e 5 e 2 165

[48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Journal of China Hydrology, 2020, 40(6): 16-23. (in Chinese))

SHEN C P. A transdisciplinary review of deep learning research and its relevance for water resources scientists[ J|. Water Re-
sources Research, 2018, 54(11) . 8558-8593.

DAY G N. Extended streamflow forecasting using NWSRFS[ J]. Journal of Water Resources Planning and Management, 1985,
111(2) . 157-170.

TROIN M, ARSENAULT R, WOOD A W, et al. Generating ensemble streamflow forecasts: a review of methods and approaches
over the past 40 years[ J]. Water Resources Research, 2021, 57(7): e2020WR028392.

BRARMT, SR, BRsE, AF. R TARN AR LB R R S ()], KA REDERL:, 2022, 40(5) @ 83-86.
(HOU D R, ZHANG X L, WU Q, etal. A flood forecast model for small watersheds in mountainous area based on runoff coeffi-
cient[ J]. Water Resources and Power, 2022, 40(5): 83-86. (in Chinese))

BENNETT J C, ROBERTSON D E, WANG Q J, et al. Propagating reliable estimates of hydrological forecast uncertainty to many
lead times[ J]. Journal of Hydrology, 2021, 603: 126798.

MATTHEWS G, BARNARD C, CLOKE H, et al. Evaluating the impact of post- processing medium-range ensemble streamflow
forecasts from the European Flood Awareness System[J]. Hydrology and Earth System Sciences, 2022, 26(11): 2939-2968.
LI W, DUAN Q, MIAO C, et al. A review on statistical postprocessing methods for hydrometeorological ensemble forecasting
[J]. WIREs Water, 2017, 4(6): el246.

SCHAAKE J C, HAMILL T M, BUIZZA R, et al. HEPEX: the hydrological ensemble prediction experiment[ J]. Bulletin of
the American Meteorological Society, 2007, 88(10) . 1541-1548.

HARRIGAN S, ZSOTER E, CLOKE H, et al. Daily ensemble river discharge reforecasts and real-time forecasts from the opera-
tional Global Flood Awareness System[ J]. Hydrology and Earth System Sciences, 2023, 27(1): 1-19.

R, BT, R, G RINEK SRR ZEORNIN E M T Pk S4B DFTEREZR [ )], KR akRe, 2022, 33
(2): 327-335. (GOU JJ, MIAO C Y, XU Z X, et al. Parameter uncertainty analysis for large- scale hydrological model:
challenges and comprehensive study framework[ J]. Advances in Water Science, 2022, 33(2): 327-335. (in Chinese) )
HUANG Z, ZHAO T. Predictive performance of ensemble hydroclimatic forecasts: verification metrics, diagnostic plots and fore-
cast attributes[ J]. WIREs Water, 2022, 9(2).

ZHAO T, WANG Q J, BENNETT J C, et al. Quantifying predictive uncertainty of streamflow forecasts based on a Bayesian joint
probability model[ J]. Journal of Hydrology, 2015, 528 329-340.

MCINERNEY D, THYER M, KAVETSKI D, et al. Multi-temporal hydrological residual error modeling for seamless subseasonal
streamflow forecasting[ J]. Water Resources Research, 2020, 56(11): e2019WR026979.

BAUER P, DUEBEN P, CHANTRY M, et al. Deep learning and a changing economy in weather and climate prediction[ J].
Nature Reviews Earth & Environment, 2023, 4(8) . 507-509.

X8, BT, JrEE, SF A ROE R S LR T IR AR WA U A (1] KRR EERE, 2023, 34(6) : 839-849.
(DENG C, CHEN CY, YIN X, et al. Catchment runoff simulation by coupling data assimilation and machine learning methods
[J]. Advances in Water Science, 2023, 34(6): 839-849. (in Chinese))

RIER, EIRAL, BRfrde, A5 T IIRGAERE S 0 FEOK A5 BURBERI [ )], KBEIARY, 2022, 38(6): 81-87.
(WU XS, WANG Z L., CHEN K B, etal. A precipitation combined forecasting model based on atmospheric circulation and sea
surface temperature[ J]. Water Resources Protection, 2022, 38(6): 81-87. (in Chinese))

XU, PV, BRAL, A B A A ) 0 A A - T A S RS HOK B AL [T ], KRR ERE, 2023, 34
(4): 530-540. (LIU CS, SUNY, HU C H, etal. Study on flood forecasting model of watershed-urban complex system con-
sidering the spatial distribution of runoff generation pattern[J]. Advances in Water Science, 2023, 34(4) . 530-540. (in Chi-
nese) )

MREER, Bite, BRiE 5, . A Encoder-Decoder ) LSTM A2 U BURBIAIAFFE[J]. BIBUK ¥4 (TAERR) , 2022, 55
(8): 755-761. (LIN KL, CHEN H, CHEN Q Y, et al. Research on LSTM runoff forecast model coupled with Encoder- De-
coder[ J]. Engineering Journal of Wuhan University, 2022, 55(8): 755-761. (in Chinese))



166 KB BE R 535 %

Research progresses and prospects of catchment hydrological forecasting driven
by global climate forecasts "

ZHAO Tongtiegang' , ZHANG Chi*, TIAN Yu’, LI Yu’, CHEN Zexin', CHEN Xiaohong'
(1. Center of Water Resources and Environment, Sun Yai-sen University, Guangzhou 510275, China; 2. College of
Hydraulic Engineering, Dalian University of Technology, Dalian 116024, China; 3. China Institute of
Water Resources and Hydropower Research, Beijing 100038, China)

Abstract; Global climate models and emerging artificial intelligence models generate big climate forecasts data for
catchment hydrological forecasting at daily, sub-seasonal and seasonal timescales. The utilization of global climate
forecasts to drive catchment hydrological models are confronted with the technical issues of climate forecast data
retrieval , hydrological forecasting model set-up and verification of hydro-climatic forecasts. Starting with international
collaborative research projects on global climate forecasting, this paper conducts a survey of short- term weather
forecasts for the next 1 day to 2 weeks, sub-seasonal climate forecasts for the next 1 to 60 days, seasonal climate
forecasts for the next 1 to 12 months and artificial intelligence-based climate forecasts. Furthermore, the processes of
catchment hydrological forecasting driven by global climate forecasts are illustrated by detailing the technical aspects
on the calibration of climate forecasts, the setting- up of hydrological models and the verification of predictive
performance. By generating real-time and retrospective catchment hydrological forecasts from global climate forecasts,
the efficacy of forecasting models can be quantitatively examined by verifying forecast skill at different lead times,

laying a solid basis for practical forecasts-based operations of hydraulic infrastructure.

Key words: global climate model; climate forecasts; catchment hydrological model; hydrological forecasts; real-

time forecasts; retrospective forecasts; forecast verification
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