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Abstract

To explore the uncertainty of hydrologic model structure in the leading time flood forecasting accuracy,
we selected the dataset of Lushui Reservoir watershed and the precipitation forecast data of the Euro-
pean Center for Medium-Term Weather Forecast (ECMWF) to drive the three hydrological models (API,
Xinanjiang and GR4J). Through the analysis of the expected value forecast accuracy and the overall per-
formance of the probability forecast, the effectiveness of the two statistical post-processing methods, the
Bayesian model averaging (BMA) and the improved BMA (M-BMA) were compared. The results show that
the expected value forecast of the two methods improves the original forecast accuracy to a certain ex-
tent; both methods can provide reliable forecast intervals; through the analysis of multiple indicators
such as Continuous ranked probability score (CRPS), the performance of the M-BMA method is better
than that of the BMA method.
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BEAK TR AT By bk o« A BERLRIK BHIRSE R A EE W S8 X [1]. BT EER mEIEL .
BE AL R 22 0 o) A1 SEUFAE ,  DURA 2 (1) 380 77 U IR A 52 IR /K OSC Rt R AR FE B K 22 (2], 5 SO 8 B o 1) Tk
EAFEBRAHE V3] TR, HUE R K TR IE SE AT DUA RCRE K K TR T LA (4], g st S0 T
STz 2 T DA R A T A ) AR AL 7RI AR, AR TR TR Y K TR R B . DIMER T &
AT 58 PE 1 5E A TR (ESP) 2 G F S22 Dk > AN 8 PE A R0 T B o AN A SRIE I AN 1 75 25 8 1 7 1
KAR[S], AR N K S HUwINAE, ESP R G0k i B [l A 45 /iR 72 6], RA 2 HIAK SCEE
B AR AT DA 6 I 9/ A5 Y 285 ) s SR PR AN E 1 o AR [ 7155 48 4R 5 Tl 45 St I 3R e 1P O 22 B R ik
I EELEE R, Tl G R A TV T MR IE . JEAER, DU ST Y VR (BMA) T N B 2 R
LA, TG H RN . SEORIE S5/ A 8 R [8]. #EAFE[9]5F FIH BMA J5 VAR H 7
%Y. SIMHYD il SMAR B (TR AL J5 56 70 A, R BMA J5EEA SR T PIRRS B2, B REHE R BT 521
TR X (6] {H BMA J7 % DB e 52 A P i = IR AN IEZS 0 A N AT 3R, 75 B0 g7 IE S ab 2 10], W
Box-Cox %7 ¥, i+ H i R &8 B35 5 P2 A LR 2 Mt 5% 2 . 5ES R T 1IEAS 04 1 BMA JriEMH,
Sloughter [11]%532H T 2t i) BMA J57A(M-BMA), 51 AT Gamma 434, FFHE T EE, BB XESIE
ERSAAREMBEERTAR . BRI 12] 55 7E =g N\ P 73k 7K 2 & MR 28 IR vt B 20 77 4 & % th G i i Y
(EMOS). BMA. 3T Copula B %/f] BMA (Copula-BMA)FI M-BMA J5 ¥ i 8 FZUR, 45 R KW M-BMA J5
LR TR A 7 M, BT IR, 6 M TR oSO R B . T K SC TR S b
BT R, 2500 7 AT B R E BT G S AR ER XS RS T U P R B K TR 1 22 A R R A AT S
J& AL B T

AR LAR KK EE Rt et G, SR F W A U R G Tt b O R Bk TR B, 3K3h APL. B eiL.
GR4J =/MEEAY, 3R1% 3 hy 6 hy 9 hy 12 h TILIARIFE K N PRI B TR ME . SR A BMA F1 M-BMA J7 4
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Figure 1. Schematic diagram of probability forecast Q-Q
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R IR A Oy 3, B3R B KK BRI i, DUR ORI, EWENTER LR AR X, TR DA T4
NP FliKK PERE TR 3400 km?, & (KA AR Y 86.2%, /KEEEEER 7.42 4 m?, FEIRIKE 33.02
A o, FEBE G BRI L U 2RI, JFCURCR WERDONE, SRRk, R, BUSSEER GG

R KU 2012~2019 SESEIMERIK S 28R ALK PE N BERUE BERL BURI BOPRIYN 3 he Horr, kK
PEVRAR 17 AR RS SEul . Yol JH Ok BRI, SR, BTEERs . Ede . bk RV ER . S
k. BRI SRPHEE. DURSRI-RAOKEIX R F SOt SRR R AR AR PEss), AR HBON
B)%), ST R K . RO BRI TR ZK SR I AR S B ARl K B B601 78 2%
ML o LI B TR 2014 £5~2019 SRR BB TSR TR A 0 6 h 7K R A TR RS EdfE
AR 0.125°E x 0.125°N. {1 T N AR FHRAEI 8RB 6 h, SRAVEUE 1345 3 h IR P .

3.2. KRG R 34T

KR LT GRAT HREIIBE KRB AR R . Bl fd 15 M35, BENSHE RIS X
[17]. GR4J BALRE—MESMEREN AR, NEH 4 NS5, RAWASELMKERITPICRITE18], ff
RGER eI, NAHEEE. M 2012~2016 3L 5 R A ZE R, 2017~2019 3L 3 SRR R AR
. N AR REAUKERZE N BARREL, FFRA SCEM-UA S50 2 VLA GR4) B S HdE 470
b, BRI ESKAN 3 he

Table 1. Calibration and verification results of Xinanjiang and GR4J models

= 1. FiRIH GRAJ BRI R EFRINER

B AR R GR4] 17
i B
NSE(%) RE(%) NSE(%) RE(%)
FEWI(2012~2016) 88.87 -2.53 89.56 -1.90
I 3(2017~2019) 89.34 5.07 91.91 3.79

T HIH T T GRAT AR (RABLAUL 25 S e VAR B 6 5 HAANAS 56 A I 40 - 2003 R 5U(NSE) 43 71l 88.87%
1 89.34%, 7K S AHRTR Z (RE) 7 1 A—2.53%H1 5.07%; GR4AT #5781 5 5 BRI 36 1 1) NSE 4351 4 89.56%41191.91%,
RE 7373 A—1.9%H1 3.79%, 2% BT HHT 22V LA GRAT BT Fiti KK PEN B AR UBOR R4, K EIRZRBUN,
AT Tt 7K K RN U TR o

3.3. E R TERIBIKTERGE R

API HEAY (B AR T A G R e i, J& T 25N B S I R G B[ 19]. AP BLAYZFfiZK
IKZE S R AR MY PR R FH B 2 B PR A, (I ROR B4 A SCHET APLL #r22VT. GR4AT =/M&AL, DL szl
{4 T~ 387 B K AR P O B R S PR B A 5N LA 2014~2019 3RS A 1 H~11 A 1 H)AEH 8:00 A
HERL, HEARITN 1~4 DB BN 3 hFEZKKEENERE TR R . % 2 FItH 1~4 B0
APL, B2V GRAJ AT N P & (1) & BTN 8475 o

B2 2 AT, =SFPBLR TR T R, THRBCRBN R AF, Hob, fESATIN, GR4J BIAUFIR T AR
TR 77 ZE (0 & TR AR R IUAH 2, APT BIAYTIR 7 RACRAXN B . WTLLEH, APL AR 7 SR AR 7K B iR 228
K, 4 AN K E R ZE SR 29%, HARPF T ZERIAXKERZIIE 1% LA S EE, Alhe2 API
BAE S g i A il i N L 25 -G LSS LD REHEAT VB[ 19], el f2 78 T 7K 23 S HoAT — & 1 AN
BE e, AT R SR R B AD AT SR A A — B O, S AT SRS . Ak, BEE UL E LG,
AN BB HEA E A WOBO KGN, Fihors B2 2L T BRI S, a2 SRR .
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Table 2. Evaluation of flood forecasting results in Lushui Reservoir

= 2. Bfi7koK BESK TR G5 RITN

_ T
5 PN IRRR

3h 6h 9h 12h
NSE(%) 85.20 82.34 79.04 72.98
API 57 MAE(m?/s) 61.45 67.01 73.04 75.08
RE(%) 31.41 35.77 37.5 29.33
NSE(%) 93.14 91.62 86.75 78.45
WA MAE(m?/s) 34.74 38.20 42.77 45.60
RE(%) 8.39 10.60 8.95 1.22
NSE(%) 90.55 91.72 88.65 78.66
GR4J i MAE(m®/s) 40.26 39.41 42.63 48.20
RE(%) 0.43 6.37 6.21 -1.95

4. EEBEERMIRERITM
4.1. BiEENBEHIEO

IS ARSZ BB KRR S St slcbts B AR S5 AN 2 14 R 38 )2, 7K ST 8] 7 371 5 Bt 215 A A o A T MR 500201
BRI, %o T AR MR AR B R 7K S 81K B T 1 BB R AR 5 TR AR B SO A0« W BN 1 AR SR AR T 1 B[]
B AT S, AWTE S B A B S R R S 21], A S BERT 7 AR A SERT R, P2 AR Y
EUERAE ST RORIE T F BEBS R (1 S Wt 7 41 (115 BARFAE, A8 SCBA CRPS SN E AR, RAAEIE LA [F U0
WM E DK, REIEREDY 30~100 NME, BKN 10 M. SRHRIGLEA T, SAUE DN 50 AN B

4.2. EESEEEMIRAEEITMN

KH BMA. M-BMA 7553 0 = /MR Tidie 45 SR AT S S MR Tt FE o0 4R G MR Tl 45 SR ¥ v 5
PRSI, R B B2 AT 3 R D 5 11 A 5V A R

KH BMA. M-BMA J7i£ 15t TR & 1 5 S22 70 A0 eR B (5 LR ), IR R 03 AR AR UL E 56 7
A . e 2 WK1, GRAT BIRK SR ZE X B 2 TR RN, [RIHDL GRAT TR AR AR SR B — A R TR
5 BMA. M-BMA J7 =S 3547 EL . LA NSE+ RE. MAE =ANEFR PN 4 ST I B Ao o2 1 T5Ua 45
3 3 AIHL, 24 BMA. M-BMA & IE B TR AR RS T 5 a6 € e Bidi (i, NSE. MAE f8br3H k. BMA
J7i 1) NSE 1853275 0%~2.95%, MAE {# [%1% 6.58~9.82 m3/s; M-BMA 7772 NSE {27 0.68%~3.07%, MAE
{EBEAG 6.15~10.04 m¥/s, {EFIFITEEM RE HSGEAR . L8800, WS R e 2R ERE T
TR % . FH&FRARTT A1, M-BMA & BB (B E A [F TR LA T BMA 2.

245 72019 4E 6 H 4 H~7 H 3 H 30 RA[E FULIA S 4674 & PE TR E A 2 DGt fa A B R i FR 4L,
ATCAE Y, SR H E PE TR IR, RIS AR 2R 5 S im 30 & AR BT, LA 772245 2 TR A 22 48 22
FRAL/N,  HO0E R 35 8 55 T H 0 S T AR

Table 3. Comparison of deterministic forecast results in different lead times

= 3. ANETR U HART ER BT E M TR EE RATEE

N GR4J F1 BMA ¥ M-BMA i
FULIH 3
NSE(%)  RE(%) MAE(m’/s) ~ NSE(%)  RE(%) MAE(m’/s) ~ NSE(%)  RE(%) MAE(m’/s)
3h 90.32 ~0.02 40.71 9327 ~3.87 30.89 93.39 -3.78 30.67
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Continued
6h 91.65 6.20 39.97 92.05 —3.55 32.75 92.33 -3.63 32.33
9h 87.71 6.11 43.21 87.71 —2.25 35.92 88.59 -2.91 36.27
12h 78.67 -1.85 48.90 80.39 —2.00 42.32 80.22 -1.79 42.75

4.3. BRTRG RN

NVER B AT IE R TR I AT SR, A FRTULSIN K Q-Q . mIEEME(o_index)Fabr. &3 A T HFh
T AN [ 0 HA ) i 7K K RN R I TR Q-Q Bl KB 14 1 FIIPEA 7775, BMA I M-BMA J7 v/ [3] il WL 44
Q-Q MMERIHAT T 1:1 28, Ui ISR TR B AR I R 4T, BRI 7 N TR S A e, rTEEvER s .
AT LLE H BMA 7 VERER TR &5 R vl SEERS LT M-BMA 773, H o_index {E 741, BMA Al M-BMA J5i%
o_index MHIZHEL T5ERME 1, 5 Q-Q KM MEL LAIKI L, (HFFP /7752 RN, R BMA F1 M-BMA J5i%
(M 26 TR 45 SR T SE MR I iy, MR R TR 437 T LA it BT R RS0 L S I8 S R 28 0 AT ) G TR AT

DA R5 26 (CR) P55 B (B) B PR RE X X R) B B2 A 5 (10 S0 s 40 A5 (PUCT) SR A TR IX ) ) 0 R
PEo & 4 I T AN T EAS BE 90%Tidi X Bl I PPN T AR 45 5L, °T LA4S50, BMA Al M-BMA 57245 3 1) A [F]
TRLIATE o5 % CR (3T 83%, HEIEHREMEE KT 90%, RIIHF 7L B PR X (8] 54 AT LLAL 25 52l
YoRb, BRI TR X B IS, BEE UL RERK, P59 B EZHHE K, R FHR X AR E TR, A
PR S TR AT E . B8 BMA iERRIME SRR ST M-BMA J7ik, (HE TR X R % 5 iz KT
M-BMA 77, HEZRETRR PUCE A4, ZEANETULI A M-BMA 77753 T BMA Tk, RUVE S EBELRR €
(1 BAZIKT 90%HITE ML T, SRABE E AT BT, M-BMA V575 3 [ FR X (B R I B . G, 90% B 1E X [H]
ATLCAB R IR 2 HE R, RS EHEAHEN, SIK TR GBIt R a S5 .

Table 4. Evaluation index value of 90% forecast interval for different leading times

4. TREITARAREEE 90% Tk X BTNt 4R 1E

i 39 Jrik MAE CRPS PR (%) a_index CR(%) B PUCI (%)
T 5 PE AR 40.71 — — — — _ _
3h BMA — 25.97 36.20 0.966 86.79 277.16 22.84
M-BMA — 22.78 44.04 0.914 84.34 121.76 28.47
s P AR 39.97 — — — _ _ _
6h BMA — 27.54 31.10 0.962 86.79 302.18 15.31
M-BMA — 24.08 39.75 0.916 83.87 128.70 21.40
i 5 P TR 43.21 — — — — — —
9h BMA — 31.18 27.84 0.955 86.60 345.13 13.78
M-BMA — 27.95 35.32 0.928 83.87 146.99 19.31
Hiff e P TR 48.90 — — — — — —
12h BMA — 36.30 25.77 0.968 87.08 348.18 19.85
M-BMA — 32.95 32.62 0.912 84.06 169.04 26.08

DL B HE AT 73 ZU(CRPS) PR AR PPN R TR B R ki, T 5 RS CRPS A% MAE [FIF%0E, 28 R 11
WA RNE[12]. I 4 AT, AECT i E TR AE AR MAE {8, PR 7 EMER IR 45 31 CRPS 8 B/
M-BMA 77 VE A 5 P AT CRPS 18 FEARIE 2 4 32%~44%, BMA 751 CRPS 18 F&KIE /N T M-BMA 5%, %
B M-BMA 778G AR BN . TS AR I, B UL E K, £5A fabr CRPS fE 5 IUA W38 in i)
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Figure 2. The deterministic forecast and the expected value of the
two methods for different lead times
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Figure 3. Flow probability forecast Q-Q diagrams of BMA and
M-BMA methods in different lead times
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