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Fig. 1 Land use and soil type of Meixi catchment
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Fig. 2 Rainfall and flood caused by Saola ( | ) and Hagibis (I )
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Tab. 2 Parameter setting for WRF model
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Tab. 3 Physical parameterization schemes for ensemble forecast

S PR 5225 R, B TR 22 A4
R BB Ens ™,

HIITE M e/ RS MAXGmrs || Bers My e/ R G MBI IT %
1 WSM6 RRTM/ Dudhia BMJ 19 WSM6 RRTM/ Dudhia G3D
2 WDM6 RRTM/ Dudhia BM]J 20 WDM6 RRTM/ Dudhia G3D
3 Lin RRTM/ Dudhia BMJ 21 Lin RRTM/ Dudhia G3D
4 WSM6 RRTMG/ RRTMG BMJ 22 WSM6 RRTMG/ RRTMG G3D
5 WDM6 RRTMG/ RRTMG BMJ 23 WDM6 RRTMG/ RRTMG G3D
6 Lin RRTMG/ RRTMG BMJ 24 Lin RRTMG/ RRTMG G3D
7 WSM6 CAM/CAM BMJ 25 WSM6 CAM/CAM G3D
8 WDM6 CAM/CAM BMJ 26 WDM6 CAM/CAM G3D
9 Lin CAM/CAM BMJ 27 Lin CAM/CAM G3D
10 WSM6 RRTM/ Dudhia KF 28 WSM6 RRTM/ Dudhia GD
11 WDM6 RRTM/ Dudhia KF 29 WDM6 RRTM/ Dudhia GD
12 Lin RRTM/ Dudhia KF 30 Lin RRTM/ Dudhia GD
13 WSM6 RRTMG/ RRTMG KF 31 WSM6 RRTMG/ RRTMG GD
14 WDMS6 RRTMG/ RRTMG KF 32 WDM6 RRTMG/ RRTMG GD
15 Lin RRTMG/ RRTMG KF 33 Lin RRTMG/ RRTMG GD
16 WSM6 CAM/CAM KF 34 WSM6 CAM/CAM GD
17 WDM6 CAM/CAM KF 35 WDM6 CAM/CAM GD
18 Lin CAM/CAM KF 36 Lin CAM/CAM GD
A 9. 5270 WIS (]2 25 Ar EA 1. 17 h, Exs ¥
B4 0. 83, Zead Z Ji 1 43 A 2K SRR A Mg 1%
R ) 3 R PR . H R AN TR 37 R ) 4 T
{EARYE S UCE O IR I [E] T 10 KRR 2228 2 4
WATFE] . FE RS HURE WA 4, BERAGE 45
RIS,
F4 HERESANRBESHEE
Tab. 4 Parameter value for Meixi distributed hydrological model
SRR I
BRI A 2R AR 0. 30
AN AR LL A 0.01
R HEE KA R /mm 20
TR LHEE KA R/ mm 60
R T E K F R /mm 40
5 FaEkASER {1 1K 2k B 4 1.30
Fig. 3 Sub-watershed partition 1 et K K P B /mnm 3
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Tab.5 Results for hydrological model calibration and verification
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At YA /h 1.42 1.17
Nsg 3t 0. 66~0. 96 0.55~0. 98
Nse¥J{E 0. 85 0. 83
Ri=(Qi—Q»/Q @))
At=T —T (2)
N
2@ —Q)?
Exs=1—+F——— (3)
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i=1

2 QAN Qr 43 5 Ay 3 Y T A T W 3 ik P A DL
YIE  m® /55 T RN T 53530 BEADL15 S50 (v e 3
I b QU Qi 435y K R AR 4 /N F A 4L
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Fig. 4 Flood forecasting process based on the coupling system
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Tab. 6 Rainfall forecasts and rank of 36 schemes for event I

25 A 4E s 1] 4
[ OIS Er/%
Ics Erms Ics Erus

1 13.27(22) 0. 736 8(14) 0. 196 0(30) 0. 687 5(1) 0. 658 7(13)

2 14. 43(25) 0. 753 8(2) 0. 209 5(35) 0. 687 5(1) 0. 642 5(9)

3 11. 60(20) 0. 736 8(14) 0. 195 6(29) 0. 687 5(1) 0. 713 1(26)
4 13.57(24) 0. 736 8(14) 0. 202 9(34) 0. 687 5(1) 0.672 5(18)

5 14. 75(28) 0. 744 8(9) 0. 221 6(36) 0. 687 5(1) 0. 667 4(16)

6 11.88(21) 0. 736 8(14) 0. 198 6(32) 0. 687 5(1) 0.721 3(29)

7 13.40(23) 0. 736 8(14) 0. 187 9(27) 0. 687 5(1) 0. 643 8(10)
8 14. 71C27) 0. 749 1(6) 0. 199 6(33) 0. 687 5(1) 0. 635 5(8)

9 11.19(19) 0. 736 8(14) 0. 190 6(28) 0. 687 5(1) 0. 716 8(28)
10 6. 28(13) 0. 736 8(14) 0. 147 8(9) 0. 687 5(1) 0. 621 9(6)
11 5. 16(7) 0. 744 9(8) 0.171 7(22) 0. 687 5(1) 0.616 6(5)
12 2.22(4) 0. 736 8(14) 0. 147 1(8) 0. 687 5(1) 0. 6520(12)
13 0. 88(1) 0. 736 8(14) 0.153 5(11) 0. 687 5(1) 0. 601 8(3)
14 2.31(5) 0. 736 8(14) 0.167 6(19) 0. 687 5(1) 0. 597 3(2)
15 1.32(2) 0. 736 8(14) 0. 146 1(7) 0. 687 5(1) 0.631 7(7)
16 6. 70(15) 0. 736 8(14) 0. 147 9(10) 0. 687 5(1) 0. 607 6(4)
17 5.92(11) 0. 741 1(10) 0.162 5(17) 0. 687 5(1) 0.592 4(1)
18 1. 67(3) 0. 736 8(14) 0. 142 0(4) 0. 687 5(1) 0. 644 9(11)
19 20. 73(35) 0. 736 8(14) 0. 154 6(13) 0. 687 5(1) 0. 706 0(25)
20 20. 65(34) 0. 753 4(3) 0. 154 7(14) 0. 687 5(1) 0. 705 3(23)
21 19. 55(33) 0. 750 4(4) 0. 144 1(6) 0. 687 5(1) 0. 728 5(30)
22 17. 34(30) 0. 736 8(14) 0. 159 5(16) 0. 687 5(1) 0.729 3(31)
23 14. 57(26) 0. 749 2(5) 0. 157 8(15) 0. 687 5(1) 0. 742 5(33)
24 15.55(29) 0. 736 8(14) 0.133 1(1) 0. 687 5(1) 0. 747 6(34)
25 21.00(36) 0. 736 8(14) 0.153 9(12) 0. 687 5(1) 0. 693 4(19)
26 19. 48(32) 0. 745 4(7) 0. 143 9(5) 0. 687 5(1) 0. 699 6(21)
27 17. 34(30) 0. 736 8(14) 0.134 5(2) 0. 687 5(1) 0. 736 9(32)
28 6.32(14) 0. 736 8(14) 0. 164 0(18) 0. 687 5(1) 0. 699 1(20)
29 5. 78(10) 0. 758 2(1) 0. 179 4(25) 0. 687 5(1) 0.672 3(17)
30 5. 06(6) 0. 741 1(10) 0. 167 9(20) 0. 687 5(1) 0. 760 0(36)
31 5.96(12) 0. 736 8(14) 0.173 0(23) 0. 687 5(1) 0. 705 3(23)
32 5.32(9) 0. 741 1(10) 0. 196 3(3D) 0. 687 5(1) 0. 665 7(15)
33 5. 31(8) 0. 736 8(14) 0. 180 7(26) 0. 687 5(1) 0. 753 2(35)
34 8. 06(18) 0. 736 8(14) 0. 140 9(3) 0. 687 5(1) 0.703 1(22)
35 6. 85(16) 0. 741 1(10) 0. 168 8(21) 0. 687 5(1) 0. 664 4(14)
36 7.91(17) 0. 736 8(14) 0.174 9(24) 0. 687 5(1) 0. 713 1(26)
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Fig. 5 Spatial distribution of rainfall forecasts with 36 schemes for event 1
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Tab. 7 Rainfall forecasts and rank of 36 schemes for event [[

25 A 4E s 1] 4
[ OIS Er/%
Ics Erms Ics Erus

1 65. 23(29) 0. 347 0(36) 0. 834 5(30) 0. 329 2(36) 1. 632 2(34)

2 64.95(27) 0. 357 1(34) 0. 830 8(28) 0. 341 0(33) 1. 634 9(36)

3 56. 69(14) 0. 410 3(26) 0. 767 8(21) 0.393 5(1D) 1. 571 5(25)
4 65.39(30) 0. 363 2(33) 0. 836 5(32) 0. 353 9(32) 1. 631 3(33)

5 65.63(31) 0. 347 6(35) 0. 839 5(34) 0. 339 2(34) 1. 632 6(35)

6 56.45(13) 0. 387 0(30) 0. 762 6(19) 0. 378 8(19) 1. 558 3(22)

7 64. 55(26) 0. 378 8(31) 0. 839 3(33) 0. 356 7(30) 1.616 1(31)
8 64.05(25) 0. 368 4(32) 0. 835 7(31D) 0. 335 9(35) 1. 629 4(32)

9 58.13(22) 0. 407 1(28) 0. 790 9(23) 0.393 1(12) 1. 576 8(27)
10 37.25(8) 0. 449 4(16) 0. 566 2(8) 0. 366 6(27) 1. 307 5(3)
11 37.83(9) 0. 456 1(8) 0.572 6(9) 0. 367 6(26) 1. 302 7(2)
12 26.90(2) 0. 407 4(27) 0.521 6(1) 0. 356 3(31) 1. 352 6(7)
13 24, 32(1) 0. 487 9(1) 0. 523 5(2) 0. 371 8(25) 1. 300 1(1)
14 35.58(5) 0.435 12D 0. 564 9(7) 0. 366 6(27) 1. 310 5(4)
15 27.29(3) 0. 391 6(29) 0. 562 7(6) 0. 364 7(29) 1.421 7(9)
16 35. 83(6) 0. 449 4(16) 0. 536 5(4) 0. 390 6(14) 1. 343 4(6)
17 36. 01(7) 0. 451 2(14) 0.529 7(3) 0. 375 0(20) 1. 325 2(5)
18 32.53(4) 0. 430 8(23) 0. 536 8(5) 0. 394 2(10) 1. 366 3(8)
19 68. 51(36) 0. 484 2(2) 0. 845 1(36) 0.422 2(3) 1. 599 8(30)
20 68. 30(35) 0. 442 3(19) 0. 841 3(35) 0. 379 8(18) 1.595 2(29)
21 60. 31(23) 0. 455 7(9) 0. 781 4(22) 0. 396 2(9) 1. 547 1(20)
22 65. 82(32) 0. 460 1(7) 0. 821 6(26) 0. 398 8(8) 1. 564 8(24)
23 65.05(28) 0. 461 4(6) 0. 814 9(25) 0.373 9(21) 1.554 1(21)
24 57.64(20) 0. 454 3(10) 0. 764 9(20) 0. 404 2(6) 1.542 7(19)
25 66. 54(33) 0. 452 5(13) 0. 822 8(27) 0. 373 9(21) 1. 571 8(26)
26 66. 88(34) 0. 462 8(5) 0. 831 1(29 0.413 9(4) 1. 584 3(28)
27 61.82(24) 0. 453 0(12) 0. 795 1(24) 0. 391 7(13) 1. 559 3(23)
28 57.15(17) 0.422 2(25) 0. 754 0(17) 0. 373 4(23) 1.535 2(18)
29 57.46(18) 0.453 1(11) 0. 748 1(15) 0. 390 3(15) 1.522 3(17)
30 47.02(10) 0. 437 7(20) 0.719 7(11D) 0. 383 4(17) 1.512 4(16)
31 57.05(16) 0.422 9(24) 0.732 7(12) 0. 372 2(24) 1. 454 8(12)
32 57.52(19) 0. 442 8(18) 0. 736 0(13) 0. 400 0(7) 1.452 0(11)
33 48.08(11) 0. 432 4(22) 0. 683 5(10) 0. 390 1(16) 1. 434 8(10)
34 57.04(15) 0. 450 3(15) 0. 749 9(16) 0.411 1(5) 1.477 0(14)
35 58.02(21) 0.471 6(3) 0. 761 3(18) 0.430 6(2) 1. 503 0(15)
36 50.99(12) 0.467 5(4) 0. 736 4(14) 0. 435 6(1) 1.471 4(13)
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Fig. 6 Spatial distribution of rainfall forecasts with 36 schemes for event [|
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Ensemble rainfall-runoff forecasting based on different physical parameterization schemes

for small and medium catchments
TIAN Jiyang'?,LLIU Ronghua'*? , LIU Hanying"? ,DING Liugian'
(1. China Institute of Water Resources and Hydropower Research ,Beijing 100038,China;
2. Research Center on Flood and Drought Disaster Reduction of Ministry of Water Resources , Beijing 100038, China)

Abstract: The ensemble method can efficiently reduce the uncertainty of rainfall forecast. The ensemble rainfall forecast is estab-

lished through random disturbance of the initial field. Different numerical weather prediction models are used to form the fore-

casting ensemble. The ensemble rainfall forecast is build based on a combination of different physical parameterization schemes,

which is regularly used for rainfall forecasting under unknown weather conditions. The selection of the physical parameterization

scheme has a significant impact on forecasting results. A single physical parameterization scheme is difficult to adapt to different

rainfall processes,which brings great uncertainty in the forecast. Ensemble forecast based on physical parameterization scheme

can effectively reduce the uncertainty of rainfall forecast, which can provide reliable rainfall information for flood forecast.
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Thirty-six physical parameterization schemes based on the WRF model are used to establish the ensemble rainfall forecast.
The relative error (Eg) ,critical success index (Ics) ,and the root mean square error (Erys) are used to comprehensively evalu-
ate the rainfall forecast. Meixi distributed hydrological model is constructed based on China flash flood hydrological model
(CNFF-HM). The peak flood discharge error, peak present time error, and Nash efficiency coefficient are used to evaluate the
flood forecast. The coupled meteorological and hydrological system is formed by the WRF model and Meixi distributed hydro-
logical model. The research also uses a statistical model that is developed based on the heteroscedastic extended Logistic algo-
rithm to post-process the rainfall ensemble forecast results.

For rainfall storms caused by Saola typhoon, the Exs based on 36 schemes are between 0. 88% and 21. 00%. In spatial di-
mension, the Icss are between 0. 736 8 and 0. 758 2,and the Eruss are between 0. 133 1 and 0. 221 6. In the time dimension, the
Icss are both 0. 687 5 and the Eruss are between 0. 592 4 and 0. 760 0, respectively. The error of peak flow discharge based on
coupled meteorological and hydrological systems is 11. 3%. With rainfall forecasting post-process, the error of peak flow dis-
charge is 3. 97%. Likewise, for rainfall storms caused by Hagibis typhoon, the Egs based on 36 schemes are between 24. 32%
and 68.51%. In spatial dimension,the Icss are between 0. 347 0 and 0. 487 9,and the Egyss are between 0. 521 6 and 0. 845 1.
In the time dimension,the I¢ss are between 0. 329 2 and 0. 435 6,and the Eruss are between 1. 300 1 and 1. 634 9, respectively.
The error of peak flow discharge based on coupled meteorological and hydrological systems is —86. 89%. With rainfall forecasting
post-process, the error of peak flow discharge is —48. 95%.

Forecasted rainfall in spatial dimension performs better than that in time dimension with different physical parameteriza-
tions schemes. The ensemble rainfall forecast is appropriately used for flood forecast with the coupled meteorological and hydro-
logical system,which can efficiently reduce the forecasting uncertainty. Reasonable post-processing methods should be used to
process the numerical rainfall forecast. For the rainfall with even spatiotemporal distribution, flood forecast with the coupled me-
teorological and hydrological system has certain advantages compared to flood forecast based on observed rainfall. For the rain-
fall with uneven spatiotemporal distribution, the forecast still has room for improvement.

Key words: WRF model; physical parameterization; CNFF-HM; meteorological and hydrological coupling; ensemble forecasting
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The temporal and spatial changes of land water reserves in the Yellow River basin were obtained. The change trend of land
water reserves in the Yellow River basin from 2005 to 2015 was —5. 20 mm/a,and the change trend of land water reserves in
2005-2006 reached —0. 91 mm/month,and only July-September showed a surplus state in each year. In order to significantly re-
flect the spatial change characteristics of the change trend of land water reserves in the Yellow River basin from 2005 to 2015,
combined Theil-Sen median trend analysis and Mann-Kendall test were used and it was found that 51. 2% of the regional terres-
trial water reserves had decreased significantly,33. 3% of the regional terrestrial water reserves had increased significantly,and
the proportion of flat areas was small. The final results showed that the western part of the basin was in a surplus state,and the
eastern part of the basin was in a state of loss. The coal mining data of various provinces and cities in the Yellow River basin
were counted and converted into equivalent water height,and the change trend was —1. 95 mm/a,and the change trend of land
water reserves was —3. 25 mm/a, which was more accurate after deducting the trend. Through correlation analysis, it was ob-
tained that the change of inland water reserves and the precipitation level have a certain degree of correlation (correlation coeffi-
cient 7=0. 33,p<C0. 01). It can be seen that precipitation was one of the reasons affecting the change of land water reserves in
the Yellow River basin, and the precipitation increased sharply in July, August and September every year, resulting in an in-
crease in the runoff of the Yellow River, which was an important reason for the obvious temporal characteristics of the change of
land water reserves in the Yellow River basin.

Through the above calculation and analysis, it was proved that the influence of coal mining on the accuracy of the inversion
result of traditional land water reserves could not be ignored. In addition, precipitation and groundwater changes were important
factors that lead to changes in terrestrial water reserves in the upstream and downstream regions, respectively. The influence of
coal mining volume was comprehensively considered, which helps to improve the accuracy of the traditional inversion method of
land water reserves.

Key words: GRACE; the Yellow River basin;land water storage; coal mining; equivalent water height
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