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Development of a Runoff Forecasting Model
Using Artificial Intelligence
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This study is aimed at the development of a runoff forecasting model to solve the uncertainties occurring in
the process of rainfall-runoff modeling and improve the modeling accuracy of the stream runoff forecasting. The

study area is the downstream of Naeseung-chun. Therefore, time-dependent data was obtained from the Wolpo
water level gauging station. 11 and 2 out of total 13 flood events were selected for the training and testing set
of model. The meodel performance was improved as the measuring time interval(Tn) was smaller than the
sampling time interval(Ts). The Neuro-Fuzzy(NF) and TANK models can give more accurate runoff forecasts up
to 4 hours ahead than the Feed Forward Multilayer Neural Network(FFNN) model in standard above the

Determination coefficient(R?) 0.7,

Key Words : Neuro-Fuzzy, Feed Forward Multilayer Neural Network, TANK model
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Fig. 2. Equivalent ANFIS model architecture(J.-S. R.

Jang, 1997).
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Table 1. Selected storm events for model run test
Storm Rainf?ll ' Maximum _ T_otal
Event Date Duration Rainfall Intensity Rainfall Remark
(hr) {mmy/hr) (mm)
1 1994/06/30/11:00~1994/07/03/10:00 48 216 195.7
2 1995/08/24/17:00 ~ 1995/08/28/10:00 64 151 106.1
3 1997/07/01/10:00~ 1997/07/03/05:00 23 196 93.9
4 1998/07/11/00:00~ 1998/07/13/21:00 46 173 5.7
5 1998/08/15/02:00~1998/08/19/16:00 87 182 152.6
6 1999/08/02/06:00 ~ 1999/08/04/19:00 38 424 2251 Calibration
7 2000/08/25/06:00~2000/08/29/05:00 71 108 1235
8 2000/09/13/05:00 ~2000/09/17/23:00 9 129 168.0
9 2002/08/06/10:00~2002/08/11/23:00 118 22.1 402.8
10 2003/07/09/10:00 ~2003/07/12/01:00 43 185 1385
11 2003/09/12/09:00~2003/09/14/22:00 38 17.0 786
12 2001/07/15/03:00~2001/07/18/04:00 39 20.6 178.3 o
13| 2002/08/30/19:00 ~2002/09/02/19:00 46 119 75 | " criieation

Table 2. Study area data with suitable sampling time
intervals(7,) to forecast one-step ahead

DA2 F T 8i d T, Ratio

(km®) ?ﬁ?ﬁﬁ (hr) T./T,

1.00 0.58

2.00 1.16

3.00 1.74

1,191.72 400 1.73 939

6.00 3.48

12.00 6.95
pEsle] Ay FEFS dE5sA "ok gEAE
£e 2759 FHAR wet AeERT ol
25 §%, EUgad] o 49 kA tE A E
Z23e 5 gk §E2A9 FEAAYE EgAA
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5= Ageg2E(Input-output or transfer
&3 & A #ANeR

EAE
Quir =P + F_ + . + P (15a)
Qui1=8@, + 5@ T -+ 5,0, (15b)
Q=8P + 6P, _, + ..+ 6P _,+
W,y T 0@,y T 0@y
(15¢)
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S 5 L[omT e Smemd b e e Table 3. Indices for statistical test
k! T emy lemy Tooms
- storm 30 —+—storm 1) Index Relation equation
-1.0
Lag time(h) Mean Error of L&
_ _ Forecasting WZ Qi— Quud)
Fig. 4. Autocorrelation of selected flood events. bias(MEF) i=1
] Root Mean Square 1 i")( 0= Qo)
(NF) 28& 5837 93] WARRSY 147~ Error(RMSE) Ny e
1272 A7 1270 AG 7323 147 ~3A13¢ Determination (i (@ 0 EA]( 98
A7AAE N AQ HEFoR 47 F 157 ALR coefficient(/)
AdESS FAHNEL 2YSFE dFADE 5 Peak runoff max (@l % 100
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Fig. 5. Scattergram for computed runoff of FFNN model.
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Table 4. Statistical analysis results of FFNN model
Model | Index Hg&m‘erm hr 1 2 3 4 6 12

1 -13.143 22,652 15.114 15.608 13.848 5.79

2 1579 9757 7162 8.065 11.148 7.386

3 -8.047 17.820 10.476 12432 15371 2.594

4 0.866 9.801 6.347 7057 6.354 4186

NEF 5 0.854 6.580 3441 2,358 5.088 2.219

o) 6 19106 | -17967 | -16194 | -16985 | -1L709 | -13.407

7 9.161 3675 -2658 0.479 -1.838 -7613

3 7.069 0.202 -4316 -5.353 2550 -5.200

9 1076 2.488 2937 —0.762 3079 -6.002

10 5014 4343 2,684 1557 -4.803 ~7825

1 7546 193 -0.681 3477 4461 -6.463

1 34.833 45281 34175 42544 39.199 38.363

2 %5616 34670 33955 26.069 27653 31720

3 31328 28 831 37.902 31788 35.939 41437

4 58676 59.601 50915 63.309 65.834 62577

RVSE 5 27958 070 31.251 28.200 21559 24,620

) 6 61309 | 111454 68685 90479 | 102512 | 111366

(/s 7 23591 26.643 27.144 22.050 19.935 25565

8 13.967 14503 17.139 179% | 14439 16.650

9 57.144 65.997 61458 60.340 66.366 69.412

10 37.968 43663 40.709 46.843 47.868 51.105

FENN-I5 11 98336 31.365 40974 35726 23632 20.877

1 0.986 0.988 0.993 0.990 0.991 0.991

2 0.980 0.963 0.966 0.979 0977 0.969

3 0.954 0.962 0.934 0.954 0.941 0.921

4 0943 0.942 0.958 0.935 0.929 0936

5 0985 0.970 0938 0.948 0972 0.959

R? 6 0.995 0.985 0.994 0.990 0.988 0.985

7 0.99% 0.992 0.991 0.994 0.9%5 0.992

8 0.992 0.955 0.936 0.929 0.95 0.939

9 0.994 0.944 0.952 0.952 0.942 0935

10 0.990 0.984 0.989 0985 0.984 0.982

11 0977 0.9% 0.991 0993 0.997 0.998

1 100058 | 110112 | 103778 | 104446 | 103829 | 101978

2 97946 | 101.829 | 104727 99607 | 109.127 | 104916

3 100.473 97.201 99.473 96975 | 106883 | 102.388

4 109735 | 110761 | 110047 | 110009 | 108890 | 106.665

5 100401 | 102.058 98.369 97.408 98.357 99.240

?;) 5 99470 | 100080 | 98468 | 99643 | 97504 | 98508

7 97.042 9%.751 97.016 98,998 98.058 96.201

8 100458 | 103284 | 103768 | 102678 | ° 101.969 | 102.057

9 97.116 9.186 96.648 97,559 95.906 97.156

10 100921 | 105197 | 104161 | 103424 | 104732 | 103656

11 99.139 | 108326 | 102042 99786 | 104.38 | -101.676
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Table 5. Statistical analysis results of peak runoff characteristic using FFNN model

Stom event| . Time Qu(m™/s) Qm*/s)
interval (hr) | Observed | Forecasted Relative error(26) Observed | Forecasted | Relative error(94)
1 952.6 ~0.06 9299 2.32
2 10483 “10.01 9485 0.36
3 988.0 -378 9025 520
1 2 952.0 i3 e 952.0 oo 229
6 988.4 -333 988.4 3.3
12 970.8 T1.98 9705 ~1.94
1 7042 2.05 686.8 448
P 732.2 183 6722 6,51
3 752.0 ~473 753.0 ~473
2 4 7190 716.2 039 7190 7102 122
6 7846 —9.13 7218 ~0.39
12 7543 a2 7182 0.11
1 467.2 ~0.47 427.4 808
3 4524 271 2613 294
3 4625 053 249.4 3.36
3 4 4650 450.9 302 4650 4415 5.05
6 497.0 2688 4895 =527
12 476.1 ~239 476.1 “239
1 1,026.0 T141 865.0 749
2 _ 103556 210,76 10356 -10.76
3 } 1,0289 -1005 866.6 732
4 4 9350 10286 ~1001 9350 982.0 =503
6 10181 -889 875.9 6.32
12 997.3 2666 878.2 6.08
1 830.5 ~0.40 8805 ~0.40
2 896.1 2306 8735 0.40
3 862.7 163 837.0 456
5 4 8770 854.3 259 8770 829.7 5.39
6 862.6 164 8335 496
12 870.3 0.76 835.6 472
1 2.753.6 052 2.753.6 052
2 2,770.2 20.08 2,663.4 360
3 27256 153 27256 153
6 4 27680 2.758.1 0.36 27680 2.739.6 1.03
6 2.698.9 2.50 2.6989 2.50
12 2726.7 1.49 27267 1.49
1 976.3 276 9614 404
2 0614 425 9449 5.89
3 974.0 298 956.4 474
U a 1,004.0 993.9 100 1,0040 9775 263
6 0845 194 962.1 218
12 966.8 371 939.7 6.41
1 5857 Z046 5857 046
2 602.1 =328 595.7 217
3 605.0 377 590.6 131
8 4 5830 598.6 268 5830 5986 268
6 594.5 T1o7 5945 “197
12 595.0 ~2.06 595.0 2.06
1 2.031.9 288 2.862.0 5.20
2 2.903.9 381 27753 8.07
3 29178 335 27983 731
9 a 30190 2.9453 5,44 30190 238166 6.70
6 2895.4 409 28005 724
12 2.933.1 2.84 2.809.0 6.95
1 1.308.7 =T 11287 12.00
2 1,350.7 520 12826 0.11
3 13374 “4.16 11777 828
10 4 1,284.0 13280 —3.42 1,2840 11996 6.58
5 1344.8 ~4.73 11296 12.02
12 1.330.0 7366 1,134.4 1.65
1 740.6 0.86 6948 6.9
2 809.2 833 768.9 01
3 762.3 —204 7417 071
1 4 770 7454 021 7470 7547 298
6 7798 ~439 757.6 ~1.42
12 759.5 168 745.4 021

Qp: Peak Discharge
Qt: Forecasted Discharge at Observed Peak time
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Mean Square Error, RMSE): 43237t g7 9 H§Ao] 45 Zoln, AFHEH(Peak run

Table 6. Statistical analysis results of NF model

Model | Tndex %M” 1 2 3 4 6 12

1 8397 8531 9915 ~7302 7710 5516

2 1050 1672 1300 2341 -2.876 3051

3 -7.098 8689 -9.497 7747 -8.051 6651

4 -0406 0343 0.049 -0.634 -0.994 -1.130

MEF 5 -0.115 -0.406 -0.131 -0675 0933 -1072
; 6 14,660 10.198 10272 10.963 13.400 11.288
(m'/s) 7 3.266 2,030 2616 1.289 1402 0587
8 0.308 0588 -0.248 -1.048 1168 -1515

9 “15% 17719 ~2.402 0929 ~0415 0.034

10 0.8%3 0.204 0.158 0.128 0.023 -0.044

1 0323 ~0.849 0521 ~1.024 1313 -1.2%

1 31611 50237 54761 46.75 46004 42376

2 19.145 29513 30.952 28575 30053 28504

3 30821 34262 30.189 30.785 31374 27890

4 44830 53844 537% 52639 50.044 50.208

RMSE 5 2710 341%5 38005 30385 20528 27368
3 6 95068 | 144097 | 147722 | 14479 | 141709 | 141166
(m'/s) 7 18648 25172 26.163 23935 24617 23794
8 13601 17.741 19842 16.232 15.909 15.304

9 66671 91976 9133% | 91574 92.969 95.007

10 33.101 57561 59.3%5 56.121 53565 53.143

11 25599 37111 38.787 32,189 30467 29.947

NF 1 0.9%0 0972 0967 0976 0976 0.980
2 0.929 0.973 0971 0.975 0972 0975

3 0.956 0.945 0.928 0.956 0.954 0.964

4 0.967 0.953 0.953 0.955 0.959 0.959

5 0.990 0.978 0973 0.983 0.984 0.98

R’ 6 0.989 0.975 0.974 0975 0.976 0.976
7 0.997 0.094 0.994 0.9% 0.9% 0.9%

8 0.992 0.987 0.984 0.989 0.989 0.990

9 0.992 0.9%4 0.984 0.984 0.984 0.983

10 0.992 0.977 0976 0978 0.980 0.981

11 0.982 0.961 0.958 0.971 0.974 0.975

1 109980 | 104667 | 102319 | 101773 | 103646 | 103671

2 100250 | 101198 | 101237 | 100878 | 103714 | 103228

3 99.901 98802 97753 97951 | 102616 | 101559

4 105614 | 102948 | 104608 | 103175 | 104380 | 103566

o 5 100.402 99648 | 100862 | 102184 | 103436 | 103689
o 6 99980 | 100288 99825 | 101594 | 100815 |  100.909
7 98.229 98046 97.648 98.360 98358 98.945

8 101767 999% | 101241 90704 | 100026 | 100247

9 105603 | 105003 | 105485 | 104557 | 104633 | 104814

10 100169 | 101768 | 102740 | 101954 | 1038% | 103503

1 100684 | 100303 99.986 99.706 | 103488 | 100.860
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Table 7. Statistical analysis results of peak runoff characteristic using NF model

Stom |Time interval Qp(m’/s) Qt(m7/s)
event (hr) Observed | Forecasted Relative error(%6) Observed Forecasted Relative error(%5)
1 1.047.0 2098 874.4 815
2 996.4 —4.67 968.4 “1.72
3 974.1 —2.32 974.1 232
! 4 920 968.9 177 %20 9678 ~166
6 986.7 2365 986.7 Z366
12 986.9 367 936.9 —367
1 728.0 “1.25 7145 0.63
2 7276 21.20 709.1 1.37
3 7279 -1.24 727.9 —1.24
2 4 7190 725.3 —0.88 790 7159 0.43
6 745.7 371 7196 ~0.08
12 742.2 -3.23 723.1 —057
1 4645 0.10 4458 413
2 4594 1.20 454.8 2.19
. 3 4546 2.05 4474 379
3 4 4650 4555 2.06 4650 4555 2.05
6 477.2 —2.62 462.8 0.47
12 472.2 “1.56 466.7 ~0.36
1 987.5 —5.61 883.2 5.54
2 %62.6 2% 9%62.6 2.95
3 978.1 —4.61 957.4 —2.40
4 4 9350 9647 317 9350 9612 ~2.80
6 976.0 —4.38 976.0 —4.38
12 0683 —357 9683 -357
1 880.5 ~0.40 8115 747
2 8739 0.35 8739 0.35
_ 3 834.6 ~0.56 834.6 ~0.86
2 4 B770 896.2 -2.18 8770 896.2 218
6 907.1 —3.44 907.1 ~3.44
12 909.4 —3.69 909.4 ~3.69
1 2,767.4 0.02 27710.9 2.06
2 2,776.0 ~0.29 2.672.3 3.46
3 27632 017 . 27242 1.58
6 4 27680 2.812.1 159 27680 2,683.1 3.07
6 2.790.6 -0.82 27247 156
12 2.793.2 —0.91 27246 157
1 986.2 1.77 9716 3.23
2 984.4 1.95 9833 2.06
- 2 10040 980.4 2.35 1.004.0 9804 2.35
1 OR75 1.64 086.1 178
6 9875 1.64 984.4 1.95
12 993.4 _ 1.05 989.5 1.44
1 593.3 “1.77 585.7 - —0.46
2 583.0 0.0 570.6 212
3 590.2 —1.24 5758 1.23
8 4 5830 581.3 0.30 5830 581.3 0.30
6 583.2 -0.03 581.8 021
12 584.4 ~0.25 582.0 0.17
1 3,188.2 ~5.60 29209 3.25
2 3,170.0 ~5.00 3,170.0 25.00
3 3,184.6 —5.49 3,184.6 T5.49
9 4 30190 3,156.6 ~45%6 30190 3,156.6 ~456
6 3,158.9 ~4.63 3,1589 -463
12 3,164.3 —4.81 31643 —4.81
1 1.286.2 —017 1,188.0 7.48
2 1.306.7 177 1,306.7 177
3 1,319.2 —2.74 13192 —2.74
10 4 1.284.0 1,309.1 T1o6 1.2840 1,309.1 “195
6 1,334.0 —3.90 1,331.0 ~3.90
12 1.329.0 —350 1.329.0 ~3.50
1 750.6 ~1.68 7166 407
2 749.3 ~0.30 717.9 3.89
3 746.9 0.01 7293 237
1 4 747.0 744.8 0.29 747.0 722.2 3.31
6 773.1 —3.49 742.8 056
12 753.4 —0.86 742.6 0.59

Qp: Peak Discharge
Qu Forecasted Discharge at Observed Peak time
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Fig. 6. Scattergram for computed runoff of NF model.
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Fig. 7. Forecasted results of storm events for verification.
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Table 8. Statistical analysis results of peak runoff characteristic

Stom Ahead Qp(m’/s) Qtm’/s)

Basin | Model forecasti i '
asin O0CL | event ogglcl?(sh}r)lg Observed| Forecasted Srféit(‘y/f) Observed | Forecasted grig?%%
1 %13 ) 9004 33
2 %13 ) 8322 52
3 %513 22 836.6 101
12 4 9310 %13 222 U 166
6 %513 22 5353 25
‘ 12 %13 22 759 919
FFNN 1 5150 238 5150 28
2 5150 238 5123 23
3 5150 28 4503 101
13 4 5010 5150 98 SL0 g 47
6 5150 238 4090 184
12 5150 98 125 975
1 959 16 8273 111
2 %59 16 9223 09
3 9459 16 7701 173
12 4 910 %59 16 BLO g5 229
6 %59 16 5283 433
Naeseung NF 12 9459 -16 32.3 91.2
~-chun 1 494 4 1.3 4350 3.2
2 4944 13 466.7 69
3 194.4 13 4065 189
13 4 5010 194.4 13 | 0 T 158
6 194.4 13 3464 309
12 1944 13 116 977
] 10183 94 06,3 33
2 9947 68 0947 63
3 10295 | -106 9649 36
12 4 BLO T oma | 125 BLO =557 34
6 9722 44 8108 129
12 %574 238 491 463
TANK ] 5153 89 558 89
2 5103 79 5332 74
3 5570 | 112 5163 31
13 4 5010 A7 | 127 T ~109
6 5508 | -159 5235 45
12 4875 27 2337 524

Qp: Peak Discharge

Qt: Forecasted Discharge at Observed Peak time
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Table 9. Statistical Analysis results of storm events (Unit : m/s)
Ahead )
Basin Storm Model forecasting MEF RMSE R* ?&")"
hour(hr) °
1 -13.046 31.667 0.985 102.181
2 ~12.598 56.829 0.951 102.181
FFNN 3 -12.119 99.177 0.852 102.181
4 -11.577 142.899 0.694 102.181
6 -10.469 226.258 0.238 102.181
12 -15.787 403.987 0.000 102.181
1 -6.733 36.824 - 0979 101.605
2 -6.169 56.862 0.951 101.605
12 NF 3 -5.592 97.823 0.856 101.605
4 -4.947 139.570 0.708 101.605
6 -3613 219.422 0282~ 101.605
12 -8.197 392.457 0.000 101.605
1 -28.129 44.563 0.970 109.374
2 -23.099 54.379 0.956 106.847
3 -40.196 88.337 0.885 110579
TANK 4 -52.617 123.507 0.780 112,507
6 —-60.599 177.836 0.553 104.423
Naeseung 12 -108.299 317.780 0.000 102.834
-chun 1 -13.466 34.902 0.946 102.791
2 -13.388 36.893 0.939 102.791
FENN 3 -13.292 52.966 0.876 102.791
4 -13.169 73.267 0.763 102.791
6 -12.820 116.751 0.401 102.791
12 -12.400 274,922 0.000 102.791
1 ~3.555 20.093 0.982 08.684
2 ~3.353 30.880 0.957 98.684
13 NF 3 ~3.138 50.977 0.834 98.684
4 ~2.895 72577 0.766 98.684
6 ~2.212 115.864 0.406 08.684
12 0.837 224557 0.000 98.634
1 -18.258 31.396 0.956- - 108.942
2 -18.351 33.996 0.949 107.853
3 -25537 50.918 0.887 111.180
TANK 4 “32930 69375 0.7% 112707
6 -42.326 101.845 0.575 115.923
12 —63.794 186.729 0.000 97.299
QA 12 2 1391AM  -157~-104, -81~08, 4 UAcH
TANK 23-& -1082~-1829 HY2 45t}
RMSE(m’/s)9] 7% 316~4039, 20.0~3924, 5 2 =2
TANK 232 313~317.79 H9=2 4 HEHS BodApoA 7Y 83e o2 B¥Y &
t} 3 R% #ALE 07 ]S 71F22 FFNN E42ITMS AR A den 2 4L o
282 3A7, NF 2.8 2 TANK 28& 4402 4 8 % gginh
oS E FEEA e (%) Y 1) xR 1237+ 4 AR TS
Ak S A9 dEADel mek 47 1021~1027,  ASFshE ANDA(D)AYG Re4E B g
986~101.6, TANK Z&oH 972~11599 HH= A7t A B4
BAEo] NF 28e) 62277 7 S50 ¢ 2 44E ZHEE A7 43 4EE AE
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