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Abstract

The copula-based models have been successfully applied to hydrological modeling including drought frequency analysis and time
series modeling. However, uncertainty estimation associated with the parameters of these model is not often properly addressed. In these
context, the main purposes of this study are to develop the Bayesian inference scheme for bivariate copula functions. The main
applications considered are two-fold: First, this study developed and tested an approach to copula model parameter estimation within
a Bayesian framework for drought frequency analysis. The proposed modeling scheme was shown to correctly estimate model
parameters and detect the underlying dependence structure of the assumed copula functions in the synthetic dataset. The model was then
used to estimate the joint return period of the recent 2013~2015 drought events in the Han River watershed. The joint return period of
the drought duration and drought severity was above 100 years for many of stations. The results obtained in the validation process
showed that the proposed model could effectively reproduce the underlying distribution of observed extreme rainfalls as well as
explicitly account for parameter uncertainty in the bivariate drought frequency analysis.
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Fig. 1. The identified drought duration, severity and intensity by run
theory (Yoo et al., 2013)

Table 1. The Archimedean copula functions used in this study
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Fig. 2. The map showing Han-river watershed along with weather
stations (red filled circle)
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Table 2. Geographical characteristics of 18 weather stations operated
by Korea Meteorological Adminstration (KMA)

Station Latitude (°) | Longitude (°) Eé‘;iﬁ()m
Suwon 37.2723 126.9853 34
Sokcho 38.2509 128.5647 18
Gangneung 37.7515 128.8910 26
Yeongju 36.8719 128.5170 211
Mungyeong 36.6273 128.1488 171
Boeun 36.4876 127.7341 175
Cheongju 36.6392 127.4407 57
Daegwallyeong 37.6771 128.7183 773
Jecheon 37.1593 128.1943 264
Wonju 37.3376 127.9466 149
Icheon 37.2640 127.4842 78
Yangpyeong 37.4886 127.4945 48
Inje 38.0599 128.1671 200
Chuncheon 37.9026 127.7357 78
Hongcheon 37.6836 127.8804 141
Seoul 37.5714 126.9658 86
Ganghwa 37.7074 126.4463 47
Incheon 37.4776 126.6244 68
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Fig. 3. The extracted drought variables at Seoul and Ganghwa station
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Table 3. Information on the gauging stations used in this study and
the basic statistics for the drought characteristics. The values
in parenthesis represent the maximum duration and severity
calculated from the 2013~2015 drought

Annual precipitation Drought

Station |  Station Max Min
no. hame Mean S.D. duration |magnitude
(month) | (- mm)
22 670.6

90 Sokcho 1358.36 | 252.87
19 655.6
- 35 1122.2

100 | Paeevak |6 77 | 486.59
lyeong 20 1068.6
22 1163.7

101 | Chuncheon | 1304.07 | 312.62
22 1163.7
34 687.4

105 | Gangneung | 1420.05 | 308.60
18 565.1
24 1205.1

108 Seoul 1380.63 | 373.14
24 1205.1
22 929.4

112 Incheon 1179.16 | 29291
22 929.4
17 570.0

114 Wonju 1322.65 | 291.60
9 406.5
22 785.2

119 Suwon 1283.14 | 272.62
22 785.2
24 568.4

131 Chongju | 1228.57 | 261.84
8 470.3
24 1407.7

201 Ganghwa | 1308.09 | 334.11
24 1407.7
202 |Y 1364.01 | 343.72 2 1332

angpyeon, . .
gpyeong 22 1133.2
18 570.6

203 Icheon 1329.46 | 305.61
9 492.9
24 899.6

211 Inje 1160.97 | 300.43
24 899.6
24 1260.2

212 | Hongcheon | 1327.09 | 338.32
24 1260.2
16 578.2

221 Jecheon 1346.76 | 348.62
9 536.9
23 785.8

226 Boeun 1274.54 | 329.78
9 476.8
18 634.0

272 Youngju | 1266.32 | 294.94
9 483.1
26 843.1

273 | Mungyeong | 1239.07 | 289.11
9 499.4
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Fig. 4. Drought variables used in this study. The above panel indicates
drought duration and the bottom panel indicates drought
severity (-) during the duration
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Fig. 5. Scatter plot of duration and severity based on observed
precipitation anomalies from 1974 to 2015. The symbol
“red star” indicates current drought state
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| Q1= Akaike information criterion (AIC)2} Deviance
information criterion (DIC)2}-F-AFSH 7 o[} BIC SAI%F
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Table 4. BIC values for different marginal distributions across weather stations. The distribution with the lowest BIC is preferred

Variable Station no. Distribution
Log-normal Exponential Gamma Log-logistic Normal Gumbel
90 255.892 255.575 258.582 260.111 290.199 307.306
100 242.419 241.058 244.358 245.734 280.039 306.975
101 286.567 290.505 287.676 290.691 318.918 353.119
105 271.891 272.213 275.340 276.327 318.178 355.570
108 294.400 300.213 299.953 298.430 343.183 379.071
112 299.059 302.685 303.529 304.415 345.991 380.610
114 295915 298.895 299.530 301.806 336.389 362.273
119 291.081 295.744 296.287 295.205 337.780 367.962
Drought 131 283.539 288.619 290.824 288.186 338.622 372.679
duration 201 304.956 309.157 309.086 310.389 350.630 390.417
202 294.800 299.826 300.031 299.073 341.672 373.414
203 291.796 297.447 298.387 296.626 341.712 369.702
211 288.480 290.887 293.512 293.825 336.234 366.988
212 287.605 288.114 287.781 292.133 317.107 347.295
221 281.435 281.764 282.014 287.243 307.916 325.384
226 266.565 269.176 270.715 270.325 307.450 332.759
272 291.803 293.856 294.788 297.681 328.806 351.858
273 252.613 253.722 255.857 256.326 291.276 317.684
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Table 4. BIC values for different marginal distributions across weather stations. The distribution with the lowest BIC is preferred (Continue)

Variable Station no. Distribution
Log-normal Exponential Gamma Log-logistic Normal Gumbel
90 526.214 527.264 530.554 545.286 583.487 607.782
100 516.327 522.444 522.520 532.108 577.705 600.375
101 632.382 633.526 629.322 641.657 726.739 781.803
105 560.019 577.907 572.863 666.517 639.616 662.658
108 657.980 664.982 656.198 661.243 763.806 816.122
112 650.249 661.227 655.317 664.977 756.436 811.766
114 639.059 656.328 645.935 739.113 745.270 780.470
119 620.656 631.288 623.758 639.654 717.623 758.098
Drought 131 605.531 623.758 609.513 639.781 709.396 739.451
severity 201 670.993 679.513 669.674 684.293 799.325 872.438
202 650.616 660.284 646.369 648.469 759.294 809.356
203 648.845 654.587 647.805 663.519 740.051 772.605
211 613.081 626.610 613.300 615.134 717.448 759.722
212 609.801 616.048 614.529 654.327 706.028 761.096
221 620.636 627.104 621.668 628.184 702.293 726.739
226 565.425 572.230 567.275 592.524 642.944 671.301
272 626.946 643.571 631.829 653.726 727.400 758.900
273 534.199 537.854 537.689 553.227 599.943 629.728
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Fig. 6. A comparison of CDFs between empirical and theoretical CDFs of the drought duration(i.e. Log-normal distribution, (a) and (c)) and the

drought severity(i.e. Gamma distribution, (b) and (d)) for 108 and 201 stations as representative
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Fig. 7. Synthetic bivariate random variables using (a) Clayton, (b) Frank and (c) Gumbel Copula functions

Table 5. The experimental study for the three copula functions. The 95% credible intervals for the copula and marginal distribution are

estimated from the posterior distributions

Copula Parameter True value 2.5% 50% 97.5%

k 3.000 2.784 2.992 3.215

T 1.000 0.912 0.984 1.061

Clayton Copula I 1.000 0.970 1.003 1.039
o 0.500 0.516 0.497 0.479

0 4.066 3.474 3.910 4394

k 3.000 2.853 3.097 3.361

T 1.000 0.941 1.030 1.125

Frank Copula I 1.000 0.975 1.006 1.041
o 0.500 0.517 0.496 0.476

0 9.563 8.443 9.371 10.290

k 3.000 2.613 2.817 3.054

T 1.000 0.867 0.940 1.020

Gumbel Copula w 1.000 0.977 1.013 1.046
o 0.500 0.532 0.512 0.492

0 3.015 2.777 3.020 3.273
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Table 6. The univariate and joint return period and their 95% credible intervals for the 2013-2015 drought event
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Return periods
Station no. A
Thp Ths Thps Thps
90 12.35 62.10 85.07 11.70
(8.58, 18.73) (36.40, 142.14) (36.90, 228.67) (8.31, 17.48)
100 12.74 25.92 26.17 12.69
(8.69, 19.69) (15.59, 47.27) (15.76, 47.69) (8.65, 19.57)
101 25.22 1484.67 4601.68 24.90
(15.24, 43.64) (392.77, 7366.58) (859.00, 30572.91) (15.07, 43.16)
105 14.25 17.19 18.92 13.20
(9.59, 21.70) (11.11, 27.94) (12.24,30.49) (8.97,19.97)
108 31.07 554.38 2048.99 29.72
(18.27,57.05) (180.16, 2253.62) (472.31, 11989.83) (17.62, 54.57)
112 24.65 398.42 1125.54 23.60
(15.47,41.56) (131.63, 1252.64) (275.09, 4812.24) (14.83, 39.83)
114 4.86 19.38 23.31 4.67
(3.85,6.27) (12.17, 33.50) (13.84, 42.44) (3.75, 5.90)
119 30.03 83.38 84.35 29.88
(17.74, 54.81) (39.65, 196.47) (40.37, 197.69) (17.67, 54.44)
131 4.50 22.43 22.53 4.49
(3.61, 5.80) (13.89, 38.48) (13.98, 38.67) (3.60, 5.79)
201 29.68 6104.60 22264.77 29.54
(17.16, 55.15) (1165.77, 43064.00) (2977.98, 227804.71) (17.10, 54.79)
202 23.75 393.50 1216.76 22.65
(14.71, 41.42) (133.86, 1524.36) (309.56, 6712.96) (14.11, 39.29)
203 4.88 33.37 39.88 4.77
(3.88, 6.38) (19.29, 63.64) (22.21, 80.03) (3.82,6.16)
211 22.26 176.96 459.47 20.62
(13.82, 39.16) (68.42, 552.63) (129.50, 1989.27) (12.97, 35.62)
212 22.01 1059.75 2765.07 27.71
(13.82, 38.03) (272.35, 4667.83) (538.07, 16453.46) (13.63, 37.43)
M1 5.25 17.75 18.18 5.21
(4.04, 6.95) (11.21, 29.17) (11.46, 29.92) (4.01, 6.88)
226 4.22 17.32 18.33 4.17
(3.46, 5.29) (10.84, 30.17) (11.30, 32.56) (3.44,5.19)
27 4.56 24.12 27.28 4.47
(3.68, 5.85) (14.22, 44.90) (15.47, 52.86) (3.62, 5.66)
73 4.38 20.24 21.94 4.30
(3.56, 5.56) (12.26, 36.62) (12.95, 41.23) (3.53,5.41)
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Fig. 8. The joint return periods of drought based on Bayesian Copula model for the Seoul and Ganghwa station
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