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Extreme Sea Level Analysis in Coastal Waters around Korean Peninsula
Using Empirical Simulation Technique
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Abstract : The estimation of the extreme sea level is necessary in the design of offshore or coastal structures. In
this paper, the storm surge data calculated numerically at 52 harbors around the Korean Peninsula are analyzed
by using annual maximum series (AMS), peaks over threshold (POT) and empirical simulation technique (EST).
The maximum likelihood method was used to estimate the parameters in both AMS and POT models. The
Generalized Pareto distribution was used and Chi-square and Kolmogorov-Smirnov goodness-of-fit tests were
performed with the acceptable significance level 5%. The extreme sea levels were also evaluated by EST
including tide effect, showing similar results as given by Jeong et al. (2008).
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Table 1. Name and location of harbors
Name Latitude (°) Longitude (°) Name Latitude (°) Longitude (°)
Incheon 37.45 126.60 Jeju 33.52 126.53
Pyeongtaek 36.98 126.83 Seogwipo 33.24 126.57
Daesan 37.00 126.35 Yongipo 37.95 124.73
Taean 36.91 126.23 Yeonpyeongdo 37.66 125.71
Boryeong 36.41 126.49 Daecheon 36.33 126.50
Janghang 36.01 126.69 Biin 36.13 126.50
Gunsan 35.99 126.71 Songgong 34.85 126.23
Mokpo 34.78 126.38 Daeheuksando 34.70 125.44
Wando 34.32 126.76 Hongdo 34.68 125.19
Yeosu 34.75 127.75 Paengmok 34.37 126.13
Gwangyang 34.91 127.68 Chuja 33.96 126.30
Samcheonpo 3493 128.07 Galdu 34.30 126.53
Tongyeong 34.84 128.42 Hwaheungpo 34.31 126.68
Gohyeon 34.89 128.62 Sinma 34.45 126.82
Jangseungpo 34.87 128.72 Nokdongsin 3453 127.12
Okpo 34.89 128.70 Geomundo 34.04 127.31
Masan 35.19 128.58 Narodo 34.47 127.45
Jinhae 35.14 128.69 Busannam 35.09 129.03
Busan 35.11 129.06 Guryongpo 35.98 129.56
Ulsan 35.52 129.39 Hupo 36.68 129.46
Pohang 36.05 129.38 Jumunjin 37.89 128.83
Samcheok 37.44 129.19 Ulreung 37.46 130.88
Donghae 37.49 129.14 Aewol 33.47 126.33
Mukho 37.55 129.11 Hanrim 33.42 126.26
Okgyeo 37.62 129.06 Hwasun 33.23 126.33
Sokcho 38.21 128.60 Seongsanpo 33.48 126.93

o sTrade Harbor
38°NF
=Coastal Harbo
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3B/
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Fig. 1. The location map of harbors.
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Table 2. Training set of Galdu harbor

Input vectors

Response vector

E}:ﬂ: EZ: Distance from the eye ~ Wind speed at site Pressure deficit Forward speed of the Storm surge

of the storm (km) (m/s) at site (hPa) eye of the storm (km/h) (cm)
S111 96.0 20.7 20.6 27.6 474
5114 108.5 15.4 11.0 589 24.5
5201 181.2 8.1 1.7 40.1 7.9
5204 2453 5.7 6.4 29.6 5.5
5209 117.5 233 22.0 46.6 61.7
5211 2314 13.3 11.5 38.1 20.8
5309 293.6 4.0 7.2 354 5.6
5508 0.6 8.5 7.0 322 8.7
5512 227.6 10.0 10.4 193 16.0
5609 257.3 11.5 15.0 44.1 10.8
0209 290.6 9.5 13.6 46.9 8.2
0215 2453 10.6 14.2 71.6 153
0306 227.0 4.4 7.9 20.8 6.5
0314 279.1 4.4 7.8 29.5 7.9
0415 266.3 8.7 8.8 329 12.9
0515 165.6 19.2 16.4 45.6 69.6
0601 136.5 10.7 12.2 4.6 3.5
0603 207.9 4.4 8.0 14.1 9.8
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Table 3. Parameter estimates of AMS/GPA distribution

Name Parameter Name Parameter
Location Scale Shape Location Scale Shape
Incheon 7 31.9474 -0.0660 Jeju 6.3 18.7500 0.1917
Pyeongtaek 79 34.9019 -0.1830 Seogwipo 59 23.4141 0.2986
Daesan 6.9 19.8646 0.0677 Yongipo 7.6 19.7447 0.2189
Taean 6.8 18.5835 0.1421 Yeonpyeongdo 7.8 26.5898 0.1204
Boryeong 7.3 35.7029 0.0953 Daecheon 7 32.6731 0.1266
Janghang 5.7 36.9204 -0.0433 Biin 6.9 31.3993 0.1177
Gunsan 5.6 37.2950 -0.0887 Songgong 5.7 254773 0.1768
Mokpo 44 36.4059 0.2064 Daeheuksando 6.7 14.5756 0.2424
Wando 82 38.1785 0.2084 Hongdo 6.9 153747 0.2363
Yeosu 6.8 38.4917 0.0804 Paengmok 7.4 18.5411 0.0154
Gwangyang 9.7 51.2789 0.0594 Chuja 6.3 20.1620 0.2842
Samcheonpo 7 41.8264 0.0235 Galdu 7.5 24.5897 0.0081
Tongyeong 54 34.7578 -0.1279 Hwaheungpo 7.3 29.9163 0.1005
Gohyeon 5.8 31.3148 -0.2026 Sinma 9.1 42.4995 -0.0943
Jangseungpo 3.9 249112 -0.0842 Nokdongsin 83 44.9088 0.1856
Okpo 4 25.9917 -0.0953 Geomundo 49 243673 0.1496
Masan 7.1 42.6959 -0.1791 Narodo 6.5 33.8573 0.1188
Jinhae 53 32.2234 -0.1972 Busannam 3.8 21.1225 -0.0437
Busan 39 24.1836 -0.1005 Guryongpo 34 11.1859 0.0081
Ulsan 39 16.2856 -0.1381 Hupo 3 9.9445 0.0613
Pohang 34 14.3369 -0.1368 Jumunjin 2.4 8.1259 -0.0487
Samcheok 2.7 8.7221 0.0512 Ulreung 2.7 10.4603 0.0924
Donghae 2.7 8.6401 0.0497 Aewol 6.5 19.0779 0.2861
Mukho 2.7 8.7608 0.0678 Hanrim 6.5 18.9259 0.3131
Okgyeo 2.7 8.6527 0.0587 Hwasun 6.2 22.3638 0.1985
Sokcho 24 8.3160 0.0371 Seongsanpo 54 21.1077 0.1268
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Table 4. Parameter estimates of POT/GPA distribution
Name Parameter Name Parameter
Location Scale Shape Location Scale Shape
Incheon 12.6 12.9035 -0.3622 Jeju 8 8.0021 -0.1756
Pyeongtaek Invalid Invalid Invalid Seogwipo 7.6 9.3029 -0.1607
Daesan 10.3 9.0584 -0.1876 Yongipo 10 9.1712 -0.0662
Taean 10.5 7.8457 -0.1613 Yeonpyeongdo 11.8 11.1691 -0.1912
Boryeong 10.4 15.1432 -0.2796 Daecheon 10.3 13.3210 -0.2791
Janghang 9.2 14.9720 -0.4242 Biin 10 13.2157 -0.2671
Gunsan 9.3 14.4583 -0.4901 Songgong 9.5 9.5854 -0.2592
Mokpo 10 12.4934 -0.3042 Daeheuksando 9 5.9140 -0.1567
Wando 113 12.6483 -0.3764 Hongdo 9.4 5.8518 -0.2017
Yeosu 9.9 13.1014 -0.3900 Paengmok 9.3 7.8130 -0.3369
Gwangyang 13.9 17.1030 -0.4290 Chuja 8.1 8.9912 -0.0892
Samcheonpo 10.8 13.3981 -0.4673 Galdu 9.6 9.7996 -0.3905
Tongyeong Invalid Invalid Invalid Hwaheungpo 9.8 9.4024 -0.4917
Gohyeon Invalid Invalid Invalid Sinma Invalid Invalid Invalid
Jangseungpo 7.4 7.7305 -0.5347 Nokdongsin 11.6 14.8633 -0.3936
Okpo 7.7 8.1561 -0.5340 Geomundo 7.7 8.8125 -0.2836
Masan Invalid Invalid Invalid Narodo 9.6 10.8087 -0.4229
Jinhae Invalid Invalid Invalid Busannam 6.4 6.6171 -0.5135
Busan Invalid Invalid Invalid Guryongpo 43 43471 -0.3549
Ulsan Invalid Invalid Invalid Hupo 4.1 3.1113 -0.4662
Pohang 4 6.1507 -0.4124 Jumunjin 3.1 3.0203 -0.4730
Samcheok 3.5 2.9792 -0.4417 Ulreung 3.8 3.8093 -0.3272
Donghae 3.5 2.7984 -0.4885 Aewol 8.1 8.1877 -0.1198
Mukho 35 2.8555 -0.4803 Hanrim 7.7 8.7079 -0.0676
Okgyeo 3.4 3.1363 -0.4102 Hwasun 7.9 8.5798 -0.2586
Sokcho 3.1 3.1893 -0.4046 Seongsanpo 7.7 7.9574 -0.2860
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Table 5. Comparison of estimated storm surges for different return periods ((+): standard deviation, unit: cm)

Return period

Name 50 100
EST AMS POT EST AMS POT
Incheon 180.06 (36.59) 149.59 165.86 230.83 (61.70) 178.93 219.78
Pyeongtaek 228.51 (32.95) 207.41 NaN" 265.97 (45.90) 260.18 NaN
Daesan 102.16 (20.26) 75.17 76.56 126.59 (31.25) 85.49 92.47
Taean 85.52 (16.47) 62.57 64.09 105.70 (25.10) 69.61 76.18
Boryeong 144.57 (15.79) 123.90 152.51 161.85 (20.33) 140.40 194.48
Janghang 181.32 (32.50) 163.08 222.84 217.92 (47.51) 193.85 307.93
Gunsan 196.31 (33.11) 180.02 261.63 23531 (48.47) 217.74 375.64
Mokpo 131.72 (22.03) 102.11 135.62 157.97 (31.46) 112.60 174.75
Wando 147.72 (25.89) 110.32 167.87 179.07 (39.77) 121.22 224.55
Yeosu 179.03 (27.35) 136.00 178.75 209.77 (35.72) 154.95 241.60
Gwangyang 260.29 (57.13) 188.70 261.54 329.36 (83.74) 216.29 361.11
Samcheonpo 215.13 (35.21) 163.33 228.76 25537 (47.53) 189.56 323.10
Tongyeong 240.66 (59.49) 181.84 NaN 319.91 (99.26) 223.39 NaN
Gohyeon 251.66 (64.87) 192.70 NaN 326.54 (89.46) 244.19 NaN
Jangseungpo 153.62 (36.66) 119.33 162.58 19531 (49.43) 144.05 238.68
Okpo 157.15 (38.95) 127.22 171.05 202.27 (53.18) 154.25 251.07
Masan 325.37 (71.39) 249.08 NaN 408.66 (100.87) 312.58 NaN
Jinhae 248.66 (61.26) 195.34 NaN 324.97 (95.73) 247.12 NaN
Busan 15597 (36.73) 119.79 NaN 197.53 (46.74) 145.51 NaN
Ulsan 122.24 (34.08) 88.38 NaN 165.18 (52.78) 108.71 NaN
Pohang 89.99 (12.40) 77.58 88.71 104.19 (16.40) 95.38 121.67
Samcheok 41.86 (7.83) 33.62 48.33 51.71 (12.15) 38.48 66.80
Donghae 41.06 (6.86) 33.41 52.10 48.99 (10.08) 38.26 73.99
Mukho 39.30 (5.97) 32.80 51.85 46.78 (9.10) 37.35 73.30
Okgyeo 39.70 (5.55) 32.94 46.32 46.53 (8.12) 37.61 62.94
Sokcho 35.08 (2.78) 32.68 46.02 38.54 (4.17) 37.61 62.47
Jeju 74.16 (14.83) 5791 64.74 92.96 (22.95) 63.66 77.98
Seogwipo 76.78 (12.58) 59.93 71.05 91.32 (18.23) 64.49 85.35
Yongipo 76.59 (10.34) 59.49 59.38 88.14 (13.30) 64.88 68.20
Yeonpyeongdo 113.14 (16.79) 90.75 94.29 133.45 (25.42) 101.79 114.25
Daecheon 130.96 (19.67) 107.80 135.14 156.05 (29.90) 121.01 171.98
Biin 122.18 (19.90) 105.33 129.82 148.25 (34.78) 118.52 164.26
Songgong 98.90 (18.82) 77.64 94.53 122.30 (28.65) 85.96 118.54
Daeheuksando 57.09 (8.81) 43.53 48.92 68.06 (12.78) 47.14 57.83
Hongdo 59.25 (9.20) 46.15 53.83 69.77 (12.73) 50.05 64.85
Paengmok 100.34 (16.91) 77.80 95.54 120.25 (23.53) 89.84 124.33
Chuja 68.12 (10.92) 53.90 59.30 82.14 (16.94) 58.08 69.00
Galdu 139.5 (27.51) 102.19 136.08 174.06 (42.81) 118.66 183.19
Hwaheungpo 147.21 (28.28) 104.07 174.72 182.37 (44.01) 117.58 249.45
Sinma 217.45 (26.76) 210.15 NaN 246.32 (33.81) 254.17 NaN
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Table 5. (Continued)
Return period

Name 50 100
EST AMS POT EST AMS POT
Nokdongsin 164.73 (20.04) 133.20 205.20 187.97 (27.69) 14733 271.77
Geomundo 97.32 (21.15) 77.06 91.33 124.01 (32.22) 85.99 116.25
Narodo 157.70 (33.08) 112.43 163.23 200.19 (54.70) 126.58 224.26
Busannam 128.74 (36.59) 93.91 130.63 172.61 (53.45) 111.54 189.25
Guryongpo 56.08 (7.58) 46.48 54.84 64.81 (10.02) 53.97 72.35
Hupo 43.18 (13.39) 37.59 54.55 60.46 (21.07) 42.90 76.33
Jumunjin 43.64 (6.43) 37.42 53.11 51.01 (8.74) 4435 74.99
Ulreung 43.99 (5.85) 37.04 44.69 50.15 (7.22) 4193 58.07
Aewol 66.64 (10.11) 51.41 58.41 79.45 (15.16) 55.32 68.69
Hanrim 63.23 (8.04) 49.19 54.75 72.46 (10.52) 52.65 63.19
Hwasun 84.62 (10.33) 67.04 83.88 96.41 (13.69) 73.71 105.31
Seongsanpo 87.55 (15.75) 70.50 83.73 106.14 (22.27) 79.03 106.50

DNaN=Not a Number

Galdu

200

150

Surge Height (cm)

50

—r————— Annual Maximum Series

Mean of EST
----- Mean * Standard Deviation of EST

0 s L L T T T T T T
] 10 20 30 40 50 60 70 80 90 100

Return Period (year)

Fig. 3. Quantile of EST, POT/GPA and AMS/GPA distribution
(Galdu).
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Fig. 4. Comparison of estimated storm surges for different return periods (unit: cm).
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Table 6. Extreme sea level and standard deviation estimated by EST for different return periods ((+): standard deviation, unit: cm)

Name

Return period

10

30

50

100

200

Incheon
Pyeongtaek
Daesan
Taean
Boryeong
Janghang
Gunsan
Mokpo
Wando
Yeosu
Gwangyang
Samcheonpo
Tongyeong
Gohyeon
Jangseungpo
Okpo
Masan
Jinhae
Busan
Ulsan
Pohang
Samcheok
Donghae
Mukho
Okgyeo
Sokcho
Jeju
Seogwipo
Yongipo
Yeonpyeongdo
Daecheon
Biin
Daeheuksando
Hongdo
Paengmok
Chuja
Hwaheungpo

Sinma

79439 (12.22)
819.96 (17.67)
690.66 (6.02)
642.92 (5.71)
660.13 (10.52)
654.62 (15.73)
639.76 (17.02)
432.53 (8.16)
357.78 (7.64)
330.87 (7.35)
371.1 (12.35)
317.8 (9.61)
27839 (10.10)
22741 (13.46)
190.9 (8.00)
208.54 (9.22)
259.18 (19.49)
233.02 (14.39)
149.91 (8.09)
87.94 (5.29)
5841 (8.26)
4153 (1.99)
4432 (2.09)
4397 (2.05)
44.13 (2.12)
4521 (1.86)
23842 (3.23)
254.94 (4.09)
339.11 (2.99)
612.15 (4.75)
663.67 (9.25)
611.45 (10.34)
31275 (2.82)
286.79 (2.69)
32525 (4.62)
281.15 (2.90)
349.56 (7.05)
38933 (12.01)

876.08 (35.50)
914.68 (34.00)
7455 (3221)
699.11 (33.45)
72027 (22.96)
730.64 (23.71)
720.02 (24.16)
476.72 (16.06)
400.47 (14.45)
380.15 (18.86)
440.99 (26.74)
382.63 (24.60)
351.66 (28.20)
302.57 (26.38)
231.47 (15.14)
25031 (15.01)
358.88 (30.89)
303.5 (23.69)
194.73 (15.94)
120.01 (12.26)
90.48 (7.02)
52.06 (3.65)
55.14 (3.47)
54.08 (3.13)
54.11 (2.96)
52.84 (2.18)
258.12 (8.20)
276.13 (8.07)
365.05 (14.44)
661.71 (31.65)
726.75 (30.28)
662.53 (20.05)
33455 (11.66)
304.25 (9.38)
357.45 (13.00)
298.49 (7.34)
396.08 (16.16)
448.61 (20.33)

931.52 (60.89)
964.15 (48.07)
799.01 (57.64)
75334 (53.56)
758.06 (41.28)
767.87 (39.51)
756.25 (36.42)
49991 (22.56)
4209 (18.51)
407.49 (24.48)
478.82 (34.63)
41697 (31.06)
389.86 (35.60)
340.8 (35.59)
25336 (21.22)
273.54 (23.41)
40025 (37.09)
337.32 (32.10)
216.19 (19.56)
1385 (17.34)
98.59 (6.68)
57.35 (4.97)
60.05 (4.70)
58.46 (4.09)
58.16 (3.66)
55.72 (2.54)
271.23 (13.61)
288.1 (12.08)
388.97 (23.99)
712.67 (52.20)
77551 (50.82)
695.93 (37.52)
354.42 (21.60)
320.85 (19.04)
376.48 (18.22)
31036 (12.92)
418.44 (20.74)
478.18 (27.67)

1031.98 (97.90)
1043.18 (78.87)
890.39 (84.32)
838.81 (77.51)
830.49 (73.99)
832.71 (65.41)
820.38 (63.02)
536.17 (36.20)

449.7 (26.55)
44381 (31.87)
533.88 (51.39)
46331 (43.49)
44126 (49.60)
392.37 (46.99)
285.93 (28.75)
309.01 (31.91)
45495 (51.57)

388.1 (46.72)
24428 (26.35)
166.64 (26.28)
107.44 (7.51)

65.18 (7.85)

675 (7.19)

64.45 (5.95)

63.8 (5.36)

5936 (3.16)
293.24 (21.96)
308.14 (19.65)
42856 (35.80)
794.84 (75.46)
856.49 (74.95)
760.66 (67.83)
388.09 (32.26)
353.07 (31.55)
406.19 (28.75)
334.04 (25.59)
450.74 (30.41)
520.48 (39.40)

1154.89 (147.93)
1149.27 (138.39)
994.44 (125.14)
933.87 (117.93)
92326 (117.96)
913.49 (96.95)
898.04 (93.25)
579.86 (52.54)
481.58 (39.93)
483.97 (45.28)
597.18 (75.87)
514.89 (60.68)
502.66 (80.30)
444.48 (61.49)
317.62 (36.98)
344.82 (39.49)
515.79 (74.60)
445.69 (71.22)
273.06 (34.60)
198.01 (37.72)
115.2 (8.97)
744 (11.55)
7637 (10.73)
71.8 (9.31)
70.3 (7.94)
63.19 (4.56)
318.88 (31.40)
33229 (31.63)
469.28 (49.77)
880.08 (105.64)
949.6 (113.87)
843.97 (103.54)
425.84 (44.48)
388.76 (41.93)
442.92 (45.89)
36741 (41.49)
489.14 (46.87)
569.36 (60.80)
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Table 6. (Continued)

Return period
10 30 50 100 200
Nokdongsin ~ 383.22 (9.69) 43574  (18.87) 46141 (24.35) 49938  (3524) 540.14  (50.27)
Geomundo 28791 (4.25) 314.15  (10.70)  329.56  (16.06) 357.84  (30.92) 400.8 (56.34)
Narodo 340.49 (7.18) 388.03  (19.13)  416.53 (27.79)  458.74  (39.36)  504.81 (55.58)
Busannam 139.63 (6.36) 174.9 (12.66) 19346  (17.88)  222.61 (27.57) 25823 (42.92)
Guryongpo 42.05 (4.64) 58.47 (3.62) 62.99 (3.82) 68.15 (4.36) 72.97 (5.69)

Name

Hupo 3927 (1.62) 4824 (377 5471  (133) 669  (1126) 7927  (13.36)
Jumunjin 462 (252) 5761 (3.62) 6248  (470) 6926  (629) 7646  (8.54)
Ulreung 4217 (264 5475  (322) 5855  (3.16) 6276  (3.54) 6668  (4.48)

Aewol 22054 (3.17) 23985  (7.59) 25207 (1256) 2724  (2024) 29671  (29.55)

Hanrim 23971 (3.14) 25724 (747) 26939  (13.04) 2913  (2150) 3174  (31.79)
Hwasun 25891  (4.71) 28483 (925) 29779  (1245) 31661  (1801) 33859  (27.85)
Seongsanpo  226.15  (391) 24661  (8.74) 26157  (1595) 28723  (2525) 31672  (34.26)
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Fig. 6. Comparison of estimated extreme sea levels for different return periods (unit: cm).
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