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Joint statistical analysis of wave height and wave period of
Yellow Sea based on Copula function

ZHANG Qi, LIANG Bingchen, SHAO Zhuxiao
(College of Engineering, Ocean University of China, Qingdao 266100, China)

Abstract: To study the joint distribution of annual extreme wave height and annual extreme period of waves in the central Yellow Sea,
five univariate distributions were fitted to the annual extreme wave height and annual extreme period based on SWAN hindcast wave data
from 1999 to 2018 at three locations in the Yellow Sea, and the optimal marginal distributions of annual extreme wave height and annual
extreme period at each location were obtained through the evaluation of the goodness of fit. The joint distribution function of annual
extreme wave height and annual extreme period was established using the Copula function theory, and compared with the univariate
distribution of wave height and period design values. The results show that there may be regional characteristics in the joint wave height
and period distribution in the central Yellow Sea; the design values of wave height and period obtained from the joint wave height and
period distribution are higher than the design values of univariate distribution at the same design frequency; under the same design
frequency, the univariate return period is the largest, the conditional return period is the second and the joint return period is the
smallest.
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7. Copula BRECA] LA 15 MR A [R] 2 50 (1) BRAS 5 3 AR AS 16— &, [ I 30 45 B AL A% s =2 (8] 9 R DG 1 2% T 7
P, BT PR 12 T TR B T S BRI & 0 A (5T . Wist 25 I 4 Gaussian Copula b
BT T RIS oA RN A e TR, BRIRVLAR HE T TR R AR R AR
R A 43 A, 25 SR Copula PREICHT LB SR S PR B . BB 25 ') R Gumbel-Hougaard Copula
PRIESUR Clayton Copula BRSO 5 AR AR 2 5 A IXUBE AR5 A, 55 1R G KA JR 434 L KBk A JR 32 643
A AT T X ECAIAT, KB Copula PRESCHR A5 43 A AT LATE -t R BLEA A i (AR IE S, BR TR T T %8
IR TR X A Fi R 2 AT 34 JE1 4], R PR B Gumbel-Hougaard Copula PREUEE . —HEBC A 4040 , 2 1 [A) B
BRI A 55 BT A% 8 T8 T SRy 5 108 vo RORE I SR B R BR . R AEHESE R Gumbel-Hougaard
Copula PRI LI 55 AL IIE & 43 A1 R ER, BT 98 W] Copula RRECAT AU 005 I8 8 JRTIIE 6 43+
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Table 1 Fitting parameters and evaluation results of goodness of fit in univariate distribution of wave height

A S PR VER 45
(A9 AR 3

RS HL REZSHL (A& 2 K-S & AIC fH RMSE
T SR AE 43 A 0.592 0.379 4.12 0.168 43.5 0.0522
XEOES AR 0.203 1.52 0.226 57.1 0.1160
X i 0.913 0.222 4.18 0.230 51.7 0.1120
B IR 53R 4.040 5.130 0.267 67.1 0.1370
L i) 23.100 0.203 0.239 59.1 0.1230
P-4 #i 1.010 1.110 3.57 0.189 50.3 0.0801
I SR A 43 A 0.361 0.484 4.22 0.139 48.4 0.0502
PEE A A 0.197 1.54 0.265 56. 1 0.1070
5 il 1.240 0.326 4.35 0.158 53.5 0.0692
JAR RS 4.280 5.169 0.295 65.5 0.1310
L= i) 25. 100 0.189 0.278 58.0 0.1150
P-1 431 1.210 0.968 3.57 0.177 50.7 0.0717
I SR AE 43 A 0.527 0.444 4.46 0.131 48.2 0.0452
XECER ST 0.187 1.59 0.218 56.5 0.0859
3 % il 1.710 0.461 4.67 0.169 57.2 0.0668
AT R oA 4.490 5.471 0.257 66. 1 0.1150
L i) 28.000 0.179 0.231 58.2 0.0934
P-M %3 #i 1.170 0.982 3.88 0.133 50.4 0.0530

R2 AHBRTESTUASHRMESRETNER

Table 2 Fitting parameters and evaluation results of goodness of fit in univariate distribution of wave period

PESH AL RE A 45 21
VL A AR

JERSHL RESH BB K-S & AIC RMSE
I AR A -1.04 1.120 15.80 0.245 62.9 0.0952
XECER ST 0.070 2.75 0.163 55.4 0.0685
. % il 9.29x10° 1.090 15.60 0.171 66. 1 0.0695
AT RG34 19.00 16. 100 0.173 60.6 0.0693
N 434 197.00 0.079 0.170 64.9 0.0690
P-4 fi 4.92 0.504 18.10 1.000 ® 0.5700
ISR AE A A -0.28 1.110 14.10 0.185 66.9 0.0819
X EERS A 0.079 2.67 0.174 65.2 0.0775
5 il 1.88x10° 1.120 14.50 0.190 67.3 0.0834
B IR 53T 13.65 15.100 0.216 67.4 0.0931
43 A 167.70 0.087 0.181 65.2 0.0802
P-T1 4345 171.89 0.088 -0.56 0.178 67.3 0.0790
I SUARAE Sy A -0.40 1.370 14.40 0.179 73.2 0.0777
Xt B IE A A 0.092 2.69 0.155 72.1 0.0646
3 i 1.46x10° 1.330 14. 80 0.171 74.1 0.0721
AR IR A 12.30 15.400 0.182 73.1 0.0799
L) = i) 124.00 0.119 0.164 72.1 0.0689
P-4 A 758.00 0.049 -22.70 0.163 74.1 0.0680
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Fig.2 Scatter plot of cumulative probabilities of two-dimensional normal joint distribution and empirical distribution
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Table 3 Goodness of fit evaluation results of

two-dimensional Copula function

fLE A Copula RECEA  AIC{H BIC {8 RMSE
UL 3,3 A7 B S AF WA D% = 5 A A (R 3 — 4 Gaussian Copula  1.95 2.94  0.0320
Copula PREHK G 7341 R R 5 255 43 A1 B2 B R L ¢ Copula 3.94 5.93  0.0309
N 1 Clayton Copula 1.93 2.92 0.0302
A7 — ST A BE O 1 522 & vion Lop

& 3\’3 M5 5 2 Copula R £ 3 AT AU 45 Gumbel Copula 1.9 299 0.0332
{EészrLIJ Fé—] 4, Frank Copula 1.86 2.88 0.0302
CETHEETT AR B0V 123 AR B (AL i P Gaussion Copula 1,99 2,99 00386
R B B F p — 4k Copula BCA PRI N Frank Copula P 5 al ttCOpgla | izz 232 ggiji

. s . X ayton Copula . . .
$, FT UL Frank Copula BREIE 748 12 201 v 5 15 1 i Gumbel Copula  2.00 2,99 0.0396
e B B MBS A, YRR 2 5K 3 Bl Frank Copula 1.81 2.81 0.0313
%H_,I , *Hﬁ?f?%:éﬁﬁ?&ﬂ%%ﬁ?ﬁ*ﬁﬂ , :2& Copula Gaussian Copula 1.96 2.96 0.0360
. o o s ¢ Copula 3.95 5.95 0.0340
PRIESONS T 102 g Jo1 0] — 4k Bk 45 o A B UL RIOR B A 3 Clayton Copula 2.00 2.99 0.0384
Copula PRELTT LIS 57 PAAR 1 43 A7 B FIAH 26 56 & 1 PR Gumbel Copula 1.98 2.97 0.0356
A S LI — S £ Pk Cople 188 285 0.0329
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Fig.3 Scatter plots of cumulative probabilities of two-dimensional Copula function

joint distribution and empirical distribution
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Fig.4 Cumulative probability contours of the joint distribution of two-dimensional Copula function

2.3 ENSHIHESST
B PO R AR TR R KU A T A K S O TR ) R S RS O RN P R EE
e e AR P N

1
SE T T I F () 78 R 1 BRI x5 it
WS T 2 T LD 46 A Bt X, o X, A A T IO O A R
To(x, ;) = ! ! (3)

P((X, >x,) U (X, >x2))=1 - C(F (x,),Fy(x,))

A Ty(xy ,x,) AP RIRG HEIUY x, ,x, 200 PRI R B8 B AE P (X, >x0) U (X, >x, ) ) WAE—7E R
B S (AR G RER  C(F (x)) L F, (oy ) ) N PR B ARG AR (A 1B

LG AT ) 2R ARy

PH=h|T=1)=

P(H=h,T=1) 1= Fu(h) - Fi(1) + CCFy(h) ,Fi(1))

KRR A I s b i 50 R FL(h) R
Permptiad h B9 R2FMEA F (o) S R ¢ 6
SRR, C(F,(h) ,F, (1)) B SR,

P o SR MR AR B A A Y
I {H B BN R DLER G S v R
(RS, ELAT— 1 P R B 2 3R i — o B AP
231y | BRI T A i = Y e AR B S IR
R Bl A B — 8 i e — R
MBI, SRR AT A D AR SR 4 B8
W 58 1 G B U AT VE S T e T AR S I
R R B ) e KA, X8 4 RBCESR = Y
W TR S AT A T R

S0 L 4k Copula BE & PR BT &
3 AL B R AT IR IR i A A ) 30 6T P B
A IR SR A S R o A R
(AT L 25 A 4 3R 5, & B SR
e e A1) BT B B A AR
BU SR A BT A R AR 6

P(T=1t)

1 - F.(t)
XA P(H=R | T=0) 4 A i — 0 B B 2 — S e AR, mI o SO KU AR, L5
x4 BTEENHN_EKAEINY

Table 4 Univariate return period and

two-dimensional joint return period

(4)

AR M BHE WA A BHE
AN A v
i E%ﬁ%iiﬁg!/a WrE/m JEAW/s Egg/a WE/m  JEW/s
5 5.04 16.59 2.84 5.22 17.89
10 5.90 17. 14 5.33 6.00 18.63
1 20 7.17 17.61 10.33 7.26 19.37
50 9.86 18.15 25.33 9.92  20.11
100 13.09 18.52 50.33 13.20  20.84
5 5.18 15.49 2.85 5.37 16.70
10 5.90 16.04 5.34 5.99 17.58
2 20 6.80 16.51 10.34 6.93 17.85
50 8.38 17.05 25.34 8.47 18.62
100 9.97 17.42 50.34 10.09 19.02
5 5.48 15.91 2.83 5.58 17.86
10 6.38 16.58 5.33 6.50 18.45
3 20 7.65 17.14 10.33 7.90 18.63
50 10.20 17.80  25.32 10.50 19.37
100 13.12 18.26 50.32 13.25 20.43
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Table 5 Conditional probabilities of annual extreme wave height and annual extreme wave period

g SAFIER /%
- iR p=0.5 p=0.2 p=0.1 p=0.05 p=0.02 p=0.01
0.5 53.57 55.70 56.41 56.76 56.97 57.04

0.2 22.28 23.77 24.29 24.56 24.72 24.77

: 0.1 11.28 12.15 12.45 12.61 12.70 12.73
0.05 5.68 6.14 6.30 6.39 6.44 6.46

0.02 2.28 2.47 2.54 2.58 2.60 2.60

0.01 1.14 1.24 1.27 1.29 1.30 1.31

0.5 54.11 56.57 57.38 57.78 58.02 58.10

0.2 22.63 24.37 24.98 25.29 25.47 25.54

5 0.1 11.48 12.49 12.85 13.03 13.15 13.18
0.05 5.78 6.32 6.52 6.62 6.68 6.70

0.02 2.32 2.55 2.63 2.67 2.70 2.71

0.01 1.16 1.28 1.32 1.34 1.35 1.36

0.5 53.36 55.37 56.03 56.37 56.57 56.63

0.2 22.15 23.55 24.03 24.28 24.43 24.48

0.1 11.21 12.02 12.30 12.45 12.53 12.56

3 0.05 5.64 6.07 6.22 6.30 6.35 6.37
0.02 2.26 2.44 2.51 2.54 2.56 2.57

0.01 1.13 1.22 1.26 1.27 1.28 1.29

p MRIHEHR
4 4 71,50 2 71100 8 EIBXIRLAOBGR O3 56 FRpmnmmetns TERS
K, fEER 1 IRZ ’ 7 B 2 e/ ;50 a 1100 a EE:8 AR P Table 6 Return periods under different design
AR R ] 1 ,fﬁﬁ}ﬁ 1 %ﬁ,fﬁﬁ,‘lj\ 3 YQL’\Z, 72 HEQ/J\;E% frequencies of wave height and period
A IR A e BN AR A Y 12, FRIR g VRN WSRO WA
IRV R Al 120 AP (B SO0 5 o3 A (R LS

TSR HE, 5 ~ 100 2 THII R IR A 25 (0 L e
0.61% ~3.67% , Wit JEBAMIXI2Z(E N 7. 81% ~12.53% 1 0.05 20 15.65 10,33
%5 R IE—E BRI URSM T, S R I 0.02 50 38.46 2533

B FAR I N« 4 03 D 908 BT 4 R e B A
AR AR 9 1) S AR % (0 8 25 1 R 1.31% ~53.57% o1 0 778 s34
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A PRER AN 1.31% (1.36% 1.29% A&k Essry > %% 20 s 103
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