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Abstract

It has been well recognized that extreme rainfall process often features a nonstationary behavior, which may not be effectively modeled
within a stationary frequency modeling framework. Moreover, extreme rainfall events are often described by a two (or more)-component
mixture distribution which can be attributed to the distinct rainfall patterns associated with summer monsoons and tropical cyclones. In
this perspective, this study explores a Mixture Distribution based Nonstationary Frequency (MDNF) model in a changing rainfall
patterns within a Bayesian framework. Subsequently, the MDNF model can effectively account for the time-varying moments (e.g.
location parameter) of the Gumbel distribution in a two (or more)-component mixture distribution. The performance of the MDNF model
was evaluated by various statistical measures, compared with frequency model based on both stationary and nonstationary mixture
distributions. A comparison of the results highlighted that the MDNF model substantially improved the overall performance, confirming
the assumption that the extreme rainfall patterns might have a distinct nonstationarity.
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Fig. 1. A graphical representation of annual daily maximum rainfall data at Namhae, Busan and Youngdeok stations. Extreme time series data
with linear regression are illustrated in the left panel while kernel density functions are displayed in the right panel
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Table 1. Estimated parameters and their credible intervals of synthetic ADMRs for three different mixing ratios

Known Case [ (p=0.5) Casell (p=0.3) Casell (p=0.7)
parameter 2.5% median (mean) | 97.5% 2.5% median (mean) | 97.5% 2.5% median (mean) | 97.5%
a 100 93.0 102.5 (102.7) 113.0 86.3 97.5 (98.4) 114.7 79.7 97.5 (96.5) 108.3
12
! b 0.15 0.05 0.17 (0.17) 0.29 0.03 0.19 (0.19) 0.35 0.08 0.24 (0.24) 0.41
c 150 141.2 151.7 (151.4) 159.6 1423 150.3 (150.4) 158.2 112.7 157.5 (152.2) 176.1
2
: d | 0.30 0.13 0.25 (0.25) 0.39 0.15 0.27 (0.27) 0.39 0.07 0.29 (0.30) 0.54
o 15 13.4 18.9(19.2) | 264 7.9 132 (14.6) | 280 9.2 18.0(17.7) | 25.1
gy 15 6.5 10.5 (10.6) 15.3 9.3 13.4 (13.3) 16.9 8.0 17.5 (18.0) 30.9
p 0.42 0.57 (0.57) 0.73 0.18 0.28 (0.30) 0.47 0.30 0.76 (0.71) 0.92
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Table 2. Comparison of the estimated parameters between stationary and nonstationary mixture models at Namhae station

Nambhae station

Stationary mixture model Nonstationary mixture model
Percentile (%)/ Gumbel-1 Gumbel-2 Gumbel-1 Gumbel-2
Mean p My Ha P
4 0, Ho 03 oy @y
a b G d

2.5 74.6 14.4 149.6 16.0 0.02 67.6 0.05 7.8 122.5 0.43 19.1 0.08
50 136.3 44.1 206.6 48.3 0.64 99.5 0.66 26.2 162.4 1.48 44.1 0.37
97.5 164.6 68.5 347.9 76.4 0.98 145.6 1.58 61.6 | 2345 2.84 66.0 0.94
mean 131.7 43.1 217.7 46.9 0.58 102.3 0.68 29.3 165.7 1.52 44.1 0.42

Table 3. Comparison of the estimated parameters between stationary and nonstationary mixture models at Busan station

Busan station

Stationary mixture model Nonstationary mixture model
Percentile (%)/ Gumbel-1 Gumbel-2 Gumbel-1 Gumbel-2
Mean Hy @y Ha @y ? a @y e @y !
a b c d

2.5 77.3 11.9 117.5 21.4 0.06 55.7 0.06 7.4 103.5 -1.37 239 0.09
50 100.6 299 | 162.3 47.2 0.56 76.6 0.47 16.6 | 163.3 -0.40 44.5 0.39
97.5 125.8 543 | 4263 71.7 0.99 148.1 1.21 52.6 | 208.0 -0.02 61.6 0.82
mean 101.1 31.0 | 1794 47.8 0.57 81.0 0.51 20.1 161.8 -0.48 44.5 0.38

Table 4. Comparison of the estimated parameters between stationary and nonstationary mixture models at Youngdeok station

Yeongdeok station

Stationary mixture model Nonstationary mixture model
Percentile (%)/ Gumbel-1 Gumbel-2 Gumbel-1 Gumbel-2
Mean P Ha M P
Hq 5] Ko P ] 0 T 09
a b c d

2.5 64.4 13.2 84.4 14.5 0.20 54.4 0.01 12.0 74.8 0.17 16.1 0.38
50 78.2 233 | 1532 43.2 0.83 69.6 0.25 19.9 | 121.7 0.93 40.6 0.76
97.5 89.7 426 | 311.1 82.0 0.98 83.5 0.74 324 | 2603 2.48 72.7 0.97
mean 77.8 24.0 1754 44.4 0.76 69.5 0.28 20.5 131.6 1.04 41.7 0.75

A LIPS AAst= 7]5oll= AIC (akaike information
criterion), BIC (bayesian information criterion), DIC (deviance
information criterion) 5] 1th. Zt=2 2] 7<= (n), Wi7HS
O A (k), LI (L) S 1 25te] L4915 A A5 E=BIC,
Z Eq. ()& A5ttt 22 299] 2% ZH(maximum
likelihood estimator)©]™, Eq. (8)= U H, 6 & 25t
9] vl 7 4=o] o},

BIC=In(n)k— 2In(L) 7

L=p(zl0) ®)

A2 o] v et 2 e ghe B2 BICHe] 2]
APdE o FAH R oot Fa ol wed 4 glct.
A3 over-fitting) Al QLo| Al miZEHZ 0] 7i=of] Tt '
H(penalty)°] FA| A5tz A/ ARt v B2
dlo] At o 2 Zals}) 283} Table 50 2|3 A A
d dsfiet At 25 o] H7g3d 9] - I (likelihood) 7}
Ndslz a7t ez 7ias 7k FRG S22 FA
E4 SHollM BPddd mello] A8/ meE et o Hgsiet
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Table 5. Comparison of the estimated likelihoods and BICs between stationary and nonstationary mixture models at Namhae, Busan,
Youngdeok stations

o ) Namhae Busan Yeongdeok
Statistical Median N - ~ - - -
: onstational . onstation: . onstationa
value (Mean) Stationary model o4 Stationary model ary Stationary model o4
model model model
Likelihood median -241.1 -230.7 -299.7 -287.6 -213.7 -211.3
1KeI1hoo
(mean) (-240.0) (-232.0) (-298.5) (-289.5) (-214.1) (:211.0)
BIC median 501.2 487.9 619.5 603.6 446.4 449.0
(mean) (499.0) (490.6) (617.2) (607.2) (447.2) (448.5)
Station Stationary mixture distribution model Nonstationary mixture distribution model
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Fig. 3. Comparison of plots between stationary and nonstationary mixture models at Namhae, Busan, Youngdeok stations. All the parameters
for the models were estimated within a Bayesian framework



902

H.-G. Choi et al. / Journal of Korea Water Resources Association 52(11) 895-904

Station Stationary mixture distribution model Nonstationary mixture distribution model
1 2 g1 02 P i i
P L L) m:J 1009 jop 9 1 00 —= b oo 5— 3100 S8L 4o S92 F1
150 50 : 20 o qes w50 w50 30 30 0o
| 30 80 05 2 2 80 80 0.8
300 sof 300 300 .
| 70 ] 07, , ] H 70 7ot | 7]
20 250 80 60, 06 250 |0 80, 80, } 06
B R
200 200 50 50 05| 200 of T qeoof | fof 1 {s0 50 03|
|
150 150 @ i 40 04 15 15 w g4 bl |
1 1 1
30 0 03, 30 b | {3
100 wof | ﬁ 100 100 |
% 1 20 20 02 | 20t § {20 02
50 50 I B s !
10 1 10 0.1 50 50) 1of | 1 1op Lo
Yeong- 0 o o o—— o ol AN R ) S [ S S
deok Time series Time series Kernel Density Estimation

00 Kernel Density Estimation

Observed Data
Reproduced Daia

Rainfall{mm/day)
Rainfall{rmsday)

0
0 20 40 0 0.005 001 0015
Year Probability

Observed Dala
Reproduced Cata

w
=]
=)

n
S
S

Rainfall{mm/day)
Rainfall{mm/day)

0
0 20 40 0 0.005 0.01 0.015
Year Probability

Fig. 3. Comparison of plots between stationary and nonstationary mixture models at Namhae, Busan, Youngdeok stations. All the parameters
for the models were estimated within a Bayesian framework (continue)

1 Wbk 5] o] A% vl male] o) A4
= B AR Sl 7 ote] A
mdo] BIC ZHollA Zgateh
7 21 uitt 7392t =5 0] EA o]
Eftbe 2 ot Tk Fig, 3-4
o4 3 8| B o] s
o] 7ol Wl 2. o= Lﬁih_‘:‘n
et iR 2h2 7t A A B2
Fig. 12] U LS5 53] 4] tg@-
442 2} 0] E2o] 77| T
o] Zol 5] Hict. wr= = MW%
A& a7t g0l met =2l ol 7 l A ot A
dlof H|5] B| A o] Ae F5lu| o} 1 a7
B o] Eol=th 59], A WA Ea2 3 of e ‘_—/F
O] A 7FS A A 5] FolA|= 7S AT 4= Qlr), oFA] A
WA 2.0 Arelo] A7 o] ufe} B4To] Foi5
Z& BRIk 4 Uk Fig. 301141 1] E:-‘i
orleal Zron] WMoy ze

kil
of

‘I_

o?d )
il
B

o

o

wa =

E [e]
A

>
N

| o
-9,

B
ol
ol
rr
PO

rE
=

?
Mz
H
il
£ ci{ﬁl 4
o
oH.

=
T

> ofl
e
nw
2
FE ;

e 1>
N
)
5
3

i
}-D AN o

w o 1o
"o
1
e

o?,:.l
o

:l:‘

0& ?
lo
f

H

r{n

A

vy

o]
o

i ﬂHN
i
ml
O
iﬂ
fr

ol

:?L_‘,

X,

)

1o

i

ox

~

z

(ol

ol

o

Hel

ko

i)

o

= o
s ol

o e

Bl
T
2,
A
A,
rlo
jiPa
"

Table 6.

Estimations of design rainfalls of stationary and nonstationary
models and their comparison corresponding to different
return periods

. Namhae Busan Yeongdeok
Return |Percentile

Periods| (%4 .Sta- Non- .Sta- Non— .Sta- Non—
Gead) | Mem tionary |stationary| tionary [stationary| tionary |stationary

(mm) | (mm) | (mm) | (mm) | (mm) | (mm)

2.5 253 267 204 186 138 146

median| 286 | 305 233 220 169 185

10 97.5 331 357 274 264 258 260

mean | 288 307 234 221 175 190

25 320 333 270 | 249 196 208

median| 372 387 315 297 261 272

%0 97.5 452 469 419 361 370 368

mean | 376 | 391 321 299 267 | 276

2.5 345 360 295 275 220 231

100 median| 409 423 349 329 295 303

97.5 | 506 516 | 467 404 | 419 415

mean | 413 427 357 332 300 308

2.5 405 420 354 334 272 279

500 median| 495 505 429 | 404 | 363 371

97.5 627 628 573 504 543 528

mean | 500 510 438 408 375 379
0}74] 7tk Eﬂolﬁ’r Flg 14 }* st Sh
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