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Selection of Climate Indices for Nonstationary Frequency Analysis
and Estimation of Rainfall Quantile

ABSTRACT

As anonstationarity is observed in hydrological data, various studies on nonstationary frequency analysis for hydraulic structure design
have been actively conducted. Although the inherent diversity in the atmosphere-ocean system is known to be related to the
nonstationary phenomena, a nonstationary frequency analysis is generally performed based on the linear trend. In this study, a
nonstationary frequency analysis was performed using climate indices as covariates to consider the climate variability and the
long-term trend of the extreme rainfall. For 11 weather stations where the trend was detected, the long-term trend within the annual
maximum rainfall data was extracted using the ensemble empirical mode decomposition. Then the correlation between the extracted
data and various climate indices was analyzed. As a result, autumn-averaged AMM, autumn-averaged AMO, and summer-averaged
NINO4 in the previous year significantly influenced the long-term trend of the annual maximum rainfall data at almost all stations. The
selected seasonal climate indices were applied to the generalized extreme value (GEV) model and the best model was selected using
the AIC. Using the model diagnosis for the selected model and the nonstationary GEV model with the linear trend, we identified that
the selected model could compensate the underestimation of the rainfall quantiles.

Key words : Climate indices, Ensemble empirical mode decomposition, Nonstationary frequency analysis, Rainfall quantile estimate
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2 715aslR QI A7IAR] 715 v S S AV
e Wy} Barsa glow, MAI7Pd7 I (World Meteorological
Organization, WMO)ol| &J3l] AHE =4 o] 7]3#<l IPCC
(Intergovernmental Panel on Climate Change)= 715H3} £4)
£ dHlsk] $Iste] S2] AR gk Ad 9 de] 248
3k QTKIPCC, 2012). Thekst F&loA 3] 57 APito]
7Rt whel -9} SR Q1% Jal qFe} vt S
Ao 7 d&3}a 9J 2 H(Solomon et al., 2007; Jung et al., 2011;
IPCC, 2014), oJo|] w2 s & Z0]7] HaiMle FaT-2=9]
gk AP uie- St et A Aol e
=] AAIE S8l BrF o R Fule ARl d 7P
=2l A FHPH] F9ARE npEgo 8 5] FF
AA NEE AEsith

A TR A AR e Wissiie AR 54
o] ARtel| we} wekA] eF=the A 7Y tol] o] sk
SRRt T 715 RiskR et FEAlR v o] dSEaL
hom, 710 A MEsiie G -Hs FahPgeithe
EA)7} A7]5)3 QJEKLi and Tan, 2015). Sejuzte] A< 7P
HAEAA ] A B4 2F 1998 o]F A= 50 mm/h
opde] ZFAE WA S5 A "Wt 2.37H STk Ao
LERskoH(Oh et al., 2007), 7V=gollx] Wb gh= 79wz}
7R 201470 w2 Sbee] S Wi} 197
=7} 78kl e Aeg Uehgt) AR 20169 10890
St "l s 1EAIE ] AANIES sk 200 o)
Hle] 92 withgh wjsizh wAysieich 20179 5%
AANEE 28R 797} Qs wle) ejAlde] AN =
& AT FaAo] tFHAL Sl Adgeltk wEbA ol2fg
AR M s aEE < e v Wlesidel digk
7 A AR R ghikshA| =]l JATi(Nogaj et al., 2007,
Tramblay et al., 2011; Vasiliades et al., 2015; Hounkpe et
al, 2015). A=A Ve v de] 8 491 tir)-al
& Alzglol] YAl theldat QIkE S0 2 1%k QI91AR ke
2 BRudar glow, AApA] vdd Rlssid e 2 AR
T F g MY FAE Lefs v SERERES viE
o 2 7utEo] gkl(Coles, 2001; Khaliq et al., 2006; Milly
et al., 2008; Katz, 2013). U] v)JAAA] HlesX] 28 289
A, FAFAPS gk RiwsAe] g BEo 2 AHeHa
¢)E= Yuk =X|(generalized extreme value, GEV) EZ 5 &S
7o 2 Ay FAY ARFERE sHEke 2 ¢ ¥dd GEV
2go] A4} ks 8w o] sht(Lee et al., 2010; Kim
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=
Zasick Kwon and Lee(201 11 H5% #J9) o8 5 2

FYFFO ZA, A WS RIS FEIAL o7 AT
gk SAgkS ek vt ok R reEE AAE Slikie
AP Zdret O 2k ARPA SRS 7R A FoiA] ks
o gk Wxsje] o] dasit

Hl= s 71 dE| A o] AFAIEl A7 2(NOAA/ESRL) o)A
Agshs € % 7PRIZRE A Al 715 Alsle] F s
715 Reg Jhdek Ao 2 vERlis oAl ke AqE
254 A|=glo|xe] 715 WEsAds 5] vl e
ST ool ARSHAL it o] Ve d TRl Ak
7] ool A7 FA ] sl @ ©9)e] TPRIAE o TR
H3Isle] ARE-EI QIT) Thara et al.(2007)S Qe oEd B
715 7350l S njx= Ao g 4zl EQWIN (equatorial
indian ocean oscillation zonal wind index)¥} NINO3 5<] <1}
o tigk 3RS R JE o5H B V1% A9t
EQWIN ¥ NINO3¢} 22 ko] QIche 28 13Ktk
o] W ] FPIRIAY] oEH s A B TPRIAE
A8 T) Silva et al.(2016)2 NINO34E- generalized Pareto
s el Bk 2 Fasiel ek frojol veh
M FEsle Sasdon, ies) B e
a4 A} wlmale] 7VIAE BEF WA M) Aol
O 3 e Btk 21e I8t o] o, 9 9=
5% NINO349] 12¢-29 s o o8] 7PRIREE ARS8
t}. Thiombiano et al.(2018)2 7F$RI=a4S 2J5] AO (Arctic
Oscillation)2} PNA (Pacific North American)2] 1¥€-12€
Gt 9 3702 ol s ts A T TVPRIAE e vl
Poisson-generalized Pareto #3538 #|otslar v HI=
oA TPIRIAke] Ego g T oS A=k T
Thara et al.(2007)2} Silva et al.(2016)} T A 7P3IA ke
ol g3l e 2 Thiombiano et al.(2018)7} o] tjst 717t
gk 7P3IAkE aed davt ook Bk v dEAkEet 7Pl
ARz} g 74 e oiekst FAA THEES 285t
WA WA 7149 BEE L e SR

4 7o) Hasrk
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Sl et SRR A7) AR G IRk 7V
ks sk AgE 7P 283kl v d GEV
ER3e TSl #HA By e B S eEE APele
1, 7REe] v d we Avele] vl Esl L A8dE Ejlst
Ak

IR0 2 R AAGE A el THIEAR) Pl 24,
Sk A, B WS B 20 wse) 2go R T4

o}, ofefgh R AVIEE Bk sl STl sle] A%l

transform)™} o521 H3K Wavelet transform) 52| WH-& =}
WS 913t A0l ARSEAL SIAINE AAIGe] At AR
712 7o R 3h 2rx2s B3 AAE BT AR
| ZHgollM WekA] gkorm g tiekel 915 Bageh Q1A
£ 7 AA WS EAEke Aelle dAI7EF AAvk(Lei et al,
2009; Zhang et al., 2010; Peel et al., 2011). 34, Huang et
al.(1998)0l] <J3)| 7id Z¥A R=R3H(empirical mode
decomposition, EMD)& 2k57} H]A84, v 4420 ZH-9-ol=
Erlo R waje 4 gl wiel 71Ee] BepAREch S
2ol E8702 A8% 4 ke Aol Stk EMD WL
A715 ktef(sifting algoritm) & 53] Fol) A A5g
SR o]l WA =84 (intrinsic mode function, IMF)$}
7] ARE ekl Bolresidue)o 2 Balgih vpAlis
T AR AL SREE R L =2 REHe
st 758k (zero crossing)e] 714 AL Ha o],
o= A MM 91} B9 Be 0]ojo Sk
717 27 wEs)ok sitiKim et al., 2017b). A83}a14} 1=
AAD 2SS y(t), t=1,2,3,nole} 3w, AAEES Boflsh=
AAE FAL oo} Bri(Huang et al., 1998; Wu and Huang,
2004; Kim et al., 2015).

[

L A e

(1) Folx AAIGe] S3h=ra gk E =14 H3hs 2
8 & 33} ~ZERI(cubic spline) BIPHS o] 83} ztz}
A4 (upper envelope, ¥, (t))Z 814 (lower envelope,
y(t))y& Tk

(2) A7} slelrle] FX(mean envelope, v, () = (y, (t)
+y,(1)/2)& T3k

() DA AL y(t) oM B FATF, (y(t) —y,, (1)

o] AsAde] Slol] SHrE AR 2AE e

oy

P
1
o
HN
o2

B85 olg FEd WARE=S IMF R Aeolgi)

4 )M F=9 WARL=SE AAT AAES dAts
AL y(t) 2 AA F, G As8A go] vxdls: =
shpe] Sgkvk EAfEte] T o} AR Ao FEHA
s W7 (D-3)¢] HgS eItk

(5) F=How g AD y(t) = Eq. ()3} o] E3je
WA 2 =3A(IMF) ¢} Zhedgk(Residue) @] $Ho 2 vepd

& 9k

N
y(t) = E[MFL + Residue )

i=1

M, N& 28 UAREssy A5S Lkt

EMDZ 4=3J8t vj] 2 =)= mode-mixing®] FA|E sl 2317]
Slal ol Amel] A9IA 0z MAFL S STl A
& 7, PIBe) YT A PR AP moRey
(ensemble empirical mode decomposition; EEMD)o] 7gt=]S)
Ti(Wa and Huang, 2009). EEMD W& Foj1 AJAIE] wait
58 718 5 Sle] AAS daelEt FUshA AR ErKKim
et al., 2018).

Spearman 3 #2498 Pearson AT E43} H|wsle] 2E 71s
WS dise] 70 % oPde] BAR 5848 7R g
89S BF 2Egh 22 dijlo] 2 4 Jri(Croux and Dehon,
2010). ¥ X<} Yol thgh Spearman AIG(, )= Eq. (2)9}
rd g

n

;(T,_;)(y,_g) - 626{5

ry‘g = n T
\/E (‘Tz'_g)Q /Z(l/i_g)g

i=1

oI, e AR A o W Xl inl AfRs] 429,
y, = W Yol iiA) 28] 59, o, y& 47 oy, y, o) B,
di =; _yi‘% P’]UIQ'E]'

2.3 H|EAM GEV 2%
GEV nge 52138 v vlmsidolx de] o8-
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= 3ERILYoR 9|, 7=, g4 )
(Lettenmaier and Burges, 1982). A4 GEV R&e] F7REE
E<(cumulative distribution function, CDF)<= Eq. (3)} 2t}

R
B
il
5]
ek
T
v

F(z)=exp

—{1+ﬁm_e }71/‘3] 3)

«

7M€, a, f= A2 A, TR, R v

GEV =ge] 735 74212 s sl thdh g arejdt
T o, FrEke ve wke AR, 7P3IAL 5] &8E
AUtk & Aol GEV RFelA Apze] 7140 A3ds
efaly] S1ate] 913] mi S Eq. (4)9F 2ol R e(t))el
gk SR goltltt

e(t) =¢,+e Xclt) C)]

2.4 EM SEETOS MY

Hl Esajolne] A4 SERERY AgPons
Akaike information criterion (AIC)o] d2] o]-8-%1L ti(Laio
et al., 2009; Katz, 2013; Kim et al., 2017a). AIC= 7]&2]
& Aol H4 FEEE Ry AHE Sl o8y
= Ae A4 w2 x2 — 734, Kolmogorov-Smirmov 7374,
probability plot correlation coefficient 7373} ©2] Kullback-
Leibler information¥} Fishere] $-=31=¢] #AIE o]&s) -F =
] Eq. (5)% #o] vehdti Akaike, 1992).

AIC=—2log(ML) + 2k %)

oJ71A] log(ML)-& Hehshe =315, ke 28] e

=

2] Zlerolt) vkt v SERERES 283k ZF BE
ek AICZES 4Fg3E <= 9lom, 71 2k AICEES 7 B8
7 FERIRFo 7 A3,

3. Mg 2 it

3.1 ChA XI™ 2 Xz

B drellxe 7P Alsehs deAkgEe] 7Ikte] 30d
opdeln ATt gl eyt 647l ZVdRSAR) A9t
Fol thel] A&7 IRE 241l Thg A HehA| 7 9AkEE T8l
o WA HlesiAE seask7]ell S Mann-Kendall £41&

Fig. 1. Location of 11 Rainfall Gauging Sites Having Significant
Trends at 10 % Significance Level

Table 1. General Information of 11 Rainfall Gauging Sites Operated by Korea Meteorological Administration (KMA)

Site Latitude Longitude Name Start/End year Record length
115 375 130.9 Ulleungdo 1956-2016 61
143 35.8 128.7 Daegu 1916-2016 101
156 352 126.9 Gwangju 1939-2016 78
159 35.1 129.0 Busan 1948-2016 69
189 332 126.6 Seogwipo 1961-2016 56
273 36.6 128.1 Mungyeong 1972-2016 45
279 36.1 1283 Gumi 1972-2016 45
284 35.7 127.9 Geochang 1971-2016 46
285 35.6 128.2 Hapcheon 1972-2016 45
289 354 127.9 Sancheong 1972-2016 45
295 34.8 127.9 Namhae 1971-2016 46
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Table 2. General Information of the 10 Climate Indices by NOAA/ESRL

oy

A - 3%

L

ol
d

Division Climate index Abbreviation Period of data
Sea Surface Temperature Atlantic Meridional Mode AMM Jan. 1948-Dec. 2016
Atlantic Atlantic Multidecadal Oscillation AMO Jan. 1948-Dec. 2016
Artic Oscillation AO Jan. 1950-Dec. 2016
Atmosphere O
Southern Oscillation Index SOI Jan. 1951-Dec. 2016
North Atlantic Oscillation NAO Jan. 1950-Dec. 2016
Teleconnection Pacific Decadal Oscillation PDO Jan. 1948-Dec. 2016
Pacific North American Index PNA Jan. 1950-Dec. 2016
NINO3.4 NINO34 Jan. 1950-Dec. 2016
ENSO NINO4 NINO4 Jan. 1950-Dec. 2016
NINO 1+2 NINO12 Jan. 1950-Dec. 2016
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Fig. 2. Decomposed Components by EEMD at Ulleungdo (115)

Sl 10 % FejEellr] S7F @] vehs 114 23S
dpd Aoz 217g3idct Fig. 13} Table 18 27 2 ¢tolA]
2g PR o s A 1174e] 7PdaEA3le] 9ot HrE
UeRdIt) 71d91zke] 49 A NOAA/ESRLoM € o2
AL Qe 10709] 7131k 255 283H9ick Table 2=
£ AFelx] AR 10709] 7PdR1Ate] Bk FRE Rt

32 YNE ZEE Do
b AREe] A&7RE 242 A HdiA] ZF9-AkEE EEMD
WS o83l Ahgdl WAlE TS vl WRi=gk

o} 7] B IE vehlis dofgre s Eafellet: Fig 2= &5
E(115) #13e] A HhA] 9455 EEMDE &3f % 4719
WAIR=RSHIMFL - IMF4)9} Zhojgto = Rajsh duks i
o= vEpdl Zloltt ks 53l sl Aol A e AeAkE
7R R STkl BEE Hole s EIE ¢ Stk

3.3 Spearman A/EHEAS 0123t o THY| 7 |AQIX} Mef

o Ao AR 7] AN 71 2 9T v
7PRRIALE Yokiy] Sleke] Spearman A3k #41¢ I
Sevele] 35 o A5 o] 6901 98 Alolel 5]
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£ ZF9-EAS 72 Z(0h and Moon, 2009), ©]e] %S wjxf=
AP 8 7P gl Sfal A x| - TRAEE TRES.
2 A= 53G-5, MAM(-), o538(6-84, JJAC-D), 7+
H(9-11¢, SON(-1))3} Addx] BAEE2 Hol7l= 783
(12-2¢, DIF), 28 d=e] FH(3-59, MAM)<] thgh & 9]
7P3RIAke] 370 Htgh} Ade oS ERE whds B3l
off tigt € o] 7PdIAke] 1271€ HHAVE)Y] & 6714] <
) TPIIAE A FoiA] -] Zofgte] A 24 SEE
AAsIcE Table 32 7+ 7PdRIAF ¥ At B8 Sa)5}7]
et AE SH 7PRIANE vERE Zle]th

ZF 7P3R1A ¥ F o] A T PIRIAET A HlF|
FArEL] FeAk Atelell 5 % frol<E O = Spearman
Ag FEkaIt uild A el Ao g m|xl= A
7VRIAFE AR Sfsted & 1171] 213 FollA] 1071 ode]
AR oA frolgt A ViR R A 7PRIARE A3
o} o Ay, Ade 7S] AMM (AMM. SON(-1))3 AMO
(AMO_SON(-1))7} 107) A e] < Zh=] 39-Ak52] Zrofgiat
frefst Addo] Sl Ao ® veRton, AdE o 53] NINO4
(NINO4_JJA(-1)7F 55 ARellA] Adade] e o= vehst
t} Table 4= A€ AP 7VIRIANe} frefgh o] vk
A7) g, 1Al s ARSI AR g s
eRd Aotk AMM_SON(-1)3 AMO_SON(-1)2] 73-¢- 107§

A2 FBAGe] L 0.630]9101, NINO4 JJIA(-1)9] H<$-
117} A AAre] Fe 0.352 UeRtt) Oh and Moon
(2009)el] oJabH ZFeAIFe] fo)d AL ol 5 %cllA
0.323 o wj FAF JudS 7HAEE, AMM _SON(-1),
AMO_SON(-1), NINO4 JJA(-1)& ¢-jv}e} & Hujx] 29}
Fo| A7] Aol AR FIFE vAE TPRIAE FHE
293k Fig. 38 % A4 o &) ARZPRIAE Yeprd
Zlojct.

3.4 7[RIXIE &8s HIHYE GEV 2 7=

Awo] HARl F4E efd ¢ e B GEV 23s
TE8hE 7%, Eq. (49 o] 91| mipiirE sl digh
= o3I o] o Table 404 HFAH 0= AFH 7VIA
£ sHEo R 8830w o AR FeAkse] 7] AdE
g v GEV B¥E 758 5 Stk webs] GEV
5ge] 9% mi7iRirE 2Ft AMM_SON(-1), AMO_SON(-1),
NINO4_JJA(-1)ol] thgh o2 gold &, Bl SFeixn
Fel s FAUEoR A4 ¥el AeHn 9t H9E
HPH(maximum likelihood method)& A-83}a] 2} 71241#) ¥
HId7d GEV 23S 758180tk =3k, 7€ W] vlas
8 AR T ko 2 71X HIAAA] GEV ZE(NS-GEV
Time)y& F71 o= 753150tk 75 & 471¢] w3 GEV

Table 3. Candidates of Seasonal Climate Indices for Spearman Correlation Analysis

Abbreviation MAM(-1) JIA(-1)

SON(-1)

DIF MAM AVE

Mar.-May in the
previous year

Jun.-Aug. in the

Period .
previous year

Sep.-Nov. in the
previous year

From Jun. in the

Dec.-Feb. Mar.-May previous year to

May

Table 4. Information of Selected Seasonal Climate Indices

Selected seasonal climate index The number of sites with significance correlation Averaged correlation coefficient
AMM_SON(-1) 10 0.63
AMO_SON(-1) 10 0.63
NINO4_JJA(-1) 11 0.35

AMM_SON(-1) AMO_SON(-1) NINO4_JJA(-1)
704 0.9 31
454 0.6 304

5.5 -0.6
-8.0 -0.94

204 0.31 294
-0.5- 0.0
-3.0 -0.31 281

27

261

1950 1961 1972 1983 1994 2005 2016

Year

1950 1961 1972 1983 1994 2005 2016

1950 1961 1972 1983 1994 2005 2016

Year Year

Fig. 3. Selected Seasonal Climate Indices
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Table 5. Results of AIC Value for Nonstationary GEV Model
Site NSjGEV NS-GEV NS-GEV NS-GEV
Time AMM_SON(-1) AMO_SON(-1) NINO4_JJA(-1)

115 610.26 607.93 604.80 620.76

143 682.49 682.54 684.96 686.85

156 708.32 710.93 710.59 710.96

159 734.96 743.24 743.55 743.59

189 629.35 629.03 629.71 629.92

273 450.62 450.23 449.87 451.70

279 450.26 450.36 450.16 450.33

284 479.07 480.32 480.62 482.87

285 494.50 495.52 494.56 498.07

289 519.87 521.93 520.90 523.44

295 532.46 534.27 534.36 535.34

Table 6. Quantile Estimation Results of the NS-GEV Time and Selected NS-GEV Model Considering Climate Index
Return period (7)
Site 20-year 50-year 100-year
NS-GEV NS-GEV NS-GEV NS-GEV NS-GEV NS-GEV
Time Climate index Time Climate index Time Climate index

115 216.6 209.1 264.9 254.3 307.6 294.1
189 318.6 321.6 373.5 402.2 415.8 471.6
273 194.6 194.3 214.8 212.6 228.8 225.0
279 193.8 193.6 229.5 2284 258.7 256.8

2y F X ny RS S8 24 238 tigk AICES Eq.
(5)E ol&sto] F3tsirt Table 5= A3 M= 754 4719
HA4d GEV REe] AIC & viebd Aelok 11719 A3
< 770} AR(HH(143), 35(156), F2KH(159), 717(284), F3
(285), 2F4(289), H3H(299))2 7] WIS ARIRI=sl A olx
A== 1391 NS-GEV Timeo| 2 B3 o 2 MA=) 371
AR(ETE(115), 278(273), 7(279))14= AMO_SON(-1)
< #8383k v GEV 23(NS-GEV AMO_SON(-1))0] 713
g3t Ao g veRgon, MAE(189) A H¢ AMM_
SON(-1)& 243} v GEV 3(NS-GEV AMM _SON(-1))

o] 7F¢ AP Ao = EpTh

35 SiEZE AP Aot 3 H|w

7PIRIANE 283 v GEV B3o] 22 myo g Xge
47 ARl tiste] 718e] A RiEsiAox] dntao s
ARg-E= NS-GEV Time¥} 3480 HEH oz AAH 71431
2= 283 vAY GEV 23(NS-GEV Climate index)<
Agsto] 250 HF HAdEe 201638 VEe w2 e
< 2FYElsick Table 6.2 2+ 28 ¥ AF7]71 20, 50, 10039

tiste] 2P FEde-ks UERE Blolth

NS-GEV AMO _SON(-1)7} 34 ngoz M4d 225
(115), £74(273), 741(279) #159] 7% 71=2] NS-GEV Time
o] Ao} vluste] R A7t SEIR-Ee] HAaskale.
H, 71 W5} 71E0] NS-GEV Timee] 23} thH] 5 % o=
7] ¢ke Ao vepRdt) 3H, NS-GEV AMM_SON(-1)7}
2] By o R A1ge A712(189) AHe] 734 71=¢] NS-GEV
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