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ABSTRACT

In this study, we analysed impacts of the recent increasing trend of exceedance rainfall thresholds for separation of data set and different
research periods using Quantile Regression (QR) approach. And also we performed significant test for time series data using linear
regression, Mann-Kendall test and Sen test over the Korean major 8-city. Spring and summer precipitation was tend to significant
increase, fall and winter precipitation was tend to decrease, and heavy rainy days in last 30 years have increased from 3.1 to 15 percent
average. In addition, according to the annual ranking of rainfall occurs Top 10" percentile of precipitation for 3IQR (inter quartile
range) of the increasing trend, most of the precipitation at the point of increasing trend was confirmed. Quantile 90% percentile of the
average rainfall 43.5mm, the increasing trend 0.1412mm/yr, Quantile 99% percentile of the average rainfall 68.0mm, the increasing
trend in the 0.1314mm/yr were analyzed. The results can be used to analyze the recent increasing trend for the annual maximum value
series information and the threshold extreme hydrologic information. And also can be used as a basis data for hydraulic structures
design on reflect recent changes in climate characteristics.
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FEAA BA} & (hydrological time series data)e] W3l 4
k=l Slolx] B&d E-A(trend analysis)o] F= o]0 =,
AAIG 78] frolde wEs] Sl W AR WHEC]
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al., 2004; Modarres and Silva, 2007; Ryu et al., 2013). &=3F
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A AlFeh= ZA7)VFE=3H] ASOS (Automated Surface
Observing System)ol] ]3] TR 2928 AHgslglon], T
A ZEE] 20109 129 3174A1e] A] 2FE(hourly rainfall)}
& 2}5(daily rainfall) 2 FE| Y(monthly), A(seasonal), JJAS
(June to September) 12|11 W(annual) FFALEE FE3)
FE9 AAEE ol 8s] WY, A 2 ), I3
JAS 717t 735, 5978949 (wet days), 715739-2H30mm/d,
50mmy/d, 80mm/d, 100mm/d)yg 23k 49-d, Azt 3]
1097 Z¢AtR2E F=dte] ASARRTE 274 2ejal

g
of
e

304 AEe FR] SR AAD Aue] ZBEe 2HsH

pdEs $7) Ae] 9Ao]H, Table 18 87 71d02A4e]
SlghEe} A BEAE BWATRES el gk

2.2 EAulH

TFEAAIGARS] FAIE TSR] Qo] B 4] F=
AREH, AAIE RS frold WES SIEiM B AIsH
R Eo] AM-H T itk OF M E B 245 A|(non-parametric
statistics)= E4ol] gt 7S AR K] ol BRTe] e
ARMe] FoRd volelel 2 gkas ARtsle] SAISH s

- ]
- CHUNCHE OMN B
' o
DAEJEQN
@
Legend
’ g =
L ® Weather Station
i M ‘b
o e
ar T e e L
70 0 70 140 Kilometers

Fig. 1. The Study Area and the Location of Weather Stations in
South Korea

Table 1. List of Weather Stations and Duration of Observed Data Hold in Each Weather Station

Station ID Station Latitude Longitude H h, Data hold
Name (North) (East) (EL.m) (m) Daily Hourly
108 Seoul 37°34' 126°58' 86.0 0.5 1907-2010 1961-2010
112 Incheon 37°28 126°38' 68.9 0.5 1904-2010 1961-2010
133 Daejeon 36°22' 127°22' 68.3 1.5 1969-2010 1969-2010
143 Daegu 35°53' 128°37' 57.6 0.6 1907-2010 1961-2010
152 Ulsan 35°33 129°19' 34.7 0.6 1932-2010 1961-2010
156 Gwangju 35°10' 126°54' 70.5 0.6 1939-2010 1961-2010
159 Busan 35°06' 129°02' 69.2 0.6 1904-2010 1961-2010
101 Chuncheon 37°54' 127°44' 76.8 0.6 1966-2010 1966-2010

* H means height of observation field above mean sea level, &, is height of rain gauge above the ground.
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Mann-Kendall 77(Mann, 1945; Kendall, 1975) 5%
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2, = TR, +e, ©)

1A, 2 A tole] BEGEE ofmlsin], TR, = AR
1] FA, ¢ AR ol exlarg ofmgik
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(b) Trend Classification

Fig. 2. Schematic View of Classification for Trend Analysis Using Time Series Data

Table 2. Classification of Significant Level for Trend Analysis

« Confidence limit Hypothesis test .
Test («; Significant level) results Sen test for trend analysis (Slope)
0,
Class 1 Upper 99% 0.99 accepted 75%< slope < 100%
(a=0.01)
a=V.
99% ~95% 0.99 rejected, o < < c0
Class 2 (a=0.01 ~ 0.05) 0.95 accepted 30%= slope=75%
95% ~90% 0.95 rejected, o < 200
Class 3 (a=0.05 ~ 0.10) 0.90 accepted 25%=slope=50%
0,
Class 4 Lower 90% 0.90 rejected 0% =< slope<25%
(a=0.10)
a=V.

Vol.34 No.1 February 2014 121



AR FATAAY 7 EREF 20 P

o] HFkS Adsle] A F8hs o R TRy Eq. (10)9]
SJste) 72 4 sk
2z, =pta,+60a,_, (10)
P, pe BATES epE B0, o, o] 00]1L
o] g?Q] WAz %JJ-%’(Wlnte noise process)S 2Nk, q,
= 3A & AR 7R et oo
283, AT e B AR SRS Hola
0lo0

sIsiglon], 53] o 4l 27} FAVF 3t

SEQUL(Station ID-108); Annual

1o
1

Shs

TR, AEE oRE A A IS BdS Ellsiiink AR

el AGFAe] S7Vd%e) 7P A7 ekt A2 3
(156) AHo=2 7187|7} +3.84752 A=, 71 2k
ARe EK(152) AHoR 711?717} +0.8161 2 FA=ck 55t

Ao APFA= B89 45 F -0.037= o582
%’;F 42,785, 7heHe B -0.338, 7quq o W3t 01682
B2 5900k Fig. 3). o714, A8(108) 2137} Q13(112) 213
A% 1951-1952\ =24 ok njA|E 2FET7ke] EAEo 2
| 717 AlelataL 25k
=3k Sen A 2 slope #4] Ay} 87) A|He] He

B xJO
T}ﬁ]E

O

INCHEON((Station ID-112); Annual

2400
Annual Rainfall
2000 ——A——  Moving Avr.(5yr)
/é\ 1600 Linear Tfend
E
o 1200
=
< 800
=
400
0 ¥=2.6633*%x-4106.08
1900 1920 1940 1960 1980 2000 2020
Time(year)
5000 DAEGU (Station ID-143); Annual
Annual Rainfall
—A——  Moving Avr.(5yr)
~ 600 | ___ __ Lintar Trand
E Angar lref
E
T 1200
3
=
=800
¥=1.1180*X-1183.36
400
1800 1920 1940 1960 1980 2000 2020
Time(year)
2400 GWANGJIU(Station ID-156); Annual
Annual Ranfall
2000 | —&—— Moving Avr.(Syr)
’é\ ————— Linear Trend
E 1600
2
= 1200
=
800
¥=3.8475+~X-6271.80
400
1940 1960 1980 2000 2020
Time(year)
CHUNCHEON(Station ID-101): Annual
2000 Annual Ranfall
—_ ==& — - Moving Avr.(5yr)
g - « Linear Trend
£ 1800
5]
=
=
= 1200
¥=3.4637+X-5559.30
800
1960 1970 1930 1990 2000 2010 2020
Time(year)

Fig. 3. Results on Trend Analysis for Annual Mean Precipitation in Each Station
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Table 3. Statistical Results From Sen Test Slope Analysis for Annual and Seasonal Mean Precipitation

Annual Seasonal
Station (ID) Spring Summer Fall Winter
Slope Class
Slope Class Slope Class Slope Class Slope Class
Seoul (108) 2.595 3 0.343 1 1.682 3 0.467 1 -0.086 1
Incheon (112) 2.536 3 0.363 1 1.674 2 0.515 1 -0.016 1
Daejeon (133) 2.801 3 -1.391 4 5.380 1 -1.020 4 -0.637 4
Daegu (143) 1.598 3 0.200 2 1.599 4 -0.239 2 -0.074 1
Ulsan (152) 0.872 4 -0.283 3 2.528 3 -0.960 4 -0.511 3
Gwangju (156) 4.111 1 0.086 3 4.126 1 -0.797 3 0.439 1
Busan (159) 1.366 4 0.666 1 1.113 4 -0.318 2 -0.095 2
Chuncheon (101) 3.174 2 0.621 1 4.097 1 -0.792 3 -0.214 2
Mean 2.3816 0.076 2.775 -0.39 -0.149
Total S.D 1.05481 o 0.665 o 1.557 “ 0.61 v 0.327 v
otal .D. . . . . )
() ) () ¢) ¢)
SK. 0.127821 -1.806 0.686 0.69 0.234

* S.D. means standard deviation and S.K. means skewness.

2381620 % RE Ao e STIAIE Bolal Sk
& RGN o, 53] 3F5(156)A- 0l slopeo] 4.111 = Class
102 5] fefgt S7PERk] e Ao R A=) gt
AT S BAE tigte] AN BEET
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Fig.4.Linear Trends in Whole Periods and Recent 30-Year During JJAS Season for the 8-Major Cities. The Solid Line is the JJAS Rainfall Series.
The Dotted Blue Line is the Linear Regression Trends in Whole Period and the Dashed Red Lines Delineate the Linear Regression
Trends During Recent 30-Year

Table 4. Results on Significant Test for JJAS Precipitation in Each Station

o Significant level (a=0.05)

Station Z statistics P-value
ID MK Sen

Name

S S Sy S S) 5 Sy S

108 Seoul 1.9597 0.8556 0.0250 0.1961 0 1 0 1
112 Incheon 1.6099 0.7011 0.0537 0.2416 0 1 0 1
133 Dagjeon 1.4567 0.4380 0.0726 0.3307 0 0 0 0
143 Daegu 1.8337 1.0722 0.0334 0.1418 0 0 0 0
152 Ulsan 0.6422 0.4988 0.2604 0.3090 0 0 0 0
156 Gwangju 1.9543 0.8942 0.0253 0.1856 0 0 0 0
159 Busan 0.8693 0.5186 0.1923 0.3020 0 0 0 0
101 Chuncheon 1.2861 0.4738 0.0992 0.3178 0 0 0 0

* 8| means time series in whole period during June to September. And .5, is time series of recent 30-year during June to September. Significant test has
performed Mann-Kendall test and Sen test slope. Significant: '1" has trend, '0' has no trend.
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Table 5. Result on Significant Test for Wet Days in Each Station
L. Significant level (a=0.05)
Station Z statistics P-value
ID MK Sen
Name
S S S 5 S 5 Sy 5
108 Seoul 0.5618 -0.4039 0.2871 0.3431 0 1 0 1
112 Incheon 0.9094 -0.1660 0.1816 0.4341 0 1 0 1
133 Daejeon 1.2609 -0.3659 0.1037 0.3572 0 0 0 0
143 Daegu 1.6473 0.6984 0.2425 0.0497 0 0 0 0
152 Ulsan 1.6863 0.5592 0.2880 0.0459 0 1 0 0
156 Gwangju 1.4568 0.0502 0.0726 0.4800 0 1 1 1
159 Busan 1.0839 -0.5513 0.1392 0.2907 0 1 0 1
101 Chuncheon 0.3831 -0.9707 0.3508 0.1658 0 1 1

* Same as in Table 4.
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Fig. 6. Increasing Trends of Heavy Rainy Day Average in Each Rainfall Intensity
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ax - B9
Table 6. Number of Occurrences in Exceeds of Threshold Rainfall
Heavy rainy days (JJAS)
ID Periods Occurrence Trend
>30mm > 50mm > 80mm > 100mm >30mm > 50mm > 80mm > 100mm
S 11.0 5.9 2.7 1.6 0.0326 0.0527 0.0332 0.0301
108 S, 11.3 6.4 3.1 1.9 0.1231 0.0860 0.0658 0.0516
S, 9.3 4.4 2.1 1.2 0.0107 0.0358 0.0331 0.0288
2 S, 9.3 4.8 2.4 1.4 0.0813 0.0836 0.0566 0.0648
S 10.2 52 2.1 1.2 0.0707 0.0286 0.0193 0.0119
133 S, 10.6 5.4 2.2 1.3 0.0938 0.0312 0.0288 0.0013
S 7.8 33 1.2 0.5 0.0384 0.0342 0.0081 0.0057
15 S, 83 3.8 1.3 0.6 0.0344 0.0484 0.0226 0.0002
S 8.7 4.4 1.7 1.1 0.0190 0.0096 0.0047 0.0006
132 S, 8.8 4.6 1.8 1.1 -0.0102 -0.0146 0.0109 0.0043
S 9.7 52 1.9 1.1 0.0571 0.0489 0.0319 0.0119
156 S, 10.1 5.8 22 1.2 0.1088 0.0548 0.0473 0.0172
S 9.8 5.4 2.2 1.5 0.0164 0.0211 0.0197 0.0072
1% S, 10.1 5.8 2.6 1.6 -0.0309 -0.0123 0.0049 -0.0088
S, 10.5 5.4 2.3 1.5 0.0235 0.0475 0.0194 0.0182
ol S, 10.7 5.8 2.6 1.6 0.0501 0.0600 0.0032 0.0274

* Significant test has performed Mann-Kendall test and Sen test slope.
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Fig. 7. Box Whisker Plot of Time Series in Hourly Maximum Precipitation of the Annual TOP 1 0" Series for the Periods of Observed Data Hold
and Recent 30-Year in Each 8-Major City Observatories. The Conditional Quartiles (From Bottom to Top: 0.25, 0.50, 0.75, 3IQR) are
Shown as Left Figures and the Trends of Percentile Precipitation are Shown as Right Figures. Trends are Estimated Coefficients from
Quartile Regression. The Point Wise 95% Confidence Band in Shown in Gray (continue)
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Fig. 7. Box Whisker Plot of Time Series in Hourly Maximum Precipitation of the Annual TOP 1 0" Series for the Periods of Observed Data Hold
and Recent 30-Year in Each 8-Major City Observatories. The Conditional Quartiles (From Bottom to Top: 0.25, 0.50, 0.75, 3IQR) are
Shown as Left Figures and the Trends of Percentile Precipitation are Shown as Right Figures. Trends are Estimated Coefficients from
Quartile Regression. The Point Wise 95% Confidence Band in Shown in Gray (continue)
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Table 7. Statistics of Trend Analysis for the Annual Top 0™ Precipitation Over the 8-Major Cities

Stations Statistics 0.85 O%Eannle 0.95 099
Precipitation (mm) 42.7 48.2 65.9 96.2
Trend (mm yr") 0.194 0.189 0.16 0.137
SEOUL LCL Trend (mm yr) 0.402 0.406 0.359 0.405
(Station ID:108) 15 rend (mm yr!) 0.002 0.003 -0.064 -0.12
S (mmyr') 1.5411 1.6326 1.9011 2.3332
Precipitation (mm) 40.1 48.9 62.5 71.2
Trend (mm yr') 0.093 0.100 0.104 0.071
INCHEON LCL Trend (mm yr) 0.235 0.267 0287 0.310
(Station ID: 112) 15y rend (mm yr') 20,053 -0.060 -0.094 -0.119
5 (mmyr") 13388 15039 1.6724 1.9117
Precipitation (mm) 389 46.7 543 62.0
Trend (mm yr'") 0.087 0.092 0.027 -0.004
DAEJEON LCL Trend (mm yr’]) 0.278 0.32 0.273 0.257
(Station ID=133) 5 Trend (mm yr!) -0.105 -0.129 -0.154 20255
5 (mmyr") 124539 1.41861 15088 1.64832
Precipitation (mm) 27.6 33.1 419 56.2
Trend (mm yr") 0.03 0.02 0.059 0.075

DAEGU -1
B LCL Trend (mm yr™) 0.097 0.123 0.183 0.219
(Station ID:143) 56y Tyend (mm yr') -0.075 -0.091 -0.068 L0111
5, (mmyr) 0.7892 0.9098 1.1012 1.3979
Precipitation (mm) 325 39.8 49.6 61.4
Trend (mm yr") 0.104 0.119 0.094 0.094
ULSAN LCL Trend (mm yr) 0.23 0.241 0.244 0233
(Station ID:152) 15 Trend (mm yr') -0.032 -0.038 -0.097 -0.109
S (mmyr') 1.1733 1.2927 1.4874 1.732
Precipitation (mm) 374 45.0 52.3 66.5
Trend (mm yr'l) 0.193 0.217 0.279 0.311
GWANGIU LCL Trend (mm yr) 0.331 0.346 0.448 0.524
(Station ID: 136) |5 Trend (mm yr') 0.059 0.079 0.097 0.112
5 (mmyr") 12015 1.2541 1.4637 17626
Precipitation (mm) 39.6 452 66.9 80.6
Trend (mm yr™") 0.096 0.1 0.146 0.146

BUSAN ,
: LCL Trend (mm yr') 0.243 0281 0347 0.389
(Station ID:159) 5 Trend (mm yr") -0.054 -0.096 0.1 20122
5 (mmyr") 13271 1.5249 1.95 23733
Precipitation (mm) 332 36.1 429 50.3
Trend (mm yr") 0.124 0.13 0.199 0221
(SZHEICIEE%T) LCL Trend (mm yr') 0216 0.25 035 0.388
: UCL Trend (mm yr") -0.008 -0.003 0.039 0.06
5 (mmyr) 0.9261 1.0565 1.1604 1.3206

* LCL means Lower Confidence Level and UCL means Upper Confidence Level.
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2 +0.137mm/yr, FFQ A= 233322 A HAT 1A
(112)2] 7% 3IQRe] 71&7]= A7)zt +0.1584, T 303
+0.2562 2 e} HTol| &5 L9APe] ST7PER] =
Ao E4¥9er], Quantile 0.99] aBeh= Ak 5
71.2mm, 3L +0.07Imm/yr, EZQ A= 191172 B4
o} oEAR(133)9] 789 3IQRY] 71&7 k= H7IRE +0.0763, H
302 +0.11852 vFeh} Falgh 2783 el ekont
FZol| 75 F9APIo] tha Tk AE] Ues ERISIA
t} =8k Quantile 0.9991] sidah= 5wk 739 62.0mm, H3Hd
£ -0.004mm/yr, TEO A= 1.64830.2 BAEQT) A4
(143)9] A< 3IQRe] 71&7|& 7IZF +0.0644, H 3013
+0.0325 2 i S7keh= Ae] ok ] S7HEEke]
A7z Hlgte] 2] FA4 Ak B=3F Quantile 0.9991] s d8lk=
73RS 56.2mm, A3IE 0.075mm/yr, BEQ A= 139792

S EAF(152)2] 7 3IQRE] 71&71= A7 +0.1115, Z
30 +0.0241 2 S8k o] ok, Hdeo STV
o] 271zt vjste] 2A| A=Ak 58k Quantile 0.99¢] sk
= 7rERe 61.4mm, AL 0.094mm/yr, EFQ A= 173282
MEITE BFAR(156)2] 785 3IQRS] 7R k= Z7RE+0.2441,
2 302 +0.35555 VRt 2ol &5 AP S8
Agko] 9JL-S ERIBIIO M, Quantile 0.999) sjsl=
66.5mm, 3L 031 Imm/yr, EF A= 1762602 24
Ak FLEAF(159)9] 789 3IQRE] 71&7 1= F7IRE +0.2318,
< 3012 +0.3603 0.2 vFER} Fo] &5 H-9APSe] SV}
sh= ARo] Ades BRIEI e, Quantile 0.999 aigdh= 4
e 80.6mm, AL 0.146mm/yr, EF Q3= 2373302
AU w2, FAF((101)2] 75 3IQR] 77 1=
AA717F 40.1007, HZ 309 +0.29630.2 VER} He] 25
Z9APGe] FTVeRE Aol SRk BRIEI oM, Quantile
0.99¢] sisl= 5k 50.3mm, AL 0.221mmlyr, ¥
22 1.32060.2 #A4=90ck TR Table 7 A5% Quantile
0.85, 0.90, 0.95 = 0.990] sfFsl= ek gkt AR B4z}
aejal FFLANS,)S] AETE YERARIT
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23} 7o) AT AT 24

(1) A FA] 2227 gt A5ae BE ARolN S/
< Y5 53 A5 Z7F FAPF 3 vERte
7V ALHL ok 1A FAE HYS BRIk Bt
Sen 7ol 2J3} slope £2] A3} 87 X|H Ht 2.38160.82
A E o, AT ] - B H(slope: +0.076)3}
)2 (slope: +2.775)& Z71541E 712 (slope: -0.390)7}F
A& H(slope: -0.149) ZAaFAE HeS RISkt

(2) Mann-Kendall &3} Sen 7A 9] 28+ ITASY|7F 7]
73 B4 A} 2277 95% (a=0.05)9l4] A4(108)%14
I AH(112)A3 9] HE 301 AAIGAETE Foldt ST
< YeRfISion, & A5dsE dizl(133)7 di(143)7]
A& ALt o Aol HT SR frofehAl vhe
Sk

Q) 7S RIE FEAPEY] SRS s
F2 300 it 3.1%~15% S718Rs AFo] S BRIk
on, 2o A9AEolN F7VET] T8 VERES BRI
Ak

(4) TOP 10" W32-9) 4] Quartile 7|3} 3IQReY thah
Quartile Regression (QR)o] ¢J3F AaHEA1S A5 A3}
WS A SRS BRI 4 qlslom, 2 30
BEAG SPEge] SR e FRISIICE Quantile
90%92] FrlEe] 5wk 43.5mm, 27} 73R 0.1412mm/yr

A

2 24=90, Quantile 99%2] SFrie] 2752 68.0mm,

)

2

>

A

U
-

Z7P4%e 0.1314mm/yrs 24| ck

ohet It oVde) SR ARGl Tt AT FAAF BAS
B8 5FTERAA W] B8 5 e ow Ame
TP A2 WBhe 715 B BEAEE 5 7

9 7)usel nie E9AMge) TR 5L BE
G VAR B89 5 9e Aoz ARd

gl =

B e wEarsd Sde|dAe] e IRl(13AWMP-
B066744-01)°] ofsl] 3 =lor ofdl] ZAL=#Uth.
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