J. Korean Soc. Oceanogr. Vol.23, No.2, pp.63-75, 2018 FREE ACCESS

https://doi.org/10.7850/jks0.2018.23.2.063

Article PISSN : 1226-2978
=2l HE Ol8sh ettt HOSH o] 22/ M M| EA
UHE - AR

SF0et 2| Fatetu st

Analysis of Long-term Linear Trends of the Sea Surface Height
Along the Korean Coast based on Quantile Regression

BYEONG-JUN LIM AND YOU-SOON CHANG"
Department of Earth Science Education, Kongju National University, Chungnam 32588, Korea

*Corresponding author: yschang@kongju.ac.kr
Editor Choi Byeong-ju
Received 27 December 2017; Revised 9 March 2018; Accepted 3 April 2018

ABSTRACT

Aol M= BRI AE -85t 1993~2016'd F<te] St x9] 2k 50| 57| A FAIE BA ST 4yt A3 3]
(OLS Ordinary Least Square)®} 50% 57+ £9] 3|7 27E v w2 o] E5] slof| A 2F 2~3 mm/year?] 37 27}2] 2fo] & vt
At oH, o= 37t gL Hste] 7]l ?}% gl 4 %191‘:} E3H S 2 5191(1%) 292 57H50%) -9, AF91(99%) -‘:H_J
71'01 L oh2 A UEb o el o] 2 2 QoAM= A9 2919} 5kl 29171 BT 57 sk A Ul oW, frofRlRt <4
F it 3 A7HE B3l o= /‘}H 29171 3 29100 vl F-2fn|sHAl 2A vehtbe B ouleitt digtil= dafier
oA = 1 E217F o9l E Rl E o B 22 S0t ghS T A= AR R R 2 A B A o & UERHT ol 2Rt Bk X2
VA4S 5o g3 24 B2 ES AAT Aotol|l A= gloj A= A= ERlskaith. 2B = 291 39 A9 E4L2 24 A7
o] 7] WE T Ayto] ikl FE5Hrh

;ozv

This study analyzed the long-term linear trends of the sea surface height around the Korea marginal seas for the period of 1993~2016
by using quantile regression. We found significant difference about 2~3 mm/year for the linear trend between OLS (ordinary least
square) and median (50%) quantile regression especially in the Yellow Sea, which is affected by extreme events. Each area shows
different trend for each quantile (lower (1%), median (50%) and upper (99%)). Most areas of the Yellow Sea show increasing trend in
both low and upper quantile, but significant “upward divergence tendency”. This implies that significant increasing trend of upper
quantile is higher than that of lower quantile in this area. Meanwhile, South Sea of Korea generally shows “upward convergence
tendency” representing that increasing trend of upper quantile is lower than that of lower quantile. This study also confirmed that these
tendencies can be eliminated by removing major tidal components from the harmonic analysis. Therefore, it is assumed that the
regional characteristics are related to the long term change of tide amplitude.

Keywords: Linear trend, Sea surface height, Quantile regression, Korean marginal seas

224 719 B B4, 25 T B 409 USRR oo e, B U shRe] Wt 5 sl ]9 ke
ol ool EeF4 0 2 vkg3itt. AR I 7|53} 3 O] A|(Intergovernmental Panel for Climate Change, IPCC) =
7 S 1901~2010F 5910.19(0.17-0.21) mo] A5 oW, o]2]gh ol o] F71 3k e vf-2 FSlo}

SSHL QITHIPCC, 2013). o] 23t s 1Lt Af5o] A[EHTHA A A djof] Q= dAgtout A 2] Hofl of
FEF= 1A 5 Uk 5o, SEuehe Aol Bitk= Eepo] jlow dAgtolA wA] Zido] Eiisiar Q17 ERE o] ¢l
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el Higt F-8/do] kx| 1L Qlrt.

(Ordinary Least Square, OLS)& ©]-&5}o] J&katoto] A+-st

31 Qo =28l A (Korea Hydrographic and Oceanographic Agency, KHOA)OA+&= uffd -2-2jua} Bt sl A
ool EATete] ARttt 201137129 AA=E o83 Bt ol ¥ 552 2.37 mm/yearo|H, o] H 552

=1 Hollgtell A 3.00 mm/year, “s-5oll 4] 2.08 mm/year, GolollA] 1.32 mm/year=. ‘FofiCtol| A S 450l 7Fg 2

, 53] AIFE 192 5.14 mm/year = B¢ TA| LFERATET BFEFITHKHOA, 2012). Lim and Chang (2016)0]l41+= toF
et 21 717ke] HxA d ol WS AAIA 0= EASIG o, 4] 7|l whet A sl s Bl B ThE

2ol A9 29 EHE Jidste] FHESIITE T3 2 dqE0] AXA ARt ot A HAL A= E 0|85
ohRt A AAISH Qlom, 11 Axt sl /s ARk vl A sdsht 1L Aot olj & Skt o7} Qlefar v
FTH(Yoon et al., 1999; Kang et al., 2005; Jeon, 2008; Oh et al., 2012; Yoon and Kim, 2012; Jung, 2014).

T A1 2l S e A 0 B FaRite 7P Shal glo] Aikgle] A& E f-ofv|shA tESskR] EohH
(Barbosa et al., 2004; Jevrejeva et al., 2006; Holgate, 2007), == Z}zof| thet Ht 317 242] 7127]0f thet A ETRS- A
S}ttt 1B s P2 Q1 HskH o B S 5HA oA 4= Sl A= 0] SR 3EE S Wi kel iRt A HE S o 5 glot
+ THo] Qltk(Barbosa, 2008). & theft AtellA] AR A 0= =7t oo 71 /el A M1 Tt S7tstal qlom,
=11 2775 Al0] B Tk of| 5] 17 QITHIPCC, 2013). 18 P2 s 1% 0] 57| s EAJ A
HSHETE o2} 2FE 0] A ' elellA 7S 2T 0 & Pt 4 Q= o] T asith
3 2] ] tiete m= AJAIE Abm o Theket E el o] A7 e theoll Bl 4= QL
75 (quantile regression method)©] ATt 29 2] -2 2}=.0] 2|7t opd 2k B o] HE B9lof of
Al 4 qlom, Sete] o dxof ot 319 At A et S AAT o k= o] dth(Koenker and
Basset, 1978; Hao and Niamn, 2007). ©]2gH2-9] 2] 24 ®PH-2 Ao, 25748, IS4t 5 Akel B8 Aol
A T2 o]-8E] 21K Buchinsky, 1994; Cade and Noon, 2003), Z|Fofl= HR]E Bt 7|2, e 4 W =] 51 |2
H3} 5-9] 719 W3} W 58 Aol A gits] 285|317 QITKElsner ef al., 2008; Jagger and Elsner, 2009; Mazvimavi,
2010; Tareghian and Rasmussen, 2012). =] 12= S 73=8F Hole] RO ¥l HE-S BAS A7 Qlom B
8 B O Aot E7tekl ka2 884 0= AN Sk QUth(Lee ef al., 2012; So ef al., 2012). 12 9] 3]
7 EA HHo] s, 442, AR 50 sl Abmel A8 o= oFA7EA] BA] o2 Holtk. S5 BlE TAsA Barbosa
(2008)2 LESfof] EAfsk= 127] AxA: 2Ah= 0] 1291 29 245 AAIste] 771 W5/d& 2451312 ™, Barbosa and
Madsen (2012)+= Gedser, Hornbaek 2| 919] x4 ZkmE 9] 217 HHE o83 24 A7E A skt = UlolM =
25 MK (Mann-Kendall) 78 % 2] 819] 4= o83t %=yt At of
ZAISHA|TE, Airto]] Tt HotA] drgo] B, AR 9] AF=0] 24 7|to] A& 5U5HA] ¢hth(Uranchimeg e al.,
2015). 29 k= ARSRY 2bm 717l whet 71 At gho] thEA UEhd 4= glo] 7IKte ]| thE ARE o83t 8 A=
< H| W7} o Fol= SHAI7 A3t Barbosa and Madsen, 2012; Lim and Chang, 2016). ©]o]] 2 ¢7Lo] A= T ALY
of| YRR 1871 HFA40] 1993~2016A7FA] 0] FLzt 7|7 AF=E o-85to] 291 37 A& AASISTh 29 A= ¥

242 94 AATste] Ahm.0] B oF Y E SRt ghe] B s SRlIstel e x9) Ak el 71 AE 27 24
T} L= 290l thet 9] 3] 242 AAISHe] T Ate] 9 E4& A5l AntE 291 8 Het e kol &4 A

process diagram 0185101 187 71240] 9] 8 42 s}oleka AAJsc,
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1 QoAb Aok A oA L d5te] A ZIRE 1993195 2016119] % 241 71740] o A7 hl] Az AR
£ ApgaIGITE AR 291 ARE A2 700] B B AIARE DA 19 37 EAetch nebd 49 4]
NS 2as)] 9jte] P AR Fho] S H B Aol A2 AAslela, A% F10] F 2413 F 19 ofel
LR 2|9 ARER ARG Sl ol 24 T, BE, 42 255, telu delll e S5, 9, ol

20| 5 187) 1179) 291 422 g kT Fig. 1).
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Fig. 1. Locations of tide gauge data used in this study.

2 Ao AR 29 e = Sl AR 71 B 5] 134 F4E e A3 Aolt). FYR TR
= o

S0 22 7 1H<] s st ot Y= Eol7] Flsh EE WAR] 3u) o[ gk AlAshe

=
T AN ot Hat g Atshe I oA 617 ofske] A5 1ol Gl Ahmol] tishAfRE vik2 A
AR A 159 o1 o] S AH4to] 9= 78-9= AISIBHATHIOC, 1985). KHOA (2015)°fA= 7] o sl H-et of



66 ° "The Seas Journal of the Korean Society of Oceanography Vol. 23, No. 2, 2018

qgA o 7 Bl Zlo] @4 0 2 9 o] 7] mhiZo(KHOA, 2015), o] F-+9] &4 e 17d-& AJ=ksligint. 182
T 2 Aol AAIRE 21 Fhell A HEe] ot i E gholut, T | A%] sl Hslof] ofgt gho] srgltof glof 7]E A
of 5191 gk} o Ajol} 9kg Ao Am e

2 Aol ARSE 9] 3] A S T A 2OF 2915 SR A By gho s HE EolellA el |
S 498 4 9k 2] Tk ek o] WAL Wil ohd 9] Fi a19] 5 RE Relolie] 2AE BAE 4 9o
™, 2pz 0] B} olax|of| 37 GRS HHx] ¢l=th= APdo] QltkKoenker and Schortheide, 1994; Cade and Noon,

2003; Koenker, 2005; Lee et al., 2013).
£9] 87154 mee thaat Zo] ekl 4 9]

yz = ﬁTXL + u‘n" QT(?JZ|XZ) = BTXZ (Z = 17 2a 37...7 n)

y= S5, X 585, = 0,2 AL us A ARkt @, (vl X)) & X7FFol Adeoll y o 71
A 2215 291E HEhdnt ARrAel 217 24 Wroll e e o] sttt A A ghate] ol o] Alge] gol 47t &
= gke 2= 29 o9 el = Bl A e 2 7127 A8 k] ddigia el ghe Aae e e R T
& TRt (Koenker and Hallock, 2001). 2912717l 5,91 F7821= 0171 Z94(n) oA B g=rg 2 At ey

Min[ Y rlyi—Bxl+ Y (1—1ly,—BX]

Y, > X, Y, < X,

714 7= 03 1410]9] gl 7RI, 29] LA oll= (1-0) 9] 7215, 4ol LAtolk= 8] 71215 Fofsle] sid 2915
7102 715]o) HRkE Et(Lee ef al., 2012).

2 So] pal gyo] vyt 7P =1 Itk 7ko] Byt MRAA 02 Fo|tl A (Gaussian
ES 7P| e 2w s 2w AT WAl e 78 el %ZHOP] mhzof] a2 2

2oH= THE D5 (power law) BEO] SIS LeRi7] Ik, 2, 73405 2tz 70%a0] 0] M} 74 7] vehpe,
74ep0] A4S 24 0] W7} AolAlis JekE 71tk Zhang er al, 2011), T BE 220] Sqe] ufel A2 B
g7} % The ] o] 29 Az o] Am B 48 944 0a nelat M as} glo], B AN 187) AR A=

O] ¥t FIE SRRISHHITHFig. 2). xF-2 5 UEUH, y&-2 sl Z910ll4 9] b H1 Hl&(%)< LER Zlolth x5
O] HO=-100 (mm) ~ 900 (mm)Z L5} 1 mm 7FH 02 217 o] Bk B u]-8-& AXlsto] Lelyict

B Ao 187] 9] TE4ollA] 19935 E 201699 F 241 0] 5 77H 50T 3 H AIRFH] 2475 AR5
o}, ek 2 2e) 29] fEAmitt 25 2k 9 E4 e IPol| A A|AE R0 /g HES] wize], BE HERAOA
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Fig. 2. Frequency distribution function of sea surface height in each tide gauge station. Station name is denoted in the
upper-right side of each function and information of available data is denoted below the station name.
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probability distributions of sea surface height. Extreme high or low areas are denoted by the shaded areas.
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e 4= ik whebA oF Sl tisl] 291 S171E 285t HE/d-a RIS Table 12 18 7]l Ax40 291 9] 2
5l 71 A1 27 HH(0LS) o] Aok LEhd Zlofet 12 Aol A Al

]
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Table 1. OLS (Ordinary Least-Square) and quantile regression result of each tide gauge station

OLS ﬁ().()l ﬂ().()S ﬂ().S ﬂ().95 ﬁ().99

Anheung 2.17 1.20 0.96 0.43 2.00 3.42
Gunsan 429 8.32 7.94 2.43 -1.12 -2.47
Heuksando -0.76 -1.56 -1.90 -2.01 0.27 0.88
Mokpo 6.55 7.53 5.78 431 8.67 8.84
Wando 2.74 4.00 4.18 1.52 1.43 1.03
Chujado 3.97 1.59 2.20 3.76 4.09 3.86
Jeju 6.81 4.92 6.69 6.71 5.22 5.29
Seogwipo 3.02 435 4.12 2.65 0.70 0.96
Geomundo 4.87 5.87 6.59 4.10 3.05 3.03
Yeosu 1.53 3.84 4.14 1.01 -2.37 -2.61
Tongyeong 3.07 5.28 5.07 2.83 -0.55 -0.72
Gadeokdo 5.73 5.41 6.73 5.88 3.35 3.15
Busan 3.39 2.95 4.06 3.18 1.96 2.30
Ulsan 4.56 5.71 5.28 4.50 3.39 3.31
Pohang 10.48 9.93 9.51 10.65 10.47 10.46
Muko 3.24 3.08 2.96 3.35 2.69 2.48
Sokcho 3.66 3.12 3.16 3.65 342 2.84
Ulleungdo 8.46 4.90 6.34 8.48 9.99 9.64

= ol A 05 olfplo] 716k A0 e, R91EE e Aol Sk A Sl 4 glef B
S, QEGOAE A9 915y 00)°0) HIS 37 911 2201 2 mmnlyear oV 2] Ui 2
59, Z1RIE ATIE FOIAE A 5, 00)N VIS BT BB, 571, 2T R, )00 ¥ 8121 29y )
7ol A bR 2 $1918 5 G191, o]l Aol sl 8 v kA Lieh b 2102 sl1siglond, olelat
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o2 t] Palo] &laly] 9ol BE EoloA o] A AS A4 0 2 BlR1at 4= )= process diagram S ©]-&5}0] BA6}

Fig. 4(a)~(d)+= aflol] Y=|eF FE, SAML, E3E F2FT 9] process diagram©|Tt. Process diagram< 29 3]7] 23=
THEE SIS 4= Q= TR E x5S 129, yF3S 217 412 shof ZF 12900l 4] 9 3] ghe doM A o= Lk 2]

W2 90% A% S el o R EMM 9 271 e] Ak BARIT TRt S LR A=E ool AR 2k
e ol 87t A9 97 At ghe w2 A o2 Lrehiial 11 8wke] 90% A1F 7w A0 = WERo] Z91E 9]

Hote} 7| At 21S el RIS 4= Qek= o] QAT Lee et al. (2012)< process diagram= ©]-8-51 & 73
FO] 191 WSS A5G o |, 2| ofl SolA SR 7T S 71SHL Itk H R Table 1014 18 Hie} o] A4t
5 0] SF9] 9ol A S 2 97HA] 201 91 219 AHHE HERIAL Q1o H, ThE 2| Hof| A= 2] 91l thisiAl el 31
e 2 20 2 Ueidth TRt 619 1ot St 919 Ale = ofushA UreubA] QERITE S 91l Hls 9] &
7 2A Heh= A& ERIE = Sl o= AA1A 0 & Z7sk= s Aol A 29 2 slkero] thEA HeRkit= 7/13_
onfsh, Fafloll A= /g9l T2 S7HA17T v 9lell BlshAl ZA) et 37k '4F (upward divergence) = 75

= 4= QITHFig. 4(e)).

(b) Mokpo

6 1 1 1 1 12

(a) Anheung

A Upward divergence

== Upper quentile (35%)
== Lower quantile (5%)

Trend (mm/year)

0.0 0.2 0.4 06 08 10 0.0 02 04 0.6 08 1.0
Quantile Quantile

2 -(c) Heuksando - (d) Chujado

d (mm/year)

Tren

0.0 02 04 086 08 10 0.0 02 04 08 08 1.0

Quantile Quantile

Fig. 4. (a)~(d) Process-diagrams show trends in hourly sea surface height distribution in the Yellow Sea by quantile, from 0.01
10 0.99in increments of 0.01. Trends are estimated coefficients from quantile regression. The point-wise 90% confidence band
is shown in grey. The solid red line is the mean trend from a least-squares regression of hourly sea surface height data and the
dashed red lines delineate the 90% point-wise confidence band concerning this trend. () The schematic for the linear trend of
upper and lower quantile of this region.
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Fig. 5. The same as Fig. 4 except for the South Sea of Korea.
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Fig. 6. Process diagram of sea surface height after removing (a) semidiurnal tide constituents and (b) whole tide components.
blue (red) line denotes the results in the Yellow Sea (South sea of Korea).
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Appendix |. Summary of results for the long-term linear trends of sea surface height along the Korean coast based on ordinary
least-square method

This study Lim and Chang (2015) KHOA (2016) KHOA (2015)

Data Period (ﬁgjm) Data Period Data Period Data Period (mi:;:ar) Data Period (mjl;r;;:ar)
Anheung 1993-2016 2.17 1993-2013 1.71 1993-2015 1.01 1993-2014 1.89
Gunsan 1993-2016 4.29 1993-2013 2.77 1993-2015 1.86 1993-2014 1.97
Heuksando 1993-2016 -0.76 1993-2013 2.3 1993-2015 0.1 1993-2014 0.15
Mokpo 1993-2016 6.55 1993-2013 5.12 1993-2015 1.25 1993-2014 1.23
Wando 1993-2016 2.74 1993-2013 1.54 1993-2015 1.55 1993-2014 1.41
Chujado 1993-2016 3.97 1993-2013 3.09 1993-2015 243 1993-2014 1.61
Jeju 1993-2016 6.81 1993-2013 7.76 1993-2015 5.63 1993-2014 5.7
Seogwipo 1993-2016 3.02 1993-2013 2.25 1993-2015 3.75 1993-2014 3.73
Geomundo 1993-2016 4.87 1993-2013 4.61 1993-2015 43 1993-2014 425
Yeosu 1993-2016 1.53 1993-2013 0.63 1993-2015 1.74 1993-2014 1.72
Tongyeong 1993-2016 3.07 1993-2013 2.31 1993-2015 2.06 1993-2014 2.01
Gadeokdo 1993-2016 5.73 1993-2013 434 1993-2015 3.15 1993-2014 2.94
Busan 1993-2016 3.39 1993-2013 2.98 1993-2015 2.6 1993-2014 2.59
Ulsan 1993-2016 4.56 1993-2013 4.62 1993-2015 1.56 1993-2014 1.08
Pohang 1993-2016 10.48 1993-2013 10.97 1993-2015 5.98 1993-2014 5.82
Muko 1993-2016 3.24 1993-2013 2.55 1993-2015 2.73 1993-2014 1.06
Sokcho 1993-2016 3.66 1993-2013 2.81 1993-2015 2.74 1993-2014 2.71

Ulleungdo 1993-2016 8.46 1993-2013 6.04 1993-2015 3.74 1993-2014 2.77

KHOA (2012) Yoon and Kim (2012) Jeon (2008)
Data Period Trend (mm/year) Data Period Trend (mm/year) Data Period Trend (mm/year)

Anheung 1989-2011 0.91 - - - -

Gunsan 1983-2011 3.72 1982-2010 24 1981-2002 1

Heuksando 1982-2011 0.14 1973-2010 0.6 1979-2002 3
Mokpo 1972-2011 1.5 1960-2010 1.5 1960-2002 1.1

Wando 1985-2011 1.29 1982-2010 1.7 1983-2002 2

Chujado 1986-2011 232 - - - -
Jeju 1978-2011 6.07 1964-2010 5.3 1964-2002 5.1
Seogwipo 1985-2011 5.02 1985-2010 5.9 1985-2006 7.3
Geomundo 1985-2011 5.09 1982-2010 5.5 1982-2002 5.8
Yeosu 1969-2011 1.91 1966-2010 1.4 1970-2002 1.9
Tongyeong 1979-2011 1.98 1977-2010 2 1977-2002 2.1
Gadeokdo 1983-2011 2.47 1978-2010 2.3 1977-2002 1.8
Busan 1975-2011 2.72 1960-2010 1.8 1961-2002 1.8
Ulsan 1977-2011 1.41 1965-2010 0.6 1963-2002 -0.3

Pohang 1977-2001 2.56 1973-2010 4.4 1972-2002 2
Muko 1972-2011 2.19 1966-2010 0.7 1965-2002 0.1
Sokcho 1977-2011 2.61 1974-2010 22 1974-2002 2.4

Ulleungdo 1983-2004 3.01 1979-2010 2 1979-2002 1.8






