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ABSTRACT

oloj I sfjoFatel7| 2] G-olut 1 2k & @} 913914 (GFO, Jason-1, Envisat, Jason-2, Cryosat-2, SARAL) &7 G-0lut 1 2t 2 S v
517] $15te] 2004\ 12€5E 20161 5E71A] oF 1218 50 914-0]o| = TE F-ojutal Aol o] U] H H|o|ef o] AF A4tst
Ak 918 fFojmare olojk s gatetr] 2] f-ojukare] thste] oF 0.34 mO] Faf Ala 2242F0.17 me] 2] WAHE UER Sl
t}. $143} o]oj I TZ F-olutal A= Bolgt AR Folu S-S Koz ¢l §140] 5 TEsh= 7171l thallA FARRE
HE E4S Hof 914 ARo] TS 1T 4= Usith $1d-olol f-o]utar Zolof thgh Higfo] o -2 Ak Ayt BE
/3ol el A 22 0.17 m FEo] oFo] WApF bt 29 W sfjefatstr] 2] xE2] kS nfelotr] flshe] mhake] of
Shubal 9 apo] ol g B4t o S A K o2 Folnlgt EAo] Y] Fodtt. 914d-0]o AR 2] Aol T2 JFS
FA¥e}7] 9lste] §143-olo| 7] Al thet 2 0 ake] EAS BAgH At Hit-S Aelet FkeA 0.14 mZ A Q] IAst
A FA == BrE ol @&ko] 2 Hghat 2|k Ato] o] Z1Z-2 o]o| 2 HE Hol W45 g2 0 2 Frteh= B0 HAL it vt
Hol| F3lf 712l g ol E &8t 94 folntal 2t=0] F e ot A, 9149-AS b= Ato] ] Bt AlF 241H=0.27m
2ANH o2 22 027 HAEt o1, o]of Ik mkal Zpm of o] ol @&} B2 A E Z] oFottt. o]o] k mkal = 7] 7] 9]
7ol nEjate] o] AtollAE 94 folmtal AR E 7|9 2 ojojk Folutal AmE BAsHs A& Ajtetdtt. T3t oo
T oSSt | 27 = A A sl 71 A2 AL E 7] SleiA e Am ] A e SEIF A ojok g2 skl W v HERS
Al AeFATE.

In order to compare significant wave height (SWH) data from multi-satellites (GFO, Jason-1, Envisat, Jason-2, Cryosat-2, SARAL)
and SWH measurements from Ieodo Ocean Research Station (IORS), we constructed a 12 year matchup database between satellite and
IORS measurements from December 2004 to May 2016. The satellite SWH showed a root mean square error (RMSE) of about 0.34 m
and a positive bias of 0.17 m with respect to the IORS wave height. The satellite data and IORS wave height data did not show any
specific seasonal variations or interannual variability, which confirmed the consistency of satellite data. The effect of the wind field on
the difference of the SWH data between satellite and IORS was investigated. As a result, a similar result was observed in which a
positive biases of about 0.17 m occurred on all satellites. In order to understand the effects of topography and the influence of the
construction structures of IORS on the SWH differences, we investigated the directional dependency of differences of wave height,
however, no statistically significant characteristics of the differences were revealed. As a result of analyzing the characteristics of the
error as a function of the distance between the satellite and the IORS, the biases are almost constant about 0.14 m regardless of the
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distance. By contrast, the amplitude of the SWH differences, the maximum value minus the minimum value at a given distance range,
was found to increase linearly as the distance was increased. On the other hand, as a result of the accuracy evaluation of the satellite
SWH from the Donghae marine meteorological buoy of Korea Meteorological Administration, the satellite SWH presented a relatively
small RMSE of about 0.27 m and no specific characteristics of bias such as the validation results at IORS. In this paper, we propose a
conversion formula to correct the significant wave data of IORS with the satellite SWH data. In addition, this study emphasizes that the
reliability of data should be prioritized to be extensively utilized and presents specific methods and strategies in order to upgrade the
IORS as an international world-wide marine observation site.
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SfFe] JTJr‘“”f(wave)% Sl 7ol 7 2] B Stofl EA s sidat th7] Afe] o] o ||, &, 4 wete]l STt Yk vl
231 = i S 8.5 Sl o[t Melville, 1996). 1Ha=2-=2]2]Q1 vigo]| oo A =)= F-5(wind sea) 7 A7 2] of| 4]
Zutr]o] 9= L1%(swell)§ TEEH 1L AJHo] 35 o] 2r(Chen ef al., 2002). L E0] 7|5 HS}IE Q15 o)A} njeto]
g Bl Atol| A 9] wafrt Azt A5 SAHHA| AL QITH(Oh er al., 2010; Tanaka, 2010).
A 4] A Fe afgol] thel s = oYd Folet E-2 AS RS B8l ghout X EolA= 44
|5fo] npS Ax7te 7 oﬂlaok Aloll o]2Ztk(You and Park, 2010). 1978 SeasatollA] -F-o]ut 1S =3t ol &2
Q1 F9 WA Golubal A2 S 83T Al BT HIS EA A7t A|7o] 2 E}E’r A Eoi )= FAloth(Young er
al., 2011). 717t 917 J—Eﬁ] v«hﬂu A= S Fgsto] A 2 [ojutale] A7 |HE S48 AR At ot whale]|
5| Fte] warz} A|7te] Aol wht o zolx]= EAJo] Uehdth(Izaguirre ef al., 2011; Young ef al., 2011, 2012).
Woo and Park (2017)2 5-of| T35+ =3510] §-oluta1r} A1 Z7lels Adko] Uehkom nhae] A7) s EXo] 55
Sl AEiA Bsoll AR FFs & 5 a2 AT
o] 9 A=A A= E B89 o AT s 54 AFE floliile Aot dike AFRTt 2|54 0 = S E|ojof
ot 2 M A Fojutal 2z 0] ek = 7 tiofollA] FEs] ASE o] et (Ebuchi and Kawamura, 1994; Gower,
1996; Hwang et al., 1998; Queffeulou, 2004; Durrant et al., 2009). 913 -Fojutal AFof| 85 A= 2Atg = iR Hol
oA T{ZH Fojuty 2z ol Ho| W= 2w S 7|Fo 2 A Folutarrt HAE Itk Queffeulou, 2004; Zieger et al.,
2009). SHHE Aotoll A= Kim (2012)7} Park e al. (2013)°] 94 G-2Jutyr A e Hrlsied o w, ghitte o]l A 5
GVl mhate] tigt 91 FrelukalE ©F 1.12 m Q] Ht Al 2*HRMSE; Root mean square error) S 1 THPark ef
al., 2013). F|Zo] SARAL S} o] M2 k-5 -8t QIF-91 N & A HIARE ol whet 914 frejutare] ekt A
A E|ofoF k= Al o] HQITh T3t o whdart U-&of] thieh ehite. ARk Afis7t STl = o] i J&ﬁ Folof A7t 57t
ol w22 A5 AHRE o] 81t 1] 71 Bl At 43 E]ojof gt 5] =] thi o] 91/d whal HH 7 2F
AL toFo] Hol & thiho g2 4=a85]Q] © B 2 (Queffeulou, 2004; Zieger et al., 2009) THTE FH oHsz} Zro| sfjofF ko] &
et =24 1 sl <ol A o] EAJ2 Wi r]o] Q1A ghrk= A ] Q). whaha] &R et s oA 91/ mar Ap=
&g AFE ffote] Mt FHG|H O] S =5 o83 914 TS wial vl A7} A1 E|ofof St
oloi = Fjoktslr]4](32°07'22.63"N, 125°10'56.81"E)= Ul 2 2 E] YHAIZ0 2 149 km, Y& T A|ul2HE A%
O =276 km, T AATEe 2HE E5% 287 km Bolzl alVde] 5 ol 20039 A= It Fig. 1). @A -2jut,
oo, wpel, 7], 29, 2, G5O SIS BE AR, B4, T 71 AUEE, 71, YA, URAIE, AeE S
o) 71 P& A=t 37 9 Ve B ApREo] AARE Eis U AR FAARES 2 Ao FRARAT- Yol HEE]of vl
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w31 et o] ot seFtel7| X 7F A H S s mehe] Yol A AR A Here] F Hinhd R 50 932
sz it FRHs| S 8t A5 AT TR YRIoIH Et et 2 HIohs 8 HiE2l A= Aol fAlskaL
10} ool siter | 2] TS AkmE B8Rt B a2l olF A= o= Bl e = B F0] Y] W 24 0] 8-l5HHOh
et al., 2006; Moon et al., 2010). T A%l YA US4, SiftE4, sidHETolet Fe] 219 g2 4]
2 2fsfiell Y1t ool siel7| Al e QlE-d rrofutal ¥R HRAS A A5 ArE AEckE 7IA=ZME
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Fig. 1. (a) Bathymetry (m) and tracks of satellite altimeters of (b) GFO, (c) Jason-1 and Jason-2, (d) Envisat and SARAL, and (e)
Cryosat-2 in the study area (a yellow box) around leodo Ocean Research Staion (IORS). The red star denotes the location of the
IORS.
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Fig. 2. Temporal coverage of significant wave height data from satellite altimeters (gray) and from leodo Ocean Research
Station(dark gray).
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Fig. 3. Flowchart of quality control procedure of significant wave height measurements from leodo Ocean Research Station.
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Fig. 4. Time series of significant wave height measurements from leodo Ocean Research Station (a) before and (b) after a
quality control procedure in October 2009.

2.2 A39Kd = Relun 2=

oloj i sfjefatslr]| Ao A Gojut 1S TE517] A12KE 2004 1295 E 2016 59712] 67]19] Q15914 [GFO (Geosat
Follow-On), Jason-1 (Joint altimetry satellite oceanography network-1), Envisat (Environmental satellite), Jason-2,
Cryosat-2, and SARAL (Satellite for ARgos and ALtiKa)] 1 %=A| =5 AFH8619%. 2™ IFREMER(Institut Frangais de
Recherche pour 1'Exploitation de la Mer)2FE] =5 25ttt Fig. 2+ S0l €84 Q594 ZH2te] 84 717
UeRHTE GFOS} Jason-1, Envisat 2004'd ©FE FoutarE #5513 0] F 2008 620l Jason-27F AR 1.2
™ 201097} 201339 Cryosat-22F SARALZ} EALE] o] @A71R] G-ojuti S #E35]a1 91o] 2008, 20124, 2013
GFO, Envisat, Jason-12] 2-80] £R E|J-20l = A3 /d-S 285 Fojutal Y=L A&7 0 7 L3 wQct,

2 ATl B = P SR el 1 F A= Bl 571 Al fHdolth 5 T fdel whet ohekst
T}, Envisat™} SARAL+=35Y°|H, Jason-1/2+= 2F 10¥, GFO= 17¢ 0]t} Cryosat-29] 4% 3694 9] 71 ¥= 715 711
t}. SARAL ©A7HA] BE 9142 Ku HIE (13.5 - 13.8 GHz)THo 2 f-olufilE =514 C HIE (5.3 GHz) 22 S HiE
(3.2 GHz) & &85t F-ojutal & W51t 1212013 ol PARE SARALA= ©]2F 2] Ka HIE (35.7 GHz) & ©]-8-5t
of o8 PEokT Gk £ ATOIAE SARALE Aot B Ku S Bgle] P50 RO n 425 B8
staich 94 15 A fojuty TE ARl 94 -8 7] TolA vlE RS AA] ZFR ol $) TehE E ] A (quality
flag)S E31e] 2R glo] APARIgLom A Aol e Fomtne) EERA vlE F3 37162 BAn} 4

ItHQueffeulou and Croizé-Fillon, 2016).
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2.3 LRI Cf|0|E{Hjo] A it 2y

IFREMERE 5ol 53t 91 & A| f-ofuar Afm=of ofoj ke sfefatelr] 2] f-ojufal 2t 5 vl #41517] 9i5te] 7]
Z0] AL} FUSHA| FZH 0 7 50 km o]H], A7 02 308 o]j9] HAIRE Fol(Gower, 1996; Queffeulou, 2004;
Zieger et al., 2009) Y23 A= Ho[EHo|AE A4teGIT 7 Ao A= 1042 1HA 9] ook sfefate}r] 2] f-ofufar 2}

£ S8l et YA A AR 7S 50 =2 APASITE A AbRoll= 5 ARE Ak, A 5 913 A,
rojuar it ofu et 9/t ojol e f-ojual o] EAXNE A5 ] f16t0] o]0l sfatelr| x| ell A TS E= wR),

712, 72, B T M 7155t 1A 9] SRtV s T A E whet oF 7 kmo| B2 £ AgEe] YA X}ﬁ
Y73 A] o]ol e shiefatel7] 2] gt 2ol thsf of 2] 2|3 Q] e A AFmrt - EH e P81 A2 AbE A flste] 7]
A] 50 km ©U]9] A fofuty AAmE F1H 0 2 Wt AkE 1t YA Hlo|eH|o] o] ZRtstGir.

2434 =4

$hd A froluare} olofi sieftsly|A] folukng e o & vlwsly] fste] ofelieh Zo) Bt AlE
QZHRMSE), 2K Bias), AFt 215 Scatter Index; SI), " HAHR)E Aktst3ict.

1=1

R_

S -5y D,

i=1 i=1

(1)

A7 2= 91 A F-T0 N (m), y,= ©]o1 % sigaet 7| 2] fejutal(m)olet. o @F yi= 217} 14 A9} o]o] 5f
st 2] -ojutare] Wt ghm)olth N2 Lx|3 Ak: o]t ARFR|S(SI= A S Ak= 0] Watoll et B AlE T 24t
2 A OJo}H(Janssen et al., 1984; Clancy et al., 1986) Fto] 25 ZAF=7F A2 LR[S on|eitt.
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S5 AR e ot A2 A= 0] o= A E4 EE} Ar Eo] 1ok ettt HOlE floto]
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Table 1. Year-month distributions of the number of collocated data between satellite altimeter significant wave height data
(spatially averaged) and leodo Ocean Research Station measurements from December 2004 to May 2016. Bold texts denote
the number of original matchup data.

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV  DEC Total

0 0 0 0 0 0 0 0 0 0 0 9 9
2004 0 0 0 0 0 0 0 0 0 0 0 87 87
2005 9 5 7 6 7 9 10 10 11 10 8 11 103
94 49 72 61 60 99 108 97 123 104 102 119 1088
2006 10 10 8 10 9 12 11 6 6 8 6 9 105
114 112 83 116 100 111 106 64 60 79 65 115 1125
2007 9 0 0 0 0 0 0 0 0 8 6 8 31
82 0 0 0 0 0 0 0 0 103 72 71 328
2008 7 7 6 9 0 0 13 11 12 6 10 12 93
76 75 58 83 0 0 143 121 94 63 111 76 900
2009 7 4 6 2 3 3 4 4 5 2 5 7 52
76 49 65 25 21 21 46 33 68 20 43 70 537
2010 7 5 4 4 3 5 13 12 7 7 8 8 83
79 55 47 46 37 49 122 94 67 84 69 99 848
2011 5 6 1 10 8 0 6 5 0 6 6 8 61
57 61 8 81 66 0 63 32 0 49 60 98 575
2012 8 9 9 6 5 0 12 4 8 10 8 4 83
97 104 95 54 54 0 113 53 65 127 96 58 916
2013 10 2 0 0 8 10 6 10 4 4 5 1 60
123 25 0 0 80 127 53 87 37 38 56 14 640
2014 5 6 4 5 10 6 9 8 7 10 6 9 85
55 53 58 35 110 69 91 83 80 103 73 109 919
2015 9 10 8 9 12 6 9 10 11 9 9 6 108
103 94 103 101 109 65 96 108 111 101 109 76 1176
2016 6 2 6 11 10 0 0 0 0 0 0 0 35
40 22 78 106 116 0 0 0 0 0 0 0 362
Total 92 66 59 72 75 51 93 80 71 80 77 92 908

996 699 667 708 753 541 941 772 705 871 856 992 9501
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A P5o] o] F2A] ¢kot2009'd 297 H 2010 6 97HA] A2 4=0] A2 Aba 7t A= .

|t

o]

3.2 0|0 2t= me} 9|4 I Hiw

Fig. 5= o]0l sigatelr| 2] 5 f-ojufaret Qle9ld 1 eA B fojutal s o= Hlw et Jglo|oh ojoj 5
1 50 km ool A AAE QA] DAH 2pg= Sl 0 & T AJEI o B o]oji sjofutaly]A] B zhg o tis]] A4
H ofe] 7lje] A TS ARE 31 B e 2 A o2 YeRfIct 19 IAH =
= 7P Bekom GFO7F 88 (1053)7115 71 213tk Table 2). ZF 91/ olote sefol7|#] frojutalet 14 frolutal
Ato) 9] Wt AlE Y, WAL, AR, A AlS=E Table 201 YFERHSITE St AlE 2244=0.28 - 0.41 mO| .00 &
= 2130141 0.14 m o1/ge] o] WA} LreRit. Rt Ris| gt o et A 2]t Ko A4=E B85k 914 fojutal
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Fig. 5. Comparison of satellite significant wave heights (SWHs) from Institut Francais de Recherche pour I'Exploitation de la
Mer (IFREMER) with leodo Ocean Research Station ((a) GFO, (b) Jason-1, (c) Envisat, (d) Jason-2, (e) Cryosat-2, and (f) SARAL).
Number of matchups (N), bias, root mean square error (RMSE), scatter index (SI), and correlation coefficient (R) are given in
each plot. Gray and black dots represent original and spatially averaged SWH data, respectively.
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AR QPO TEA ARt ST Wbt ol Tolal Pk vl Fslel] YAl wte} HhE T=A G ofut el

H]
F7HAQ1 B IS AR|A] k2 oA Q] A AN Sepulveda et al., 2015; Queffeulou and
Croizé-Fillon, 2016)°l1 %= F-3612] o= Hap 42 eI

Table 2. Statistical parameters (RMSE, bias, scatter index (Sl), correlation coefficient (R)) of significant wave height between
satellite altimeters (GFO, Jason-1, Envisat, Jason-2, Cryosat-2, and SARAL) and leodo Ocean Research Station data

Number of
Satellite Period Minimum - matchups = iop 0 Bias (m) sI R
Distance (km) (averaged)
(original)
88 0.3340 0.1759 0.2638 0.9574
GFO 11 Dec 2004 - 29 Aug 2008 11.68
1053 0.3528 0.1715 0.2742 0.9474
141 0.3575 0.1968 0.3026 0.9236
Jaosn-1 16 Dec 2004 - 03 Jun 2013 26.38
1569 0.4004 0.2077 0.3346 0.8998
. 195 0.4087 0.1683 0.2980 0.9129
Envisat 14 Dec 2004 - 21 Mar 2012 19.40
1702 0.4339 0.1797 0.3034 0.9119
258 0.2799 0.1372 0.2190 0.9591
Jason-2 07 Jul 2008 - 31 May 2016 26.61
2786 0.3202 0.1455 0.2353 0.9485
128 0.3496 0.1506 0.2562 0.9798
Cryosat-2 21 Jul 2010 - 17 May 2016 1.06
1487 0.4093 0.1499 0.2980 0.9701
98 0.3275 0.2134 0.2450 0.9609
SARAL 23 May2013 - 31 May 2016 13.54
904 0.3491 0.2221 0.2598 0.9553
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Fig. 6. Year-month plot of monthly mean of collocated significant wave height (SWH) data from (a) leodo Ocean Research
Station (IORS) and (b) satellite altimeters and (c) SWH difference between satellite altimeters and IORS (satellite SWH - IORS SWH).
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Fig. 7. Comparison of satellite significant wave heights (SWHs) from satellite altimeters with (a) leodo Ocean Research Station
and (b) Donghae marine meteorological buoy station of KMA and histogram of SWH differences between (c) satellite and IORS
and (d) satellite and Donghae buoy station.
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Fig. 8. Significant wave heights (SWHs) differences (satellite - leodo Ocean Research Station (IORS)) as function of SWH
measurement from IORS ((a) GFO, (b) Jason-1, (c) Envisat, (d) Jason-2, (e) Cryosat-2, and (f) SARAL). Black dots and bars
represent the mean and standard deviation of SWH differences for each interval.
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Fig. 9. Significant wave heights (SWHs) differences (satellite - leodo Ocean Research Station (IORS)) as function of wind speed
measurement from IORS ((a) GFO, (b) Jason-1, (c) Envisat, (d) Jason-2, (e) Cryosat-2, and (f) SARAL). Black dots and bars
represent the mean and standard deviation of SWH differencesa for each interval.
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Fig. 11. (a) Significant wave heights (SWHs) differences (satellite - leodo Ocean Research Station (IORS)) and (b) maximum and
minimum of SWH differences as function of distance between IORS and satellites, where dashed lines represent a linear least
square fit.
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Table 3. Information of platform, sensor and method to measure significant wave height from leodo Ocean Research Station
and Donghae marine meteorological buoy station of KMA

Station IROS Donghae Buoy

Platform
Website http://www.khoa.go.kr/ http://www.kma.go.kr/
Inc. / Sensor MIROS / SM-001 Datawell / Hippy 40
Sensor Height about 35 m above the sea surface near the sea surface
- Operational principle is based on the Doppler shift - Sensor measures heave, pitch and roll using accele-
Measurement in the backscattered radar signal due to the orbital — rometer.
Principle wave velocity. - Double integration by the internal electronics yields

the heave signal.
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