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Aol FrzxEo] $tal, loﬂ w2} European Space Agency (ESA)S}t
National Aeronautics and Space Administration (NASA)A = AHeHA & O]
gotol A AA wEE ARE AEdAstTh old AR ARe +
m/s®] FLEEE ioﬂﬂz‘xﬁi, S B SRR QlE At v X}E
of AgH A2 R MY A Aol Erbssite dAls Btk
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A 3= =4 SAR A5 FF o] £0]3, Terrain Observation with
Progressive Scans SAR (TOPSAR) 7]%& Abg3ate] #= W7t 57] u
woll theFet Eof Aol &ts] AREH I k. 2 AFrel A= 20154
54 14FE 0 20179 9€ 3097MA F 395%C]  Sentinel-1A/B
Interferometric Wide swath 5= 2 o]% H3} A}Z(vertical dual
polarlzatlon)a TR ste] A2kt Shuttle Radar Topography Mission
(SRTM) Digital Elevation Model (DEM) 55 o] &3t &3 x}H|(Land
masking) S AX F, A UAIA W (adaptive threshold method)<
Agsto] Muks ©xsto] A ASI, AHE FS(speckle noise)s A A
st7] 918l A gs AAste] GAE 1 (ensemble average)E F k=
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AT AT, A%, A% €8 U Ul A5Re ATl FR
84 F R, oAl FFAQ Y Aol did dA AL ol E
AT TRl e Balel FUisEA uhR el it A%
BS5o] ZFxEo stk 1990 ] ZF-E| European Space Agency (ESA)S}t

National Aeronautics and Space Administration (NASA)Oﬂ A= European
Remote Sensing-1/2 (ERS-1/2), NASA Scatterometer (NSCAT), Quick
Scatterometer ~ (Quickscat), Advanced Scatteromter (ASCAT), Rapid
Scatteromter (RapidScat)¥} #< Abgh7|(scatterometer) S WAl 2|42 O
2 A AA viEES #55kaL Ath(Ebuchi, 1999; Liu and Chan, 1999;
Risien and Chelton, 2008). AFgHA|ZH-E At&E® vl A5+ 25 km2
F3F MY EE AT, Wi silol fle= A AlAl v oF 92%E
g}el= vtEE A 5E A EH o072 AEslal Sl tH(Ebuchi et al., 2002). Ak
A v AEe 52 2 ms, TFS 200 H] AEEE Kol
FA R REe) QY ARE AREEo RH] FE %Oﬂvz“ﬂ, i
o, €%, 9% (heat flux), EY ke, th7]-aF FaaEa g2 53T 5
& dAd 71#HE oldlsk=dl AREE SItH(Liu et al, 1998; Chen et al.,
1999; Jones et al, 1999; Park and Cornilon, 2002; Sato et al.,, 2002;
Castelao and Barth, 2006; Park et al., 2006). S}A| 5k o]2]st AbgkA] wlz
FARE 92 30 AAER e At v Akl A FE 4t
Rol sief A £40] 2rbesite d s Bl

2+ 75+ #lo]t] (Synthetic Aperture Radar, SAR)+ &-& vlo| A=}
AMZ 7] 2 714 Aol o3t GFo] Ao AHF A2 AL
ATE SAROIAM FAIFE vho]A R ub= XA REALE O] Foleal,

H oyAE o] gsle] FuMFREA S (backscattering coefficient)E At= S
o A AMA AF713ell A= ERS-1/2, Shuttle Imaging Radar with Payload
C (SIR-C), RADARSAT-1/2, Envisat Advanced Synthetic Aperture Radar
(ASAR), Advanced Land Observing Satellite-1/2 Phased Array L-band



Synthetic Aperture Radar (ALOS-1/2 PALSAR), TerraSAR-X, COnstellation
of  small  Satellites for the Mediterranecan  basin  Observation
(COSMO-SkyMed), KOrean Multi-Purpose  SATellite-5 (KOMPSAT-5),
Sentinel-1A/B&} #o] SARE HAT AF9de AEH o= dAateqlal
o] & o]g3slo] F7]H o]l Z]é,\—?ﬁ,gi dFS BS5st Utk SARE At
dAe v £ me =S ¥ A 2L

TS E v S AFESH] Wl **%‘rﬁﬂi AhES vhe g R T A g
e 72 B4 ARl = AkE E7bs g A wuiE Aol Tt
5 5Fth(Korsbakken et al., 1998; Furevik and Korsbakken, 2000; Yang et al.,
2011). olelst FHo=® 3] SARE o|&3 ddF iE Aaes At
4%, A A (front), A A (topography)ell o]+ &7} Bl (katabatic
wind)o] G} 2 A9t FF 7 XU E ¥ (Johannessen et al., 1996;
Li et al, 2007, 2009; Gurova et al., 2013), &% ¥ XA A A <] tf7]-3]
& AEAE, "HFel Qs sk 54 Wsh, o] F 2 IHatmospheric
gravity wave)® <13 dlgw AR7] Wkl 22 sk iyl AAT
(marine atmospheric boundary layer)ol A 2] &/ Aol AREE L Qv
(Johannessen et al., 1996; Li et al.,, 2002, 2004, 2011, 2013; Kim et al.,
2014, 2017).
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SARE ©] &3 sids AtE WS A S s e Ve
= NEEUAY. SAR ARl HH(F3 A 9EA1-8 A akal), HV(53
Aokl A A9k, V(A AGEA-5 A\ oA, VH( 2 A9

| 4 T |9} R E=(mode)’t EASEIL, 2t

Hap BEoAN 49 Ut
Geophysical Model Functions (GMFs)7} 7l 2 %]
gt g 9 Hule] wep gepA ?J/‘PL goly = Zi(radar
look angle)ell thet FaFe] Aof Wak, 10 m =ololA e T5 @ A
HAGFE ARoR s A4 o® THHET C-Band SAR VV Hi} 2}
o) AE 753 GMFs= CMOD4, CMOD IFR2, CMOD5, CMOD5.N,
CMOD5.Na¢|t}, CMOD4+= European Centre for Medium-Range Weather
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Forecasts (ECMWF) %] oK Hd F4 Aus 7|§to = 7|ds )i
CMOD_IFR2= 5 st Al

Atmospheric Administration (NOAA)®] F-o](buoy)At5E, FTFl thsh 7
T ECMWF 3 or md BA dis 7|gow 7dE vk
CMOD5E ECMWF 47| o1 5d 24 Axg 7902 CMOD42] =
GAQl F&Ae AdS N8I, CMODSNS CMOD52 3k
(bias)= H&H3F1 O™, CMODS.Nat= 74| o5 el 4 AiE 7]Hke
% CMODSNE Abze] mE Fxhresidual)E T8 darzlFoltt
(Stoffelen and Anderson, 1997; Quilfen et al., 1998; Hersbach et al., 2005,
2007; Hersbach, 2010; Verspeek et al., 2012).

SAR AR+ F3F Tt Fa d5 A QS vigkd AbEo]
7hestthe AAol AR, & vholA Ryt AlAMo]7] wie] Age] ¢
o] A AR FHEE oJHY Bt do]EjHo] X (database)S =5}
ok =781 SAR AR & ¥ MALEE

S FAoR Ao nigH A& JE AF
BUHY, 81F @ ke B3 2 A7k ol ol ArkKim and Moon,
2002; Kim et al., 2003; Gang et al., 2007; Kim et al., 2010; Moon et al.,
2010; Kim et al, 2014). 3tA|RF =4 &) SAR A5 dloJE{H|o] A5
Foto]l AFstrlels oM wAVE lsla, A5 ARge dAA
(matchup) 7H<=7F # o] AbebA] wed <25 SAR AR 7INF AbE &)
39 AIdx H7F 7 ARZE AFESH|E SFYTHKim et al, 2010,
2012).

Sentinel-1 Y F-(mission):= T+ 7H¢ <SIFHAHS=E  FA¥E  Global
Monitoring  for Environment and Security (GMES) 3= 1310]|t}
Sentinel- 1A 20141 49 3%, Sentinel-1Bi= 20161 4€ 22U o] ESA°lA
WALSE C-Band SAR Al 9IA 0=, A
¢H7, e
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Xz
=

"= National Oceanic and

B
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=]
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., S Al(water system), &, ¥
Al A B A e 5ol A A A7 97 B e
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7] wjEel 3 A 9GS 66U 3+ A #=3}al, Terrain Observation with
Progressive Scans SAR (TOPSAR) 7]&& AlE3sle] H2 #= FH(swath
width)y ¥ £ 3 i EE Hol7] witel A AA A+ 34 ZUH
ol 2] 8Fch(Torres et al, 2012). ©]2]3 A3} t]Eo] Sentinel-1A/B
A5 71 SAR Azl HlE] FIA o] Holu Am F5o] §olsto
Fjsh dlolEHlolAE 50| Zhs sttt

Sentinel-1A/B ¢l YA 2014d 4€5E AT A4S FU|Ho=z @
=3t1L Qo] H&EFHow AT AE A =]}
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of#] o] Foj x| #] ¢k AAolrt. # AToA= g 2 3
& Aol ot AASE £41S 93| Sentinel-1A/B AR E o] &3Fo] 13
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sto] WEAE SdE AREE AMESIYlew, 3) 4 duEFe T
AE AIE 71 AE 71 Fol A5 ARe vuE T A9
= AZHeow Hrtsigla, (4) Zh due)Fe] ddE AtE A9E v
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2.1. SAR A&

s TR Y] pEdE aES AbESH] AsiAl 20149
201639  ESA°lA  ®AFE  Sentinel-1A/B AR E SRS
Sentinel-1A/Bi= C-Band SARE HAgtil glow, T4 FI4E 5405
GHzo|t}. Stripmap (SM), Interferometric Wide swath (IW), Extra-Wide
swath (EW), Wave (WV)9} 2 & 4 £79 &9 Ry 9low, 7+ &
9 Rt EF HH, VV @Y #Ad(single-polarized) A5 AtZo] 7153}t
i, WY REE A9e ywA # XEi= HH+HV, VV+VH °o|% Hi}
(dual-polarized) A& % A& 7Fesith 2 Ao dnte £ &
of thst & JAto] 7 e W BE 7 o]F HINVV+VH) A&
= AREEITE W 2E AR S #5 FL 9F 250 kmoldl, ¥t SN E
= 5 m (range W) X 20 m (azimuth W), YA W= 29.1°0A4
46.0°7+#] o] ETHTable 1). 2015 59 1UHE 20179 99 30U 7HA 9
2A8E 5P oM, F 39549 W RE $7 o]F Hyl A8E ALg
31 a1, azimuth WY} range WO R I A7 Xt AFHE
< (speckle noise)= £°]7] 9184 4 (range ') X 1 (azimuth HF)

multi-looking S 2483} t}.



Table 1. Sentinel-1A/B products characteristics

Interferometric

Extra-Wide swath

Mode Stripmap (SM) . Wave (WV)
Wide swath (IW) (EW)
Swath width 80 km 250 km 400 km 20 km
Incidence angle . ) . . . ) 21.6° — 25.1°
18.3° — 46.8 29.1° — 46.0 18.9° — 47.0 3 )
range 34.8° — 38.0
Resolution 5mX5bm 5mxX20m 20 m X 40 m 5mXbm
Polarization HH+HV, VV+VH, | HH+HV, VV+VH, | HH+HV, VV+VH, HH VV
options HH, VV HH, VV HH, VV ’
Maximum Noise
Equivelent -22 dB -22 dB -22 dB -22 dB
Sigma Zero
Radiometric
» 0.5 dB (30) 0.5 dB (30) 0.5 dB (30) 0.5 dB (30)
stability
Radiometric
1 dB (30) 1 dB (3o) 1 dB (3o) 1 dB (o)
accuracy
Phase Error 5° 5 5° 5°
6 - H 21
{ i



22. 7] RE x5 &% 1% A5

Sentinel-1A/B IW RE ARE o]g3sto] sidFS &S] A=
ST AEI7E dadttt T JRE AEshs WHOEE SAR 4=
7IWko 2 Ab=3Sl= W (Lenher et al., 1998; Vachon and Dobson, 2000;
Koch, 2004), HH+HV+VH+VV Al H 3 (quad polarized) A5 & ©]-& 3}
AFEdh= WW(Zhang et al, 2012, 2015), 9% AEE ol&3dt= W ol
ATh 2 AFolA= ECMWF A4 (reanalysis) BFE3 A5 5 94 S
9 A Abgste] T 4RI AEaoith ECMWF ARA vk 2
2219799 12 14FE dA7MA Ao A= A AA )
24 2d ez, 33+ g == oF 80 kmolal, vl 6A]ZHO0 UTC, 6
UTC, 12 UTC, 18 UTC)mttt &l AlZFe] A5 Abgo] 7hssi
Sentinel-1A/B $]/4d o] S F£1H 39S
(ascending orbit)e] 74-¢ 9 UTC, &% % (descending orbit)e] 4% 21
UTC ¥202 ARA g 429 SAR AR AFe] o] Ak Aol 34
3k olyoltt.

2 ATelM = SAR G4 Weld FA Y= A (land masking) 3}
$3l Shuttle Radar Topography Mission (SRTM) Digital Elevation Model
(DEM) 25 2839 th SRTM DEM AFEE NASAS ¢F ¢ ==
% 3 skell 2000 2 1145H 2000 2€ 2297HA] 129 F<b

T Y& Endeavorgs FlA SHE A 1% A= E, 1 arc-seconds

[}
S5 7FAH, 56°SolA] 60°N7FA 9] A X4

N
Moo

Sae AZe 4% A=

r

=
T
%
°F 30 m)°] ¥zt 3

(near-global) 9 & 3%

~
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2.3. A= A} E(In-situ measurement)

Sentinel-1A/B W EE A5 E o]&3lo] A3 |52 AEdEE H
7¥st71 S8l 71737 sleF 714
A ﬂﬁlb‘}t ok 71 Fol= EF 17ME, Fajde 67, E5 ol

ot
Jkﬁ
:l:?
2
2,
r
(@)}
S
1o
Hr
o
N
N
o
N
oy
o
_<‘>L
=2
b1 o
N
(L,
%

w
= 58k oH#Dﬂ—% NEO R, &2 <12 molA 0.1 m, 7]
29 molA 39 m, F5+ 29 molA 34 m, F52 3.6 molA] 4.0 m,

T 40 mollA 44 m ML EoloA =4 S tH(Table 2). & Oﬂ?"’ﬂ/ﬂ
+ Sentine-1A/B 97 Wl A (pixe) 2} F-o]e] ¥7F A-l= 20 m o|ue
HX]“O‘PI—’, Sentinel-1A/B 7 £ A7hat Folo] A= AIZF 1A 14
b o]l =S WHSdhi= 7%, Sentinel-1A/B At
o AN ARE TR

ki
S
:cu)L_‘,
02
i
o
-
o



(m]

40°N + 0

':

4-‘—"""_60

11000

38°N -
) 2000

36°N -
3000

34°N -
N 4000
32°N T 5000

123°E 125°E 127°E 129°E 131’E 133°E

Figure 1. Large scale bathymetry map of the seas around the Korean Peninsula,
where the black stars and the red text around the stars indicate location and name
of KMA marine meteorological buoy station around the Korean Peninsula,

respectively



Table 2. Marine meteorological buoy station specification of Korea Meteorological

Administration (KMA) in the seas around the Korean Peninsula

Location

Observation height (m)

. - : Depth
Station Longitude Latitude Atmospheric Wind Sea
= ! Temp. |Humidity | Pressure | Speed |Direction| Temp. (m)
- 12/
Ulleungdo | 131°06'52'E | 37°27°20"'N 39 34 0.2 3.9 44 04 2,200
. -02/
Deokjeokdo| 126°01°08"'E | 37°14"10"'N 3.4 3.4 0.2 3.6 43 03 30
. -02/
Chilbaldo |125°46'37'E| 34°47°36"'N 3.4 3.4 0.2 3.6 43 03 33
-02/
Geomundo | 127°30°05'E | 34°00°05"°'N 3.4 3.4 0.2 3.6 43 03 80
. -02/
Geojedo |128°54'00"'E | 34°46°00"'N 3.4 34 0.2 3.6 43 03 87
-12/
Donghae |129°57°00"'E | 37°28'50"'N 39 34 0.2 3.9 44 04 1,518
-12/
Pohang [129°47°00'E| 36°21'00"'N 3.9 34 0.2 39 4.4 04 310
-12/
Marado |126°02°00"'E | 33°05°00"'N 3.9 34 0.2 39 4.4 04 130
-02/
Oeyeondo | 125°45°00"'E | 36°15°00"'N 34 3.4 0.2 3.6 43 03 47
. -02/
Shinan | 126°14'30"'E | 34°44°00"'N 34 34 0.2 3.6 43 03 25
Chujado |126°08'28"'E | 33°47'37"'N 2.9 29 0.3 4.0 4.0 - 0.1 85
-02/
Incheon |[125°25'44E| 37°05'30"'N 3.4 34 0.2 3.6 4.3 03 40
-02/
Buan 125°48'50E | 35°39'31"'N 3.4 34 0.2 3.6 43 03 50
=127/
Seogwipo |127°01'22"'E | 33°07°41"'N 39 34 0.2 3.6 43 04 105
-02/
Tongyeong | 128°13'30"'E | 34°23'30"'N 34 3.4 0.2 3.6 43 03 55
-12/
Ulsan 129°50'29'E | 35°20°43"'N 39 34 0.2 3.6 43 04 145
. -12/
Uljin 129°52'28"'E | 36°54'25'N 3.9 34 0.2 3.6 43 04 700
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SAR 97 WA dllef 9o T+ Alek(single scattering) ©. = Q13 A
= AYA7E vop SHPAbREAS ] Fhel A
[e)

(volume scattering)®] 3121 Ao 7 Q) | FIR; Fbiket
A7 AA vebdh sieF g el EAeke AUk K o]F

9 A% WAL 9-Al Al (dominantly) A SEo] Bl <F =
A7 A YERdTE SAR AR E o] &ate] Fust YES
A= vioh gl xFE HAukE gA st A A= A
deetA Auks '8t 9 e

al

b

s g-sto] st slF A AL WSttt
AT E 54 99 AH #YE 91siA SRTM DEM AR &
A28 TE Sentinel-1A/B- AFE.9} SRTM DEM A29] 33t afjit+
Z¥ZF 9k 20 m, 30 m ©]7] wio| Sentinel-1A/B A=° 9%, HE
AR {334 SRTM DEM AHE  WAl(interpolation)dto] F A &
s s FES AASAS SA 49 AE BAo] Tl SAR 9%

=
o
o
2,
0o

F g A= dukS AAStE FHE Ty

2 ATFNA AFESE duk g2 duelsS A4S YA ®H (adaptive
threshold method)©] tH(Friedman et al., 2000, 2001; Chen et al, 2005;
Martin-de-Nicolas et al., 2015). g AAIA| WHL A Gl &4l
AAA S A Let= A2 AAA W (global threshold method)¥} A}k

BANE AAAT, BEFE el o FH I S4(local
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characteristics) & 7|HFo. 2 AIXE A &HH o7 FAste] A L3t W
olth. Ag AR WHS AEst7] fIstel 3E A A (target window), H

“F(guard window), B73 & (background window)s A7ttt XA HAS HE
AR 2, Bg el EgtEojof o, wWiEFS RIFEY A3, B
$4E xFEor Stth(Figure 2). BEFS At wiHFOoRZRE HA
(hp? EFEA Ko T Aeta, EAFANN] B Addr 7
Abgk Bty BFEHEAE o] g5t v wAA el weEr ®A W

A

(detection parameter) d=

folr B

R

e Aols :

HEo R AZF 174 o Fdt A SAR AAl FAdel wiel &€t
Adfo s wdlE stav ddFs AEsdlE W, dd fAA A

s s @] witel £ 9] 545 VIweo R 1A

>
_C:L
38
M
o
)
|o
il
)
e
(i,
b
B>
=2
o2
o
iz
o,
£

(ensemble average)= 7l

tf & 3k A Th(Figure 3).
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Figure 2. Illustration of the target window, guard window, and background window
for adaptive threshold method
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Sentinel-1A/B Parameter
Observation time s,
Sigma Naught ¢°(dB) Radar look angle (deg)
Line spacing (m) Column spacing (m)

!

Land mask using SRTM DEM data

:

Ship detection using adaptive threshold method

Set the parameter for ship detection
Target window : n, x n, (pixels)
Guard windew : n, x n, (pixels)

Background window : n; x n, (pixels)

!

Caleculation of local mean and standard deviation of

sigma naght image in background window { i ) and
target window { iiF )

'

Determination of detection statistics o

Ship detection compensation

Shift 1o
Yes No next window
¥ +
Result Result
Pixel = Ship (1) Pixel = Sea (0)
[ |
No
Retrieve whole image
Set the parameter for ship detection compensation
Window for compensation : m x m (pixels)
Shift to
next pixel

Caleulation of local mean of sigma naught in window
for compensation

I

Result of ship detection compensation
of sigma naught data

Figure 3.

Flow chart for ship detection and compensation process from

Sentinel-1A/B IW mode data using the adaptive threshold method
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3.2. FF AHE A

Sentinel-1A/B At 258 &dE= AFEsh7] falld= Z
] &, YAMZES AbESka, SARS #BS7Zbel| tidt wl
?l W AR7F HQdth(Figure 4). SAR F AA A G4
o FTFe AEske WHE SASHAE, SAR 9 W Sl I
o] 715, W71 s=H3, uli-Ik(internal wave), < A (rain cell) 5 ©]
Aste A5, FHARAT] B3 540 dF= 771 "ol F&st
= ArEsked dA7F v wEbd 2 Aol e dad 9
SEFYH TF FJRE AFESY] SAR ARl e WS
A g8t om, ECMWF A&4] vtebd A5 5 *}% skt
de 7INEe R ST e AbEdte WS AtdA #53s VI
ko 2 JikEl GMFsE AME-8HCh GMFsi= ?r Pk A, dAE, Bk
FoARl e me FES dAA R YEkd R, oyt AR
sk vyt dafel] wheh gEbxith 2 Aqto A ARG-Sk= Sentinel-1A/B
47 o]% #H3} AFE C-Band SARE o] &3lo] Al&¥ 2go]7] wj¥-
] C-Band SARS] VV #H3} ARE 7|Wtow 7H‘?j_% CMODE #8331
b CMOD 21 g5 TREE 7€ dE 48 AgolA Ags e
CMOD4, CMOD IFR2, CMOD5, CMOD5.N % g]5Fo] 2t} Table 3
NE daE Ve R /\}%f& AR mE 7 dugsE JSEE
Ukl 22, 7t 4852 SAR FA A4 2 A5 A B, = A
ol web e AR 132157} 137 m/solA 347 mis7hA] o] &tk
(Horstmann et al., 2002; Beaucage et al., 2007; Lin et al., 2008; Xu et al.,
2010; Yang et al., 2011; Komarov et al, 2012; Zhang et al, 2012;
Komarov et al., 2014). F7}48 0= Verspeek, J. et al. (2012)+= CMODS5.N
dag]FolA Jakztel o Ak TS F7Hske] CMODS5.Na ¢ aLe]
AjratAar, & Aol e 7159 C-Band SAR A= 7|HE Sf4FF
dagFE X@}EE H]ﬂi%}ﬂ 9l&l  CMOD4, CMOD IFR2,
CMOD5, CMOD5.N, CMOD5Na &18]5& EF 4833t
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Sentinel- 1A/B VV-pel Image

Normalized Radar
——— [
————> E(>

C-Band Geophysical

Model Functi

(CMOD_IFR2,

CMOD4, CMODS,

CMODSA.N, CMOD5.na)

“

SAR azimuth
look angle ()

|:“> Relative wind
direction {p = 7 - &)

(in-situ measurement; other remote

(W’ind from other datab

sensing data, reanalysis data, etc, 7)

[, | Wind speed ()

Figure 4. Flow diagram for sea surface wind retrieval from radiometric calibrated

Sentinel-1A/B ITW mode data in vertical-vertical (VV)-polarization
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Table 3. List of accuracy of geophysical model functions such as CMODA4,
CMOD _IFR2, CMODS5, and CMODS.N based on previous research and satellite

onboard C-Band SAR

Accuracy of GMFs

Authors Satellite
CMOD4 CMOD_IFR2 CMODS CMODS.N
. ENVISAT ASAR
Lin, H. et al (2008) . 1.74 m/s 2.02 m/s 2.14 m/s -
(VV-polarized)
ENVISAT ASAR
Xu, Q. et al (2010) ) 1.45 m/s 1.58 m/s 1.51 m/s -
(VV-polarized)
Radarsat-1
Horstmann, J. et al (2002) . 3.47 m/s - - -
(HH-polarized)
Radarsat-1
Beaucage, P. et al (2007) . - 2.07 m/s - -
(HH-polarized)
Radarsat-1
Yang, X. et al (2011) . - - 1.65 m/s -
(HH-polarized)
Radarsat-2 1.13 m/s -
Komarov, S. et al (2012) . - - -
(VV-polarized) 1.52 m/s
Radarsat-2
Zhang, B. et al (2012) . 1.42 m/s 1.40 m/s 1.39 m/s 1.37 m/s
(VV-polarized)
Radarsat-2 223 m/s - 1.95 m/s -
Komarov, A. et al (2014) . - -
(VV-polarized) 2.62 m/s 2.40 m/s
- 17 - ,-{4 T



CMOD4 k312|552 ERS-1 Abeb/] #= 5.9} ECMWF Alt4 whgt
A A2, NOAA Ho] a2 7|moz 79 C-Band VV B} A3 A

o=, ?jA}ﬂ 2 oupggel mE ARG AN S vE 2

o (dB) =10log,, (b, (1 +b,cos¢d + bstanh bycos2¢) ") )

by =b, x 10"V 3)

b, =c Py te V+ (012P0 +cyg V)f2 (x) €))

by=c Pyt+ec;(1+P)V (5)

by =0.42[1+c5(cpp +)(eg + V)] (6)

b, =LUT(H) (7

o'E dBES 9] FHRALAE, 0% UALZE, ¢ SARY #Szhel tidt
apekel oAl ek, Ve FE5S UERY, o, 8, 4, by, by, by

Legendre TFA 02 & 18709 A2 BdH, b I3 Ao 7
T3 (look up table)= 2] =] Ut}

CMOD IFR2 <18]&LS ERS AtaAlel w22 Al 34 (off-line
processing) ¥} A5 F-o] g ele] wlw AIE 7|REeZ sdtE C-Band
Vv dsh R0, A 9 uhggel wE FuateAs B e
gt P

o (dB) = 1010g10(10“+ﬁﬁ X (1+b,cosg+tanhbycos2¢))  (8)
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o =c; TP e3Pty )

B=cy+ceP, +c Py (10)
by =cgtcgVi e P +ey P Vit ey te PV (1)

+ (020 teg P +022P2) o+ (023 +ey P +025P2) Vi
V=V _ 4+ Vi (13)

a, B, b, b F 25719 Az xdEHe otk V2
CMOD_IFR2 ¢ag]Fel o8 Axte &%, V.= 5
e FHNAMY HEE S Fol FUHENL, S5 bV,
2 Wttt

CMODS ¢i12]5 ERS-2 AFHAl 59t ECMWF 3] 29l A5 &
vl wstel L ﬂ#i, CMOD4 2 ﬂazﬂ dAFzol Ze- Aol

ANXM = FHMAIASE I Z}ng‘s}—t« GHS KRSt C-Band VV
As} A o2 Atz 4 v whE Sukabad Al A AL v
3} e,

o’ (dB) = 10log;,(B0(1+ Blcos$ + B2cos2¢)" ) (14)

B0 = 10%+alvf(a2v,so)W (15)
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Bl — 014(1—|—.7;)—cl5v(0.5+x—tanh4a3) 6
- 1+ exp(034(v—cyy)) (1

B2 =(—d, +dw,)exp(—v,) (17)

B0, Bl, B2% % 28719 AgE 2949 shats vebdth

CMOD5N ¢11d]5-& H] %4 (non-neutral) ¥ IS ALEE17] 94l
NEE CMODS ¢iudEs F4stel T4 1¥ utgEE AbEsh] 98l
NEe due]E 0 R, ASCATY ERS-2 AHHAl 2= 9}
a9 ZAzE dvwde] ALEAT. CMODSN &
CMOD5 2185y §43ta, CMODS ¢aeEls &+

el Ags 248kt

CMOD5Na ¢ 18|52 CMODSN &uzg|FoA F5° 25 2443t
v W] Al &3k xxr EAEE Tk, ol TS 4
2]5olth. ASCAT AtstAl A= 9l ECMWF % R4 25 & H]w3}o]
MEE AT CMODSN a5 AAA 2 FAsHAIRE IApzel o e
A FARGE FUF FuE, dAAS g3 2o

CMOD5.Na = CMOD5.N+ B0 (0) (18)
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3.3. 10 m 3F A4t

Sentinel-1A/B A5.E o] &

Faok AFEA 9} SAR A}

o

A1

i

o] A% AR

/g-

i 71

9]

14 7143

3|

3.6 molA 43 m Y o]

L —
R

A 3ol

]

7

T
e
=0

°
3

Liu-Katsaros-Businger (LKB) X 2!o]Tth(Liu et al, 1979; Liu and Tang,

1996).

==
)

o
HA
_Z:I
=
o)

it
o}

4
Ho
0|
o)l

a3

ol

¥} Zth(Figure 5).
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(20)
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SrmolA g F4 )L, FE, w, T, g A5 vhRel o)
WS ST, LE, FE, & FHLA e ¥, 2, 2y 25 B,
ex, $E9 BF Bo)T Y. ¥, ¥y, Uk £ S48 ek

q
W2 Businger-Dyer R 2o o3| th7]e] A5 A&
Von Karman &7, K, K K;=

W7 A 9= (turbulent diffusivity) S 2] 7] §Ho},

,22,

& % (momentum), &

Hkdskal, ke
, v mE
A L-tj] @
| . I



[m/s]

(—

h

—
=

Sea surface temperature ("C)

0 10 20 30
Air temperature ("C)
Figure 5. Simulation of 10-m height wind speed retrieval from LKB model as a
function of air temperature and sea surface temperature at a given wind speed (7
m/s), observation height of wind (3.9 m), humidity (0.8), observation height of
humidity (3.6 m), air pressure (1013 hPa), and observation height of air
temperature (3.4 m)
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3.4. ©]F HI SAR AE 9] Pol-SAR -3f|(decomposition)

= ol

oM ] Atshs Fall Eobe

5l
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al
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iE]
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ol

SFA]

=3
"o

}H SAR

S
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i
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g

f

] Fof Pol-SAR

o] 7}

Aol =

O
RS

=

}CH(Nunziata et al., 2013; Zhang et al., 2014).

T =]
5 ©°

To
=
N

AO

jpage]

[e;

QA E0°| Sentinel-1A/B

%)

—

el

0

il

<El

i

wol7] S18lH SAR AHEe

o
s

=
[¢})

9 9 g9l 7

Az

ﬂ

e

SAR A5+ Abgh ¥ E(scattering vector)™ A|7o] i, Az

SAR A7 9] Abgk HlE

3} o] elgiet.

R
=1

= o

(22)

)

; Inn o Jbpry
Spre Syye

; iPve o Jby
Sye€ Syye

g
7}

HH A3}, HV #3}, VH #A3}, vv Ao

7}

T
L

SHH’ SHV’ SVH’ SVV

£17¢ Zh(phase angle)©] t}.

e

sl 89

)

by

v, VHH 3L, VV
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Ao A= Sentinel-1A/B IW EE= 7 o]F Hyl 255 A3}
7] oo Abgk WE e HjAdS A o]% A} o AIAEFEE W
o skar, 1ol wE Abek WE = thad Zo] Ao ®th(Cloude, 2007;
Velotto et al., 2016).

k= (SVV SVH)T (23)

ki X% WE(target vector)®, Ate WHE Ydst HEoly, T+ 3
transpose)E 27|ttt 34 WEE o] 83lo] 7Hid4d(coherency)

Ar=3skar A )zt 3k orthogonal diagonalizability) 2] & % &34 t}

o nt
1o
2

Ty={k « kD)=(uv, vg)(/\ /\2)('01 v,) " (24)

vy, Vo= 2L+ WE|(eigenvector), A, A= LA+ %F(eigenvalue)E 7HE| Xl
THA, > Ay). olEAl ArEst 3 #HEHel 1f #S o] &3] Pol-SAR
TAlE st g AtEo] Jhsska, AN v 2

p=—5— (i=12) (25)

a;=cos (Juy]) (i=1,2) (26)

2
H=— plogp; 27)

=1
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2
a=Y pa (28)

=1

pi—D
A= "2 (29)
PP
pie  SHETE(probability), Hi:  AEZEI(entropy), o A&7t

(scattering angle) 5+ mean alpha angle, A+ W] (anisotropy)= 2™
I H(Xie et al., 2013). dRtA o7 V& oﬂoﬂowt dF Jdnr E
23], Abgkzto]l Fa1, HIEWHAE W2 Fo®E YeRdti(Velotto et al.,
2012; Singha et al., 2016).
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a7 2

4.1. XA dlolEH|o] A

2015 5€9 1¥95E 20179 9€ 30¥7FA] ZF 395 A2 Sentinel-1A/B

W B 34 oz Ax AR5E FHN93, 7174H &S 71 Folst
33 A== 20 moldl, AIZF A= 1AIZE ol E u&a—okb A58 A
sto] AAH dolEHlo] AR FHFAT fﬂura} oS xSt
W 2= 7 o] Hul AZ = Sentinel-1A7} &= ]Z.L:I 20143 4
A5 20159 4E7HA = FAHEA LA 2015»& SEFHE AE5H
oF FAHI lom, 20174 2¥FE = wWiE 15 F o) A=TF A

AbE 3 Q) TH(Figure 6(a). LA dlolEMo] A9 dl¢H 25 HEE 3

CellAl 30 “C7HA YERRE ST, 15 “ColA] 18 °C TRFelA THE HE e
=7} Ve THFigure 6(b)). th7]-81F AAZS] A EE UERE &4

W ex9l 79 zpo] BEE= 5 °CollA 17 “C7HAl YrEFSEAL, 0 “CollA
2 °C FRrelA Mg @& WESF7F UERthFigure 6(c). AT SR
WX 30%014 100%7HA] YEFEO T, 80% A 97.5% TRFelA 7HE
Wo M E7F YERStH(Figure 6(d). 42 ¥+ 0 m/sol A 18 m/s7t

N

ERAL, 10 m/s ©]8F kel M 7HE W RIES7E UEbs S F

.t o
& mE wael o BEaUy, HAF MESI 4Y Be Aow
U EF thH(Figure 6(e)).
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Figure 6. Characteristics of matchup database, (a) the number of matchup data on
that time from May 1, 2015 to September 30, 2017, the distribution of (b) sea
surface temperature, (c) sea surface temperature minus air temperature, (d) relative

humidity, and (e) wind vector in meteorological convention of matchup data
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4.2. ALE A& A

CMOD4, CMOD_IFR2, CMOD5, CMODS5.N, CMOD5Na & 1853 Ab
&sto] e AtEsta 713 Sk V1A Fol A5 AEE 10m =
olof A o] | FFor WEste] FFEE H7hstGlth Sentinel-1A/B IW
R 4 ol Ay ARE AFES 3 Ane dagFel dAglo]
Aoz AA fNFe ZF Est= Aoz UEwth CMOD4,
CMODS5, CMODS5.N, CMOD5.Na 211852 A siA-3Fo] 5 m/s ©]5+2)
BN T Hdl FEskes Aol Kol upgo] ofsh FitofA
A57F AFEe Aol vk, ARl EdEol 5 mis o]l el
Me WSS BAa FAsks APl EAAN AR AYS HolA+
okttt oFsh wuigh A APL CMOD4 L aElES 44353
W 7Hd FESHA UERsth thE %‘ﬂaioﬂ Hlﬁﬁ CMOD_IFR2 ka1
= -
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Figure 7. Scatter plot of in-situ wind speed versus estimated wind speed and in-situ
wind versus wind speed difference from Sentinel-1A/B IW mode data using (a), (b)

CMOD4, (c), (d) CMOD IFR2, (e), (f) CMODS, (g), (h) CMODS.N, and (i), (j)
CMODS5.Na, respectively
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Sentinel-1A/B IW R.= 42 o]F Hil A& AREste] A3 |4
Fo S99 5A4S A8 AslA 71 dleF 714 ol w9
2wl AR, AR, I, Adw Ak Fek 67 Fol= ] o
Aoz wmgty, AMAX, AxL, FAE, AAE, &9 67 Folg ¥
oz, x3, 4k X, ET5-55%, T U Fole wI d9o
2 Easte] S AtE AEEE v sk th(Figure 8). wa P9
92 3o A= CMOD5.N¥} CMOD5.Na ¢ildl5S #4838t aia+<
AR S W tE & arglsH T Root Mean Square Error (RMSE)$} A

ol dugko]l Zop AA dFFS & Rt Ao®E YErWth 33|
oo A= CMOD5 ¢arglEo] RMSEZF 1.54 m/s, B&Fo] 0.17 m/sE 1+
Ehv o dug SRt A FE F Rk AoE UEuth
gl e daElFel dagle] the el re HFo] Frtet
T Aol Y, & doer £ ARt AL HFE Bld
CMOD5N¥ CMOD5Na &18]52 RMSE7} 1.68 m/s - 1.76 m/s, A
°] 071 m/s - 0.87 m/sCE YERY el fdors BTt FHAsH
i, o) F4gske Aol FESHA YERE T CMOD IFR2 ¢alEl&
ol BAGel AdAHSZ HEFo] -0.80 m/s — -0.20 m/s= YEY 7}
FAske= Aol YeRsth A3 A9 (correlation coefficient)= 3l & ]
#glo] CMOD5SNa ¢arg]Fo] 7HE =2 2o 2 yergth dA 8¢
7152 %2 CMOD5Na €125 RMSEZ} 1.65 m/s, B&0] 0.14 m/s,
4 AlG = 0.89100. % YERY thE dugFHo A4 ddETs & R
3t A OS2 YETH(Table 4).

1© o> o o> b
ol
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Figure 8. Scatter plot of in-situ wind speed versus estimated wind speed from

Sentinel-1A/B IW mode data using (a), (b), (c) CMOD4, (d), (e), (ff CMOD_IFR2,
(g), (h), (i) CMODS5, (j), (k), (I) CMODS.N, and (m), (n), (0) CMODS5.Na in East
Sea, Southern region, and Yellow Sea, respectively
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Table 4. Accuracy of sea surface wind retrieval from Sentinel-1A/B IW mode data
by C-Band Geophysical Model Functions (GMFs) such as CMOD4, CMOD IFR2,
CMODS5, CMODS5.N and CMOD5.Na, and Corr. indicates correlation coefficient

Region East Sea Southern region Yellow Sea Total

Number of matchup 277 308 222 807
RMSE (m/s) 1.93 1.91 1.56 1.83

CMOD4 Bias (m/s) -0.91 -0.88 0.04 -0.64
Corr. 0.8662 0.8837 0.8890 0.8815

RMSE (m/s) 1.94 1.80 1.68 1.82

CMOD_IFR2 Bias (m/s) -0.80 -0.67 -0.20 -0.59
Corr. 0.8717 0.8911 0.8850 0.8870

RMSE (m/s) 1.79 1.70 1.54 1.69

CMODS5 Bias (m/s) -0.64 -0.54 0.17 -0.38
Corr. 0.8749 0.8948 0.8946 0.8906

RMSE (m/s) 1.68 1.62 1.76 1.68

CMOD5.N Bias (m/s) 0.05 0.15 0.87 0.31
Corr. 0.8749 0.8944 0.8944 0.8903

RMSE (m/s) 1.67 1.61 1.68 1.65

CMODS5.Na Bias (m/s) -0.13 -0.04 0.71 0.14
Corr. 0.8753 0.8951 0.8952 0.8910
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Sentinel-1A/B IW R= 2] o|F Hy} 275 o|&ste] TS A
=35k Ay, ool #AIgle] A5 F5o] 5 mys olste] Pl = H
Fgoks Aol YEFSIL, 5 mis o1 Gl HA FAske A
o]l etk AS5 FTE5E 2 mis HHC0R S Uro] A8 3
S L39S W, CMOD5SNa &1el59 A9, 7177 38l 99
A= -0.1724, FZE o= -0.1492, F3l| FIelA= -0.1816°] L}
St (Figure 9). A= F5Ho] S7HETE fEE AbE B Fol A F4
oA HAh FAHOE HiH = AEFE sEl YA FEe XA e

FEEA] AR, 5 mis oste] FEM G A =4 A Fe] v &
ol wlsh AsiA veRka, 2= ]l e sjqun sidE Abe A

S etk A6 BE HAE 4E 94 B4 A3 44 40 m
Ao o= Al B LA £1 mis vREe R do =4 4

3 2 © 2 (randomly) WEFSA T 4 40 m ©]38}9]
oAM= AT A=Al B FY sk Aol WEFRTH(Figure 10).
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Figure 9. Tendency of wind speed difference for in-situ wind speed, red triangle

and errorbar indicate mean and standard deviation of error, respectively, and dashed

blue line means linear regression line of mean error, in (a) East/Japan Sea, (b)

Southern region, and (c¢) Yellow Sea
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Figure 11. Effect of bathymetry on wind speed estimation from Sentinel-1A/B in
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April 27, 2017 and (b) May 6, 2017, raw data of sigma naught from Sentinel-1B
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Figure 12. Effect of ship on wind speed estimation from Sentinel-1A on March 25,
2017, subscene of (a) raw data of sigma naught, (b) sigma naught averaged in 11
by 11 moving window after ship detection and compensation using adaptive
threshold method from (a), (¢) wind speed estimation from (b) using CMODS5.Na

algorithm
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Figure 13. Effect of ship oil on wind speed estimation and polarimetric features

extracted from Sentinel-1B on April 19, 2017, subscene including a ship oil of (a)
VV-polarized sigma naught image, (b) VH-polarized sigma naught image, (c) wind
speed estimation using CMODS5.Na algorithm from (a), (d) entropy, H, (e)
Anisotropy, A, and (f) mean alpha angle, a
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Figure 14. Effect of biogenic oil on wind speed estimation and polarimetric features
extracted from Sentinel-1A on April 13, 2016, subscene including a biogenic oil of
(a) VV-polarized sigma naught image, (b) VH-polarized sigma naught image, (c)
wind speed estimation using CMODS5.Na algorithm from (a), (d) entropy, H, (e)
Anisotropy, A, and (f) mean alpha angle, a
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Figure 15. Effect of ship wake on wind speed estimation and polarimetric features
extracted from Sentinel-1A on April 30, 2016, subscene including a ship wake of
(a) VV-polarized sigma naught image, (b) VH-polarized sigma naught image, (c)
wind speed estimation using CMODS5.Na algorithm from (a), (d) entropy, H, (e)
Anisotropy, A, and (f) mean alpha angle, a
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Figure 16. Effect of atmospheric gravity wave and oceanic internal wave on
backscattering coefficient, subscene of (a) Sentinel-1A including atmospheric gravity
wave on May 24, 2016 and (b) Sentinel-1B including oceanic internal wave on July

19, 2017
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Abstract

Retrieval of Sea Surface Wind
from Sentinel-1A/B SAR Data

in the Seas around Korea

Jae-Cheol Jang
Science Education (Earth Science)
The Graduate School

Seoul National University

Sea surface wind is one of the key components in the study of waves,
currents, ocean circulation, and atmospheric-ocean interactions, providing us
with a overall understanding of complex marine phenomena. As interest in
climate change has increased, the importance of observing the global wind
field has been emphasized and European Space Agency (ESA) and National
Aeronautics and Space Administration (NASA) have been producing global
wind fields data using scatterometer. These scatterometer data are accurate to
+2 m/s, but they have disadvantages that are deficiency of coastal wind
field data and impossibility of analysis of small scale marine phenomena
due to low spatial resolution. Synthetic Aperture Radar (SAR) with active

microwave sensor has low effects due to atmospheric and meteorological
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conditions and has high spatial resolution of several tens of meters, enabling
to retrieve high resolution wind field data of less than 1 km. Therefore,
although the SAR data has the advantage of retrieving the coastal wind field
and analyzing the marine phenomenon on a small scale, there is insufficient
to previous SAR data. Sentinel-1A/B satellites equipped with C-band (5.405
GHz) SAR using Terrain Observation with Progressive Scans SAR
(TOPSAR), unlike previous SAR-equipped satellites, is advantageous to SAR
data acquisition and wide swath width, so widely used in various fields. In
this study, 395 Sentinel-1A/B Interferometric Wide swath mode vertical dual
polarization data were collected and processed from May 1, 2015 to
September 30, 2017. After land masking was performed using Shuttle Radar
Topography Mission (SRTM) Digital Elevation Model (DEM) data, in order
to eliminate the influence of the double scattering of ship on wind field,
ship removal process was performed using adaptive threshold method, and to
remove speckle noise in Sentinel-1A/B data itself, we performed a
preprocessing that set up a moving window and apply an ensemble average..
Pre-processed Sentinel-1A/B data are applied to CMOD4, CMOD IFR2,
CMODS5, CMODS5.N, and CMODS5.Na algorithms developed on the basis of
C-Band VV polarization scatterometer data to calculate the sea surface wind
at the Korean coastal region and the estimated sea surface wind from
Sentinel-1A/B are assessed the accuracy by in-situ measurements of Korean
Meteorological Administration (KMA) ocean meteorological buoy. The Root
Mean Square Error (RMSE) of CMOD4 was 1.83 m/s, CMOD IFR2 was
1.82 m/s, CMODS5 was 1.69 m/s, CMODS5.N was 1.68 m/s, and CMOD5.Na
was 1.65 m/s, and CMODS5.Na algorithm make the best estimate the sea
surface wind in the seas around Korean Peninsula. In the Yellow Sea, the
bias is larger than other regions, which suggests that the submarine
topography in the lower depth region have effected changes of the sea

surface roughness in the SAR image and it was a cause of error factor in
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the sea surface wind. Through this study, it is expected that high resolution
offshore wind field data in the coastal region of the Korean Peninsula
retrieved from Sentinel-1A/B data will help to understand the coastal marine

phenomenon.

keywords : Sea surface wind, Sentinel-1A/B, Adaptive threshold method,
GMFs for C-Band SAR
Student Number : 2016-21608
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