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o 2 dTAME 99 7IEES THH22 HEske] SOP (SAR Ocean
Aol A §3t] RADARSAT-1 94282578 nigt, s, df79 =
e FAE 28 T UNH
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rocessor) ZEAAE N2 o] TRAHAME SHtE A
ARE FEIPoH, olF dFARY vwd A3 AT

dA-4o] 33, B3, 7, CMOD4, COMD_IFR2, wave-SAR ¥ 3 inter-look cross—spectra, Doppler shift

ABSTRACT : Recently sutellite SAR techniques have become essential observation tools for various ocean phenomena such as wind, wave,
and current. The CMOD4 and CMOD-IFR2 models are used to calculate the magniiude of wind at SAR resolution with no directional
information. Combination of the wave-SAR spectrum analysis and the inter-look cross-spectra techniques provides amplitude and direction of
the ocean wave over a square-km sized imagette, The Doppler shift measurement of SAR image yields surface speed of the ocean current
along the radar looking direction, again at imagette resolution. In this paper we report the development of a SAR Ocean processor (SOP)
incorporating all o these techniques. We have applied the SOP to several RADARSAT-1 images of the coast of Korean peninsula and
compared the results with vceanographic data, which showed reliability of spaceborne SAR-based oceanographic research

KEY WORDS : ocean wind, ocean wave, ocean current, CMOD4, CMOD_IFR2, wave-SAR transform, inter-look cross-spectra,
Doppler shift

1. A = 2477 gl o)t (synthetic aperture radar, SAR):= % Ab# o)
H(imaging radar)®] YEL A, SlFol A Feo] F Bele
o . o] H¥ Il ty wave) ol 173 cm veke] ERA
AT ¢ "é% Al satellite remote sensing) = 3§ %8 Boko)) Y ; JJrgraV)l y— j};j J}gxlqa 2@?}0”4;] o1 2
N AAH L BEHe £7e RaARD Yok o ey oy wave ° MO SR S
2 B2 5 gl 9394 Mgl el e By
LA} %}%—E— A E 7y 714 Aol g2 Aokdo) ¢l
—

H(surface waves), W SHinternal waves), 3&(currents), B}
FHwind cells), A AFo wE 54 (bathymetric features),
et 3 (ship wakes), 715 #+&(oil spills) 53 2o sfokst

3, el FREA A2 A sael Adug s

9] 4% FEE AF3= SARY scatterometer Al 28] AL

o] H4Holgt & 4= 9ltKCurlander and McDonough, 1991).
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& ZukAlEk A4 (backscattering coefficient)Vr 7+

E3 H ¥(spectral distribution)o] wat 221919 SAR 94
2182 7}A e tH(Elachi, 1988; Mouchot and Garello, 1998).
AT %Y v (wind), SHeH(wave), a1 (current)<t
F3 G gl dstd AFHA4E SAR FdeRRE

ki 22 SYEYSH HARE FEY T U TEHY =2
AAg e BEuaz sy

o] ATFJME HAF HEE FEs7] Y8 CMOD4
(Stoffelen and Anderson, 1997a, 1997b)¢} CMOD_IFR2
(IFREMER-CERSAT, 1999; Quilfen et al, 1998) 33¥ 243}
#3% ¥](polarization ratio)E& ©]-83 3 E A (Horstmann et al,
20000% AH43 SAR 49 FUMIHRASTERE &S
Aok ET wave-SAR G4 WS B3 e ~HEY
E3ta 933 9o APLs AEsPeH, o o LA
wigt whgko]l ot 180° EEA(180° ambiguity)d] EAE &2
8}7) 938} inter-look ‘cross~spectra 7] (Dowd et -al,, 2001;
Bao and Alpers, 1998; Engen and Johnsen, 1995)2 283}
o R S5 ARe 39 AdAC diste] SAR Aol &
AAlE AZE el ade]  ARAE &2 oA wAlsE
Doppler shiftE ©]-&3 7| (Chapron et al, 2005).0.2 Ak&3}
it

o
e e o2

ol

o] =R E ol9} o] SAR FAORFE doix& ThY
g sty SEmEE 7Ry S%AE 53 2L A
29 Hlusle FEd AHE HE}ATH

2. o|25 ujd

1978 vl=2] SEASAT HA4o] BAME ] F SARE o83
o B 27] dFE ST B AXTY JEEE T
= Z12ded #3% d7(Elachi and Brown, 1977; Tomiyasu,
1978; Jain, 1981; Ivanov, 1982; Moore, 1985) W]&-o] F& o]F
Rom, o|F sy Het AU @S ofssta Fets)
7l 93 e g deueE e F4 2 dAS5E He 47
(Alpers and Rufenach, 1979; Alpers et al., 1931; Briining et
al, 19DEo] ARSI =3 A¥H AFE HolE o] &
Aol olgt XY H(quasi-linear) 3 ¥4 A (nonlinear)
e EAL Hole o] e A7(Swift and Wilson, 1979;
Raney, 1980; Raney, 1981)E°] o]%oix %t} Hasselmann
and Hasselmann (191)-2 SAbIE o] &% vy ue] 943
off B8 Al she] Dy B AHEY & 245}
°o]F ta d7Ed 8¢
AAE 5 NGEES AHY ks 28 Ve S8 4
=9 $HBY D ALDowd et al, 2001; Bao and Alpers,
1998, Engen and Johnsen, 1995; Chapron et al., 2005)¢] # 3k

i
ox

9 Z7)} W, slute) AT AP, K59 AL

AFEo] Es NP vk EE interferometry 7€)
polarimetry 71&€&¢ HE% &8 AFE% dual-beam ATI
(Along-Track Interferometry)$} 22 2L A9 gy o
HH A(Toporkov et al, 2005, Farquharson et al, 2004;
Frasier and Camps, 2001)E°] A5 it

H oA 2xd fdBR AFES U EE, FH2006)
2 SARE o] 83 Hute] kAol 8% 249 vt diet
2HEY FAY A ATFol4 SAR GFARE &8st 1
s st FAZE PEE AESAR, (2001 20050
ERS9} RADARSAT 44As22E APndg olLsty 3
$EY YPHESFE 5 VS FPRdy HE F £ B
o AT, B, F, WE-ge L steds dnege] ¢4
B 913 47, 28 i YRR EAsts St B3 &
A3 (quasi-linear) W& A3}

Table 12 & JTo0A A& &7, 33, 7=z 2zt
TR F& /15T AYEHY 2 dAHES FYg
ot &4 diidol dlFY A9 CMOD4et CMOD- TFR2 5.2

2 10~20.me} 94 A= Wl F2(wind speed) AEE 4
(o]

< o} Wgke] gt ARE gAY #Y A5E F=2
sto] sidsfiof sk A ] Ak WA A
g Hr 2 7|H £ wave-SAR ¥ 7E-e whgko] gt
180° 2 54& siAsA K3k A7) glon, w

cross—sepctra’| o2 0|2 AT F gt} HF 2
2HY A Ulg olFERE FIv AT WUnlem

Dual-Beam ATI®] A$E olg3 A4S 28 4 J& v
Holu} A2 AwEn s AZE SAR A2EE

B 7oA SAR 946N AE B, 7Y =
AW 299 TR0 2257 A8 o9 BAY AT 7
HEL Hessgon, 8 LSS e 2ot

Table 1 SAR & ©]-&% 3 A7

Target | Wind Wave Surface Velocity
ethods | Wind |y SAR|  inter-look ... | Dual-Beam
Retrieval Transform | Cross-Spectra Doppler Shift ATI
Values Models ST
Magnitud o o o . o
agnitude : LOS only
- A
Direction x 150 A o) LOS only o)
ambiguity
R 10m 2 km 2 km 10 m
Reshtion | | SPR | SAR Gt e SR | sAR
Resolution | imagette |~ nag imagette Resolution
A priori
e wind Azimuth cutoff, strongly | windrcurrent New
Limitation ] .~ . s
direction nonlincar decomposition| system
required
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(1) sHZ{wind): CMOD4, CMOD_IFR2

ddoz 4T FuE FEaE LndFoD A4

= CMOD4 (Stoffelen and Anderson, 1997a) 723 RdlofA

TunaAs o0 SR &5 Ve #ANe g g
00=b,(14b,cosd+ b tanhb cos29) 16 (1)

047]/‘_], boz b ,,><10 u+¥f1(V+ﬁ)o]111,

-10 ifyslg'“’
fi(» =1 logy if 10 ~"<y=<5
' V3.2 ifyd5

olt}, %3t CMOD_IFR2 (IFREMER-CERSAT, 1999; Quilfen
et al, 1998) ZgRde o9} A}
00=10***"Vx(1+ b,xcos® + tanh b ,x cos20) (2)
A3 42 C-band VV HF9 Aot HEHE 73
2oty CMOD4s CMOD_IFR2 Z @A H&5Hs mAd
FE 44 Y& & Y B 4AFdA A"
RADARSAT-1 9/¢A5¢} o] C-band HH HF &8 72
= tg3 Zo] AP vl(polarization ratio)l e FEAE
< Hg3A drh

2 2

ofl= (%i;;c:: zg)z 0y (u, ¢,0) @)
i 2 2

ot Ut2sin O) - v, o 0y

"~ (1+2tan %0) 2
2(3)ell A agrol el Bragg (a=0), Krichhoff (a=1), Unal
(0=06) A& zdz FE3w Elfouhaily A4 242 2(4)
2HE AEdnh 44 SAR G4 FHEE uo= gy A
el wet g AEAF vHAS dgste] ARRSA Y,
o] W ¥ A& A5 45 Hin R AFo| HFHolth

) mZHwave): wave-SAR B2} inter-look cross—spectra 71

Hasselmann et al. (1996)2 &9 AZHEH3 SARe| 23
4 29 ey BAYS o3 go] vehligich

—>. . o 2n ‘ —
P(R)=exp(=#3% ") 3 > (k.B)"P,,( k) ©)

P(CE): a SAR image spectrum

k i the wavenumber component of the long waves in
the azimuthal direction

B: the ratio of the slant range to the platform velocity
®/V)

P . the spectral factors

n' the nonlinearity order with respect to the input
wave spectrum

m: the order with respect to the velocity bunching

parameter B
AE)elA 3 ol B A& ofehst 2tk

v 2= Xuly =87 [|TY *F(Rdk ©)

% 2 the mean square azimuthal displacement

u - the radial component of the orbital velocity of the
ocean waves

F(E): an ocean wave spectrum

T3} range-velocity B85 T4 dg Aoz AEd.

T';=—a)(sin9l—kk‘r-+icose) @

T",; the range-velocity transfer fuﬁcﬁon
o: the radian frequency of the long waves
(o=2Vgk)
©: the incidence angle
k. the wavenumber component of the long waves in
the range direction
A% A #AL SAR 94E 2443 Fourer HEE A
g & wave-SAR W#< &3 AApoA HFe] Fa
£ &

o]9} o] wave-SAR W3 om FEHE ufeo] WL
180° R&XA(ambiguity)S 7HIth ©)H & E3HE A7)
93] inter-look cross—spectra 977]H(Dowd et al, 2001
Bao and Alpers, 1998; Engen and Johnsen, 1995)& #4314
tk o] 7L o Ao diste SAR dAdE 4& W o
05-1% Atol€] coherent integration time ¢t G487} o] F
A&, o] AIZF < gigo] APHA §HA 7t WaA =
t}. melA] SAR 43 AAE @AM coherent integration
time® W7ol N2 g2 Azt @93 J4E 274 o) o
£, o] F479 BAE AAES o835ty ne] olF W
< %253 Jdch Cross-spectra 718 AL A I}ehe] wbak
imaginary ~¥E3d AE25E d& 5 Urh Rea 29
A= ¥ (symmetric) HEIE 201, imaginary &%)
Z¥= v (antisymmetric) BE|E EolEH imaginary
HEH Ao (HZFo} (-)Fo 2 ugte] WyPutdke] 4
2ot B dFME (HF o] S Moty

oot

i
o [ o ot e

(3) all&(current): Doppler shift

SAR 9to] dojF FA aEAie] 23L& Doppler shift
2 718" #F7Y ol55%(speed, Up)St Doppler shift(f,)
ole] #BAA L &3 ZtHChapron et al, 2005),

Up= ~fpl k,sind; 8
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Up, : target speed towards radar (m/s)
f p ¢ Doppler shift
(fp= Af;<Apz'xel, Af= prf] imagttesize)
k, * the electromagnetic wavenumber ( 21/A)
© ; : the angle of incidence of the radar beam
FpE A nominal centroidet <& Doppler centroid 7F

9 A AN Apixe)ZHE AFh A prf  (pulse
repetition frequency) & G4 A 4R FY AFet
£ imagette size2 WE #tolth dF o]F £E9 F3E A
AEFI7E Felv B Fete gHoje BLE ()3E, 2o
A7Fe B$E ()FE Jehdo. dwE o2 Doppler shifts
SAR 943 FAE dA(focusing)ol X Range HF oz A7
7} o] FolA ¥ Azimuth ¥W3FO.2 1D Fourier ¥ &3 AelolA
o]Folth SAR SLC Aol 948 A& ZAfolE Azimuth
weko 2 1D Fourier ¥#¥ “ElolA Doppler shift7t 4+&#
t}.

3. SAR Ocean Processor (SOP)

SOP (SAR Ocean Processor):= Fig. 1¢] ZA|E ups} 2
o] SLC (single look complex) SAR %4AEF o] &3l 3
= 98, 5 AR 3F gudEs vter dHe 9
ARE FEI=E ALHUL o EZEIHL
Windows 87394 Linux #73& EARIE Cygwinol g
Z2aPdA PAAYHn FPEHAT ANSI-C Aol2 o] F
olZ Q7] wEol AMgAle Helo) wa g AR E
AL 4tk B3 AL BN LG EH7| dEo] ALE
A WA Z2add A Aus A5 48 Ao ¥y
£ 483l Bd2 9ED ol T TRIYS Aok

i =
54

Shift Decction

= =
TEE

Fig. 1. SOP (SAR Ocean Processor)

Table 2. SOP Z2AM 4&Y

Input: RADARSAT-1 SLC (CEOS Format)
Output:
1. SLC Header Off
2. Multilook Image (by average)
3. Wind:
- Backscattering Coefficient (Sigma_naught, dB)
- CMOD_4 Wind Speed (m/s)
- CMOD_IFR2 Wind Speed (m/s)
4. Wave:
- Wave Spectrum
- Interlook Cross Spectrum
- Multilook (from interlook processing)
5. Current:
- Doppler Image
- Doppler shift estimation(vector file)
~ Velocity estimation (text file)

dEndze YANAE(raw data)Z2EE SAR focusing
A& AR CEOS E£49 SLC (single look complex) AEE
ARg-gith, Z2AA sPde E8EE YL dF FEY
CMOD4, CMOD_IFR2 7=, 33 HFEE 23 Qe 933 &
#lE Z(wave spectrum), inter-look cross—spectra X}=E0]H,
qFY £ ARE V&Y £ YT Doppler shift A3 A&
o]ti(Table 2). BE ZAF4E 4Z8A 2 GIS A8 & =
2aPo R £44 EAE £ Y=F HAANAG

4 A7ED

B AFA ALEd A85E RADARSAT-1 9A852 A
Fx QT 9L £33 19999 11€ 159, 19999 11¥ 25
g, 1999 12€ 199 37} 983 20049 119 89 #ZHE A
St el 39 17) GAdolth. SOP Z2AA 48 23 &
g ARE £A4% 237 vaE AT dPAERE +=d4

SEERE
% A4 2RAZE 428 FEAGT

240l 7]%% CMOD4$ CMOD_IFR2 22& #43ho]
N2 EF&7 FRABASO BAZ Fg 20 2N
t}, Fig. 291 EAIE Z2d8ZE 19993 114¥ 159 AF AL &)

FTAAS e YEa 1o, Zhzhe] dund
o wat F£L 1~11 m/sd e Boln Ytk ol A4
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Fig. 2. CMOD4¢ CMOD-IFR2 2dd SubAtehz 4
()¢} E2(wind speed) T

Fig. 3& 1999¢ 128 19¢ AIFE d<
RADARSAT-1 %4528y 28 3¢ 2
cross-spectra H3-& 53 £&% amplitude, real, imaginary
28EY ANE EAF Ao|th Wave-SAR WA S 283}
o FEE #Yg 24E "34 amplitude?] 2FEFP
(cross-spectrum) A3= ;, —k A AA S Hole &
At B3 HEE Boln, 322 ~HER AioA realdt
22 imaginary ~9EE Zae vdiA FHE Yehlaz 3l
t}. olo] %9 imaginary 2HEH AdA (HFE HF
o] APare AAsPon, o= dFA #AFH AWS A
g29% AxH=  AdgoltTable 3 FF). Fig 4%
wave-SAR H3AS 8¢ 256x256 imagette ZF °§"‘°]
stgte] z=7)9l s (wavelength)S 87 8l F
~AERoRYE SA5uH kS FEI, okl Q)%
wheke) wAH(A)L AHEshe] Table 39 A4

2n
& 9

4 8
o

my
o,

>J
l!

Fig. 4°] EA12 FAAGL AFE AT AHYoln, 1999
11€ 159, 1999 11€ 259, 1999d 12¢€ 199 #54€ =
BEo|}. Table 3o A wle} o] 129 199(C) FAL
HHFE 280°, BIFTEH 7 ™% wpgo] 7d ol A%
A UelA Ug(swel)d] S SUozE AHE F
ok ddidez 1149 15¢A)% 119 25Y4B) g2 B
€9 FUE S¢ez NEsrle oHey, FEAY 994

O

E
e

A shgel B4 wolm gtk w@ HFe| g 2ol F
23 Bud AtE SUNELE 94 B4E 7HE 4 9
o n o

= A

52 o 12
154 3% 11% 25Y 9 FE AF 542 v
REY PRARSE F & Y0 o 99 2uEgy An

AME Uehta glom, 4EE Z34ge oibue
a7 JEde 4 & 9k

SAR Spectrum Cross-Spectrum (Amplitude)

Cross-Spectrum (real part) Cross-Spectrum (imaginary part)

Fig. 3. SAR wave spectrum¥ inter-look
cross-spectra 718 A4 ZA#H(128x128 imagette).
GCP B.A(ground control point correction) A
BAAE 4.

(A)

(B}

()

Fig. 4. SAR wave spectrum (2D FFT) A%
(256x256 imagette). GCP BA & JAzIE: (A)
19993 114 15¢, (B) 1999 11€ 254, (C) 1999

W 124 194,




Fig. 6& SHANGFZAMIAAN AFste JF52FE A8
2

Table 3 RADARSAT-1 G458 2] wave A9} AWS A8 o}, Al85 RADARSAT-1 9AAE7 B2F 20044 119 8

N 199913 1999 19993
12 = el ‘-— L
. QAR 19 150 | 19 52 | 129 192
K A) (B) ©
. 1 281° 26° 281°

sibad ZA] 1]

(;}i’féi AN e | 1) | @1
wa) zgnzg | ¥5m | N5m 156 m
- B Cl@E14m | 28m | +8m

| BEER | 277 280°
=33

WEAS  Aaan | 20 4% | 19 ola | 7 oy

Hags | 9w 11 7% 7 W%

Fig. 5% Doppler shift 71¥< 243l 28 =24 F
A(Doppler centroid)®] °]F WS Z=AIT AFet A2 YA
= FH-#9e A gidoict. o AXE o]F< E(current
speed)= A cnolA 10 W6 mlwke) zHe Bl Doppler
shift 7|42 9449 PGP FHaH, goly o] A
P AloPHEKLOS) digt FrAg 58 + e &
AZE itk wEbA #Fe] olF kel tiE HRE Alopddk
oz JMHAE A4 BoAE A2 WrolAH, ge
yare] WE JR-E AEINK BT 7|4 3 FELS A
#A)e] olFo] A& BF |83 Doppler #toli, WY
H& 2% Doppler Shifte] aigdch W4 ol 17
AZ oz FAE 45os 49 Doppler shiftoll sf@3tn,
A At GM Boz &E71E ascending AENA &
Zg viEra 298 A4S nsd o] 3¢ 199 ¢
o Rt olFde AL ¢ F Ut

Fig. 6. Current % 33 (3= &, 20dd 11
€ 8Y). HaM H& ol24 Doppler, WY He
Current®] €3+ Doppler shift.
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Fig. 6. d&2FE (2004 11€¥ 8% 18] 30%&, =¥
A EF=AH).

54 &

B a3 A SOP Z2AAE Ak A 2= 3
%, 9%, %9 B #E EEFE AEI] 93 ez
HE AR =25 98 CMOD4s} CMOD_IFR2 ¥
gt gdutdoz HEHI JE wave-SAR BEA T
inter-look cross-spectra 71H-& F3 W39 A7} W A
BE FZ3gon, Doppler shift 7278 a7 %
el A U olEEEe W AHHE AEdGTh
SOP +34d=e d38H X&EE Huste 2 Zdi A3
g A7E 498 ¢ ATk FF A PlH 2AHE I

gusHy, A%n YUY 4n 2EL AW LuIF uY
2 54 BAE ANA 99 0% 48 BRFE) F5Y
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