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€2 A5 vk CMOD4, CMOD-TFR2 R &L 3 4F9 3718 ?‘ﬂ glo™ wave-SAR ¥ 7191¥ inter-look cross—spectra 713
< Hge] A7), Wy 2L BdH S 258 4 vk E3F Doppler shift 7S A &8t HfFEES 78 F vk B 3o 99
1HES T84z ZHEs9 SOP (SAR Ocean Processor) ZZANE Mstgnh o] Z2AXE FHHIE Aot X A&t
RADARSAT-1 FA2 256 3F, 3%, siFe 228 ARg FEs90v, o8 &4 ¥ A5 vluste s 2o de F
A5t

N

o

N

HMMEN : 8T, 9, AF, CMOD4, COMD_IFR2, wave-SAR W3 inter-look cross-spectra, Doppler shift

Abstract © Recently satellite 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 magnitude 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 of these techniques. We have applied the SOP to several RADARSAT-1 images of the coast of Korean
peninsula and compared the results with oceanographic 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

T QAR Alzdoltt. dgdl vehts ®HNsurface

waves), W H(internal waves), )5 (currents), HF¥Hwind

1. M E

32

T AFHAH LA DA satellite remote sensing)= 3| %E  cells), s|A A 3ol ulE EA(bathymetric features), A9 &
wokoll A AAHolm A w32 2Agn vy A% F(ship wakes), 718 FE(oil spills) 53 22 3 FEA 3}
A" AR} L EoE vy 71 A 12 A 58 FuAbebAl<e(backscattering coefficient)tt F7HY 43
ko] gla, y/ulte] B@atA FAE HEsts a4t el E® B (spectral distribution)oll whEl 2z el SAR gA4A
£ = g ARZE AFse SARY scatterometer E 2 7FA 3 ©H(Elachi, 1988; Mouchot and Garello, 1998)‘
Azgle] Aol "eAolg & 4 ti(Curlander and 2 odge gy §F(wind), & (wave), 3lF(current)2t
McDonough, 1991). 72+ ohoFst s ok FAatel ity <394 SAR Ao =K

3HA 77 ol ol H (synthetic aperture radar, SAR)® G4+elo]  £4£9 @r|9} w3k sl A MYyt FEH Avist
U(imaging radar)®] dF2o2A, dFoA Fe] 8 B9 Wy 2L dIEddy FRE FEY F U THEA
Hol & FHY3(gravity wavelt EH A3 (capillary ZEAAL ARS EXE2 AT
wave) & Tl EIXAEHE 23U Qe p=d o] dAFoME AT ARE FE3I7] ¥ CMOD4
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SARE ©| &3 ¥, 7

(Stoffelen and Anderson, 1997a; 1997b)¢} CMOD-IFR2
(IFREMER-CERSAT, 1999) 7Y rdy H34 v (polarization

ratio)E ©]-¢% Bd 2 (Horstmann et al, 20000< 7 &3}
SAR 949 FaRd#EASszEE F4£g Fakgd. =3

wave-SAR W3 WEE B3 g ~HERS FE30
A3 sho] APEFE AE3gon, o W AAHE 9P W
gkoll T3k 180° REAJ(180° ambiguity)e] &A= 437 9
3t inter-look cross—spectra 7]1%#(Engen and Johnsen, 1995;
Bao and Alpers, 1998, Dowd et al., 2001)& & &34} 7
9] &&= AHE v AFA Y giste] SAR Fe] o=
AZE Frell S ge] AbA7E 23 olWA w@AEE Doppler
shift® ©] &3t 7]q(Chapron et al, 2005) 0.2 Ar&st4r)

ol¢} o] SAR WO ZHE ANEE HF, A, dAF 3
¥t e g E 7)1dAEY SdAE 5 2e dF 3
Az vluste &9 AAE HEIA

H

2. OIEH ui&d

1978 ) 39] SEASAT $14e] ¥4l |5 SARE ol
® A% wo) x7] AFE AP BE AL Sl

B3

gl &)

#A 5 71248 AF(Elachi and Brown, 1977;
Tomiyasu, 1978; Jain, 1981; Ivanov, 1982; Moore, 1985) W-&
o] F& o|Fom, o]F |t FH AN H4E o]
st otaby] gk AAEA | SenEe FH L A
Z2 9% A (Alpers and Rufenach, 1979; Alpers et al.,
1981; Briining et al.,, 1991)E°] A==l =3 483 A%

& Hol& 9 YR olyel £43 3 (quasi-linear) L ¥
AE A (nonlinear) A% 54& Rolx o &3 A-(Swift
and Wilson, 1979; Raney, 1980; Raney, 1981)5 ] o] Fo]A] ¢
t}. Hasselmann and Hasselmann (1991)2 At S o] &%
WA FE e g s ﬂ——r“ﬂ’ﬂ vho] ke

548 BAlslo o|F AFEY =S T A2
= vl F2E, 71446 5 sdEgEd Add g g8
713 839 dxnEFe FHRYE 2L N (Engen and

Johnsen, 1995; Bao and Alpers, 1998, Dowd et al., 2001;
Chapron et al, 2005)ell &g AFEo] FEs] AP o)
E3F interferometry 7] oY polarimetry 7]&S 243 $-8&
ATE 7 dual-beam ATI (along-track interferometry)e} zZ+&
AMZE Alzd ey #HA" A (Frasier and Camps, 2001;
Farquharson et al., 2004; Toporkov et al., 2005)E°] A= 5% a1
it
HZ FuleA 2urd &
(2006)2 SARE ©]-§3gF 44t

L AF 2 W 4T

Zo £ARAE % AT, 2 IR EAstE #
Zo] g #43(quasi-linear) WS A3k

12 2 Ao Aed &F, 93, siFd 449 A
TR 32 e AEEAY 2T IAREE AT
Folty. &4 o] ¥ 4§ CMOD4¢ CMOD-TFR2 &
g 10~20 me G4 AT Yo F£ ARE AdS F 3o
U wae] dig AR d@3AsY #4d A8E Fxsio 3
Aok st A ] ok dA AFE uiet o] w AR
FZ 7|Y % wave-SAR 93 7E-2 Wik oid 180° 25
s HEIA Ede AV 9o ¥hd  inter-look

’

cross—spectra 7| o2 olE AT 5 gt AF 2ol 3
A ®¥de Yo Ulg ol5&EE Ty A WHeE
Doppler shift 71'8¢] $&¥3 =9 o= LOS (line of
sight) &) g AR d& £ e A7 Aok

3 dAELE HFE F AUe
NZL SAR A4adHe Doz

Dual-beam ATIS] AS$E o
welolu H2 gEn Q=

Fige

£ AT7dXE SAR F3A dF, 33, siwe sS4 @
He EYFE THHoE FEI7] A8 ol #¥d A7
7IHES A&dden, F2 WEES v 2o

Table 1 Methods on satellite oceanography using SAR

Target Wind Wave Surface Velocity
Methods | Wind
Retrieval Wave-SAR| Inter-Look Doppler | Dual-Beam
Values Mdds Transform | Gross—Spectra Shift AT
Magritude @] O O 8 O
LOS only
- A
irection x 187 o] o]
. 106 onl
ambiguity v
. 10m 2 km 2 km 2 km 10m
R:jﬁt? SAR SAR SAR SAR SAR
| Resolution | imegette | imegette | imegette | Resolution
A pricd
Limitati wind Azimuth cutoff, strongly | windrcurrent New
on direction nonlinear decormposition | system
required
1) #IZ(wind): CMOD4, CMOD-IFR2
DRHo2 AYE ARG FEHE nAFOE A8

= CMOD4 A8 FaaASF o°9 33 = V
o FAAL g A (DT A2t ojw ¢& 3 (relative wind
direction), b,& ZFAFR. A1 (residual correction factor)o]™,
a, B, b by by 18719 BE AR e tEaeR
¥ 3 9 v} (Stoffelen and Anderson, 1997a; 1997b). o] =&l A
= B4 g AFEY Zes Atk

0 = by (1+b,cos g+ bytanhb,cos 2¢) )



3714, by =b, x 10" oy

s

—10 ify <107
fily) =1logy 1070 <y < 5 °lth
Vy/32 ify>5

CMOD-TFR2 4@ E 92 SAR d7dolA s)4FS F&3&
EOE AYEHSE oty A )% Bk
o® =10V x (1 +b, X cos ¢ +tanhb, X cos2¢) 2

71X, V, & AA 71&S vl o] 5 FFS
e, a,8,b,b, 5 4 ol o TAE tEae
71 (IFREMER-CERSAT, 1999)% =4 ## t}3
B #E2 syt CMOD4gt CMOD-IFR2 A @ A)o) 2
{5 #2 Widss 47 gE g .

2D A D C-HEE~8 ) VV HB3el H$olvk 4
& 7ted Addolrr, B dFola AlL-3 RADARSAT-1
3} o] HH 9% ZE2 5% SAR 94379 HA%E 4
(7 2 ek 2ol HH v (polarization ratio)ol] tHEF ¥4
< A83 FHHorstmann et al., 2000).

A _ (1+atan20) ol
R 9,0
gr (1+2sin%0)?
=3 0,0
70 T (1t 2tan%0)2 (1, ,6) @

2 (33 4 @elAd ue T (wind speed), o= F3FH(wind
direction), 8+ A2} (incidence angle)o|th A (3)o A o 3kl
w2} Bragg (@ =0), Krichhoff («=1), Unal (o =0.6) A&+
A2 FEHY, Elfouhaily AHet e 2 (HERE A&H
A SAR @3l AT el = e el wE A
A A v A st AREsHA HH, o] W &
#HE Anee 4% vu 2 AZo] Hasith

e S

o3l
g

2) 5 (wave): wave-SAR ®E inter-look cross
-spectra 7|
AN HAE = wo] EHE F A¥A A% ARE
FE37] 9gk gurE A% A B3-S SAR IS 220
F29 W (Fourier transform) g 2A3F & 2838 A
oA stFe] Fo ~HEAS FEFozN Yy e v
3 A weks AA3A 9o AZ 24 L uAgT
A% EA (Hasselmann et al, 1996)& Ho|:x= 1o 33 A7

ol AgHAR 2 Q)
o] AFolME QJ_WXJJ Ay iAo H4¥ FFT (fast
Fourier transform) 7|'#¥-& Z-&3sl9.2H, FFT 7|H2 #4=2

AL kg Adehe duaFons el wad 27 skl
2T AN W A 3

—

A% N ko AFRE o, AF 4

il

—

e e 3 e Az 19 42 e f o glon,
f70)= T ®
a71A e 239 HQ BEolnR e 4 (6)3} Zo] 1

Ehd 4= glr)
r=(ry)=astyy ©)
kOZ(kx,ky) kzx+kyy

AU7PEA A ZE =, A &3t
A E 2] (DI 2o] B 19

o e ki BUAANA kol ARetE TN #e 71K
3 e el e 09 e UEhiE 2749 delta @59] ¥
g7t A oW Fe) Aol g W trew
\F(R) = 46(k— k) ®)
A A B M= real ghore] EAlEDE TS A3 o] T
Aok
f(:) = Acos (Eg . r— wyto) 9
o]z Felo] Wgaly, Au) e Hstd AdUEAL Ta,
R = 2 ak=k) + ok + ko) 10
4 (1003} gol B, k9 —k AHAAD e AR 3, 1}

A Gl e g 7HAA EA =iz ol <3 skl W
oA 180° mEAjo] LEFUA Fr} o]xd HaAoz
S woli= dFe] B¢ real FEX

W AAdE e S A¥Eefe
Gl B o ke ko k, AEo
"(plxel) F9} 3 3A
< 2D FFT 232 =59 43949

o Y
R} © fo,
o ox,
Az
r rlo
> 30
) i‘l
1
fru
o
oz

2
o o
o
o
o

>
2y
g
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o|9} o] wave-SAR Ao
180° 234 (ambiguity) 7HA1H, <l
%’4?‘5]1 inter-look cross—spectra AT 71HE &35} o] 7]

2 Y A He) t3le SAR 94E 48 9 2 05~1% A}
0]4 coherent integration time &%t 97437} o] F oA =],
of A1zt &<t vhito] APSIHA HR|7F WA Ho) wlA
SAR %43} A€ @A A coherent integration timeS Y
Fol A oZ A7 dojR A4S 27) o)A WHET, o] o
Akl RAR BAE 01%‘3}04 TL}E}-/] O]E ”“?}% —7}—%6“
JIt}. Cross—spectra 7|H< &

sasy AnzyvE 98 ¢ A deg ke 92

(symmetric) FEHE HolE real AHMEY FHiel i
imaginary ¥ E# A3 v A (antisymmetric) FElE 2

o|=d imaginary ~HER Hi A (H)Fo} (-)Fo g 1
o] Asdtgto] AAHAY B dfoME (+)Zo] el A
Yrgtol ),

3) aliF(current): Doppler shift

SAR @70l @012 FA A#A e S4YL =28 W3l
(Doppler shift, f,)= 7152 79 ol E&Z(speed) Uyt
fpohel BA AL o} ob 2 (Chapron et al, 2005).

2. ) ol

(12)

Uy S(target speed towards radar, ™)
fp + =57 H3HDoppler shift)
(fp= Af X Apizel, Af =prf/imagtte size)

k, : 9 (electromagnetic wavenumber, 27/\)
6; + YA angle of incidence of the radar beam)

fo= Afst ¢4 AEZo]=(nominal centroid)$} &%
=28 JE=Zo|=(Doppler centroid) 7+9] A XM Apizel)E
2e AMgEr} olu Af prf (pulse repetition frequency) %t
£ G3AT A 4R dH P imagette 272 VhE
otk #F olF =9 Rue= ATA(SF)7F ¢l 2L
st F2ol A9 (DS, ZolAsE AL (O
YT ‘Q“&Z‘L‘l fpE SAR 9743t Fx]¥] dAl(focusing)
Al A AleHrange) W&O2 A7t o]FoA F HH)(azimuth)
wako g 1D Falo WEe Aol o]FeiRr) SAR SLC
(single look complex) G4o]l 98 A2QA A= W) Wk
o= 1D Fol wgd deddA f, ato] AEHTh

3. SAR Ocean Processor(SOP)

SOP (SAR Ocean Processor)+= Fig. 19 E=A]E i} o)

3, 7

Z 7|¥ AT

o

SLC SAR G4At8E o839 =F, #7, fF
duHEFS Ve R dAY o EA ﬂia FEHEFE
drE i) o] =2 3L Windows #7414 Linux $7% &
ARSHE Cygwinolghe Z2adojA AsdEi F3EA W,
ANSI-C 912 o]Fo|x 7] wjioll AL&=te] Heo uhe}
Uddt AAHE AT F Ut FHo] AE AN &

45)7) Rl AgAE WA T Bad ATk WS
S 48 Aol MFE YYstel FYR WED, o1& B T2

WL Alojgtt.

Shift Dptection

Fig. 1 Flowchart for SAR Ocean Processor.

Table 2 Input and output of SOP processor

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-TFR2 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)

AU E YA A B (raw data)ZEE SAR focusing 3
AL AX CEOS 9 SIC ABE AMESY, Z2AA $
YA FHHE Fd2 ;T AR CMOD4, CMOD-IFR2
g, 43 ARE zk3 Qe SAR G 2RY F&54 BF
2HEF  inter-look cross-spectra Atg2olH, d|F9 £x A
RE &g 4 9+ Doppler shift 23 zEo]ti(Table 2).
RE A= 9AEA L GIS A4 A8 ZEOde s &4
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Fig. 2 Plot of wind speed estimated using CMOD4 and
CMOD-IFR2 models for different backscattering coefficient
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AA® CMOD4Y CMOD-TFR2 A8 =223 d3 v g2)L
A&t F45& 33 o AT BE A\2"F eho
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Fig. 32 19999 12€ 199 RADARSAT-1 QAR ZHE

AFE QT g 29 % ~HEYH cross-spectra
AL 73 &9 amplitude, real, imaginary A=A AHE
Alcross spectrum) A#E AT Aot} Wave-SAR W3

SERREEL
g Agatel 259 }F 2M=% amplituded] Az
sHEY A K, —k AAGNA #E wol: uF WuE

AR vgAd S Jeh)
3 ok e WPHEFL FE9 imaginary 2HEYH A
gA (HZEoz2 AARHT Fig. 32 GCP (ground correction
DG 0.2 imaginary 23 ejA LEF Wgko]
vhete] Zsgurgkoln}. GCP BAgol & el A2l Fig. 4 (C)olA
HH, QEF ofdf Wk T

SAR Spectrum Cross-Spectrum (Amplitude)

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

Fig. 3 SAR wave spectrum and inter-look cross—spectra
(128x128 imagette).

(A)

() §

Fig. 4 Multi-look images (left) and SAR wave spectrum
results (right) for 256x256 imagette. GCP corrected images:
(A) 1999/11/15, (B) 1999/11/25, (C) 1999/12/19.
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Fig. 4= wave-SAR W34S 83 256x256 imagette 2
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(wave crest) @ tE|Y &5 3l 9= WHo] B Bol: o

}6
425

4 B4 Jen Aok 2EF0] EAY #3F suee)
H el EE?E A% B)e #4HE FHE Rol: wd (O o
Aoz FA% dUS YT o

Table 3 Ocean wave direction and wavelength extracted
from RADARSAT-1 images and automatic weather
system (AWS) data
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