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Fig. 1 Simulated SAR image of sea surface (a), simulated SAR image of sea surface with the velocity bunching modulation (b) and simu-

lated SAR image of sea surface with the tilt modulation and the hydrodynamic modulation (c)
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Fig.2 The spectrum of the simulated SAR image of sea surface (a), the spectrum of the simulated SAR image of sea surface with the velo-

city bunching modulation (b) and the spectrum of the simulated SAR image of sea surface with the tilt modulation and the hydrodynamic

modulation (c)

# 1 Radarsat-2 £ SAR ##EE 2
Table 1 Radarsat-2 full polarized SAR data information

Bl sl i e
| st(fﬁgé(]l 101Sj ;;‘g(iiﬁ?/—\?is\‘ﬁg(ﬁ:ggé— 20094F 11 11H02:25:04 46°0406"N, 131°02/22"W
) liigﬁ(;(l)(i?gfii I;;i;gi‘{]zﬁ‘si’g;—f&g 20094F1 18 H 14:30:58 45°57'43"N, 125°39'18"W
3 lii?ﬂgloﬂzgsslj;ﬁl; I;:j é‘gjﬁﬁ‘\‘?&g{; 2?:0 200942125 H02:09:26 35°4443"N, 121°55'42"W
4 R_i?;é;g;; ‘j)‘;i‘;‘;;_‘ é‘g&g_“g‘\‘?\;‘{;ﬁg 2009421 28 F 05:47:58 SI°07'18'N, 178°53'10"W
5 stozﬁg)lé ‘1075_‘124437;’ Eiﬁ;i%\?ﬁéi@é:ggé— 20094311 17H 14:39:15 46°07'05"N, 124°33'25"W
6 ]iigf)cg)(])(;g;ﬁjﬂ%ﬁ;ﬁ%@ﬁ?&i{&g 200948 122 F 14:31:05 46°08/05"N, 124°30'15"W
7 1‘25()217(‘)301(521955?14152269_4}; ;3:\1/3{21{6\5/2;258;27 20104F5 1 15H 11:56:36 28°33105"N, 88°18'34"W
8 1{28()26;)1141%275_3135_2P:15(1i1_§313__&(_?\6/%?{8116 2009411 7H 15:23:16 54°2123'N, 132°2309"W
9 1{25()26;)1129()28573135_11);(18312;ﬁiﬁéﬁ?ﬁfgﬁé_ 20094F 128 H 15:19:13 S4°11'19"N, 134°22'30"W
10 RS2_OK100982 PK877033_DK8IO38S FQI7 5017463 1y 19 1 04:28:44 54°01'02"N, 160°4701"W

20170319 042844 HH VV_HV VH SLC

555 SAR P83 (P& 5a) B 1 T DR 3 285 B A0 AR 4
AT, T AL 5 T 3 ) R0 A 3 2 98 o 5w £ 14

(1 5¢0) WIS /NS 2, HIEH A7 & 5 5 SAR #1148

T HA — R A D



123 VFFRIEAE: JET SAR P58 B2 2R R th A ¥ RS B F 5

115

125.85°
46.11°

N

126.05°

126.25° 125.45°W

46.01° |

4591° |

45.81°
[¥] 3 Radarsat-2 £l 2 (19 SAR &4
Fig. 3 SAR image of Radarsat-2 data 2
2.3 BIRAREEET @A E R LR

R T 2053 WS [R) TR AR 4G T ) B A% A ] R
Bt SAR FIR B 52w, FRATT 5 FLAS [R) T YR AL 46 J7 1n)
(5 BE B ) 19 e £ 23 1) 2 000 15°, 30°, 45°, 60°,
75°. 90°), Hifth 28] 1€ 1% I F B9 7 i SAR KM%,
HETRE 25 183 Ff sl ) 200 19 9 — fk SAR EIZ 3 | X
2 8 R AR A RGO 1 H — b SAR RS 5
JEAT Ak R 1) R A T 2 8 i s 05—k SAR IR

a 2.0

10

1.5

% g
& 20 2
= 1.0 =
= 30 &
= 24

10 0.5

50 0

100 200 300 400 500
PR AR R

o

383
S
(=}

Iy G g
g

100

200

S 3R BT BE R HEAT T LA, 1K 6a AR E IR
A [5]  g PRL 2% B P 5335 R 20 B o B ¥ R A 4 7 1) 1Y
AR Ak, TET 6b W S £ 7% 1 ik J3E 3R R ] IR ) SAR BT 4%
T BR 3 ANAN T P AR i il R I A 3 R R W 1Y
SAR P14 1% AR 3 BE £ 70 ) ot %5 . 3 o 3 il &84 17 14
PG RE B A0 L F o PRI AT DL 7 96 VR A% 16 D7 1) £ Jc
I 1) B A Al A R, A R R SR RO T Y
SAR R4 35 B3 BE A A0 2% 18 3 b 8] i 2000 1 P 453
e R B E T H, B & eb T LA 1, X
5 R B S R Y SAR EUSE B R L
JE 3 I 1 500 Y SAR TR 1% AR 73 64 LU E A B 4
R, T H SR TE 70% LA B SEFLAR VR ) (it 8 )
LA g 27 VR ) X SAR PEIMG 14 52 W) I 255 V8 VR A% 46
77 17 5 1 1) ) SR A £ 0 T 2 3 DR/ A e, T L
AR -5 AR T 2 P R B2 T B PR B e R 4
5 18 3 AR IO Y SAR FEIZ SRR BE B R U0 T
P E /N, FEARATE 20% LR o DA RS — %
] o 52 2R AR 1) X SAR PRI AR 400 B B4 5 0 328 K T4
D R AR T = I i ) 5

i i bR S R AT] & BLAE SAR MG FE T,
JBE 5 RASUNE X SAR 8 v 9 YR S0 HR F) 5 Wi J2 A T flE
AR R A T S R A R ol 2L (5), (7).
FC12) R, IR T T3 A7 1) 04 96 K R B BRloA P 4

b 2.0
100
1.5
4 aa]
% 200 :§
E 1.0
& 300 &
1 I
400 0.5
500 0
100 200 300 400 500
PEE R R
2.0

100
400 :
500 0

300

Pl {55 i /dB

(=}
W

400 500

PR /AR R
P 4 Radarsat-2 £ds 2 g R 512x512 (R 3 SAR EIR (), 0% 188 R AU i 19 SAR P15 (b) A5 e A4 i A
TR 2E T 4 SAR E& (¢)
Fig. 4 SAR image of 512x512 size selected in Radarsat-2 data 2 (a), SAR image that only the velocity bunching modulation is considered

(b) and SAR image that only the tilt modulation and the hydrodynamic modulation are considered (c)



MHEEdy 4345

116
0.08 100
~ 80
T 004
g
el
g 60
K 0
z 40
b=
~
~0.04
R 20
-0

.08
-0.08 -0.04 0 0.04
B 19 3 4/ (rad-m )

0.08

0.08

Wi/ (- rad %)

0.08 100
T 004 80
g o
3 B
£ 60 E
® 0 £
= =
£ 40 2
=l s
~0.04 =
R 20
-0

.08
-0.08 -0.04 0 0.04
BE 19 3 4/ (rad -m ™)

0.08

g
(=
g

Ti B 1 e/ (rad-m™")
(=}

|
f=4
(=)
g

—0.08

20
15Qm 15
200 m~ T
W, 5
\ ‘5\017\\ \ 3
7o) {110 E
=
b
s =

0

"-0.08 —0.04

0

0.04 0.8

BE 1] e B/ (rad - m ™)

5 SAR R (a), 10 7% fE o B 3 o0 1 19 SAR PR (b) R 5 REATTARE IR i Rt 7 o7 2 98 1 1 SAR FBI5E ()
Fig.5 The spectrum of the SAR image (a), the spectrum of the SAR image that only the velocity bunching modulation is considered (b)

and the spectrum of the SAR image that only the tilt modulation and the hydrodynamic modulation are considered (c)

a  ——FR3MIARIEER
0 —o— U R R A A
X% EARALRA S AR Ty 2 A

FIR ISR E/dB
|
S

0 15 30 45 60 75 90
&7 1R /(%)

I 505 i SRR A
I 0% R AUAR A ) A Ty 2 YA )

b

—_
(=3
S

P D [
S (=} S

i 3FPR B SE IS AR E 43 iy LU/ %
[\
[=}

(=}

0 15 30 45 60 75 90
47 190 A/(°)

K6 i EL SAR IEG 15 FR 70 AE Ht Bt I VR 1 6 07 1ol £ A2 AK (), TR TRAL 38 07 1) A8, 2% HEAS ] 1 ) 335 AU B e o 8
AE LAY HL (D)

Fig. 6 The spectral integration value variation of the simulated SAR images with different wave propagation direction angle (a), the pro-

portion of the spectral integration variation under the different modulation conditions with different wave propagation direction angles (b)

K, BB, BT8R A K, M BT i AR
A EC B AU RN AR 7 ) ) 52 e )
JEH /N
3 AHBERE 5

T VY T A R A R T B MR S () S I A AN T
Z A . Arsenault A1 April® 3iE B T AH T BE M 75 2 3fe

P S IR A PR 2 B, — AR T
B 751000 T % g

(16)
o, R 2] (Y SAR EHR 8 R s i <2 AH
IO 18 L S I AR iR E 5 3Fe 1 M P il A2 Gamima S5 A, H
BIME R 1, I B T35 KSR bR ifE 2 0, e

o, = \/var(D/ED) an
2, var() R R BEPLAS B 197 225 B() oK B
At AP X T AR Ok UL, 7 2200 1o HE R
READL B — A U T 1R1 3515 5 (&1 7a0) 5000 30 14 M 5 4
Kl 76 FTR o

I=x-n,



1238 VFFRIESE: JET SAR P50 B2 2R R ) Ay Vg RS F 5

117

a =5
200
400 6
600 & -7
‘ [as]
g 800 | g g&
= 1000} =
1200 9 &
R 1400 (8 i
i 10
1600 i
1800 W -1
2000 G i “12

200 600 1000 1400 1800
HEAEINEES

R 53 AT SR A M P T P13 D S e, S S o S
Mg 75 RS 0 3 1 e 7 1 4R A S G MR RS AT HL A,
Pl 8w oy I B T A 1) 18 K0T 349 10 5 1 Ty 32 435 2%
AT LUE HEs e 75 5 i i D s s m T
A S IR P M 7 7 B )RR R . X T T SAR
P BT YR R AR TN 5, JC AR TR 2 7R
83 P AV I 25 DX 8, Sfe MM 7R 5 5R T ARk A 3 R,
I T ] o o SO ATV VR RV I, A4l Hassel-
mann VR T 55 QS (9 IR OC 3 AT, 3fe 1k Mk 7S A
AR B X 0o 5 | S I 5 I 3R 25

0.25

—— R
PSR

0 0.05 0.10 0.15 0.20 0.25
YR/ (rad-m )

L8 1 T
Fig. 8 Mean density of image spectrum along

azimuth direction

4 T A RO Y SAR BRI TR

S

H i, 7& Hasselmann i V1 3% S 8 & ik v, i T
Bragg i - fitg 0t Js ke v 1A (] 955 e R RL B2 1A VR AR
Ry AEAL, NI, 3T Bragg B 6 BT 15 06 VR 6 2 i
PRIESOIT AN HER e Ah, AR g 2 8 2 A AN Bl
Ao SR, JE A T 04 43 B AT DL, KRG AR R i A0
TR 7 AR T R R AR i X SAR IR Sr B
FRAIE B 52 0 A 2 51, 3 fefT 4 Pl R 3 SR O
il B T YR 3 2 Y 9 T A I YR S 50T R T Dk ME A

P 143 B2 /dB

200 600 1000 1400 1800
FERT /AR

7 ST Ca) VA A ) T W75 ) — 4 7 o £ 5

Fig. 7 Two-dimensional echo signal of ocean wave without (a) and with multiplicative noise (b)

J34h, i b HEE, A B2 4y SAR IR
AR, R (IR BT TR oA M 7 2 3 BT TR
1 B 38 7 AR S 2 TR 22, ORI/ NI DR B S, AT
T T 38 SR RO A S BT YR 7 O 1) R R

A2 (1) mT AR, Y 1T D7 62 1) A3 ] R

g_izzk:ikyékexp[i(kv—wr)], (18)

Ao, kAR AL P A . AR SAR G VR I i 3
W, A7 P R SR AR 5 e 1) Y 0 — 1k SAR B
Al FIR A
I°= ZT[bgkexp [itk-r—wi)]
k (19
= Z Tk, explitk-r—wh)] »

X,
T" = —Bw(cos O —isinbk/k). (20)
X (18) X (19), 5 5 45 B 1 (1 R 3 P 5
D5 oz [ RER 3% P 2 [H] A BB OC 2K
2 Py w02 P
> |7 R
TR A R w = Vek, 30(20) X I Bk R /N
BB B2 BRI, I3 80, W IR TS — M AR A, B,
3 (21) AT DL 3 06 Ab Pt XeF 7 1 #4026 w0, 305 (LA
w, T FE AT A 2R AT AT U8t 5 DX 3l A B MR T el R 1Y
SN

AR R R R B KN

Py =T 21D

2n
/lzk_p, (22)
A, ko IR, PR
r=2" (23)
w

SR A T BB B 16 P I YR A
it
Q24

X, ou N T7 LI RER TR 6FR R IR AR TT 17 5

o, ® 0,/ sing,



118

MHEEdy 4345

P8 i) 1 2 1 5 A 280D v Hs T LA Sk 3 I8 I R R R
By pRsk i oe
H; = tan(o,) - (1/2). (25)

&9 23 il 45 T B T ROHE 2 R EHE 3 SAR A
835 B — B G S T8 T A5 VTR A6 1) 53
&1 9a o B s 2 SAR PG T 5 132 2R o o o] S v e
R RERGE, T EAT B A RO = R 3.39 m, KK
K 256.74 m, IR AL HE Iy 1) 5 5 6 ) I f Ol 63.23 ©
& 9b Hh, S BT A B A RO = R 2.18 m, K
216.85 m, 1 #& 17 18] f1 M 126.69 °©, — MAK UL, X} F

0.04
iz o
.'g 0.03 'g
= <
§ 0.02 ,@
= S
R 0.01

180° o
o008 $=63.23 o

"20.08  —0.04 0 0.04 0.08
BELBS 1 B4 (rad m )

T e Sl (R TR T, ARG TR S bR T B A T
TR —FERY, PRI, 7R3 0 SAR S Hh 38 B — e X I
S T A IR 15 5 SAR G i I Ath X358 e 1 T 15 1
IR EAMRIYE. 7 A ] —1E N, MR
B, FRATTIE T s 2 g 3 PR SAREME Y 34 i
Pl AG X i TR 35 HE AT TR, BT AR 45 SR O &1 10a
FE 10b, K & 10 e i 25 R 5 & 9 v ik Bt SAR 1 &
G S 8 45 SR A AT AT DL e e i R 5 ) B P 15 S i
JITAS IR A TR L A R s 32 R R 4G )
T —3.

0.08

0.04

Ji LI B (rad-m™)

—0.04

180° _ o

0,08 $=126.69

-0.08 -004 0 004 008
BELES B4 (rad m )

9 Radarsat-2 54 2(a) M 3(b) A SAR T~ FIG IS 38E B 44 07 (07 1) 6 3%
Fig. 9 The azimuth slope spectrum retrieved from the sub-image of SAR in Radarsat-2 data 2 (a) and data 3 (b)

0.08
0.05
004
e £
Z 0.04 2
B 0 003 £
g 03 S
200 002 7
0.01
0.8

"-0.08 —0.04 0 0.04 0.08
LS B (rad m )

0.08

0.06
r; 0.04 0.05 _
- =
£ 0.04 =
g 0 e
% 0.03 g
= :
E S
2004 0.02 &

0.01

-0.08

"20.08  —0.04 0 0.04 0.08
LS B0 (rad m)

10 Radarsat-2 54 2(a) FUECHE 3(b) BE0E SAR PRSI T 45 5 oz 1) R 2%
Fig. 10 The azimuth slope spectrum retrieved from the SAR in Radarsat-2 data 2 (a) and data 3 (b)

Sk B AR SC i R A R A v, AR 1
1 10 5t Radarsat-2 SAR £/ Ji2 13t it 75 45 2R 430 5 1%
i B 45 1 ECMWE 153 A7 £cHis #6047 1 %0 1, 25 R
22 FioR, MR He#, 2 IR 4 I T MPI i A [R] H:
AR ) BRSO BT T A 45 5, O T X A A 1Y
A, fE MPT ik Hh 223506 3l 1 SAR MG 5 A 1R 3%
) — B 42 1 W B O 2R 5 38 118 Vg YR 9 1 R 00 4 3% 1A T
BN o 3 PPN ) BT T vk T AR A R0 R S A O
28 BSE L s A & 11 TR, 5 ECMWE 43 37
A RO = B I T BT B WL 12, 75 TR R 5L

BOHE X e B 11 HR 2T N R AT SR 4 B R
AR ST ST T A A A e B LG S, T T A )
I ARR 22 0 0.79 m, UG LRAIE R 1.13; &
B R % €S2 R 43 501 Sl MIPT 7 926 S 3 ) A 80 o 4%
B HA AL, K r RiR 25 1.47 m, L4 LA
SRR 0.44; W €0 RIS REE €2 50 2 AR 3 TR A £k 37 il R 5K
T RV AT 0 v 4 R AU 4 % L T A 2

MR IR 2 146 m, LA EHZRE R 0.62,
5 ECMWF H- 40 M 8030 %t Fe i 10 T LA i, High
R EHR S 9 h—3, I BAR SOy 3 R s



128 VFFFIEAR: ST SAR [R50 B2 2R R i ) ¥R B i B 5 119
# 2 Radarsat2 BIEREREFENERESER
Table 2 The retrieved significant wave height of different inversion methods for Radarsat-2 data
BlE A /m MPIi%/m (RIRR AL IR ] e K /m TEARIZI/m ECMWEFH 1808/
1 1.76 1.71 2.06 3.10 322
2 3.39 1.73 2.08 2.51 2.72
3 2.18 1.56 1.73 2.88 2.15
4 3.13 1.88 1.13 4.05 3.27
5 2.60 1.80 2.82 3.44 3.45
6 2.65 1.81 1.93 2.47 2.08
7 1.11 0.46 3.08 1.49 1.42
8 6.32 2.61 6.72 5.20 421
9 2.11 2.58 3.87 2.60 2.54
10 242 1.01 4.10 231 1.94
5 0497 22 0,92 m W 3 B0 B e R L ,
FETE LRI 12 % 77 0 R A L BR 036 BpRE13m
WL e 55 MPILJ7 125 00 [7) A5 A 98 i) e 85002 S i ) A 30 g S [eRK3Z0.60, 3T IRIE=149
A e, P AR S0 S A St T A5 B (9 4 Z . :
BT TR B2 5/, 597 BRI R XY LR L4 T 2 S
SERHET 1, {E R 5 BUT 10 240 B = )
FEARIN, 5 (24) AT 78, A SCO7 VR P L 1T B & | ez
) B 7 2o
10 - 0 0 2 4 6 8 10
koo i1 1 7 m EONWI A BT i
g | oRHERI=0.62 HITRRI1.46 Wl 12 N[ J5 i B A 280 5 ECMWF #5p Hr 4k
b ] . ok H s I
§ Fig. 12 The scatter plots of retrieved significant wave height
?\%\t‘ 4 ., by different methods with ECMWF reanalysis data
I o ° e
i R BRI IL o 5, SE K TR ARG 2
N , U 308 3o X T R 7 () 5 0 43 B7 2 A T BE N
T KGR SAR P {90 AT — 52 B W 5 2 7 I 2
P 1L TR 5 i S A A s 5 AR LI 45 SR X L SRR E IR 71 6] B S R S 0, IR T, 3
g TR L% 0 e A 0 SAR P9 25 2 )y
Fig. 11  The scatter plots of retrieved significant wave height A7 i) 484 SR 1) 7 2 DA BB A T B a7 (g s ) 3 oo
by different methods with buoy data e e I < AR SO i I T A9 A 7 R B
s i MPL 5 2 7L B 8 T8 B R SO0 7 8 4 0 5 0 B B

AN SCHE S4B T U T SAR IEE iR L R
AR 3 2 ) 0 3 52 2R SRR A 3 o 3 i R 5 B
% AN TR) 3 1) R B SAR MR 43 B B B LY, I
SRR IR AL B 7 10 5 B0 T Gt o LA, 453 BRg o)
T, & B3 3R AR A E 3 R ) bk SAR B 1Y

F1 ECMWF F- 43 BT 8504 W) & 9 4f . 55 Zhang 5514 2
HH ) A A AR 3R i I T B TR AR [ 2, AR SRR S 3
T AR Ab SAR B4, DA B B (07 R SR A
il 5% 1 1Y) SAR PG  J80V YR 5 67 ) AR R L SR,
T B UL T Y 20 00 YRV B S 1 A% B N, AR SO IR
TR 80 R 1 T TR AN TS



120 WPE2ER 4346

SE K

[1]  Alpers W R, Ross D B, Rufenach C L. On the detectability of ocean surface waves by real and synthetic aperture radar[J]. Journal of
Geophysical Research: Oceans, 1981, 86(C7): 6481—6498.

[2] Hasselmann K, Raney R K, Plant W J, et al. Theory of synthetic aperture radar ocean imaging: A MARSEN view[J]. Journal of Geophys-
ical Research: Oceans, 1985, 90(C3): 4659—4686.

[3] Lyzenga D R, Shuchman R A, Lyden J D, et al. SAR imaging of waves in water and ice: Evidence for velocity bunching[J]. Journal of
Geophysical Research: Oceans, 1985, 90(C1): 1031-1036.

[4]  Alpers W, Rufenach C. The effect of orbital motions on synthetic aperture radar imagery of ocean waves[J]. IEEE Transactions on Anten-
nas and Propagation, 1979, 27(5): 685—690.

[5] Engen G, Johnsen H, Krogstad H E, et al. Directional wave spectra by inversion of ERS-1 synthetic aperture radar ocean imagery[J].
IEEE Transactions on Geoscience and Remote Sensing, 1994, 32(2): 340—352.

[6] Jacobsen S, Hogda K A. Estimation of the real aperture radar modulation transfer function directly from synthetic aperture radar ocean
wave image spectra without a priori knowledge of the ocean wave height spectrum[J]. Journal of Geophysical Research: Oceans, 1994,
99(C7): 14291-14302.

[7]  Briining C. The impact of the ocean wave-radar modulation transfer function on the inversion of ERS-1 SAR image spectra into ocean
wave spectra[C]//Proceedings of IGARSS ’94-1994 IEEE International Geoscience and Remote Sensing Symposium. Pasadena, CA,
USA: IEEE, 1994: 2032-2034.

[8]  Alpers W, Schmidt A, Schmidt R, et al. A comparison of ocean wave-radar modulation transfer functions at different radar frequencies
and polarizations determined from tower and aircraft measurements[C]//1995 International Geoscience and Remote Sensing Symposium,
IGARSS '95. Quantitative Remote Sensing for Science and Applications. Firenze, Italy: IEEE, 1995: 1087—1089.

[9] Hasselmann K, Hasselmann S. On the nonlinear mapping of an ocean wave spectrum into a synthetic aperture radar image spectrum and
its inversion[J]. Journal of Geophysical Research: Oceans, 1991, 96(C6): 10713—10729.

[10] Briining C, Schmidt R, Alpers W. Estimation of the ocean wave-radar modulation transfer function from synthetic aperture radar im-
agery[J]. Journal of Geophysical Research: Oceans, 1994, 99(C5): 9803—9815.

[11] Hasselmann S, Briining C, Hasselmann K, et al. An improved algorithm for the retrieval of ocean wave spectra from synthetic aperture
radar image spectra[J]. Journal of Geophysical Research: Oceans, 1996, 101(C7): 16615—16629.

[12] Mastenbroek C, De Valk C F. A semiparametric algorithm to retrieve ocean wave spectra from synthetic aperture radar[J]. Journal of
Geophysical Research: Oceans, 2000, 105(C2): 3497-3516.

[13] Schulz-Stellenfleth J, Lehner S, Hoja D. A parametric scheme for the retrieval of two-dimensional ocean wave spectra from synthetic
aperture radar look cross spectra[J]. Journal of Geophysical Research: Oceans, 2005, 110(C5): C05004.

[14] Zhang Biao, Perric W, He Yijun. Validation of RADARSAT-2 fully polarimetric SAR measurements of ocean surface waves[J]. Journal
of Geophysical Research: Oceans, 2010, 115(C6): C06031.

[15] He Yijun, Perrie W, Xie Tao, et al. Ocean wave spectra from a linear polarimetric SAR[J]. IEEE Transactions on Geoscience and Re-
mote Sensing, 2004, 42(11): 2623-2631.

[16] He Yijun, Shen Hui, Perrie W. Remote sensing of ocean waves by polarimetric SAR[J]. Journal of Atmospheric and Oceanic Techno-
logy, 2006, 23(12): 1768—1773.

[17] Schulz-Stellenfleth J, Kénig T, Lehner S. An empirical approach for the retrieval of integral ocean wave parameters from synthetic aper-
ture radar data[J]. Journal of Geophysical Research: Oceans, 2007, 112(C3): C03019.

[18] Li Xiaoming, Lehner S, Bruns T. Ocean wave integral parameter measurements using Envisat ASAR wave mode data[J]. IEEE Transac-
tions on Geoscience and Remote Sensing, 2011, 49(1): 155-174.

[19] Stopa J E, Mouche A. Significant wave heights from Sentinel-1 SAR: Validation and applications[J]. Journal of Geophysical Research:
Oceans, 2017, 122(3): 1827-1848.

[20] Pleskachevsky A L, Rosenthal W, Lehner S. Meteo-marine parameters for highly variable environment in coastal regions from satellite
radar images[J]. ISPRS Journal of Photogrammetry and Remote Sensing, 2016, 119: 464—484.

[21] Romeiser R, Graber H C, Caruso M J, et al. A new approach to ocean wave parameter estimates from C-band scanSAR images[J]. IEEE
Transactions on Geoscience and Remote Sensing, 2015, 53(3): 1320—1345.

[22] Shao Weizeng, Zhang Zheng, Li Xiaofeng, et al. Ocean wave parameters retrieval from Sentinel-1 SAR imagery[J]. Remote Sensing,
2016, 8(9): 707.

[23] Grieco G, Lin Wenming, Migliaccio M, et al. Dependency of the Sentinel-1 azimuth wavelength cut-off on significant wave height and
wind speed[J]. International Journal of Remote Sensing, 2016, 37(21): 5086—5104.

[24] Shao Weizeng, Jiang Xingwei, Nunziata F, et al. Analysis of waves observed by synthetic aperture radar across ocean fronts[J]. Ocean
Dynamics, 2020, 70(11): 1397-1407.

[25] Shao Weizeng, Hu Y Y, Zheng G, et al. Sea state parameters retrieval from cross-polarization Gaofen-3 SAR data[J]. Advances in Space
Research, 2020, 65(3): 1025-1034.


http://dx.doi.org/10.1029/JC086iC07p06481
http://dx.doi.org/10.1029/JC086iC07p06481
http://dx.doi.org/10.1029/JC090iC03p04659
http://dx.doi.org/10.1029/JC090iC03p04659
http://dx.doi.org/10.1029/JC090iC03p04659
http://dx.doi.org/10.1029/JC090iC01p01031
http://dx.doi.org/10.1029/JC090iC01p01031
http://dx.doi.org/10.1109/TAP.1979.1142163
http://dx.doi.org/10.1109/TAP.1979.1142163
http://dx.doi.org/10.1109/TAP.1979.1142163
http://dx.doi.org/10.1109/36.295049
http://dx.doi.org/10.1029/94JC00633
http://dx.doi.org/10.1029/91JC00302
http://dx.doi.org/10.1029/93JC03373
http://dx.doi.org/10.1029/96JC00798
http://dx.doi.org/10.1029/1999JC900282
http://dx.doi.org/10.1029/1999JC900282
http://dx.doi.org/10.1109/TGRS.2004.836813
http://dx.doi.org/10.1109/TGRS.2004.836813
http://dx.doi.org/10.1109/TGRS.2004.836813
http://dx.doi.org/10.1175/JTECH1948.1
http://dx.doi.org/10.1175/JTECH1948.1
http://dx.doi.org/10.1175/JTECH1948.1
http://dx.doi.org/10.1109/TGRS.2010.2052364
http://dx.doi.org/10.1109/TGRS.2010.2052364
http://dx.doi.org/10.1109/TGRS.2010.2052364
http://dx.doi.org/10.1016/j.isprsjprs.2016.02.001
http://dx.doi.org/10.1109/TGRS.2014.2337663
http://dx.doi.org/10.1109/TGRS.2014.2337663
http://dx.doi.org/10.3390/rs8090707
http://dx.doi.org/10.1080/01431161.2016.1226525
http://dx.doi.org/10.1007/s10236&#8722;020&#8722;01403&#8722;2
http://dx.doi.org/10.1007/s10236&#8722;020&#8722;01403&#8722;2
http://dx.doi.org/10.1016/j.asr.2019.10.034
http://dx.doi.org/10.1016/j.asr.2019.10.034

123 VFFRIEAE: JET SAR P58 B2 2R R th A ¥ RS B F 5 121

[26] Wright J. A new model for sea clutter[J]. IEEE Transactions on Antennas and Propagation, 1968, 16(2): 217-223.

[27] Lyzenga D R. Numerical simulation of synthetic aperture radar image spectra for ocean waves[J]. IEEE Transactions on Geoscience and
Remote Sensing, 1986, GE-24(6): 863—872.

[28] Keller W C, Wright J W. Microwave scattering and the straining of wind-generated waves[J]. Radio Science, 1975, 10(2): 139—147.

[29] Arsenault H H, April G. Properties of speckle integrated with a finite aperture and logarithmically transformed[J]. Journal of the Optical
Society of America, 1976, 66(11): 1160—1163.

[30] Lee J S. Speckle analysis and smoothing of synthetic aperture radar images[J]. Computer Graphics and Image Processing, 1981, 17(1):
24-32.

[31] LeeJ S. Speckle suppression and analysis for synthetic aperture radar images[J]. Optical Engineering, 1986, 25(5): 636—646.

[32] LeeJ S, Jurkevich L, Dewaele P, et al. Speckle filtering of synthetic aperture radar images: A review[J]. Remote Sensing Reviews, 1994,
8(4): 313-340.

Ocean wave inversion based on the velocity bunching
modulation of SAR image

Xu Qiaohui t Zhang Yanmin v Wang Yunhua 1.2

(1. College of Information Science & Engineering, Ocean University of China, Qingdao 266100, China; 2. Laboratory for Regional Oceano-
graphy and Numerical Modeling, Pilot National Laboratory for Marine Science and Technology (Qingdao), Qingdao 266237, China)

Abstract: The effects of three kinds of modulation (the tilt modulation, the hydrodynamic modulation and the velo-
city bunching modulation) on sea wave SAR (synthetic aperture radar) image are compared and analyzed firstly.
The results show that the velocity bunching modulation has the most significant effect on SAR images. In addition,
due to the inherent speckle noise in the SAR image, it is difficult to filter or suppress the noise in the range of low
wavenumber. And the inversion of wave spectrum by classical MPI (max-planck institute) method will result in the
larger spectral value in the range of low wavenumber. Referring to the classical MPI inversion algorithm, an azi-
muth slope spectrum and SWH (significant wave height) inversion algorithm based on the velocity bunching modu-
lation are proposed in this paper. Comparing the SWH obtained by the classical MPI method, the co-polarization
modulation method and the algorithm proposed in this paper with the buoy data, one can find that the mean square
error between the SWH retrieved by the algorithm proposed in this paper and the SWH obtained from buoy data is

0.79 m, which is the smallest among the three methods.

Key words: the velocity bunching modulation; ocean wave inversion; speckle noise; significant wave height
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