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Fig. 2.1 Coordinate system for wave-field reconstruction problem

Fig. 2.2 Consecutive radar images utilized for wave-field analysis
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AdelA ahA Z3rt BAEA e & =YV (illumination

o

golt omAZREH FAHEH visibility FTE

>

ratio, L(nO)E AALMST. A& delg olu Ao s =PH|=

O3 o] Aqtdn.
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L(r,0) =23 0(r.0.0)ar (2.4)

g3 Ao FAIZA EAo] A5t E3E(Gaussian distribution)E W2
e Aol thal, =FHIe  ol&4d  FAHX+= Smith
3o tH(Smith, 1967; Bourlier, et al., 2000; Bourlier, et al., 2002). Smith
e dold BAaY A F2 By 3 AR dherolH,

YA LA &5 53k (shadowing probability density function, S)=-

FEHT (O, g0l tsl AH&Este] ta Zo] Avtd 5 Ao

S 4
S(u(r);w(0))= JJmS(fmqoaﬂ(r);a,w(g))zm,—w(e)dfod% (2.5)

where u(r)=h,_/r.

AZNA, Gt g 27t daet FW AAE YEY, o9 wo)E

Smith = AL FAAoNA  FHE A7]FEFS(Spatial
autocorrelation function; SACF)e] ¥ oJFo| wzl I FHE
g3t SACFE 113 3}#| &+ uncorrelated Smith T2 7%
=g Ay Agke S 7Y 4 JAIRKSmith, 1967), 1R AL
TS i FHsks dAVE Ak W correlated Smith e
Ax A SACFE n#Estm=z= 189z &9 TS ©e

s 2T F Qo £A ARS TIHE VR Aol



2 7 H(Bourlier et al., 2002). Smith $F2] AASF AL HAH L HE=E
AlolA A & Ao

Correlated Smith 32 H7}st7]  ¢JsiAE  SACFe 23
& Bl (closed-form)7} FFol A of 3Tl B AT AE SACFES ZAE
st Aukg EqR e ik £x3F A4S Fdga, o]

Z|gkate] thgo] 22 SACF +74

>
o
N
P
r
kW)

SACF(I) =0 (1+¢l+c,0* )exp(—c/)cos(cyl)

&= 14(p° J_—1-\/ﬁ)

0

I2 _”2 (2.6)

wr
where [=—, ¢, = >
o IR

el Aol wiAHEF L9 p7b SACFY AES BASH] )
ZlEReH, e ZARD T 9] a7t He ARE onst,
po= lh A1 olA SACF2] #S Yepdth 2 A4 E SACFe A
HA <8l (overshooting) VS AHE3I] HAELZ] Hs &
el

ZZeA AyPdE AulE-I(long-crested wave)ZHE]  F£X]FH O

W HHFS [=7.0, p=032.2 AAFTt Fig. 2.4= ThoFst a4

O.>'I

il

H718 SACFe}, F42] (2.6)& &8&3sle] AAS SACFE
AFRE rRAZFRY. I Fu HolH AMALS I ITTC

2HEYH S 8o | FEHv RHE FY 75 (Beaufort scale)

i
E
ok

6, 7, 8= 7Hg 3tk FAACE +HE SACFE &7 S8, 7 a4
AEfoll A 3070e] 35 A E random phase %ol T3l SACFE

kst Hoe A AAF o=, S AdEHe BARl
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TxHoZ HUIgE SACFS FAHAE 83 A4kt SACF7E &

2l (2.6)° Wt F%

PN
-
AXEA T Fig. 255 FXH o2 A4FE correlated Smith =2}

oL

=l SACFE ©| 83} correlated Smith F

A Aoz Aozl uncorrelated Smith 3+ 7+e] B¥lwE JERH

°o]Z %3} uncorrelated Smith S+ 1A FALS FH A

4o
O
Jut

Aot AFgAHo 7 FYGnH|o| o]|EF FAHX 7} Smith FFo|EZ,

B

FHI2t Smith o] F4 HI(curve fitting)S T3l 2 LA

7

I3kl gt 3 32 7 AH(mean surface slope) we(0)7} 3 E .

1.2
L BF6: Hg=3.0 (m), T,,,=6.7 (s) |
----- BF7: Hg=4.0 (m), T, ,.=7.7 (s) |
e BF8: Hg=5.5(m), T . =9.1 (s)

Approximation f

¢
X
B

Fig. 2.4 Comparison of the numerically evaluated spatial autocorrelation

functions with the estimation by Eq. (2.6)
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w=0.05, uncorrelated Smith
w=0.05, correlated Smith
w=0.10, uncorrelated Smith
w=0.10, correlated Smith
w=0.15, uncorrelated Smith
w=0.15, correlated Smith

0 005 o1 o5 o2
n

Fig. 2.5 Comparison of uncorrelated and correlated Smith functions

223 FRHUAA F3F

ZgHl et Smith T HAHRE T F

e FFEBBA wed )2 HE Y &

o
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7} u]—g,] s mz‘ﬂ:oﬂ

1 [e] 1 [eJre]

=]

™ 7 Ak(total mean surface
slope, Wiw)S Al4FSHTE Gangeskar (2014)= FEHAAIE FASI=
G Yo E BE Wk tie] ol BEE WA RMS

BEE A oo 294 AU

ME B ATAE BEEUAAY AmAe wIT S

ZA4e BgATh oW AmAold, Yoo FHF T FF



7|Rbshe] 2
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>
=

RMS{#,,, (0)}

Wtota/

2.8)

W (0) +w, (0+7/2) .

where W,,, (6)

Frolsha AL

2.24
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=24

9]

t

o
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Ty
o0
3

Aol A=

A o

3
pul

=

A= FAHAL AN

=
=

moment)

E (spectral

o] A7}

o
=]

A2oeng, o

23

2 HS
gTy

/a

Wto tal

(2.9)

]1/4

ny
m,

,and T, =27T£

ny
2
g

where H, =4,/m,, w,,,

mo2}  ma=

o,

ol
<

O

AF

B
7

oF

o 2 (2.9)° whe}

=l;

)

g o

il
ol
sl
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Ao g},

2
H, :—gWZ;1T4 . (2.10)

P ge + o

ol

AZNAM, Ty A dely olu| X9 FFT +4 & &
npxjuto 2 7|E Ao A (Gangeskar, 2014) A|AIg 1A 7]HE
fFrelaty 4 7PHTG B ATl AAGE 7IHe o] o] Table

2.10] Qekxo] 9t}

Table 2.1 Comparison between the existing method (Gangeskar, 2014) and the

present study for shadowing-based Hs estimation

Designation

Gangeskar (2014)

Present study

Fitting function

Uncorrelated Smith function

Correlated Smith function

Total mean
surface slope
estimation

Direct RMS average of the
mean surface slope for each
direction

Based on the orthogonal
property of the mean surface
slopes

Hy estimation

Based on the dispersion
relation between the sea state
parameters

2
H — gwtotaleean

N \/57[ :

Based on the definitions of the
sea state parameters in terms
of the spectral moments

2
H _ gwt()talT4
s 2 .
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2.3 3D-FFT 7|4%t 334 A +A
2.3.1 Mean-shift ¥ 3

Mean-shift ®& 7| ¢ 347 golg oA A7
Fe A Apolo o9& WA= Ag BHAE FAAZTH(Zinchenko et
al. 2021). °]& $J3te], F

2

FAkE g

Ll

Zt= pn o

( ) 105 ﬂmeanpmean When Q(x’ y’t) = 1
P\ %P> 0 when Q(x, y,t)=0 (2.11)
where p,,, =mean| p,(x,y,t)] for Q(x,y,1)=1.

2
N

1A, foeans AEH 02 AAEE mean-shift W7/)HFZS v},
Atz o2 Ia(erest)]l  HlIE]  FA(trough)oll Al TS RIWSHA
a8 2t BAStERE, B AF4] BEgRE Hostets
HA Pueans 0.859F 0.95 Atolo] & ZEA] Ho] Zinchenko et al
(2020l & Erslzl bk Aok oo wef, B AFNHE fuems
092 A A3t EAe &35

232 dyA ¥ BAY
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X
rlr

Mean-shift W3S Ea dolg oluA A7, TEA

HE3gko]l wrgHd Ay XS WHSESR WMIHZ w2,

wAhE Smith wakelstil F-E2H, tee £ Aes T AL
T o (Nam et al., 2022).
53
o rw R e 20° 2w
14 ;w(8))= ’S ; 0))———d<,d
(,u(r),w( )) L.cho (é’o,qo,,u(r),o,w( )) 270w Codd, 2.12)

¢(r,0,t) no shadowing
0 shadowing

where ¢ (r,6,1) :{
Ao, golr ojwAe] oux Bz BAL oy P
127 et et 4 BN dojl FFmHAAL

wesl(0))E E-&3t] T3 2ol A

P, (r.0.t)

J (u(r)owa, (0))

p.(r0:0)= (2.13)
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AHow Az A% oluAE BHd TEAT oo W, s
g ~H9EY M-S 98l 3xd & Fo WHIGED-FFT)=
Mgty AnH o2 IDFFTE F3 2old Bak IF Y B9
A=Y e ohelsl 2o
M N J
2 P 2 .
pc(x,y,t): Z Z Z Amnjexp[z(kx’merky’ny—a)jtnLSmHj)]
m:—g-#l n=——+1 j:—1+l
2
(2.14)
for dk, = 2% dk, =2~ do==2  k,,, =mdk,. k,, = ndk,, o, = jdo
L Ly T ’ - 7
1 2
Sip (kx,ky,a))Zw‘/l(k“kww)‘ . (2.15)
234 HEH
dolr) olmA FERE B wY HREL )

s ASE =~HEH S FE st Aol STEH(Young et al,
1985). A FEH AAL 1F3 T HE(high-pass filter)2}
E4#AA 7]\ HE (dispersion relation-based filter) 2 T4 & W, 1F 3}

3 AYE e go] HgHd
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0 w<Kkdo
S (kx’ky’a)): Sw(kx,ky,a)) otherwise’ (2.16)

st= 3y E3 FE 9 thresholdS

2
N
>
a

rlo
o,
o
X
o
i
iin
o

guigdt. tEe=, qkdA i dHE T s gy

S (k k a)): S3D(kx’ky’a)) we[w(k)c’ky)iffzda)}
e 0 otherwise 2.17)

where o(k,.k, )= /g tanh (kh) + ku, + kv, k= [k +.
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SP (ko k, o) =S, (k. k,,0) M (k)

2

(2.18)

where M (k)" = a,ppk P .

o]
=3

al
H
T

fo

W, ans 2MEY UATL Adme] ouAs FUHES
Ree WAASE folvael weh 2HHE golw, furs
Fub gRe) 24 AEE s MIF Afolth HFHOw,
A7l ALE A ATH B o) WEE0] Table 220

o] o] Stk

Table 2.2 Empirical parameters related to the wave-field reconstruction

Designation Value
Mean-shift parameter (Bmean) 0.9
High-pass filtering range (1) 1.0
Dispersion filtering range (x») 2.0

Exponent of MTF (fuitr) 0.3
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4 #oln olmx &4

3.1 A #ely olmx] A

B oAFoE a™A 1w felna 34 % ey AT
el A 98 G4 dold oHAE Fastach G4 delr

oln| A= MA@ I (linear wave) ©|ES F3l AT | Aol

N

13ter& 9l 1A #J(geometric  shadowing effect)S  HFE 3}

o
o,

%] A tH(Nieto-Borge et al., 2004; Wijaya et al., 2016). ©] 37 ol A]
fr&ol gle 7 74 2d& &85ty dus By
Cexact(x,y,t)% }\g /Ké 64]—93 I:]' "—i}'% i:lﬂ]l’:.iﬁ\j};] E—A]'% ‘(1)4 6_H ITTC

~AERR cosf BF BN FFE olgIAOM, WA A

=4
oj\i

98.0%° MF3tE FIHTF T [wnin, oualdl WA F 650719
W JEoR 2HEYS o]4tstE it

g9 g7 dolEe a8A &3}E wgste A4 dold
m2E AT dHold2ZRE E Hojl g FHA
ahAe] B oARE [0, ] TREY Faet #eolr] QFEu 3t
71318kl #A O ofa] the3t o] A

Q(V,H)zé{1+sgn rnr‘in(ZQ(ig,r,H) Coraer (7, ,6’))ﬂ forr, <r

o (r0)

r

3.1)
where I, (7;,7,0) =& s (1, 60) + (r =7, )
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AN sgne HE FFE sk, QrH=0& (rHAHAA
Q947 wARee Jeadg. Azdem adAs wA@
o] ojmx FEE 002 T, UmA Fge [0, 255 Aol

BEE 2% 2R G4 dold oluAE AYBh

é/exact (V’H’t) + HS ) x 235

o | o,

0 when Q(r,9)=0

:|+10 when Q(r,ﬁ) =1
. 3.2)

FA deold olmAe g3 BHhE o wWiZfHS= Table 3.1°]

°fof . & ATolAe AAE AFRE ATAE 71 A5

ko

skl ThE el el @A doly olmAd o# FxAz
BAe FRRAT 72 A AHE BEFN Tew), BAZE(Q) 2

fFolgta(Hyol wel Ao, e 8R4 JEHE Table
3.20] Ag o] Utk Fig. 3.1 siAAE] =7 Hs=6.0m, Tew=9.0s,
1=60.0degel ™3l AdE FH FHFA F A dHeolr olvAE
UERA T
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Table 3.1 Parameters used in the generation of synthetic radar images

Designation Value
Radar height (4/) 40.0 m
Minimum sensing radius (Rmin) 200.0 m
Maximum sensing radius (Rmax) 2000.0 m
Spatial resolution (dx=dy) 10.0 m
Length of the time window (7)) 100.0 s
Time interval (df) 1.0s

Table 3.2 List of sea states utilized for the numerical tests

Mean wave period Spreading angle Significant wave height
(T mean) (XY) (HS,exact)
60.0 deg 20m,3.0m,4.0m,5.0m, 6.0 m
9.0s
90.0 deg 2.0m,3.0m,4.0m, 5.0 m, 6.0 m
60.0 deg 2.0m,3.0m,4.0m, 5.0 m, 6.0 m
12.0s
90.0 deg 2.0m,3.0m,4.0m, 5.0 m, 6.0 m
60.0 deg 20m,3.0m,4.0m,5.0m, 6.0 m
15.0s
90.0 deg 20m,3.0m,4.0m,5.0m, 6.0 m
28
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(a) Synthetic wave data (b) Synthetic radar image

Fig. 3.1 Synthetic wave elevation and the corresponding synthetic radar image

(HS, exgct=4.0m, Tmean=9.0S, Xs=60.0deg)
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321 BHIEAAHA FF

Fig. 32v &4 dold onx25E FAHE =gl &
dehdth oo, @4 elelrl olulAd tF 4 A 2hA wy
Fd7 e godo] WEs] pREHER BRo Iy 49 FE
F8)5tA  ¢kokth. Fig. 3.20] uUERG e} 7o), up-wave

B
kol ZYHI7F cross-wave WA ET A YElUE AEFES

b
Ll

44 dold omAZRE FAHH xFH HHIE T Loz
Smith 5 dolg FAe 7L7] uE xFOE S U
agoltt. o714, “w/o  SACF’= uncorrelated Smith $HFE
UEF ™ (Smith, 1967), “w/ SACF’= correlated Smith ¥FE
YUERA TH(Bourlier et al. 2002). 23 o2 F Smith 35 ZF T4
ol olmA=RY FAHH zJHe HAIE & J4 Aol

e HAF 5 Yok
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Fig. 3.2 Estimated illumination ratio (Hs exac=4.0m, Trear=9.0s, x=60.0deg)
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Fig. 3.3 Fitting with Smith function (Hs exac=4.0m, Tear=9.0s, ys=60.0deg)
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Fig. 3.6 2D wave spectrum S2p(k,w) obtained by 3D-FFT-based spectral
analysis (Hsexac=4.0m, Trear=9.0s and y,=60.0deg)
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Fig. 3.7 Normalized 1D wave spectrum S;p(w) obtained by 3D-FFT-based
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Fig. 3.8 Hs estimation result for various sea states
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Abstract

Study on Real-Time Ocean
Wave Analysis Based on
X-Band Radar Measurement Data

Yoon-Seo Nam
Department of Naval Architecture & Ocean Engineering
College of Engineering

Seoul National University

It is required to obtain reliable wave information to improve the safety and
efficiency of marine activities. Various methods for wave measurements are being
carried out around the world. Among them, the marine X-band radar has the
advantage that it can obtain statistically converged wave information based on short-
time measurement. This is because the wave radar can simultaneously measure wave
elevation data in a large area. Accordingly, marine X-band radars are installed on
various ships and marine platforms to perform wave measurements. Diverse
discussions on X-band radar-based wave field analysis techniques are also steadily
underway.

In general, incoherent marine radar measures the backscattered intensity due to
Bragg scattering between X-band microwaves transmitted from the antenna and
ripples on the sea surface. This remote sensing process entails numerous non-
physical modulation effects, such as shadowing, tilting, and hydrodynamic effects.

Therefore, a series of post-processing called wave-field reconstruction is required to
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retrieve wave information from marine radar images. The wave-field reconstruction
procedure consists of removing the non-physical components from the measured
spectrum, and adjusting the total spectral energy according to the significant wave
height (Hs).

In this study, the advanced wave-field reconstruction technique is presented. The
overall reconstruction procedure is comprised of the shadowing-based Hs estimation
and 3D-FFT-based wave-field reconstruction, and both of each analysis process
have high computational efficiency. That’s why it is suitable for real-time wave-field
analysis. To enhance the wave analysis, the statistical characteristics of the
shadowing effect were rigorously considered. For this purpose, the spatial
autocorrelation function of the ocean surface and the orthogonality of the mean
surface slope were considered for Hs estimation. Moreover, the uneven variance
distribution owing to the spatial dependency of the shadowing effect was mitigated
during the wave-field reconstruction.

Wave-field reconstruction was applied to the synthetic and real radar images to
verify the presented technique. The Hs estimation and 3D-FFT-based wave-field
reconstruction were performed for synthetic radar images corresponding to various
states, and the dependence of this technique on the sea state was examined. As a
result, it was confirmed that the reconstruction accuracy could be improved through
the rigorous consideration of stochastic characteristics of the shadowing effect for all
cases. Moreover, Hs estimation was performed for real radar images collected from
the Ieodo ocean research station and RV Gisang 1. In conclusion, a satisfactorily

accurate Hs estimation was also achieved.

Keywords : X-band radar, Ocean waves, Wave-field reconstruction, Significant
wave height, Shadowing effect
Student Number : 2020-25483
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