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Introduction .,

The waves in ocean are multidirectional, and information about
the directional distribution of wave energy is often required for
the design of coastal and offshore structure

Sea surface current, ocean wave spectra and surface wind
directions can be measured through frequency analysis of the
radio wave backscattered from the ocean surface waves

Schematic diagram of observation using HF ocean surface radar

Source: NICT-Okinawa

The shore based radar transmits HF radio waves toward the sea surface and
the radio waves are strongly backscattered by ocean surfaces waves with
half the radio wave length (Bragg resonant scattering)
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Introduction ..

Theoretically, the directional wave spectra can be estimated from
1st and 2nd order Doppler spectra of HF radio wave with respect to
the wave spectrum

o
A method for estimating directional wave spectra from the
data obtained by HF radar has not been established yet
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to develop the practical method for acfa| v | feadfe
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Fundamental Equations .

Doppler Spectrum obtained from HF radar (Barrick, 1972):

HF 0—(0)) - 0—(1) (Cl)) + 0—(2)(0)) . Crombie (1955) discovered that

some HF signals recorded near the
ocean had a Doppler shift due to

First Order Component: e “Bragg scattering *
requency
1) — 6 4 THF
o(w)=2°rky > @ ZFFQ )(2)
m =+1 wave \ Bragg angular

spectrum absolute value of wave frequency
number vector k,

1st orrd er ‘ j W, = \/ﬁ

wave number vector k; & k,
k,=(p—k,0) k,+k,=-2k,

S Bragg’s resonance
k2_( Y kO’ CI) condition

Normalized
Power Spectral Density (dB)
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0P () =2°mky > _[HF\ZS(mlkl)S(mzk 2)><é'(a)—m1 gk,—m gkz)dpdq

mM=11 —o oo . ‘
Second Order Com ponent: rp:(;::leti (;c;) n:ms parallel to orthogonal radar beam
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Fundamental Equations .

scattering effect

The coupling coefficient is given:

M=, +rg "

coupling Hydrodynamic

My = K, +K, -

where:
@), = Bragg angular frequent

(k, O o) (K , O o)/ k2 = 2K K 5
k, K, —Kk,A

HereA refers to the normalized surface impedance derived by Barrick (1972). The absolute
value of which is small enough - negligible

k,& Kk, =wave number vectc

[Men =

N
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Fundamental Equations .,

Nesmalized Dappler Spectuum PROBLEMS ?

=L The integral is restricted to being solved

only on specific lines defined by o)
Thus it must satisfy:

W~ ml\/gkl -m,\/gk, =0

The digitization of this equation is

complicated (incomplete inverse problem) >
number of unknown parameters >> that of equations

(7>1.0)(w>w,) (7<1.0)(w< )
=2 Y 4> (iem=n)
Koz I \“ )

. \ R ) S \‘ .
Fij] (] g ! G Z] |0 | |0 T2

402

25 o] <y (iem=-m)
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Fundamental Equations .,

02 (&) = 2K ZI j 1 S(mk,)S(mk x8{é-my gk -m gk cpoe

wave number vector delta function

Tor convenience, the parameters are nondimensionalized
by &) and 2K as follows: ”

D=9, K=Y =0, s(k) = (2k,)" S(k)

The integration 2" order with respect to the p & g can be transformed into a single variable since the integrand

include O . (Lippa & Barrick, 82) if the wave propagation direction &, of the wave number vector K, is
adopted as a single independent variable for the integration
original Integral area Bayesian
M 2D ap I\ 1D

Theoretically 0~'(2)(~) :jo G(Hl’&))dgl o /5 % § g\
iD

~

. z{é(m <)S(mK.)+S(mk. D)é(szZ2 D)} y? ‘d%hﬂ

1 .
L g 2 Y=Y ©
- 25]7-‘41: @) directional wave

wave number (12) spectrum
spectrum
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Recent Researches

Efforts to extract HF radar for directional wave spectra

No References

1 Wyatt (1990)
2 Hisaki (1996)

3 Howell & Walsh
(1993)

4 Hashimoto et al
(1987, 1998, 2003)

5 Lukijanto et al
(2009a, 2009b)

Results

Relaxation method - assumed wave spectral form at HF & the
nonlinear integral equation is modified into a linear integral
equation which can be solved by this meyhod

Development of linearization method = to solve the nonlinear
integral equation iteratively (with additional conditions, introduced
a priori condition)

Linearized - by removing one of the directional spectral product
factors in the integrand as a spectral value at certain wave number
vector. Then, it was modified into a matrix equation - was solved by
a singular value decomposition

Bayesian Method - more accurate (high accuracy), not in practical
use. Verification Bayesian Method - more robust (validity &
applicability) than Wyatt method, unfortunately time consuming
iterative computation

Modified Bayesian Method - more efficient and shorter
computation time than original Bayesian Method ( considered to be
a practical method)
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Bayesian Method .

A Bayesian Method as one of the most accurate and reliable

methods for estimating directional wave spectra (Hashimoto et al., 1987)

S( f )& G 0‘ unknown variable fl ,0 /O’} _ parameter introduced for

an exponential piecewise- ~ normalizing magnitude X

constant function S ( f 9 Z% exr( ’H)

| =number of segmentsAfof f 1=1 J_l 1: f<f<fand @ S9<9
J =number of segmentsA&of & : -1 -1
O: otherwise "

additional condition

X,
M X N L j+1 _ ~
unknown v )ﬁ,j+1+)§+1,j +)§,j—1+)§—1,j 4)§ j
parameters

X X| +1,j
L . |
Original Integral area Bayesian
X ., 1 2D 1 s, 1D

L=
q f 7'7 % \
L+(M X N) N
Total Equation - o
Doppler Spectrum |
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Bayesian Method ..

Fundamental Approach

Hyper parameter is introduced to consider the balance of the two requirements
imposed on the estimate of the directional wave spectrum

# Maximizing the likelihood of the estimate &
# Maintaining the smoothness of the estimate

Number Equation > Number of Unknown Parameters

To select the most suitable value of the Hyper parameter for the given Doppler
spectra 2> ABIC (Akaike s Bayesian Information Criterion) (Akaike, 1980)

Numerical Examination

Result

disadvantages
time consuming computation
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Modified Bayesian Method .,

A Modification of Bayesian Method

retains to the advantages of the Bayesian methods, and
refers to the experience the previous MEP (Maximum
Entropy Principle) research (Hashimoto & Kobune, 1986)

2
S(f,0)=d?(w)
characterized by exponential function having the power expressed by a Fourier series over the
directional range G(‘q fj , and assumed to be a piecewise over the frequency range q f)

directional wave spectra density

directional wave spectrum K
‘: exp{ao (f, )+ { & (1, )cok+b, ¢ )sikd)
k=1

unknown coefficients
6% (@) = restriction
condition
~(2) —
o =F(X)+g

A line integral = must be performed
along determined path due to the restrictions
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Modified Bayesian Method .,

directional wave spectra density characterized by exponential function having the power expressed by a Fourier series over the directional range,
directional wave spectrum and assumed to be a piecewise over the frequency range

K
‘: exp{a0 (f )+ D { )cok&+b, € ))siké)
k=1 unknown coefficients

unknown parameters:
X (2 &1)

Number of Fourier series

Number of f
segments
To reduce the unknown parameters
(some time restriction
condition is applied)

2 ways

Should be connected of modifications

each shape parameter

/”‘w Similar way
- /H - = Bayesian

Numerical Examination
Xo :[ak(fi)& bk( fi)]t =0
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Modified Bayesian Method .,

S( f , 9) Is considered to be a smooth & continuous function
and restriction conditions

ak ( fi ) & h<( f|) are locally continuous between adjacent

frequencies in directional spectrum S( f ,9)

A
- S(f)
unknown parameters: Xog = X = oo = Xy
(M-2) X (2 K+1) iteration )
~~~~~ X
L+(M-2) X (2 K+1) = MX (2 K+1) gy

Additional
Condition (1)

ak(fi+1)-2ak(fi)+ak(fi_1)} 3 (fig) —a(f)
b (T..1) —20.(1;)+B (1) b (f...) —B (1)

W(X) IAX -B I} +u° IPX| f
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Results & Discussion .
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Fig.l. Excellent pattern of the estimated directional wave spectra where the dominant energy peaks of
directional are assumed in the different frequency and different crossing angle of two beam axis.
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Results & Discussion .

1ot g 1005 105
2 3 True £ 7 Case 1 £ 3
2y | 5 i = |
=107 3 =107 =107 3
5 3 5 3 5 3
L — ok — i —
s ] s ] i ]
-2 -2 -2
10 T T T T T I 10 T T T T T I 10 T T T T T 1
0 a0 180 270 360 0 a0 180 270 360 0 a0 180 270 360
0 Direction # (deg.) o Direction # (deg.) "~ Direction 8 (deg. )
£ 3 Case 3 £ 3 Case 4 £ 3 Case &
o ] o ] — ]
-, n o B o n
=107 g 21075 21072
2 3 2 7 2 3 ,,
£ n £ _ A n /18 =150
- - -
10 T T T T T 1 10 T T T T T 1 10 T T T T T 1
0 a0 180 270 360 0 a0 180 270 360 0 i] 180 270 360
Direction # (deg.) Direction # (deg. ) Direction # (deg. )

Fig.3. Excellent pattern of the estimated directional wave spectra where the dominant energy peaks of
directional are assumed in the different frequency and different crossing angle of two beam axis.
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Modified Bayesian Method .,

W(aX) =[|AaX ~B [f +u® |PAX) f

the difference between each
of continuous iteration

original equation of 1

S(f) Xg = X, = X, — Xy

7oty g }x—xO:AxN

Ax, DX, AX,

>

Additional
Condition (2)

Aa, (1,.,) —20a, (1) +4a, (1) A, (f.,) - Aa ()
Ab (1,,,) —2Ab, (f,)+Ab (T,_,) Ab, (,,,) —Ab (1)

(i=2,..M-1) (i=1and M)
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Results & Discussion .,

10" 1075 10"
£ 3 True = 3 Case 1 = = Case 2
o | ) | ) )
T 107 5 = 107" 2 = 1074
& 3 = 3 g 3
-2 -2 -2
10 I S SN R R 10 T T T T T 10 T T T T T
0 a0 180 270 360 0 90 180 270 360 0 90 180 270 360
10 Direction # (deg.) 10" Direction # (degz.) 10! Direction # (deg. )
;E % Case 3 @ i Case 4 ;f:i ; Case 5
ten ] b 7 - ]
51074 51075 §1U*§‘lE§§§§§ﬂL
T .| B3 - :
S A6=90 . Ag=120" | £ A A8=150
-2 -2 -2
10 I S SN R R 10 T T T T T 10 T T T T T
0 a0 180 270 360 0 90 180 270 360 0 90 180 270 360
Direction # (deg.) Direction § (deg.) Direction # (deg. )
Fig.5. Excellent pattern of the estimated directional wave spectra where the
10! dominant energy peaks of directional are assumed in the different frequency and
. different crossing angle of two beam axis.
\ Case 3 /18 =90
210° \
~ \ f=0.093 (Hz) Assumed parameters to be employed:
- \ 1.5 _ - —oF <—
Tt H,=2m, T, =8secp=90 ,5=10n
» 3 ~1.0
. S UNI-DIRECTIONAL
10 Y| Co.5 2
. | ’///,ﬂ\\\\ Fig.6. Comparison of
107 = - 0.0 — frequency spectrum and
107 107 0% o 90. 180.  270. q Yy sP

" direction function

Frequency f (Hz) Direction 0 (deg.)

The Summer Conference in Coastal Engineering , Yamaguchi - Japan, Sept 5%, 2009



Modified Bayesian Method for Estimating Directional Wave Spectra from HF Radar Backscatter

Results & Discussion .,
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Improvements .,

Due to the numerical instabilities

To assume the energy distribution of I
| Estimated the specified frequency spectrum as a
spectrum “DEFINITION AREA”".
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B A f1‘nin ﬁnax s f=0.093 (Hz)
enchmark R T > 1
spectrum 10 == 10" = 1.0 7\
= a) Y= : A
“]10 v :f\- “all 0 /" .f\ \ 0.0 j
o ¥ ; . ) FiN——— e 90 180.  270. 360
"-E/ F% = }‘% \ Direction 8 (deg.)

£)
=
(£) ¢

U) ! ‘: U‘) ﬁ{.’:
102 L \ 107 L
/ 1 !
A4 ' :‘
1g™ 10
1072 107 10 ¢ 1™ g™ 10 °
Frequency f (Hz) Frequency f (Hz)

The Summer Conference in Coastal Engineering , Yamaguchi - Japan, Sept 5%, 2009




Modified Bayesian Method for Estimating Directional Wave Spectra from HF Radar Backscatter

Improvements .

Due to the numerical instabilities

To add sufficient * WHITE NOISE " to
disturb the Doppler spectrum

Bretschneider-Mitsuyasu type:
Frequency Radar:

" 5
S(f)=0.257H;, Ty (T, f) eXFE_ 1.0BTf ) ] 24.515 MHz
Hy; =3.0m,Ty3= 10.0secSnx= 1

a) Theoretical Computed Doppler Spectra b) Assumed Doppler Spectra
ek S — : == : -
+ = e ==
" : L SiHz) ; o 0 1.0 o JUHz)
redq 1cyY V

Figure. A schematic drawing of numerical simulation
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Conclusions

A new analysis of the Modification Bayesian Method has been presented
that could estimate a good directional wave spectrum by HF oceanic
radar. It is characterized by an exponential function having the power
expressed by a Fourier series over the directional range, and assumed
to be a piecewise-constant function over the frequency range.

One important advantage of the new method (MBM) - it significantly
reduces the storage capacity which requires less memory consumption
(capacity) as well as shorter computation time.

This confirms that compared to the previous works (BM) - the MBM
may turn out to be not only accurate and reliable but also practical
method for estimating directional wave spectra from HF radar

Further research is underway to improve the numerical method and
compare with other methods (i.e. Bayesian method, Wyatt method), as
well as to verify the developed method with the actual field data.
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Jhant You Very Much
for your attention
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