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ABSTRACT The research on retrieving wave parameters from X-band marine radar images based on the
spectral analysis method is investigated in this paper. Since the sea wave field is not always homogeneous
and stationary in the spatial and temporal domain, especially in the coastal shallow water area, the two-
dimensional continuous wavelet transform (2D CWT) is currently utilized to retrieve wave spectrum and
wave parameters for improving the inversion accuracy. Although the wavelet is concentrated around the given
wavenumber, the CWT of the original image is spread out over a region. By deeply investigating the CWT
and its application on radar image, a novel method based on the synchrosqueezed wavelet transform (SWT)
is proposed to effectively extract wave parameters from the radar images. The effectiveness of the proposed
algorithm is verified based on the simulated radar image. The experimental results demonstrate that the
proposed SWT method has better performance than the traditional three-dimensional fast Fourier transform
(3D FFT) method and the wavelet-based method for retrieving wave height. The performance of retrieving
wave direction and wave period is close to that of both the 3D FFT-based method and the CWT-based method.

INDEX TERMS Marine radar images, synchrosqueezed wavelet transform, wave parameters.

I. INTRODUCTION

Ocean wave is an important component of ocean physical
elements. It is highly random and irregular in both time and
space domains, which makes it difficult for us to under-
stand and measure the evolution law of ocean parameters
[1], [2]. Thus, it is of great significance to understand the
wave and its related characteristics in the activities of ocean
exploitation [3].

X-band marine radar has a very important guiding sig-
nificance for the safety of ports and maritime operations.
Since the X-band marine radar has the characteristics of low
cost, easy operation, real-time and convenience, it is usually
used for ship navigation. Besides, the sea clutter contained in
marine radar images is rich and has high temporal and spatial
resolution. In recent years, X-band marine marine radar is
utilized to real-time measure and monitor large-scale sea
wave information, such as wave directions, significant wave
height. Currently, the research on retrieving wave parameters
from X-band marine radar images is one of the hot issues in
the field of ocean remote sensing [4]-[6].
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The remote measurement of sea waves by using marine
radar is based on the light and dark stripes in the radar image,
which is called sea clutter. It is formed by the backscatter-
ing of radar-emitted electromagnetic waves grazing onto the
sea surface. Due to the restriction of the installation height
of radar antenna, the main beam of electromagnetic wave
transmitted by X-band marine radar is almost parallel to the
sea surface when it grazes into the sea surface. Therefore, the
X-band marine radar images are mainly affected by shadow-
ing modulation [7]-[9]. The wave parameters are commonly
retrieved from the radar image without rainfall interference.
However, the collected X-band radar images usually contain
rainfall interference noise. The rainfall interference will lead
to reducing the quality of the radar image and the reliability of
the retrieving results [10], [11]. Thus, it is necessary to detect
rainfall in radar images before retrieving wave parameters.
Currently and commonly, the spectral analysis method is
the mainly method for extracting wave parameters from the
collected X-band radar images.

For the traditional spectral analysis method, the image
spectrum is obtained by using a three-dimensional fast
Fourier transform (3D FFT) on the radar image sequence
[12], [13]. Then, the dispersion bandpass filter is utilized to
extract the wave spectrum from the obtained image spectrum.
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The signal-to-noise ratio (SNR) of the wave signal is calcu-
lated based on the wave spectrum. Finally, the linear empir-
ical relationship between the significant wave height and
the root mean square of the SNR is used to estimate the
significant wave height. In addition, the wave direction and
wave period can be achieved from the obtained directional
spectrum and frequency spectrum, respectively.

Since the wave field is not always stationary and homo-
geneous, a quadratic polynomial-based modulation transfer
function (MTF) was proposed to calibrate the image spectrum
[14]. And the validity of the algorithm was verified by the
data collected by vertical polarization radar. The experiments
show that the retrieved wave parameters based on the pro-
posed novel quadratic polynomial-based MTF have higher
accuracy than that of using the traditional MTF. The effect
of the radar field of view (FOV) on wave spectrum and wave
parameters was demonstrated [15]. For the sake of removing
the dependency of wave parameters on azimuth and range,
an empirical method for improving inversion accuracy was
investigated. By utilizing the cross-spectral analysis of the
radar image sequence, a method for extracting wave direction
from X-band marine radar images in the non-homogeneous
coastal area is developed in [16].

Nowadays, the one-dimensional continuous wavelet trans-
form (1D CWT) was applied for analyzing the non-stationary
signals. For the analysis of ocean waves, the CWT was
utilized to analyze the acceleration signals acquired of the
wave buoy [17]. Both the wavelet sampling and the scale
selection were described [18]. Meanwhile, the Morlet wavelet
was used to analyze the non-stationary signals. In the exper-
iment, the validity of 1D CWT was demonstrated. In [19],
the two-dimensional curvelet transform (2D CT) was uti-
lized to extract wave spectra and wave direction from X-
band marine radar images. Also, the 180° direction ambiguity
was removed by using the cross-correlation coefficients. The
experimental results show that the retrieved wave direction
based on the 2D CT method has better accuracy than that of
the traditional 3D FFT method.

Because of the complex submarine topography in near-
shore area and the influence of coastline and island on wave
reflection and diffraction, the hypothesis of homogeneity of
the wave field is not always satisfied. To solve this prob-
lem, the CWT was introduced into the marine radar image
processing. Currently, the 2D CWT instead of the traditional
3D FFT is applied to retrieve wave spectra from the X-band
marine radar images [20]-[22]. The effectiveness of the 2D
CWT is verified based on the collected radar data. The
retrieving method based on the CWT can better reflect the
non-stationary characteristics of wave in the shallow sea and
other areas which is vulnerable to the influence of seabed
topography. Compared with the reference in-situ buoy, the
performance of 2D CWT is better than that of the traditional
3D FFT method. For the CWT, the detailed analysis and
configuration of the Morlet wavelet were described in [22],
[23]. Based on the simulated radar image and the horizontally
polarized radar data, a sophisticated program was illuminated
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to retrieve wave spectrum and wave parameters [23]. The self-
adaptive 2D CWT method, which could adaptively choose the
dilation factor, is proposed for retrieving the wave parameters
[24]. By using the authentic radar data, the experimental
results show that the retrieved wave parameters by utiliz-
ing the self-adaptive 2D CWT method agree well with the
buoy records. Based on the localized 2D CWT, an improved
method for retrieving water depth was proposed for near-
shore area from the simulated and collected X-band radar
images [25]. The experimental results demonstrate that the
proposed method based on the 2D CWT has a good perfor-
mance compared to the reference value.

For the non-homogeneous sea wave area, the accuracy of
the wave spectra and wave parameters extracted based on the
2D CWT method is better than that of the traditional 3D FFT
method. However, the CWT of the original signal is spread
out over a region around the given wavenumber, even though
the wavelet is concentrated around the given wavenumber
[26]. To solve this problem, by deeply investigating the
characteristic of the CWT, the SWT is utilized to analyze
harmonic signal [27]. The synchrosqueezing was carried out
based on the Morlet wavelet transform, and the effectiveness
of the SWT is certified by using the synthesized marine radar
image. In [28], the 2D synchrosqueezed transform is utilized
to analyze the crystal image. The experimental results show
that the 2D synchrosqueezed transform is an efficient tool for
multiscale analysis and can extract reliable properties of the
crystal image. In this paper, based on the synchrosqueezed
wavelet theory, a novel SWT method for extracting wave
information from the marine radar images is proposed.

Our primary goal is to develop a novel spectral analysis
algorithm, which could solve the problem that the obtained
image spectrum based on the CWT on the original radar
image is spread out over a region around the given scale. Due
to the reallocation characteristic of the SWT by reallocating
the scale spectral value of CWT to a different wavenumber
position, the 2D SWT instead of the 2D CWT is utilized to
extract wave spectra from the radar images. To demonstrate
the effectiveness, the SWT and its application for retrieving
the wave parameters from the synthetic marine radar image
are illustrated in this paper. This paper is structured as fol-
lows: Section II presents the basic 2D CWT method and
its application for retrieving wavenumber image spectrum
from the X-band marine radar images. In Section III, the
theoretical analysis and the novel synchrosqueezed wavelet-
based algorithm for retrieving wavenumber image spectrum
and wave parameters from the radar images are developed.
Based on the radar images simulated, the effectiveness of the
proposed method is investigated in Section IV. Finally, the
conclusion is summarized in Section V.

Il. 2D CWT AND ITS APPLICATION FOR RETRIEVING
WAVENUMBER IMAGE SPECTRUM

In this section, the Morlet wavelet is briefly reviewed and
the application of 2D CWT for retrieving sea wave spectrum
from X-band marine radar images is introduced.
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A. THE MORLET WAVELET

Before applying the 2D CWT to extract the directional fre-
quency spectrum and the wave parameters, a directional
mother wavelet function is required to be specified. Since
the well-known Morlet wavelet function is chosen for marine
radar image analysis in [20], [24], here we continue to utilize
it. The expression of the simplified 2D Morlet wavelet used
in the spatial domain for marine radar imaging processing is
given as

V() = ei/zo-?e—\?lz/Z 1)
where the peak wavenumber of the mother wavelet in the non-
dimensional Fourier space kg = (6, 0) is adopted to analyze

the radar image; ¥ is the pixel coordinate of the radar image.
The Fourier transform of the Morlet mother wavelet is

bk = o~ 0-5Ik—Fko/? @)

where k is the wavenumber.

B. 2D CWT FOR RADAR IMAGE PROCESSING

In order to apply the CWT to analyze dimensional radar
images, the process of both discretization and sampling is
required. The 2D CWT in dimensional space can be written
discretely as [20], [24]

W(bxua byv’ Om, an)
— CQO.Sa—l

n

Ny )
Y Wy g, O — b, Yg— by )s(5p, y) Ax Ay
p—l q_

3

in which Cy is a constant and satisfies the admissibility con-
dition; s(xp, y4) denotes the selected radar image; x,, and y,
are the sampling positions in the x and y directions of the radar
image, respectively; N, and Ny are the total sampling numbers
in the x and y directions, respectively; W* is the complex
conjugate of an appropriately chosen mother wavelet function
W; Ax and Ay are the sampling resolutions of radar image
in the x and y directions; by,, by, and a, denote the discrete
variables of shifting factor and scaling factor. The rotation
matrix r_g,, which denotes the rotation of the wavelet in
spatial domain, is expressed as

_( cosOy sin 6,
T = < —sinf,, cosO, ) “)

where the discrete variable 9, is the rotation factor and 0 <
Op < 2m.

Due to the computationally intensive in Eq.(3), it is vital
to reduce the algorithm execution time. By Plancherel’s the-
orem, the 2D CWT in Eq.(3) can be rewritten in the Fourier
space as [20], [24]

W(bxu , byvv Om, an)
Nk)’ Nk’

— C\IJO 5anZZ ’(bnzk;p""bvt Vq)

p=1g=1
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(5)
where § is the FT of the echo intensity of radar image s.
Ny = Ny and Ny = N, are the total numbers of the

sampled wavenumber in the x and y directions, respectively.

= (k;, ky), which is derived from the mapping of the
wavenumber k = (kx, ky) in the non-dimensional space,
is the wavenumber in the dimensional space, where k, €
(% Akl Ak and k), € [-%AK) BAKL Ny =
Ny and Ny, = N, are the total numbers of the sampled
wavenumber in the x and y directions, respectively. Ak} and
Ak;, which are the wavenumber resolution in the dimensional
wavenumber domain, are denoted as

2
Ak, = 6
Y NyAx ©)
2
Ak, = M
NyAy

As mentioned in [20], [24], the relationship between peak
wavenumber k' in dimensional space and the peak wavenum-
ber ko of the Morlet wavelet function in the non-dimensional
Fourier space is given as

ko = aur—g, (k') ®8)

It reveals that the wavenumber k' can be achieved from
scaling parameter a, and rotation parameter r_g,. There-
fore, the obtained image spectrum W(b 9, a) after takmg 2D
CWT could be expressed as W(by,, by,, k ) which denotes the
spectrum W(k’ ) at spatial location (by,, by,). Once the shift
parameter b is fixed, the 2D wavenumber image spectrum
W (k’), which is the spectrum information extracted from the
inhomogeneous radar image, can be obtained. Thus, we have

W(b 9 a) % W(bxuab)vvk/) xu w

I WEY )
lll. THE PROPOSED METHOD BASED ON THE
SYNCHROSQUEEZED WAVELET TRANSFORM FOR
RETRIEVING WAVE PARAMETERS

In this section, the SWT and its application for retrieving
wave information are illustrated. A flowchart for retriev-
ing the sea wave parameters based on the proposed SWT
method is presented in Fig. 1. Now we illustrate the detailed
description of the method for retrieving wave parameters
from marine radar images.

A. THE NOVEL SWT

Since the SWT is analyzed on the basis of CWT, it is neces-
sary to carry out the CWT on the radar image analysis area to
obtain the image wavenumber spectrum W (b, 6, a) including
translation, scale and direction parameters. After taking the
CWT on the radar image, the image spectrum W(Z), 0,a)
should concentrate on the specified scale position [26], [27].
However, it spreads out over the region on the scale plane.
Thus, an undesired error may introduce to the wavenum-
ber spectrum W(k’) obtained by the 2D CWT. Fortunately,
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the researchers recently found that the oscillatory behavior
Gk to0ksg) of the CWT in position b points to the original

the wavenumber k’ and k , even though W(b 0, a) is spread

out. For any (b 0, a) for whrch 2D CWT W(b 0,a) # 0in
Eq.(5), the wavenumber estimation K (b 0, a) for the radar
images is given as

- V;W(b,0,a)

kKb, 0,0) = 22—~ (10)

iw(b,0,a)

where the symbol V denotes the gradient of image spectrum
W(b 0, a) in the position vector b. The symbol i is the imag-
inary unit. In a synchrosqueezing operation, the information
from the space-scale Plgne (l;, 0, a) is transferred to the space-
wavenumber plane (b, k(6, a)), which is different to the scale
and rotation transform of the Morlet mother wavelet.

As mentioned in the introduction, here we use the 2D SWT
to extract and analyze the wavenumber image spectrum from
the synthetic radar images. The wavelet transform W(l;, 0, a)
is computed only at discrete values (6,,, a,), with 6,,—6,,_1 =
(AB),, and ap — ap—1 = = (Aa),, and its synchrosqueezed
transform 7, (b K ) is likewise determlned only at the centers
(ky, . ky,) of the successive bins [k, — TAK, k., + TAK]
and [k], — 3 Ak}, kj, + 5 Ak]], with k;w — k= (AK),
and k;, —k;, = (Ak’)y by summing different contributions.
Thus, the SWT can be given as

T(b, k’) =T,k - )

B Om>an):
|k;(b,9msan)_k)/gw |§Ak)/g/2
Vi B, O an) =y, | < Aky /2

(A0 (DK (AR (11

Similar to the above 2D CWT, once the shifting factor is
specified as bg, a 2D SWT wavenumber image spectrum
T (k') at point by is determined as

(Wb, 0, a)*an(Aa),

W, 0.a) 20 16 k) 2 @) (12)

B. WAVELET SAMPLING AND SCALE DETERMINATION
Since the radar image is dimensional and digital, there exists
a mapping between the continuous non-dimensional mother
wavelet and the radar image [18], [20], [24]. In the non-
dimensional space, the length of the mother wavelet equals
to 2D, where D is the cutoff endpoint. In the space domain,
assume the N, and N, are the sampling numbers in the x and
y direction, respectively. Hence, the length of the image in x
and y directions is Ny Ax m and Ny Ay m, respectively. For the
x direction, the mappings can be given as

[—D, D] < [0, N;Ax] (13)

Since the wavenumber is 1nversely proportional to the length,
the wavenumber k/ = (k! X k;q) in dimensional space can be
written as

- .~ NAx
B(k) = wﬁfk ) (14)
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| Marine radar image |

v

| Select analysis area |

v

Perform CWT and obtain
the spectrum 7 (k")

v

Perform SWT and obtain
the spectrum 7(k")

v

Convert the image spectrum 7' (;) to
wave spectrum /(k,,k,) with MTF

v

2D directional frequency
spectrum E(f,0)

| Frequency spectrum S( f)| Directional spectrum S(6) ‘

| Wave height H | | Wave period 7, | | Wave direction 6 |

FIGURE 1. The flowchart for retrieving wave parameters based on the
proposed SWT method.

Thus, in the dimensional space, the wavelet can be written as

2

A _(ml,k%vxm kxo) P
Vlaxky) = e (15)
where is 1& the Fourier transform of the Morlet wavelet func-
tion in the dimensional space; a,, denotes the discrete scaling
factor; k; is the discrete wavenumber in the dimensional
space; ky, is the peak wavenumber of the wavelet function in
x the direction. In dimensional space for the Morlet wavelet,
the minimum number of sample pints is written as [18], [20],
[24]

2D
Ny = 7(kox + v —2In(n) (16)

where 7 is the ratio of wavelet decay from the largest peak
wavenumber and usually set to the value of 0.01; ko, is the
peak wavenumber in x direction.

It is known that the bandwidth of wavelet decreases with
the scaling parameter increases in wavenumber domain.
Assume the scaling factor a, has the form of the geometric
progression. Thus we have

ap=M"'n=1,2--- N, M>1 (17)

where n = 1 corresponds to the mother wavelet. The base M
is illuminated as

kg + kp
where k, = ko, is the peak position of the mother wavelet, kg
is related to the scale resolution x and is given as

ka = =+ —=21n(x) 19)
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where x € (0.0, 1.0). For ocean wave analysis, the scale
resolution x € [0.9, 0.95] is an appropriate range. The larger
x denotes higher wavelet resolution.

By taking into account the convolution end effects of
wavelet coefficient, the maximum scale a,,,, is described
as [18]

- N
e = 3N T
where N is the sample points of the radar images in x or y
direction.

(20)

C. 2D WAVENUMBER WAVE SPECTRUM
The wavenumber image spectrum is achieved as
T, k)]

L, Ly
Since the effect of the radar imaging mechanisms like
shadowing and tilt modulation, a difference is observed
between the image spectrum / (ky, ky) and the wave spectrum
E(ky, ky). In order to minimize this difference, the empirical
MTF is used to convert the wavenumber image spectrum into
wave spectrum, which is given as

E(ke, ky) = M) - 10k ky) = K - Ik ky) - (22)

(ke ky) = 1)

where u is the empirical coefficient. Different sea state condi-
tions were considered to generate simulated radar images by
applying different theoretical frequency spectra. The empir-
ical coefficient of the MTF is determined by comparing
the difference between the theoretical frequency spectra and
retrieved image spectra based on the 3D FFT. The empirical
coefficient is determined as for the 3D FFT-based method and
the CWT-based method [24], [29].

D. RETRIEVING WAVE PARAMETERS

The relationship between wave spectrum E(ky, k) in Carte-
sian coordinates and wave spectrum E(k, 8) in polar coordi-
nates is given as [30]

E(k,0) = E(ky, ky) - k (23)

where k = /k? +ky2 and 0 = arctan2(ky, ky) + 2,
arctan2(-) is the arctangent function. Commonly, the wave

spectrum is expressed as directional frequency spectrum
dk dk
E(f,0) =E(k,0)  — = E(ky, ky)k— 24
(f,0)=Ek,0) ar (ky, ky) ar (24)

The 1D frequency spectrum S(f) is obtained by integrating
the direction 6 of the directional frequency spectrum E(f, 6).
Similarly, the 1D directional spectrum S(6) is derived by
integrating the directional frequency spectrum E(f, ). After
obtaining the 1D directional spectrum S(6) and 1D frequency
spectrum S(f), both the wave peak period 7, = 1/f, and wave
direction € can be calculated. In addition, the significant wave
height estimated H; for the radar data is described as [24]

fmax

Hy =4 mg =4 / S(f)df (25)

min
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where myg is the total energy of sea wave; fiin and fax
are the lower and upper bounds of the integral, respectively.
The wave period observed from the X-band marine radar is
usually between 5 s and 20 s. Thus, the lower bound f;,;, =
0.05 Hz and the upper bound f;,qr = 0.2 Hz of the frequency
spectrum are determined based on the variation range of the
wave period.

IV. EXPERIMENT RESULTS AND ANALYSIS

In this section, we carry out retrieving the wave parameters
such as significant wave height, wave period, wave direction
based on the simulated radar images to verify the validity of
our proposed method. Based on the simulated radar image,
the performance of our proposed method is presented by
comparing with that of the existing 3D FFT and 2D CWT
methods. The detailed experiment results and analysis are
illuminated below.

A. SIMULATED RADAR IMAGES AND ANALYSIS

The Joint North Sea Wave Project (JoONSWaP) spectrum is
used to produce the wave surface field [21], [29]. And then,
shadowing and tilt modulation are taken into account to gen-
erate the marine radar images [29]. Here, the location of the
selected region from the radar platform is about 300 m. The
antenna height is 25 m. The range resolution of the simulated
radar image is 7.5 m.

For the 3D FFT method, the coefficient is determined by
using the linear relationship between the root mean square of
the SNR and the significant wave height. In our experiment,
a set of simulated radar images in different sea conditions
is used to calculate the calibration coefficient of the linear
relationship. The wave height is used to input the JONSWaP
and generate the simulated radar images. Then, the SNR can
be retrieved from the simulated radar images. The experi-
mental coefficient of the linear experimental relationship is
determined by using the least square fit algorithm.

Based on the CWT and the SWT, a single radar image
is often selected for ocean wave parameters inversion. For
analyzing the X-band marine radar image, it is necessary
to select the analysis region from the X-band marine radar
image. In the experiment, the radar image contains 512 x 512
pixels.

For the spectral analysis, the wavelet parameters and others
are given in Table 1. The scale resolution y € [0.9, 0.95] is
commonly used to analyze the marine radar images. Since
the larger x denotes higher wavelet resolution, the parameter
x = 0.95 is selected in this paper, in order to achieve
better scale resolution and wavenumber resolution. The selec-
tion criteria of the parameters for the 2D CWT described
in [22], [24] is adopted. After the transform analysis, the
directional ambiguity is observed. Based on the single radar
to retrieve sea wave parameters, the obtained wave spectrum
usually exists the problem of the wave direction ambiguity.
When using the JONSWaP spectrum to generate the sea wave
field, the main wave direction 6,, is used to input the direc-
tional propagation function. The wave spectrum in the range
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TABLE 1. The Wavelet Parameters and Others.

Wavelet Parameters Value
peak wavenumber k 6
minimum sample points N 17
scale resolution x 0.95
empirical coefficient u -1.2

between 6,,—180° and 6,,+180° can be selected for retrieving
wave parameters. By using the input wave direction, the wave
direction 180° ambiguity is removed manually during the
experiment for further analysis. For the field data, suppose the
initial wave direction is determined by manual observation
and is defined as the previous wave direction. Since the
wave direction of the sea wave filed usually does not change
rapidly, the present wave direction can be extracted by choos-
ing the wave direction which is close to the previous wave
direction. Then, we update the previous wave direction by
using the obtained wave direction. Thus, the wave direction
ambiguity can be removed, when the proposed method is
applied to the field data.

The comparison of the directional frequency spectrum
S(f,0), which provides the major energy distribution,
is shown in Fig. 2. Fig. 2(a) indicates the directional fre-
quency spectrum simulated which is used to generate radar
image. The frequency directional spectra extracted using the
3D FFT method and the 2D CWT method as well as the SWT
method are illustrated in Fig. 2(b), Fig. 2(c) and Fig. 2(d),
respectively. From Fig. 2, we found that all these methods
could extract main wave energy from the radar image. For
the 3D FFT method, a dispersion relation bandpass filter is
utilized to extract the wave spectrum. Both the CWT and the
SWT method could capture the main wave energy and the
wave direction compared to the 3D FFT method. In addition,
from Fig. 2(d), it can be found that the energy distribution of
the spectrum based on the SWT is more concentrated than
that of based on the 3D FFT and CWT.

Fig. 3 reveals the normalized 1D frequency spectra derived
for the input, the 3D FFT, the CWT, and the SWT. For the
peak frequency and the high-frequency part, the extracted
1D spectrum of the 3D FFT method has a bigger deviation
from the simulated 1D frequency spectrum compared to that
of the CWT method and the SWT method. Meanwhile, It
could be found that the extracted peak frequency of the 1D
frequency spectrum based on the WT and SWT methods
agrees well with that of the input. Unfortunately, for the high-
frequency part, the tailor of the spectrum using the SWT
method has a bigger deviation than that of the CWT method
compared to the simulated 1D frequency spectrum. However,
for low-frequency part, the difference between the extracted
1D spectrum of the SWT method and the input frequency
spectrum is smaller than that of the CWT method. More-
over, the achieved frequency spectrum for low-frequency part
based on the proposed method is most close to the input
among the three retrieving methods.

For the 3D FFT-based method, the significant wave height
is extracted based on the empirical relationship between the
SNR and the significant wave height from the radar image
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TABLE 2. Comparison of the Input and the Retrieved Wave Parameters.

Wave Parameters Inout 3DFFT |CWT SWT
dominant wave direction §(°) | 100 90.7 105 101.3
mean wave period Tp1 (s) 11.03 10.36 10.43 11.09
peak frequency T}, (Hz) 0.0907 0.0990 ]0.0960 |0.0914
significant wave height H (m) | 3.63 3.01 3.54 3.69

sequence. However, for the CWT-based and the SWT-based
retrieving methods, the single radar image is utilized to
retrieve the significant wave height. The significant wave
height is determined by using the 1D sea wave spectrum
based on the Eq.(25). The detailed comparison between the
input and the retrieved parameters using the proposed the
SWT algorithm as well as the 3D FFT and the CWT methods
is shown in Table 2. It is observed clearly that the retrieved
wave information using the proposed method is most close
to the input parameters among the three retrieving meth-
ods. Since the SWT-based method could concentrate the
wave energy, the extracted the wave direction and the peak
frequency are close to the input value. Also, the extracted
significant wave height based on the SWT method has good
performance.

B. RESULTS ANALYSIS

Based on the above analysis, it can be found that the
SWT-based method could effectively retrieve wave parame-
ters from the simulated marine radar image. To further certify
the effectiveness of the proposed method for retrieving sea
state parameters, 500 simulated radar image sequences are
applied for validation and analysis. For the 3D FFT method,
a standard radar image sequence which consists of 32 images
and represents a time span of about 75 s is used to calculate
the sea state parameters. Because of the time consuming, the
wave parameters based on the CWT and the SWT methods
are retrieved from a single simulated radar image of the
sequence.

The input wave height and the retrieved significant wave
height from the simulated radar images are described in
Fig. 4. The horizontal and vertical axes denote the time
sequence and the significant wave height, respectively. The
range of the input wave height becomes from 1 to 6 m.
The input of the significant wave height of the JONSWaP
spectrum is represented by the red cross. The black square is
the retrieved significant wave height based on the traditional
3D FFT method and the dispersion relation bandpass filter.
The green circle and the blue triangle denote the retrieved
significant wave height based on the 2D CWT method and
the proposed SWT method, respectively. From Fig. 4, it could
be observed that all the 3D FFT-based, 2D CWT-based, and
the SWT-based methods could effectively extract significant
wave height and the retrieved wave height is consistent with
that of the input value.

In order to further verify the performance of the retrieving
significant wave height, the scatter plots between the input
and the retrieved wave height are described in Fig. 5. Fig. 5(a)
is the scatter between the input value and the retrieved wave
height base on the 3D FFT method. The scatter between

204885



IEEE Access

Y. Wei et al.: Method for Retrieving Wave Parameters

Input Normalized Directional Wave Spectrum

350 F 1
0.9
300 -
0.8
250
m 0.7
o
[=2
@ 200 [ 4
8 0.6
5
5 150 1 05
o
a 04
100 -
0.3
50
0.2
0 . . . . . . 01
0 0.05 0.1 0.15 0.2 0.25 0.3
Frequency (Hz)
(@)
Output Normalized Directional Wave Spectrum
3soF T T T : 1
0.9
300 F
0.8
250 -
@ 0.7
o
& 200 1
8 0.6
5
= 150 05
2
[} 04
w o@D |
0.3
sor 02

. . . . . 01
0.05 0.1 0.15 0.2 0.25

Frequency (Hz)

(©

Output Normalized Directional Wave Spectrum

1
350
0.9
300 -
0.8
250
o 0.7
2
& 200 i
8 200 0.6
c
2 05
S 150
o
a = 04
100 =
N 03
o1 02
0 . . . . . . 01
0 0.05 0.1 0.15 0.2 0.25 0.3
Frequency (Hz)
(W)
Output Normalized Directional Wave Spectrum
350 T T T T T T 1
0.9
300 -
0.8
250
@ 0.7
o
{2
é 200 0.6
]
T 150 05
2
[a] @ 0.4
100 ‘
0.3
50 F
0.2

0 0.05 0.1 0.15 0.2 0.25 0.3
Frequency (Hz)

()

FIGURE 2. Comparison of the results from the simulated data. (a) The input directional frequency spectrum. (b) The 3D FFT derived
directional frequency spectrum. (c) The CWT derived directional frequency spectrum. (d) The SWT derived directional frequency
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FIGURE 3. The normalized 1D frequency spectrum.

the input value and the retrieved wave height base on the
CWT method is described in Fig. 5(b). Fig. 5(c) illustrates the
scatter between the input value and the retrieved wave height
base on the SWT method. The correlation coefficient between
the input and the retrieving results and the root mean square
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error (RMSE) are used to evaluate the performance of these
algorithms. From Fig. 5, it can be found that the correlation
coefficients of the Fig. 5(b) and Fig. 5(c) are larger than that
of the Fig. 5(a). Also, for the CWT and the SWT method,
the RMSE of the wave height is less than that of the 3D
FFT method. Although a single simulated image is utilized to
retrieve significant wave height, both the CWT and the SWT
methods have better performance than that of the 3D FFT
method. Moreover, the RMSE of the wave height based on
the SWT method is less than that of the CWT method. Thus,
it can be found that the SWT method has good performance
for retrieving significant wave height.

The scatter plots between the input and the retrieved wave
direction are presented in Fig. 6, for the sake of verifying
the performance of the retrieving wave direction. Fig. 6(a)
is the scatter between the input value and the retrieved wave
direction base on the traditional 3D FFT method. The scatter
between the input value and the retrieved wave direction
base on the CWT method is described in Fig. 6(b). Fig. 6(c)
illustrates the scatter between the input value and the retrieved
wave direction base on the SWT method.
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FIGURE 4. The input and the estimated significant wave height.

Compared to Fig. 6(a), it can be found that the correlation
coefficients of the retrieving wave direction based on the
CWT and the SWT methods also have good performance.
Thus, the proposed SWT method can be used to retrieve
wave direction from the simulated single image. However, the
calculated RMSE based on the CWT and the SWT methods
is larger than that of the traditional 3D FFT method. The
RMSE of the wave direction based on the SWT method is
close to that of the CWT method. Therefore, we have that
the performance of the proposed SWT method is close to that
of the CWT method for retrieving wave direction. Since the
shadowing and the tilt modulation are considered to generate
the synthetic radar images, the simulated radar image is not
always homogeneous. For the 3D FFT method, the radar
image sequence is used to retrieve wave spectrum and wave
parameters. The dispersion relationship bandpass filter is
used to filter out the non-wave signal from the obtained wave
spectrum. Compared to the 3D FFT, the SWT could capture
more information for the non-homogeneous sea wave area.
However, for the SWT method, the obtained wave spectrum
based on a single radar image may contain much non-wave
signal. Moreover, the dispersion relationship bandpass filter
can not be introduced in the process of retrieving the wave
spectrum. Thus, from Fig. 6, we found that the retrieved wave
direction based on the SWT method is not close to that of the
FFT method and the calculated RMSE is larger than that of
the FFT method.

To further demonstrate the effectiveness of the proposed
SWT method for retrieving the wave peak period, the scatter
plots between the input and the retrieved wave peak period
are illuminated in Fig. 7. The scatter between the input value
and the retrieved wave peak period base on the traditional
3D FFT method is described in Fig. 7(a). Fig. 7(b) is the
scatter between the input value and the retrieved wave peak
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period base on the 2D CWT method. The scatter between
the input value and the retrieved wave peak period base on
the proposed SWT method is presented in Fig. 7(c). From
Fig. 7, it can be observed that the correlation coefficients
of the retrieving wave peak period by using these retrieving
methods are close to 1 compared to the reference value. And,
a strong correlation with the reference value exists. However,
the RMSE of the retrieved wave peak period based on the
CWT and the SWT method is larger than that of the 3D FFT
method. Although the calculated correlation coefficient based
on the proposed SWT method is closet to 1, the RMSE of the
wave peak period is the largest among these three retrieving
methods.

To solve the problem that the existed 3D FFT-based spec-
trum analysis method can not accurately extract the wave
parameters from the sea wave spectrum in the near-shore
area and the 2D CWT-based method spreads out the wave
energy over the given scale position, a new retrieving wave
information method based on the SWT is proposed in this
paper. Based on the above experimental results and analysis,
it can be found that the proposed SWT method in this paper
could effectively extract wave sea state parameters from the
simulated radar images. The experimental results show that
the proposed method can improve the inversion accuracy of
the significant wave height. However, the retrieving accuracy
of the wave peak period and the wave direction is needed to
be further improved in the future.

Currently, the sea surface current is commonly retrieved
based on the radar image sequence. During the retrieving
process, the sea surface current is obtained by using the
dispersion relationship bandpass filter. Since the single radar
image is utilized to retrieve sea wave parameters for the CWT
and SWT methods, the dispersion relationship bandpass filter
can not be introduced in the process of inversion. Thus, for
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FIGURE 5. The scatter plots of the significant wave height between the
input value and the derived wave height. (a) The 3D FFT-based method;
(b) The 2D CWT-based method; (c) The SWT-based method.

retrieving wave parameters from the single radar image, the
effect of the sea surface current on the wave spectrum can not
be removed directly. Fortunately, when the sea surface current
is small, the effect of the sea surface current on the retrieving
wave parameters can be ignored. Therefore, the effect of the
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FIGURE 6. The scatter plots of the wave direction between the input
value and the extracted wave direction. (a) The 3D FFT-based method;
(b) The 2D CWT-based method; (c) The SWT-based method.

surface current is not considered during the experiment in
this paper. In the future, the research on the bandpass filter
for eliminating the effect of the surface current is demanded
based on the field data. Moreover, more experiments are
needed to verify the accuracy of the proposed method in
different sea conditions.
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FIGURE 7. The scatter plots of the wave peak period between the input
value and the extracted wave peak period. (a) The 3D FFT-based method;
(b) The 2D CWT-based method; (c) The SWT-based method.

V. CONCLUSION

Since the sea wave is a typical non-stationary random pro-
cess, especially in the coastal area, it is difficult to accu-
rately retrieve wave parameters. In this paper, the spectral
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analysis method for retrieving sea state information from
X-band marine radar images is studied. The CWT instead
of the 3D FFT is used to retrieve wave spectrum and wave
parameters. However, the CWT of the radar image is spread
out over a region around the given wavenumber for the non-
homogeneous sea wave area, even though the wavelet is
concentrated around the given wavenumber. To solve this
problem, by deeply investigating the characteristic of the
CWT and its application on radar image, a novel SWT-based
method is carried out to extract wave parameters from the
marine radar images. The detailed analysis and derivation
are presented. As a result, the experiment demonstrates that
the proposed method is applicable to retrieve wave infor-
mation based on the synthesized radar image. And, the pro-
posed SWT-based method has better performance than that
of the 3D FFT-based method and the CWT-based method for
retrieving significant wave height.

Although the proposed retrieving method based on the
SWT has good performance for retrieving the sea wave
height, the effectiveness is still needed to further verify based
on the collected X-band marine radar images in various sea
conditions. Based on the SWT theory and the derivation, the
estimated wavenumber should be a real number and can be
accurately calculated. However, the estimated wavenumber is
a complex number and exists an error since the effect of the
shadowing and tilt modulation on the simulated radar images.
Therefore, a similarity measure may be used to improve the
estimation accuracy of the wavenumber. Besides, since the
effect of the surface current on the retrieving accuracy of
wave parameters is ignore in the CWT and the SWT meth-
ods, a bandpass filter for extracting wave spectrum from the
wavenumber image spectrum from a single radar image is
required for improving the application in practice. Compared
with the traditional 3D FFT-based spectral analysis method,
both the CWT and the SWT have the disadvantages of con-
suming large computer resource and are time-consuming. In
the future, the spectral analysis method based on the fast WT
is required.
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