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Abstract: Currently, the research on the inversion of wave height by using the shadow statistical method
attracts more attention, due to the benefit of without external calibration equipment. Under the
assumption of the sea wave satisfying the ideal first-order dispersion relation, the wave period is
used to describe the relationship between wave slope and significant wave height. However, the
influence of the sea surface current is ignored during the process of extracting the wave height,
since the ideal first-order dispersion relation is adopted. By deeply investigating the theoretical
derivation process, the retrieving accuracy of wave height is deteriorated when the surface current
exists. To solve this problem of the shadow statistical method, the influence of the surface current on
the wave height inversion is investigated and is considered in the first-order dispersion relation for
retrieving significant wave height in this paper. The synthetic and the collected X-band marine radar
images are utilized to certify the influence of sea surface current on the inversion of the significant
wave height. The experimental results demonstrate that the inversion accuracy of the significant
wave height can be improved when the influence of the surface current is taken into account.

Keywords: marine radar images; shadow statistics; surface current; significant wave height

1. Introduction

Waves are an important component of ocean physics. In the process of ocean exploita-
tion, understanding the evolution law of the ocean environment is required. With the
rapid development of ocean remote sensing technology, using X-band marine radar to
measure and monitor the ocean wave of the large area in real-time is a research hotspot in
recent years [1-3]. Commonly, the collected radar images are used to extract hydrological
parameters, such as sea surface current, significant wave height, bathymetry, which are
vitally important for the safety of the port and maritime operation [4-6].

The significant wave height is the key technical indicator for studying the wave field
and is an important parameter to characterize the wave energy. Thus, it has very important
scientific research value and military significance to survey the wave height [7]. This makes
surveillance of wave height have very important scientific research value and military
significance [7]. Currently, the main methods of extracting significant wave height from X-
band radar image are spectrum analysis method based on 3D fast Fourier transform (3DFFT)
and shadow statistical method by using the shadowing in the radar image. The 3DFFT
method for retrieving the wave information is to achieve the wavenumber frequency
spectrum from the radar image sequence. Then, the noise is filtered out based on the
dispersion band-pass filter. The modulation transfer function is utilized to transform the
image spectrum into wave spectrum and the signal-to-noise ratio (SNR) of the sea wave can
be obtained from the wave spectrum [8,9]. Thus, the significant wave height is determined
from the marine radar images by utilizing the linear relationship between the square root
of the SNR and the significant wave height. To satisfy the requirement of accuracy, both
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the external equipment in situ and plenty of effective observation data are demanded to
determine the parameters of the linear relationship.

Compared to the traditional 3DFFT method, the shadow statistical method has the
advantage of without external reference calibration for extracting wave height from the
X-band marine radar images. Although the radar gray image contains various physical
modulation, the principle of the shadow statistical method for retrieving the significant
wave height is based on the dominant shadow characteristic. It is found that local shadow
plays a leading role in shadow modulation of sea clutter image, which establishes the
theoretical support for wave height inversion based on the shadow image [10]. By using the
shadow statistical characteristic of the marine radar image, a novel method for extracting
the significant wave height is proposed in [11]. The shadow statistical method benefits
without external equipment for calibration. Under deep water conditions, the dependence
of backscatter echo intensity of sea wave on the range and azimuth is investigated [12].
The experimental results demonstrate that the proposed method has good performance for
retrieving wave height from the collected radar image with high wind speed. However,
the wave height is overestimated under the condition of less wind. The echo intensity of a
marine radar image in azimuth is closely related to the angle between the illumination
direction of the electromagnetic wave and the wind direction [13,14]. The normalized radar
backscatter cross section (NRCS) is largest when the wind direction is against the radar
observation direction. The NRCS is smallest when the wind direction is perpendicular to
the radar observation direction.

To improve the performance of the shadow statistical method, the analysis area near
the upwind direction is selected from the acquired radar image, and the shadow segmenta-
tion threshold is determined by smoothing the image histogram [15,16]. The experimental
results illuminate that the retrieving accuracy of the significant wave high is improved.
However, the extracted wave height is still overestimated under low wind speed and
is underestimated under rain conditions. By studying the sea surface slope formula for
calculating significant wave height in the shadow statistical method, it is found that the
formula is deduced under the assumption of infinite water-depth and the influence of
surface current is not considered in the process of derivation. Thus, the influence of the
water-depth on the inversion accuracy is considered [17]. The improved inversion formula
of wave height is suitable for both shallow water and deep water conditions. The surface
current affects the calculation of the significant wave height, especially in the strong surface
current area [18,19]. The interaction between ocean wave and surface current can cause
the significant change of the wave height. Considering the effects of water depth and the
surface current on the dispersion relationship, both water depth and sea surface currents
are simultaneously estimated for shallow water areas from the collected X-band marine
radar image [20]. Based on the proposed strategy of quality control and data analysis
procedures, the retrieving accuracy of bathymetric maps from the X-band radar image is
improved in the nearshore area [21]. By maximizing the correlation coefficient between the
reconstructed sea wave surface elevation and the non-shadow radar image, a new method
for retrieving wave height without external reference equipment is proposed in [22].

An ensemble empirical mode decomposition scheme is used to retrieve wave height
from the radar image in the distance direction. The simulation demonstrates that the
proposed method can improve the retrieving accuracy compared to the 3DFFT and shad-
owing statistical methods [23]. By using the deviation of the kurtosis between the Weibull
distribution and the echo intensity of radar images, a novel method for extracting wave
height under a low sea state is developed [24]. Based on the convolutional neural network
technology and the extracted multiscale spatial features from radar images, a novel method
for estimating significant wave height is illuminated and the inversion accuracy of wave
height is improved [25]. To solve the problem that the correlation between SNR and the
significant wave height is poor for the nononshore wind case, a method based on an
artificial neural network is proposed to estimate wave height [26].
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Although the shadow statistical method could retrieve significant wave height from
the acquired X-band marine radar image without external reference, the research on inves-
tigating the influence of the surface current on retrieving wave height is rare. Therefore,
the influence of the sea surface current on retrieving significant wave height is carried out
in this paper.

The structure of this paper is as follows: Section 2 presents the fundamental principle
and the implementation process of the wave height inversion from the X-band marine radar
images based on the shadow statistical method. The theoretical analysis of the effect of sea
surface current on wave height inversion is investigated in Section 3. The synthetic and the
acquired marine radar images are utilized to test the influence of the surface current on the
wave height inversion in Section 4. Finally, the conclusions are summarized in Section 5.

2. Basic Principle of Calculating Wave Height by Using the Shadow Statistical Method

The roughness of the sea surface increases with the increase in wind speed. When the
electromagnetic beam of X-band radar is incident to the rough sea surface, the backscatter
echo is formed [27]. Meanwhile, the Bragg scattering is generated by the micro-scale wave
which is superimposed on a longer gravity wave and co-modulated. Thus, it provides the
conditions for forming the shadow area. Under the combined effect of various modulation,
the radar echo intensity changes with the change of the distance to the radar antenna and
is indicated by the bright and dark stripes.

The flowchart for retrieving significant wave height based on the shadow statistical
method from X-band marine radar images is shown in Figure 1. To retrieve the significant
wave height based on the shadow statistical method, firstly, the selected analysis area is
required to be preprocessed. Then, the threshold of shadow segmentation is estimated to
separate the shadow image into the shadow area and the non-shadow area. By computing
the shadow ratio of the selected analysis area, the sea surface slope can be achieved based
on the Smith fitting function. Thus, the wave height can be obtained by using the relation
between the significant wave height and the sea surface slope.

Radar Image Select Image Analysis Estimate Shadow
Sequence Area and Preprocessing Segmentation Threshold

|

Significant Estimate Sea LRl e Image

Wave Height Surface Slope Shadow Ratio

Figure 1. The flowchart of retrieving significant wave height based on the shadow statistical method.

2.1. The Estimation of the Shadow Segmentation Threshold

Edge images are obtained by convolving the original radar image with pixel difference
operators in adjacent eight directions [11,15]. The convolution operation formula based on
the different operator in the neighborhood of the radar image is as follows:

IE,'(V, 9) = 1(7’,0) ® Hi(l’, 9) €))

where ® denotes the convolution operation, I(7, 0) is the original radar image, H;(r, 0) is
the pixel difference operator, i € {1,2,---,8}, I;(r, 0) is the edge image, r and 0 are the
distance and the azimuth, respectively. The edge value of the upper N-percentile of the
edge pixel is selected as the threshold value of the edge gradient image. Then, the edge
image is obtained after thresholding, which is given by

1, Igi(r,0) > upperN-percentile
ITi<r,9)={ £i(7,6) > upperh-p @)

0, otherwise
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By superimposing the edge images extracted in different directions, we have

8
IT(T, 9) = ZITi(r/ 9) (3)
i=1

The isolated noise point is removed by comparing each point in the complete edge
image It with the threshold [11,15]. The pixel value 7 of the radar image at the corre-
sponding non-zero position of the complete edge image can be determined. Then, the
histogram function Fy(7) is obtained. Thus, the shadow segmentation threshold s can be
achieved and is shown below [11,15]

Ts = mode(Fy (7)) 4)
where mode(-) is the mode function.

2.2. The Illumination Ratio of the Radar Image

The original radar image I(r, 0) is divided into the shadow area and the non-shadow
area by using the obtained gray-scale threshold 75. After obtaining the shadow threshold,
the shadow image Is(7,6) can be achieved, which is given by [11,15]

Ls(r,6) = {1, I(r,0) < 75 )

0, otherwise

The shadow ratio of the radar image which is a function of relating to the grazing angle
could be calculated by using the obtained shadow image. The shadow image is divided
into sectors in azimuth, and the shadow image is divided into blocks in radial direction.

2.3. The Estimation of the Sea Wave Surface Slope

According to the Smith function, the illumination probability that a point on the
Gaussian surface is not in the shadow area is written as [11]

_ 1—0.5erfe(p/V20rMs)

L(v) Alu) 11 (6)
where
AGD) = V2T JRMS/y.eyz/zzaéMs — erfc(p/v/20rms) -
and
p = tan(7) ®)

orMs is the RMS sea surface slope, and erfc(-) is the co-error function. According to the
relation between illumination probability in geometric shadowing of random rough surface
and shadow ratio function, we have

S(7)=1-L(7) ©)

where 1 is the grazing angle, L is the illumination probability. The shadow ratio function
S(7y) can be obtained by calculating the shadow ratio in each block. The Equation (9) associates
the shadow ratio with the illumination probability and the RMS surface slope. In this
paper, Equation (6) is used as the Smith’s fitting function to estimate the RMS slope orps.
The RMS slope in each sector can be estimated by fitting the shadow proportion function
in the segmentation region of the edge image. The averaged RMS slope ¢ is achieved by
averaging the estimated slope of each sector in azimuth. Thus, we have
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(10)

where oRps; is the estimated slope for the i-th sector, M is the total number of sectors
divided of the shadow image in azimuth.

2.4. The Estimation of the Significant Wave Height

Based on the relation between the wave slope and the significant wave height, the sea
surface slope o is generally defined as

H
= — 11
== an

where A is the wavelength, and H is the wave height. Since the wavelength cannot be
measured directly, the wave period T = 27t/ w instead of the wavelength A = 27t /k is used.
Under the assumption of the sea wave satisfying the ideal first-order dispersion relation
and the infinite water-depth, the dispersion relation is described as w = 4/gk, where w is
the angular frequency. Thus, the wave slope can be expressed as

H k  Hw* H (27\* 27H

A 2 2w g 2ng\ T gT?
where k denotes the wavenumber, and g is the gravitational acceleration. For convenience,
the ideal dispersion relationship is used to express the wave height. In Equation (12),
the influence of surface current on retrieving wave height is ignored. However, the surface
current always exists in practice. Based on the Equation (12), the significant wave height
is described as [11,15]

_ ogT?

H= o (13)

3. Theory Analysis of the Effect of Sea Surface Current on Wave Height Inversion

Based on the derivation in Equation (12), we found that the ideal first-order dispersion
relation is adopted and the effect of the sea surface current is not considered. Assum-
ing that the sea surface wave and current fields are homogeneous in spacial domain and
stationary in the temporal domain for the selected spatial region, for the linear wave theory,
the dispersion relation of the first-order gravity wave is as follows

w=\/glk| +k-it = \/g|k| + |k| - |i] - cos (14)
where k = (kx,ky), it = (ux,uy) is the sea surface current, | - | denotes the modules,

« represents the angle between the surface current and the wavenumber.

If a movement of sea surface current relative to radar platform exists, the dispersion
relation curve is shifted, due to the Doppler frequency shift caused by the relative move-
ment between the radar antenna platform and the sea surface current. Thus, the dispersion

relation can be written as
w=\/glk| + K- e (15)

where if.,, is the velocity of the surface current. From Equation (14), it can be observed that
the influence of the surface current on the wave height inversion can be negligible, when
the current velocity is relatively small. However, the surface current has a great influence
on the performance of the wave height inversion, when the velocity is large and the current
direction is parallel to the direction of the wavenumber.
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The wave peak period and the sea surface current could be extracted from the acquired
X-band marine radar image [28-31]. Thus, the angular frequency w and the surface current
il could be determined. Then, based on the relation in Equation (16), the wavenumber k
could be calculated.

w = \/glk| + k- ux +ky -1y (16)
Hence, the wave height is given by
H= 271% 17)

where k is the modulus of wavenumber k. When the influence of the sea surface current is
considered, the wave height is retrieved by using the wavenumber information instead of
the angular frequency.

4. Experimental Results and Analysis
4.1. Synthetic Radar Images and Experiment

Under the same sea conditions, the effect of surface current on retrieving the signifi-
cant wave height by using the synthetic radar images is investigated in below. To certify
the influence of the sea surface current on the wave height inversion, based on the Joint
North Sea Wave Project (JoNSWaP) spectrum, the method in [17] is used to generate the
simulated sea surface elevation images and polar radar images. To simplify the simulation,
the shadow modulation is mainly considered. Meanwhile, the wave period and the surface
current is part of the input for simulating radar images in this paper. The simulated radar
image is used to obtain sea surface slope. The wave period of the input for generating
radar images is directly used to calculate significant wave height.

Here, the range resolution of the simulated radar image in distance is 7.5 m and the
antenna height is 25 m. The wave parameters with wave peak period 11.03 s, wavelength
190 m, and significant wave height 3.68 m are input to the JoNSWaP spectrum. The simulated
marine radar image without surface current is shown in Figure 2. The horizontal axis denotes
the angle in azimuth and the vertical axis denotes the distance from the illuminated area to
the radar antenna. Based on the wave height inversion principle of the shadow statistical
method, the probability of bright area and the wave surface slope of the simulated radar
image can be calculated. The obtained shadow image from the original image simulated is
divided into the partition with 20° intervals in the azimuthal direction. The estimated sea
wave slope in azimuth is presented in Figure 3. Meanwhile, the wave peak period and the
surface current are utilized to calculated wavenumber k based on the Equation (16). Then,
by using the relation in Equation (16), the significant wave height can be achieved.

The distance {m)

0 20 40 60 80 100 120 140 160 180
The azimuth angle ()

Figure 2. The simulated marine radar image in Cartesian coordinate.
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Figure 3. The calculated sea surface slope in the azimuthal direction.

To analyze the influence of the sea surface current on the inversion of wave height,
the simulated radar image is used. Meanwhile, the angle between the current direction
and the wave direction is set to zero, in order to simplify the analysis. The reference wave
height is about 3.63 m and the wavelength is still 190 m. Based on the inversion steps of
the wave height by using the shadow statistical method, the significant wave height can
be obtained.

In order to investigate the influence of surface current on the shadow statistical method,
the different surface current is, respectively, introduced to simulate radar images. Based on
the proposed scheme in this paper, the influence of the surface current is considered in
the dispersion relation in Equation (14). Under different surface current conditions, the
simulated radar image is used to calculate the wave height. Based on the traditional
method and the proposed method in this paper, the retrieved significant wave height is
presented in Table 1.

Table 1. The retrieved significant wave height with different sea surface current.

Surface Wave Peak Estimated Retrieved Wave Height (m)

Current (m/s) Period (s) Wave Slope Ignoring the Current Considering the Current
0 11.0 0.027 3.68 3.68

0.5 10.7 0.029 3.84 3.62

1 10.4 0.030 3.98 3.54

2 9.8 0.032 4.29 3.38

3 9.3 0.032 4.27 3.04

4 8.9 0.037 4.98 3.28

5 8.5 0.038 5.01 3.08

From Table 1, it can be observed that the surface slope of the simulated radar image
increases with the increase in the sea surface current. For the fixed wavelength, the wave
peak period decreases based on the first-order dispersion relation. Meanwhile, the retrieved
significant wave height which ignores or considers the effect of the surface current is
described in Table 1.

By comparing the retrieved wave height with the reference value, it can be found
that the achieved wave height when the influence of the surface current is considered is
more close to the reference value than that which ignores the influence of surface current.
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Moreover, the error of the wave height retrieved increases with the increase in the surface
current when the surface current direction is parallel to the wave direction.

4.2. Shore-Based Radar Images and Experiment

The collected X-band marine radar images on 17 November 2014 07:56 is used to test
the influence of surface current on the inversion accuracy of wave height. The detailed
configuration parameters of the marine radar is illuminated in Table 2. The radar antenna
scans imaging and the radar works on short pulse mode. The X-band marine radar image
commonly contains abundant sea clutter information. The radar image collected during
the experiment is given in Figure 4. The installation height of the antenna is about 45 m.
The range resolution of the radar image in distance direction is 7.5 m. The echo intensity of
the radar image acquired decays with the increase in distance from the illumination area
to the radar antenna. In the right part of the collected radar image, the bright and dark
stripes forms the sea clutter.

Table 2. The main configuration parameters of X-band marine radar.

Radar Parameters The Performance
Electromagnetic Wave Frequency 9.3 GHz
Polarization HH
Antenna Length 1.8m
Horizontal Beam Width 0.9°
Vertical Beam Width 21°
Antenna Angular Speed 22 rp.m.
Pulse Width 50 ns

Pulse Repetition Frequency 1300 Hz

4000

3000 -

2000

1000 f

Y (m)
(=]

-1000 |

-2000

-3000 |

-4000 -

. . . ' ! . L L
-4000 -3000 -2000 -1000 0 1000 2000 3000 4000
X (m)

Figure 4. The acquired shore-based marine radar image.

The selected analysis area from the acquired radar image is given in Figure 5. A wave
buoy is deployed in the analysis area and the buoy record is used as the reference value.
The deployed buoy is about 800 m from the radar antenna. The wave height is 2.7 m,
the wave peak period is 7.88 s, and the wave direction is 77.6°, which are derived from the
deployed wave buoy during the experiment. The surface current is about 2.21 m/s and the
current direction is 62°, which are achieved from the simultaneously collected radar image
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sequence based on the weighted least square method in [32]. When the surface current of
the dispersion relation is ignored, the retrieved significant wave height is 1.78 m. However,
the obtained significant wave height is 2.37 m is close to the buoy record when the surface
current is considered in the dispersion relation.

2500

)
gz 3
o =

The distance (m

g
==

140 160 180 200 220
The azimuth angle ()

Figure 5. The collected marine radar image in Cartesian coordinates.

To further evaluate the influence of surface current on the inversion of wave height, the
retrieved significant wave height by using the statistical method from the acquired shore-
based radar images on 11-18 November 2014 is presented in Figure 6. The horizontal axis is
the time sequence. The vertical axis is the retrieved significant wave height. The green circle
denotes the extracted significant wave height by using the traditional shadow statistics
method which ignores the influence of the surface current. The extracted significant wave
height which considers the influence of the surface current is denoted by the blue triangle.
The buoy is placed as an external reference device during the experiment, and the buoy
record is indicated by the red cross.

4 T T T T T
O Retrieved wave height ignoring the current
351 A Retrieved wave height considering the current | |
' X Buoy record

w
O
O

E
=
f=)
2 O X
() AN D4
T 25 E -
E X A
S Sih
o 2 ))(2( xx i
= SOK
=) X
P 150 .

1 1

100 120

Number of sample

Figure 6. The sequence of the significant wave height.
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The deployed wave buoy outputs the wave information every 20 min. However,
a radar image sequence is acquired every 4 min. To minimize the analysis error, the wave
period and wave direction retrieved based on the 3DFFT method from the radar image
sequence instead of the buoy record is used in this paper. For the shadow statistical method,
the required wave period can be extracted from the wave spectra based on the 3DFFT
method or reference sensor, such as wave buoy. In this paper, the derived wave period
based on the 3DFFT method is used to obtain the significant wave height. Although the
shadow statistical method has the advantage of without external reference for calibration,
the shadow statistical method still requires an external instrument, when the wave period
is derived from the wave buoy. In practice, the cost of deploying a buoy is expensive and
the wave buoy is easy to damage. Meanwhile, the shadow statistical method for retrieving
wave height has great application value, since the X-band marine radar can sail with the
ship. Thus, in this paper, the extracted wave period based on the 3DFF method from the
radar image sequence is used to obtain the significant wave height. Then, the estimated
wave height by using the shadow statistical method is averaged in 20 min.

In addition, the measuring principle of wave period between wave buoy and the radar
image sequence is different. For the wave buoy, the data of 20 min in situ commonly is used
to derive the wave period. However, for the 3DFFT method, the radar image sequence of
about 75 s is used to calculate the wave period. Since the sea surface slope is calculated
from the collected radar image, the extracted wave period from the radar image sequence
instead of wave buoy is used in this paper, in order to minimize the error of wave height.

From Figure 6, we found that the fluctuation trend of the retrieved significant wave
height based on the shadow statistical methods is similar to the buoy record under the
same sea conditions. Moreover, the extracted wave height after considering the influence
of the surface current fluctuates around the calculated wave height by using the ideal
dispersion relation. The wave height extracted both considering and ignoring is close to
the reference value in the first part of Figure 6. However, it can be observed that extracted
wave height both considering and ignoring exists a great deviation from the reference
value in the second part. Since the extracted wave height in the second part is higher than
the reference value, the wave period or the surface slope calculated may exist great error.
Based on the extracted wave height and the above analysis, we found that the significant
wave height obtained has a large deviation from the reference value, when the surface
velocity is not taken into account. However, when considering the influence of the surface
current, the calculated significant wave height is closer to the buoy record than that of
ignoring the influence of the surface current.

Figure 7 illuminates the scatter plots between the significant wave height estimated
based on the shadow statistical methods and the buoy record. The scatter plot between
the buoy record in situ and the extracted wave height based on the shadow statistical
method without considering the influence of the sea surface current is given in Figure 7a.
Figure 7b presents the scatter plot between the buoy record and the significant wave height
estimated by the shadow statistical method, which considers the influence of the sea surface
current. From Figure 7, it can be observed that the scatter distribution is relatively scattered
when the sea surface current is not considered in the process of retrieving wave height,
and the scatter distribution is relatively concentrated when the influence of sea surface
current is considered. When the influence of the surface current is ignored for the wave
height inversion, the correlation coefficient calculated between the retrieved wave height
and the buoy record is 0.56, and the root mean squared error (RMSE) is 0.44. However,
the correlation coefficient between the wave buoy and the extracted wave height, which
considers the influence of the surface current, is 0.6, and the RMSE is 0.41. When the
influence of sea surface current is considered by using the shadow statistical method, the
correlation coefficient between the calculated wave height and the buoy record is larger
than that of ignoring the influence of sea surface current, and the RMSE of the obtained
wave height is smaller than that of ignoring the influence of sea surface current.
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Figure 7. The scatter plots of the significant wave height between the buoy record and the radar-
derived. (a) The scatter plot of the wave height ignoring the influence of the surface current; (b) The
scatter plot of the wave height considering the influence of the surface current.

In [17], the effect of water depth is considered for retrieving wave height based on the
shadow statistical method. In this paper, the influence of surface current is investigated.
From the experimental results in [17] and this paper, it can be observed that considering
both the wave depth and the surface current can improve the retrieving accuracy of wave
height. However, the water depth has a greater effect for improving the retrieving accuracy
than the surface current, compared to the experimental result in [17]. The reason is that the
observation area of the collected radar belongs to the shallow water area and the retrieving
accuracy is greatly affected by water depth. Meanwhile, the surface current velocity is
relatively small during the experiment. Both the current velocity and the angle between
the current direction and wave direction should be considered for extracting wave height.
The surface current has an effect on retrieving wave height, when the current direction is
parallel to the wave direction.

Compared with the existed shadow statistical method, the influence of the surface
current on the inversion of wave height is investigated. The comparison illuminates that
the retrieved wave height considering the influence of the surface current has a relatively
better performance than that of the shadow statistical method existed which ignores the
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influence of the surface current. The experimental results demonstrate that the inversion
accuracy of the significant wave height can be improved when the current factor is taken
into account.

For retrieving wave height based on the shadow statistical method, the wave period
is required and is mainly obtained from an external equipment, such as the wave buoy
in [11,15,16]. Currently, the wave period can not be obtained through the shadow statis-
tical method. However, the wave period can be retrieved based on the 3DFFT method.
The dominant advantage of the shadow statistical method is that it does not require an
external reference for calibration compared to the 3DFFT method. For the 3DFFT method,
a linear relation between wave weight and the root mean square of SNR is used to retrieve
wave height. An external reference is required to calibrate the linear relation. However,
the linear relation is not always satisfied in practice. Although the wave period can be
obtained from external reference or other methods, the shadow statistical method still has
a great advantage for retrieving wave height. Meanwhile, the research on extracting wave
period should be developed based on the shadow statistical method in the future.

5. Discussion

Although the wave height extracted has better performance when the surface current is
taken into account the inversion process, the correlation between the wave height obtained
based on the shadow statistical method and the buoy record is poor. The retrieving error
is large when the surface current is large. The shadow statistical method still needs to be
improved for the application in practice.

For the synthetic radar image based on the JoNSWaP spectrum, we found that the
inversion error increases with the increase in surface current velocity when the surface
current is parallel to the wave direction. When the surface current is large, the surface
current should be considered for improving the inversion accuracy of the wave height
in the future. Commonly, the surface current is not perpendicular to the wave direction.
The retrieving results depend on both the current velocity and the angle between the wave
direction and the current direction. The effect of the surface current on retrieving the wave
height is needed further investigation in the future.

6. Conclusions

The shadow statistical method has great research value, because it does not require
external reference and plenty of observation data for calibration. When the shadow statis-
tical method is utilized to calculate the significant wave height from the X-band marine
radar images, the relationship among wave period, the significant wave height, and the sea
surface slope is studied. However, it is assumed that the sea wave accords with the ideal
dispersion relation in the inversion process, and the influence of the sea surface current is
ignored. Thus, based on the shadow statistical method for calculating wave height, the
influence of the sea surface current on the inversion accuracy is analyzed in this paper.

The marine radar images which contain surface current information are utilized to
carry out experiments and certify the influence of sea surface current on the wave height
inversion. The scatter plots show that the absolute error of wave height calculated by
using the shadow statistical method is small and the correlation coefficient is large when
the surface current is considered in the dispersion relation. The experimental results
illuminate that the retrieving accuracy of significant wave height could be improved when
the influence of the sea surface current is considered. However, for the inversion of wave
height, the influence of the surface current is still required for further investigation under
different sea conditions. Moreover, the strategy of accurately estimating surface slope is
still required for improving the performance of the shadow statistical method.
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