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To suppress the influence of rainfall when extracting sea surface wind and wave parameters using X-band marine radar and
control the quality of the collected radar image, it is necessary to detect whether the radar image is contaminated by rainfall.
Since the detection accuracy of the statistical characteristics methods (e.g., the zero pixel percentage method and the high-
clutter direction method) is limited and the threshold is difficult to determine, the machine learning methods (e.g., the support
vector machine-based method and the neural network algorithm) are difficult to select appropriate quality and quantity of data
for model training. Therefore, based on the feature that rainfall can change the sea surface texture, a wave texture difference
method for rainfall detection is proposed in this paper. Considering the spatial rainfall is uneven, the polar coordinates of the
radar image are converted into Cartesian coordinates to detect rainfall. To express the maximum wave difference more
accurately, the calculation method of the pixels in the radar texture difference map is redefined. Then, a consecutive pixel
method is used to detect the calculated radar texture difference map, and this method can detect adaptively with the change of
wind. The data collected from the shore of Haitan Island along the East China Sea are used to validate the effectiveness of the
proposed method. Compared with the zero pixel percentage method and the support vector machine-based method, the
experimental results demonstrate that the proposed method has better rainfall detection performance. In addition, the research
on the applicability of the proposed method shows that the wave texture difference method can finish the task of rainfall
detection in most marine environments.

1. Introduction

Currently, X-band marine radar has become one of the most
widely used marine remote sensors. Generally, X-band
marine radar is installed on the ship, which is used for ship
positioning, navigation avoidance, and narrow channel nav-
igation [1–3]. The wind parameters, such as wind speed and
direction, and the wave parameters, such as wave height,
direction, and period, can be extracted from the acquired
radar images [4, 5]. Although remote sensing measurement
has many advantages, such as convenient use, large mea-
surement range, and real-time information feedback, various
noises often exist in the acquired radar images.

These common noises come from cochannel interference,
background, and rainfall. The cochannel interference and back-

ground noise are relatively slight, which can be suppressed by
algorithms [6, 7]. The rainfall will change the roughness of sea
surface and destroy the texture feature of sea wave [8]. Heavy
rainfall will seriously affect the propagation of electromagnetic
wave andmake it difficult to reach the sea surface, which means
that the sea surface cannot be normally observed by radar sys-
tems [9, 10]. Meanwhile, the sea clutter will be mixed with rain
clutter under heavy rainfall, which presents high brightness
echo and wide range fuzzy noise in the radar image. Since the
backscatter mechanism of radar is complex in the presence of
rainfall, it is difficult to eliminate the rainfall interference from
radar images [11]. In order to avoid affecting the accuracy of
the wave parameter extraction, these radar images should be
discarded [12, 13]. Therefore, to control the quality of the radar
image, it is necessary to detect whether the radar image is
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contaminated by rainfall before extracting the wave parame-
ters of the radar image [14, 15]. Currently, this research has
attracted the attention of many researchers and has achieved
many representative achievements.

In the early years, the statistical characteristic method is
used to detect whether the radar image is contaminated by
rainfall, but this method can only reflect the local feature rather
than the overall feature [16, 17]. The concept of zero pixel per-
centage (ZPP) was first proposed by Lund et al. [18]. The ratio
of the number of image pixels with zero intensity to the overall
number of pixels is identified as a quality control parameter,
and the threshold is set to 50% to determine the rain-
contaminated radar image. Although the rain-contaminated
radar image can be successfully detected, the setting of the
threshold needs to be further studied. The effectiveness of the
ZPP method is verified in [19], and the threshold of rainfall
detection is reset to improve the detection accuracy. Two sets
of radar systems, Furuno and Decca, were used for the experi-
ments. The experimental results show that the radar image is
regarded as rain-contaminated radar image when the ZPP of
the radar image is less than 20% for the Furuno radar or 10%
for the Decca Radar.

Additionally, the improved ZPP method and new rainfall
detection method are also proposed. A method called high-
clutter direction (HCD) is proposed. For a radar image, if
the intensity of all pixels in an azimuth direction is greater
than a certain value, the direction is defined as a high-clutter
direction. If the ratio of the high-clutter direction to all direc-
tions is greater than 5%, the radar image is regarded as a rain-
contaminated radar image [20, 21]. In [22], an image gray
value method is proposed to identify whether the radar image
is contaminated by rainfall, and a large number of experiments
are used to determine the gray value threshold. The threshold
of 0.55 is chosen, i.e., the gray value is less than 0.55 if the radar
image is contaminated by rainfall; otherwise, the gray value is
greater than 0.55. A method based on support vector machine
(SVM) is proposed to detect rainfall from X-band marine
radar images in [23]. However, the performance of the detec-
tion model needs to be further improved under the swell-
dominated sea, and the effectiveness of the SVM-based
method needs to be further verified. Based on the sea clutter
analysis method proposed by Dong and Merrett [24], the cor-
relation coefficient difference (CCD) method is proposed to
detect rainfall from X-band marine radar images, and the
detection threshold is set to 1/e. Since the correlation coeffi-
cient in the azimuth direction between light rain and heavy
rain has little difference, and a correlation difference fluctua-
tion exists in the experiment, the performance of the CCD
method needs to be further studied [25]. In [26], an unsuper-
vised clustering-based method is proposed to identify low-
backscatter and rain-contaminated regions in X-band marine
radar images. According to the distinct difference in texture
and pixel intensity distribution between low-backscatter,
rain-free, and rain-contaminated, four types of features are
extracted and combined into feature vectors, which are
mapped into 10 × 10-neuron self-organizing map (SOM).
The hierarchical agglomerative clustering algorithm is used
to identify the regions of rain-free, rain-contaminated, and
low-backscatter in X-band marine radar images. Because the

unsupervised clustering-based method is relatively new, the
effectiveness of the algorithm needs more data validation in
the future.

Lu et al. focus on the sea wave research by using X-band
marine radar. On the research of rainfall, a classical analysis
method of rainfall observation data is proposed. The statistical
characteristic—mean value and variation coefficient of a radar
echo image—is used as classification standard of the rain-free
and rain-contaminated radar images for rainfall detection, and
this method has been widely used in the field of radar image
rainfall detection [16]. Additionally, the rainfall detection area
is defined in the occlusion area, and the ratio of zero intensity
to echo (RZE) method for rainfall detection is proposed. The
detection threshold is determined to improve the accuracy of
rainfall detection by statistical analysis of a large number of
radar image data, and it is proposed for the first time to
retrieve the rainfall intensity level from the determined rain-
contaminated radar image. Currently, the RZE method has
been published and widely recognized [27].

In recent years, the texture features of images are extracted
to recognize and classify these images, which are widely used in
various fields and gradually become a hot research topic. In
[28], a semantic segmentation method of radar image based
on key superpixels and texture complexity analysis is proposed
to divide the landform. The results show that the algorithm can
distinguish different landforms more effectively, suppress the
influence of noise, and achieve the semantic segmentation of
radar image. In [29], the incident angle (IA) dependence of
seven commonly used grey level cooccurrence matrix (GLCM)
texture features is investigated, and the results are included in
the Gaussian incident angle (GIA) classifier for evaluation. In
[30, 31], a new method of the image texture statistics and anal-
ysis is proposed by using different texture features of undam-
aged buildings and collapsed buildings. The proposed method
is used to extract the building damage information for effective
emergency decision-making.

Since the sea wave usually has certain texture information,
and the existence of rainfall will change the texture information
of the sea wave, the change of the information can be used to
identify the rain-contaminated radar image. A simple scheme
is introduced in [32] to identify the rain-contaminated portion
in such an image, which ensures that the less-affected portions
may still be useful for sea surface parameters extraction. Differ-
ent from the method of the texture feature classification and
statistics, this scheme is based on spatial variability analysis to
effectively identify whether the azimuthal direction of the radar
image is rain-contaminated by rainfall. However, the single
radial radar line can only represent the rainfall inhomogeneity
in the azimuthal direction but not in the spatial radial direction.
Moreover, the adjacent 3 × 3 space matrix cannot represent the
wave feature when the radial resolution of the radar is 7.5m. To
improve the accuracy of rainfall detection, a wave texture
difference (WTD) method is proposed in this paper. Consider-
ing the spatial rainfall is uneven, the polar coordinates of the
radar image are converted into Cartesian coordinates to detect
rainfall. To express the maximum wave difference more accu-
rately, the calculation method of the pixels in the radar texture
difference map is redefined. This article is the first article to sys-
tematically and comprehensively study rainfall detection by
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using X-bandmarine radar texture differencemap. In addition,
the detection accuracy of the proposed method under different
wave heights is also discussed.

This article describes aWTDmethod to detect rainfall from
X-band marine radar texture difference map. Data overview
and image preprocessing are described in Section 2. Section 3
reviews the rainfall detection method based on the azimuthal
direction in the texture map. Section 4 presents the process of
rainfall detection based on the proposed method. In Section 5,
the effectiveness and applicability of the proposed method are
certified based on the acquired X-band marine radar image
data. Conclusions and outlook are given in Section 6.

2. Data Overview and Image Preprocessing

The collected radar image data cannot be directly used to detect
rainfall and should be pre-processed. The cochannel interfer-
ence of the collected radar image is suppressed, and then the
appropriate rainfall detection area is selected. The Cartesian
diagram obtained by the nearest neighbor interpolation
method is used for rainfall detection.

2.1. Data Overview. From 2013 to 2015, the wave monitor-
ing equipment developed by the research group of Harbin
Engineering University was used to collect data on the shore
of Haitan Island along the East China Sea, and the position
was 25°27′N and 119°50′E. The radar image sequence col-
lected by the wave monitoring equipment consisted of 32
radar images. The collected data is digitized by a 14-bit
high-speed acquisition card, and the digitized backscatter
intensities ranging from 0 to 8192. A large number of mea-
sured data under different weather and sea conditions were
saved during this period, and the data used for the present
work were collected during this period. The experimental
site and applied radar equipment are shown in Figure 1.

The radar image data used in this paper were collected
from August 2013, and the configuration of the X-band
marine radar is given in Table 1. The height of the radar
antenna is 45m and the rotation period is about 2.7 s. The
radar image resolution is 7.5m in distance and 0.1° in azi-
muth, covering an area with a radius of 4300m.

The rain gauge recorded synchronously in minutes with
an accuracy of 0.1mm. Referring to the actual radar image,
the micro rainfall less than 0.1mm was recorded as 0.05mm.
The wave buoy used in this paper was deployed about 800m
from the radar, and the water depth of the buoy location was
about 25m. The buoymeasured the wave height as the ground
truth, with a sampling frequency of 2Hz.

2.2. Cochannel Interference Suppression. The cochannel inter-
ference often exists in the acquired radar image, which seri-
ously affects the quality of the radar image. Figure 2 shows a

North

Radar

Figure 1: The experimental site and radar equipment.

Table 1: The configuration of the X-band marine radar.

Radar parameters Value

Electromagnetic wave frequency 9320~9500MHz

Pulse power 25 kW

Radar antenna rotational speed 26 r/min

Antenna gain 31 dB

Polarization HH

Horizontal beam width 0.9°

Vertical beam width 21°

Pulse repetition frequency 2000Hz

Pulse width 0.07 μs
Grazing angle <5°

Range resolution 7.5m

3Journal of Sensors



radar image collected on August 21, 2013. The colorbar repre-
sents the digitized range value (0~8192) of radar backscatter.
Since cochannel interference exists in this image, it is necessary
to suppress cochannel interference before detecting rainfall.
According to the spatial correlation property of sea clutter in
the X-band marine radar images, a method for detecting
cochannel interference noise is proposed [6]. Firstly, an appro-

priate threshold is determined by the constant false alarm rate
method, and the correlation coefficient method is used to
detect the specific location of the interference noise lines in
the radar image. Then, the modified Laplace linear template
is adopted to locate the interference noise points, and the
detected noise points are repaired by the segmental interpola-
tion method to filter out the noise.
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Figure 2: Raw radar image with cochannel interference.
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Figure 3: Figure 2 after cochannel interference removal .
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2.3. The Selection of the Rainfall Detection Area. Figure 3
shows Figure 2 after cochannel interference suppression.
Since the random superposition interference of various echo
noises such as fixed objects and ships exists in the whole
radar image, which affects the accuracy of rainfall detection,
it is necessary to select the appropriate area in the radar
image for rainfall detection [25].

It is assumed that the spatial distribution of rainfall is
uniform in a short period of time. Considering the influence
of topography in the observation area, the radial distance
from 240m to 2160m and azimuth starting at 125° in the
radar image is selected. The selected analysis area is denoted
by the black solid line.

Then, the pixel intensity values of the selected area are
mapped into the Cartesian coordinate system by using the
nearest neighbor interpolation method to obtain the corre-
sponding Cartesian diagram. The calculation equation of the
nearest neighbor interpolation can be described as follows:

x0 = r × cos θ,y0 = r × sin θ,
n

ð1Þ

where r is the distance between a certain point and the center
in the radar image, and θ is the angle from the bow direction.
Equation (1) denotes that the point ðr, θÞ in polar coordinates
is mapped to the point ðx0, y0Þ in Cartesian coordinates.

To preserve the wave feature to the maximum extent, a
Cartesian diagram generally contains 8~ 12 complete wave-
lengths of sea waves. The Cartesian diagram is 256 × 256
pixels (1920m × 1920m), and the corresponding calculated
radar texture difference map is also 256 × 256 pixels.

3. The Rainfall Detection Method Based on the
Azimuthal Direction in the Texture Map

In this section, the rainfall detection method based on the
azimuthal direction in the texture map is briefly reviewed.
The calculation method of the texture map is introduced,
and a rainfall detection scheme is used to determine whether
the obtained texture map is contaminated by rainfall.

3.1. The Texture Map is Calculated by Root-Mean-Square
Difference. In [32], the backscatter signal of the X-band
marine radar is passed through a logarithmic amplifier
before being converted to gray-scale image. Each pixel of
the gray-scale image is calculated by the Equation of root-
mean-square (RMS) difference, and the texture map used
to quantify the spatial variability of the intensity is obtained.
In order to improve the readability of the image, the pixel
intensities of the texture map are also rescaled to the same
gray scale (i.e., [0, 255] here) as that of the radar image.
The RMS difference can be expressed as

Ta,b =
ffiffiffi
1
9

r
〠
i=1

i=−1
〠
j=1

j=−1
Ia,b − Ia+i,b+j
� �2, ð2Þ

where Ia,b denotes the image intensity of pixel ða, bÞ in the
range ðaÞ and azimuth ðbÞ, and Ia+i,b+j denotes the image
intensity of pixel ða + i, b + jÞ in the range ða + iÞ and
azimuth ðb + jÞ. The texture intensity of the pixel ða, bÞ is
computed in the polar domain by the RMS difference of
the intensity levels of this pixel and its eight adjacent pixels.

Wave texture difference map

Rain-free radar image Rain-contaminated
radar image

X-band marine radar polar image

Image pre-processing

Cartesian diagram

Co-channel interference
suppression; c artesian

coordinate transformation
N is set to half-wavelength;

border points used to
calculate each center pixel
are determined by the near
point substitution method

Map is calculated by the
consecutive pixel method

Figure 4: The flowchart of rainfall detection based on the WTD method.
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Figure 5: The representative position pixels in a complete
wavelength of sea wave.
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3.2. Rainfall Detection in the Azimuthal Direction of the
Texture Map. A scheme is proposed in [32]. For each azi-
muthal direction in the obtained texture map, when the
number of pixels with intensity greater than the threshold
IT (the initial IT is set to 40) is less than a specified value
NG (this value is 20 in [32]), the azimuthal direction is iden-
tified as rain-contaminated direction, and the radar image is
determined as rain-contaminated radar image. Since the
pixel intensity of the image increases with wind speed, the
number of pixels with intensity higher than IT will also
increase. Therefore, the threshold IT needs to be determined
adaptively with the wind speed.

4. Rainfall Detection Based on the
WTD Method

For the rainfall detection method proposed in Section 3, this
section improves the method and proposes a new rainfall
detection method based on the WTD. Firstly, the acquired
radar image cannot be directly used for rainfall detection
and should be preprocessed. The rainfall detection area is
selected in the radar image after suppressing cochannel
interference to obtain the Cartesian diagram by using the
coordinate transformation method. Then, the maximum
texture difference in the sea wave is discussed, and all the
pixels in the Cartesian diagram are calculated to obtain the
corresponding radar texture difference map. Finally, a con-
secutive pixel method is used to detect rainfall in radar tex-
ture difference map. The flowchart of the proposed rainfall
detection method is presented in Figure 4, and the detailed
implementation process is as follows.

4.1. The Calculation Method of the Radar Texture Difference
Map. In Section 3.1, the texture intensity of the pixel ða, bÞ is
computed in the polar domain by the RMS difference of the
intensity levels of this pixel and its eight adjacent pixels,
which is not enough to express the wave difference feature
with the wavelength of 60~150m. Therefore, the Nth border
point used to calculate the pixel ða, bÞ is further discussed,
and the value of N is reset.

The blue curve in Figure 5 shows a complete wavelength
of sea wave, and the eight points (point A to point H) are the
pixels with representative positions on the wave curve. The
points D and H are the crest and trough of the wave, respec-
tively, and the points A and G are the zero points of the wave
curve. The points B and C divide the curve AD into three
equal parts, and the points E and F divide the curve DG into
three equal parts. In the process of obtaining the radar tex-
ture difference map, in order to reflect the maximum texture
difference of any pixel on each wave curve, the N is set to 1/4
wavelength, half-wavelength, and full-wavelength for analy-
sis, respectively. When the points A and G on the wave curve
are calculated, the maximum texture difference is the points
D and H, and the N can be set to 1/4 wavelength. When the
point B or point C on the wave curve is calculated, the max-
imum texture difference is the point H. Therefore, the 1/4
wavelength (point E and point F) is not enough to express
the maximum texture difference, and the N should be
increased. When the point D on the wave curve is calculated,

the maximum texture difference is the point H, which is the
maximum texture difference on the whole wave curve, and the
N can be set to half-wavelength. When the N is set to be greater
than half-wavelength, the maximum texture difference on the
wave curve cannot be expressed. Therefore, when the N is set
to half-wavelength, the texture difference of the calculated radar
texture difference map can be expressed most clearly.

Since the wavelength of sea wave is about 60~150m and the
radar distance resolution is 7.5m, the half-wavelength of the
maximum wavelength is selected. The N is set to 75/7:5 = 10.

The setN is used to calculate the texture difference map of
the X-band marine radar, and the distance distribution of the
pixels is shown in Figure 6. The black circle point is the center
pixel to be calculated, and the red cross points adjacent to the
center pixel are the first border points. The blue square points,
green star points, and pink triangle points are the second,
third, and fourth border points, respectively. If the third bor-
der points are used to calculate the center pixel, it can be found
that the distance between the points in the directions of 0°, 90°,
180°, and 270° on the third border points and the center pixel
is 3 × 7:5m, and the distance in other directions is greater than
3 × 7:5m. In addition, the distance between the points in the
directions of 45°, 135°, 225°, and 315° on the second border
points and the center pixel is closer to 3 × 7:5m. Therefore,
the border points used to calculate the center pixel are deter-
mined by the near point substitution method in this article,
and the steps of this method are as follows:

(1) The number of the pixels on the N-th border point is
l, where l = ð2 × N + 1Þ × 4 − 4. It should be noted
that the number of the border points needed to cal-
culate the center pixel increases with the increase of
the N . After analysis, the border points needing to
be included in the calculation of center pixel are
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Figure 6: The distance distribution of the pixels.
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(2) The radial distances between the border points
determined by Equation (3) and the center pixel
are calculated, respectively. The first n points with
the smallest difference between the radial distance
and the N × 7:5m are used to calculate the wave tex-
ture difference value. To satisfy the l pixels to calcu-
late the center pixel, here n takes the value of l

(3) The center pixel is calculated by the first n selected
points, and the calculation method can be described as

Ta,b =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑i=1

n Ia,b − Iið Þ2
q

n, ð4Þ

where Ta,b is the texture difference value of the pixel ða, bÞ
in the radar texture difference map, Ia,b and Ii are the pixel
intensities of the center pixel ða, bÞ and the n selected points
in the Cartesian diagram, and the value range is 0~255.

Since the N is set to 10, the radial distances between the
seventh to tenth border points and the center pixel need to
be calculated. Among the 272 selected points, the first 80
points with the smallest difference between the radial dis-
tance and 10 × 7:5m are used to calculate the wave texture
difference value. All the pixels in the Cartesian diagram are

calculated by Equation (4) to obtain the corresponding radar
texture difference map.

4.2. Rainfall Detection from the Radar Texture Difference
Map. A consecutive pixel method is used to detect rainfall
from radar texture difference map. Each column (row) of
the radar texture difference map is detected, and 256 detec-
tion results are obtained. The detection method for each col-
umn (row) is that if the intensity of m consecutive pixels is
within a certain range, this column (row) is identified as
rain-contaminated. Since the rows and columns of the radar
texture difference map are equivalent, this map is deter-
mined as rain-contaminated when m consecutive detection
results in the obtained 256 detection results are identified
as rain-contaminated. The corresponding radar image is
rain-contaminated radar image.

When the radar image is not contaminated by rainfall,
the size of the wave texture mainly depends on the wave
height and wind. Therefore, a large number of rain-free
radar images under different wave heights are selected to cal-
culate the radar texture difference map. The median values
of all pixel intensities in each calculated texture difference
map are statistically analyzed, and the average value of these
median values is determined as TH . TH is an initial pixel
threshold for the initial count of the number of pixels. When

Wave direction
North direction
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m

Sea wave

Crest line

(a) 0 ≤ α < π/4

Wave direction

North direction

𝛼
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Crest line

(b) π/4 ≤ α < π/2
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Crest line

(c) π/2 ≤ α < 3π/4
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Figure 7: The calculation method of the m consecutive pixels: (a) 0 ≤ α < π/4, (b) π/4 ≤ α < π/2, (c) π/2 ≤ α < 3π/4, and (d) 3π/4 ≤ α < π.

N ,N − 1 , 1 ≤N < 6,N ,N − 1,N − 2, 6 ≤N < 9,N ,N − 1,N − 2,N − 3, 9 ≤N < 12,N ,N − 1,N − 2,N − 3,N − 4, 12 ≤N < 15:⋮
n

ð3Þ
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the radar image is contaminated by rainfall, the wave texture
will be smoothed, and the wave texture difference will be
reduced. The overall pixel intensity of the obtained texture dif-
ference map decreases, and the number of pixels in ½0, TH �
increases. Due to the effect of wind, the overall pixel intensity
of the radar texture difference map will change in a small
range. Therefore, the certain range in the detection of each col-
umn (row) of the map is defined as ½k, k + TH �, k = 0, 1, 2,⋯
, 256‐TH . After a large number of experiments, it is found that
most of the pixels in the radar texture difference map are low
pixels. Hence, 0 ≤ k ≤ 10 in most experiments.

In addition, the selection of the number of consecutive
pixels as well as whether the radar texture difference map
is detected row-by-row or column-by-column is determined
by the angle relationship between the wave direction and the
north direction. From Figure 7, the dotted line is the crest
line, and a complete wavelength is between the two crest
lines. α is the angle between the wave direction and the north

direction, and 20 pixels denote the number of pixels of a
complete wavelength in the wave direction. Since the value
of the wave direction can be known in advance, the α can
be determined. The following factors need to be considered
for the determination of consecutive pixel m:

(1) Since the border points used for the center pixel calcu-
lation are based on the information of two neighboring
wavelengths when the Cartesian diagram is calculated
by using half-wavelength distance, each pixel of the cal-
culated radar texture difference map also contains the
corresponding information. Figure 8 shows the wave-
lengths of the three adjacent waves in a Cartesian dia-
gram. When the texture difference of the point D is
calculated by Equation (4), the border points used for
the calculation contain the point A and point H, and
the point A is a pixel within the last wavelength. The
border points used to calculate the point F contain
the point C and point J, and the point C is a pixel
within the last wavelength. Similarly, the border points
used for the calculation of the pointH and point J con-
tain the pixels within the next wavelength. Thus, each
pixel of the radar texture difference map contains the
information of two neighboring wavelengths

(2) System delays and errors often affect the acquisition
of radar images, which makes the wavelength range
of sea wave in the acquired radar images often larger
than the actual wavelength range (slightly greater
than 60~150m). When the consecutive pixel m is
set to the number of pixels of one wavelength, it is
difficult to accurately express the spatial rainfall in
the radar texture difference map using the consecu-
tive pixel method

Therefore, the continuous pixel m is set to the number of
pixels of two wavelengths. The m is defined as follows:
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m = 2 ∗ 20/cos α, 0 ≤ α < π/4,m = 2 ∗ 20/cos π/2 − αð Þ, π/4 ≤ α < π/2,m = 2 ∗ 20/cos α − π/2ð Þ, π/2 ≤ α < 3π/4,m = −2 ∗ 20/cos π − αð Þ, 3π/4 ≤ α ≤ π:
n

ð5Þ
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Here, to ensure that a sufficient number of wavelengths
are available for the detection of each column (row) in the
radar texture difference map, the method is as follows: when
π/4 ≤ α < 3π/4, the radar texture difference map is detected
row-by-row. Otherwise, the radar texture difference map is
detected column-by-column. It should be noted that some
inconsecutive high pixels, such as ships and floating objects,
will exist in the radar image, but they will not affect the
detection accuracy of the consecutive pixel method.

5. Experimental Results and Analysis

Compared with the rainfall synchronously recorded by the
rain gauge, the effectiveness of the proposed method for
rainfall detection is certified in this section. Meanwhile, the
performance of rainfall detection is analyzed by comparing
the proposed method with the original method (in Section
3), the ZPP method, and the SVM-based method. Moreover,

the accuracy of the proposed method is analyzed in different
wave height environments to validate the applicability of this
method.

5.1. Experimental Results. First, the TH is determined.
Figure 9 shows the statistical results of the median values
of all pixel intensities in each calculated texture difference
map. A total of 1200 median values are calculated, and the
red horizontal line denotes the average value (=40.444 here)
of these median values. Thus, the TH is set to 40.

According to the synchronous measurement value of the
rain gauge, a rain-free radar image and a rain-contaminated
radar image are randomly selected for rainfall detection by
using the WTD method.

Figure 10 shows the rainfall detection process of a rain-
free radar image, and the measured value of the rain gauge is
0mm. The angle α between the wave direction and the north
direction is 41°. According to Equation (5), each column of
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Figure 10: The rainfall detection process of a rain-free radar image: (a) the Cartesian diagram, (b) the radar texture difference map of (a), (c)
The frequency distribution of the pixels in (b), and (d) the rainfall detection results of each column in (b).

9Journal of Sensors



the radar texture difference map is detected, and the value of
consecutive pixels m is 53. The Cartesian diagram obtained
by coordinate transformation is shown in Figure 10(a). The
pixels of Figure 10(a) are calculated by Equation (4) to obtain
the corresponding radar texture difference map, as shown in

Figure 10(b). Figure 10(c) shows the frequency distribution of
the pixels in Figure 10(b). The horizontal coordinate denotes
the pixel intensity value, which also denotes the texture differ-
ence value, and the vertical coordinate denotes the frequency of
each pixel. Figure 10(d) shows the rainfall detection results of
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Figure 11: The rainfall detection process of a rain-contaminated radar image: (a) the Cartesian diagram, (b) the radar texture difference
map of (a), (c) the frequency distribution of the pixels in (b), and (d) the rainfall detection results of each row in (b).
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Figure 12: The simultaneous rain rate recorded by the rain gauge.
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each column in Figure 10(b). The horizontal coordinate denotes
256 columns of Figure 10(b), and the vertical coordinate
denotes the detection results of each column. When a column
is identified as rain-contaminated, the column is labeled as 1.
Otherwise, the column is labeled as -1. From Figure 10(d), m
consecutive results identified as rain-contaminated do not exist

in the 256 detection results. Therefore, the selected radar image
is detected as a rain-free radar image, and the detection result is
correct.

Figure 11 shows the rainfall detection process of a rain-
contaminated radar image, and the measured value of the
rain gauge is 4mm. The angle α between the wave direction
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Figure 13: The rainfall detection results based on the WTD method.
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Figure 14: The rainfall detection results based on the original method.
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Figure 15: (a) The calculated ZPP. (b) The rainfall detection results based on the ZPP method.
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and the north direction is 53°. According to Equation (5), each
row of the radar texture difference map is detected, and the
value of consecutive pixels m is 50. Figures 11(a)–11(d) show
the Cartesian diagram, the radar texture difference map, the
frequency distribution histogram, and the rainfall detection
results, respectively. From Figure 11(d), most rows of the radar
texture difference map are detected as rain-contaminated, and
m consecutive results identified as rain-contaminated exist in
the 256 detection results. Therefore, the selected radar image
is detected as a rain-contaminated radar image, and the detec-
tion result is correct.

Then, a large number of radar image data are selected to
validate the proposed method. From August 20 to 22, 2013,
a total of 2500 radar image data are selected (1250 rain-
contaminated data and 1250 rain-free data), as shown in
Figure 12. The horizontal coordinate denotes the data number.
The vertical coordinate denotes the simultaneous rain rate
recorded by the rain gauge, and the unit is mm/10 mins.

The rainfall detection results based on the WTD method
are shown in Figure 13. The horizontal coordinate denotes
the data number, and the vertical coordinate denotes the rain-
fall detection result. When the radar image is detected as rain-
contaminated, the detection result of this radar image is
labeled as 1. Otherwise, the detection result of this radar image
is labeled as -1. Compared with the simultaneous rain rate in
Figure 12, the proposed method has high rainfall detection
accuracy. Among the 2500 radar image data, 2335 image data
are correctly detected, and the accuracy of rainfall detection is
93.4%. The correct number of the rain-free radar images is
1129, and the accuracy of rainfall detection is 90.32%. The cor-
rect number of the rain-contaminated radar images is 1206,
and the accuracy of rainfall detection is 96.48%. The false
alarm rate of the rain-free radar image is higher than that of
the rain-contaminated radar image. The reason is that the
selected detection area of these rain-free images has small tex-
ture differences, which makes these images easier to detect as
rain-contaminated images.

To further validate the rainfall detection performance of the
proposed method, the rainfall detection result is compared with
that of the original method (in Section 3), the ZPPmethod, and
the SVM-based method. Figure 14 shows the rainfall detection
results of the original method before improvement [32]. When
an azimuthal direction in the texture map is identified as rain-
contaminated, this direction is regarded as rain-contaminated
direction, and the radar image is determined as rain-
contaminated radar image. Thus, many rain-free radar images
are incorrectly detected as rain-contaminated radar images in
Figure 14. Among the 2500 radar image data, 1858 image data
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Figure 16: The rainfall detection results based on the SVM-based method.

Table 2: The comparison of the rainfall detection accuracy.

Rain-free image Rain-contaminated image Total image
Correct number Accuracy Correct number Accuracy Accuracy

ZPP 997 79.76% 1134 90.72% 85.24%

The original method 664 53.12% 1194 95.52% 74.32%

The proposed method 1129 90.32% 1206 96.48% 93.4%

Table 3: The experimental results of the rain-free image data.

Wave height (m) Select number Correct number Accuracy

2.0 200 184 92%

1.9 200 181 90.5%

1.8 200 190 95%

1.7 200 183 91.5%

1.6 200 185 92.5%

1.5 200 183 91.5%

1.4 200 177 88.5%

1.3 200 185 92.5%

1.2 200 181 90.5%

1.1 200 174 87%

1.0 200 171 85.5%

0.9 200 179 89.5%

0.8 200 166 83%

0.7 200 154 77%

0.6 200 131 65.5%

0.5 200 91 45.5%

0.4 200 54 27%

0.3 200 37 18.5%
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are correctly detected, and the accuracy of rainfall detection is
74.32%. The correct number of the rain-free radar images is
664, and the accuracy of rainfall detection is 53.12%. The
correct number of the rain-contaminated radar images is
1194, and the accuracy of rainfall detection is 95.52%.

ZPP is still widely used to detect rain-contaminated radar
images because it has the advantages of easy to understand
and easy to realize in engineering. In [18], the detection
threshold is set to 50% to determine whether the radar image
is contaminated by rainfall. Figure 15(a) shows the curve
change of the calculated ZPP. The red dotted line denotes
the set 50% threshold, and the blue solid line denotes the curve
change of the calculated ZPP. The calculated ZPP will change
with the rainfall, and it will decrease with the increase of the
rain rate.When the calculated ZPP is less than the 50% thresh-
old, the corresponding radar image is determined as the rain-
contaminated radar image. Otherwise, the radar image is
determined as the rain-free radar image.

The rainfall detection results based on the ZPP method
are shown in Figure 15(b). When the radar image is detected
as rain-contaminated, the detection result of this radar
image is labeled as 1. Otherwise, the detection result of this
radar image is labeled as -1. Among the 2500 radar image
data, 2131 image data are correctly detected, and the accu-
racy of rainfall detection is 85.24%. The correct number of
the rain-free radar images is 997, and the accuracy of rainfall
detection is 79.76%. The correct number of the rain-
contaminated radar images is 1134, and the accuracy of rain-
fall detection is 90.72%. The false alarm rate of the rain-free
radar image is higher than that of the rain-contaminated
radar image. The reason is that some rain-free radar images
have large wave heights and high pixel intensity, and the cal-
culated ZPP of these images is less than the set threshold.
Therefore, these radar images are detected as the rain-
contaminated radar images.

In addition, reference [23], the SVM-basedmethod is used
to detect rain-contaminated radar images in this paper. The
data from 201st to 800th are utilized to train the SVM detec-
tion model, and the rainfall detection results of the 2500 radar
image data are shown in Figure 16. It can be observed from
Figure 16 that the detection performance of the SVM-based
method is not ideal compared with that of the proposed
method, the original method, and the ZPP method. Many
rain-free radar images and rain-contaminated radar images
are detected incorrectly. The reason is that the training dataset
may be less, which makes the performance of the SVM model
cannot be well presented. Meanwhile, the SVM-based method
for rainfall detection is based on the statistical histogram of the
radar image. Since the variation range of the rain rate is rela-
tively large in the selected 2500 radar image data, it is not easy
to distinguish the statistical histogram features of the rain-free
radar image and the light rain radar image. Therefore, the per-
formance of the SVM-based method for rainfall detection is
lower than other methods.

To evaluate the performance of the rainfall detection, the
rainfall detection accuracy of the ZPP method, the original
method, and the proposed method is compared, as shown
in Table 2. From Table 2, the total accuracy of the proposed
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Figure 17: The detection accuracy of the rain-free image data under different wave heights.

Table 4: The experimental results of the rain-contaminated image
data.

Wave height (m) Select number Correct number Accuracy

0.1 200 200 100%

0.2 200 200 100%

0.3 200 200 100%

0.6 200 196 98%

0.7 200 194 97%

0.9 200 187 93.5%

1.1 200 193 96.5%

1.2 200 189 94.5%

1.3 200 190 95%

1.4 200 193 96.5%

1.6 200 194 97%

1.7 200 191 95.5%

2.0 200 177 88.5%

2.1 200 181 90.5%
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method is 19.08% higher than that of the original method
before improvement, while it is 8.16% higher than that of
the ZPP method. In particular, the detection accuracy of
the rain-free radar image is significantly improved by the
proposed method in this paper. It should be noted that the
measurement mechanism of the marine radar is different
from that of the rain gauge, and the installation position of
the rain gauge is far from the radar observation area. There-
fore, the detection error exists in the rainfall detection results
in this paper.

5.2. The Applicability of the Proposed Method. Since the detec-
tion accuracy of the WTD method mainly depends on the
wave height environment, the applicability of the proposed
method is discussed in this section. According to engineering
experience, the waves with wave height greater than 2m are
regarded as big waves with clear texture. Thus, the applicabil-
ity experiment starts at a wave height of 2m. Firstly, 200 rain-
free image data are selected under each wave height. The value
of the wave height was measured by the buoy, and the mea-
surement accuracy is 0.1m. Table 3 shows the experimental
results, and the relationship between the wave height and the
accuracy is shown in Figure 17.

From Figure 17, the red solid line is the accuracy
required by the engineering, which is set to 80%, and the
variation range of wind speed is 6~ 10m/s. When the wave
height is greater than 0.8m, the detection accuracy can meet
the engineering requirements. When the wave height is less
than 0.8m, the detection accuracy decreases obviously with
the decrease of wave height. The reason is that in the low
wave environment, the difference of the wave texture is
smaller, and the average pixel intensity of the calculated
radar texture difference map is small, which makes it easier
to detect the rain-free image data as the rain-contaminated
image data. When the wave height is 0.6m, the detection
accuracy is still more than 65%. Therefore, when the wave
height is greater than or equal to 0.6m, the proposed
method for rainfall detection is effective. When the wave
height is greater than or equal to 0.8m, the proposed
method for rainfall detection has high detection accuracy.

Then, 200 rain-contaminated image data are selected
under each wave height to discuss the applicability of the
proposed method. Here, the rain-contaminated image data
is nonzero data measured by the rain gauge. Because the
rain-contaminated image data is limited, only the collected
rain-contaminated data are statistically analyzed. Table 4
shows the experimental results, and the relationship between
the wave height and the accuracy is shown in Figure 18.

Since the rainfall will smooth the waves and reduce the
amplitude of the waves in the vertical direction, the wave
height of the rain-contaminated image data will be reduced.
Here, the maximum wave height of the collected rain-
contaminated image data is 2.1m, and the variation range of
wind speed is 8~11m/s. From Figure 18, when the wave
height is 0.1, 0.2, and 0.3m, the detection accuracy is 100%.
In this wave height environment, the image data is easier to
be detected as rain-contaminated image data, and the false
alarm rate is high. When the wave height is greater than
0.6m, the detection accuracy begins to decrease. The reason
is that microrain or light rain is not enough to smooth the
large waves, and the wave texture difference is still large, which
will detect part of the rain-contaminated image data as rain-
free image data. When the wave height ranges from 0.6m to
2.1m, the accuracy of the rainfall detection is greater than
88%, which meets the requirements of engineering accuracy.
Therefore, in this wave height range, the proposed method
for rainfall detection is effective.

It should be noted that the rain-contaminated image data
will also be collected in the high wave environment. The reason
is that several consecutive waves will be smoothed by rainfall,
which is regarded as a complete large wave. For this large wave
with smaller amplitude and longer wavelength, the N does not
denote the half-wavelength, but less than the half-wavelength.
Although the wave texture difference is large in this high wave
environment, the average pixel intensity of the calculated tex-
ture difference map is small, which makes the image easier to
be detected as rain-contaminated radar image.

The experimental results show that when the wave
height is greater than 0.6m, the proposed method in this
paper can be used for rainfall detection, and the detection
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Figure 18: The detection accuracy of the rain-contaminated image data under different wave heights.
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accuracy is more than 65%. When the wave height is greater
than 0.8m, the proposed method has high rainfall detection
accuracy and meets the requirements of engineering accu-
racy. Because the obvious wave height exists in the sea in
most cases, the method proposed in this paper can be used
for rainfall detection in most marine environments.

6. Conclusions

In this paper, we propose aWTDmethod based on the feature
that rainfall changes the wave texture information in radar
images. Considering the spatial rainfall is uneven, the polar
coordinates of the radar image are converted into Cartesian
coordinates to detect rainfall. To express the maximum wave
difference more accurately, the border points of half-
wavelength distance are used to calculate the pixels in the tex-
ture difference map. The obtained texture difference map is
detected by using the consecutive pixel method, which can
detect adaptively with the effect of wind. The data collected
from the shore of Haitan Island along the East China Sea are
used to validate the proposed method. The results show that
the proposedmethod can not only accomplish the task of rain-
fall detection but also present a good rainfall detection perfor-
mance compared with other methods. The total accuracy of
the proposedmethod is 19.08% higher than that of the original
method before improvement, while it is 8.16% higher than
that of the ZPP method. In addition, the image data in differ-
ent wave height environments are used to validate the applica-
bility of the proposed method. The results demonstrate that
the proposed method can be applied to rainfall detection in
most marine environments.

Although the experimental results generated using the
WTD method are encouraging, it should be noted that the
effectiveness of the proposed method needs to be further
verified in more wave environments. In addition, since the
measurement mechanism of the rain gauge is different from
that of the marine radar, the detection error exists in the
experimental results in the actual rainfall environment. More-
over, in the future, the data collected from other sites andmore
radar systems should be utilized to further validate the perfor-
mance of the proposed method.
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