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Abstract: This paper presents a novel algorithm based on the attenuation horizontal component for
wind direction retrieval from X-band marine radar images. The range dependence of radar return on
the ocean surface can be presented in radar images, and the radar return decreases with the increase
in range. The traditional curve-fitting method averages the radar return of the whole range to retrieve
the wind direction, but it is vulnerable to the interference of fixed objects and long-range low-intensity
pixel points. For the pixels with the same range in the polar coordinates of the radar image, the
ideal range attenuation model is derived by selecting the pixels with the highest intensity value. The
ideal attenuation model is used to fit the attenuation data and calculate the attenuation horizontal
component at each azimuth direction. To eliminate the effect of outliers, the iterative optimization
method is used in the estimation of the attenuation horizontal component and the weights of the
data are continuously updated. Finally, the wind direction is determined based on the azimuthal
dependence of the attenuation horizontal component. This algorithm was tested using shipboard
radar images and anemometer data collected in the East China Sea. The results show that, compared
with the single curve-fitting method, the proposed algorithm can improve the wind direction retrieval
accuracy in the case of more fixed targets. Under the condition of more fixed targets, the deviation
and root mean square error are reduced by 16.3° and 16.2°, respectively.

Keywords: X-band marine radar; wind direction; radar return range attenuation; ideal attenuation
model; attenuation horizontal component

1. Introduction

The sea surface wind field is an important parameter in the study of the interaction
between the air and the sea, and regulates the coupling between the atmosphere and the
ocean by adjusting heat, water vapor, and particulate matter, thereby maintaining the global
and regional climate. Wind direction is now mainly measured using in situ sensors located
on the ship’s mast, such as the anemometer; however, the anemometer is susceptible to
atmospheric turbulence and turbulent airflow caused by the ship’s superstructure. Even if
the anemometer is installed in an unobstructed position, the error in the measurement of
the wind direction can be very high [1,2]. In recent decades, marine radar has become an
effective method for obtaining sea surface wind field information due to its advantages
of high resolution and timely feedback [3]. Moreover, most ships have been equipped
with marine radar, which has a small additional cost compared with other remote sensing
instruments. To date, X-band marine radar has been widely used to detect the current [4-9],
bathymetric data [10-16], and waves [17-24], and significant progress has been achieved in
this field. However, the extraction of wind parameters using X-band marine radars still
needs further refinement.

Marine radar generally works under the grazing incidence and emits X-band electro-
magnetic waves to the sea surface in a rotating manner. The radar backscattering from
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the sea surface is mainly produced by the Bragg resonance interaction between the elec-
tromagnetic wave and the high-frequency gravity—capillary wave affected by gravity and
surface tension [25,26], which is the basic theory of the marine radar telemetry sea surface.
It has been shown [27,28] that X-band marine radar operating under horizontal polarization
(HH) has only one peak of radar return intensity from the ocean surface, i.e., the upwind
direction. Therefore, the wind direction can be retrieved using the relationship between the
radar return and the azimuth of the radar antenna. Based on this principle, there are two
main types of wind direction extraction. One type uses integrated radar image sequences to
obtain the wind direction [29,30], while the other type requires only a single radar image to
directly retrieve the wind direction [31-33]. The above methods can retrieve wind direction
well in the absence of rain, but rainfall causes severe interference in radar imaging [34-36].
Therefore, in recent years, retrieval of the wind direction from rain-contaminated radar
images has become the main research direction, and great progress has been made [37-40].
Another algorithm is based on wind streaks that are visible in time-integrated X-band
marine radar images and aligned with the average wind direction [26]. Based on the wind
streak theory, the optical flow motion estimation-based technique (OFM) [41] and the local
gradient method (LGM) [42-44] were proposed. However, the results of the OFM algorithm
are not accurate and difficult to achieve in engineering. LGM requires sub-sampling of the
wind stripe image. Accurate wind direction results can only be obtained when the image
resolution is reduced to 1/16-1/4 of the wind streak scale. In addition, the scale of the
wind streak is 200-500 m, and it is uncertain, so it is difficult to retrieve the accurate wind
direction.

In the above developments, not only has the obstructed radar field of view been
considered, but also the azimuth of the obstructed wind direction. In addition, during radar
image preprocessing, the interference of fixed objects is removed by setting a threshold.
Although satisfactory results are obtained in a large range of wind directions and wind
speeds, different thresholds need to be set for different radars and are not robust. Ships
sailing on the sea surface will encounter a variety of sea conditions which appear on the
marine radar image, and images are especially vulnerable to the sudden appearance of
fixed objects and other outliers on the sea surface. However, there is not only the effect of
occlusion by fixed targets, but also the occlusion of shadows formed behind the targets.
It is difficult to calculate the true average radar return intensity even if the pixel points
of the targets are excluded, i.e., there are local low or high values. Hence, although the
data of the occlusion direction are excluded, the data generated by complex sea conditions
may be retained, resulting in less accurate results. Furthermore, the radar return intensity
is modulated by range, and the radar return attenuates with increasing range distance in
radar images [28]. At longer range, the surface signal not only decreases with increasing
range, but there are more pixels with low-intensity values. This is one of the reasons for
the reduced retrieval accuracy of the wind direction. It has been proven that any range
dependence occurring in radar images is the result of the grazing angle dependence on
the radar return on the ocean surface, which has a cubic relationship with range [28].
Subsequently, the radar return was derived as the modeled function of range using the
best fit in the retrieval of sea surface wind parameters [31]. In summary, the interference
of outliers and fixed targets in the radar image cannot be ignored, nor the excessive low-
intensity points caused by radar return range attenuation when the wind direction is
retrieved from marine radar images. In addition, it is necessary to find a technology that
can process complex sea surface abnormal values in a stable manner and extract wind
direction.

To overcome the uncertain interference in radar images, this paper proposes an algo-
rithm based on the attenuation horizontal component for wind direction retrieval from
X-band marine radar images. This is the first time that the range attenuation property of
the radar return has been used to extract the sea surface wind direction. The algorithm
first needs to determine the ideal attenuation model of the radar image, and then uses
the ideal range attenuation model for comparison with one-dimensional data to find the
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relative difference value at each azimuth direction, i.e., the attenuation horizontal com-
ponent. In addition, the algorithm removes outliers and low-intensity invalid points by
updating weights and thresholds during iterative optimization, without judgement during
preprocessing. To improve the stability of the wind direction retrieval, the cosine square
function proposed in [31] is improved when applied to the wind direction estimation.
Finally, the wind direction is retrieved by using the attenuation horizontal component as an
improved cosine function of the azimuth direction. Since the ideal attenuation model has
the same attenuation trend as the one-dimensional data of each azimuth, sudden outliers
(such as fixed targets and local occlusion areas) can be stably excluded by fitting; this is
particularly the case for radar images with more fixed targets and local occlusion areas. In
addition, their relative difference value (attenuation horizontal component) also retains the
directional characteristic of the wind field, so that the sea surface wind direction can be
stably retrieved. This study is organized as follows: Section 2 describes the wind direction
retrieval algorithm, including data preprocessing, derivation of the ideal range attenuation
model, extraction of the attenuation horizontal component, and wind direction retrieval.
Experimental results, including the overview of the data, are presented in Section 3. The
results are discussed in Section 4. Finally, a summary and future work are presented in
Section 5.

2. Wind Direction Retrieval Methods

This section utilizes the range attenuation characteristic of radar return in X-band
marine radar images to extract wind direction. Traditional methods of calculating wind
direction may be hindered by fixed targets, high-frequency noise, and invalid low-intensity
pixels. To overcome these limitations, the fixed targets are preliminarily removed based
on histogram statistics, and subsequently an ideal range attenuation model of the radar
image is established. This paper utilizes a comparison of one-dimensional attenuation
data for each azimuth with the ideal attenuation model to determine the attenuation
horizontal component relative to the ideal attenuation model. This is a constant of the
one-dimensional attenuation data relative to the ideal range attenuation model at a certain
azimuth. When the radar return in a certain azimuth is high, the corresponding horizontal
component of attenuation is also high, and vice versa. By adding a threshold to the process
of estimating the attenuation horizontal component for iterative optimization, the effects
of the surrounding environment and low wind speed are further excluded. The extracted
attenuation horizontal component retains its dependence on the azimuth; thus, the wind
direction can be determined by retrieving the maximum attenuation horizontal component,
taking into account the correlation between the attenuation horizontal component and the
azimuth angle. The flow chart of the wind direction extraction process is given in Figure 1.

2.1. Data Preprocessing

Radial noise lines caused by interference from other marine radars appear as high-
intensity pixel lines distributed along the range direction in radar images [38]. Given that
the marine radar data used in this study come from the same equipment as that used in [33],
median filtering is applied here to remove the interference caused by radial noise lines. A
3 x 3 sliding template is selected, and each pixel is replaced with the median radar return
value of the remaining eight image points within the adjacent window for that point. To
make better use of the data, the radar image data is normalized by converting the radar
return data to decimal values between 0 and 1. In this study, the maximum-minimum
normalization method is applied and is calculated as follows:

x — min(x)
max(x) —min(x)

)

Xnormalization —

where x is the original image after median filtering and X, ormatization 1S the normalized
radar image.
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Figure 1. The flow chart of the wind direction extraction process.

2.2. Radar Return Ideal Range Attenuation Model

Similar to the range attenuation observed in radar images, the vignetting phenomenon
is also present in conventional images, where the intensity of pixels attenuates radially from
the center of the image to the periphery [45]. Therefore, a similar concept is introduced to
model the range attenuation of radar images, as proposed in [46]:

X(r,0) =Y(r,0) -D(r,0) (2)

where X and Y represent the radar attenuation image and the potential range-free attenua-
tion image in polar coordinates, respectively (the origin of which is the center of the radar
image); D represents a one-dimensional attenuation function; 0 is the angle between the
scanning direction of the radar antenna and ship heading; and r is the range distance from
the radar antenna to the sea surface.

It has been shown that range dependence observed in radar images is a direct result
of the grazing angle dependence of radar return on the ocean surface, with the radar
return being cubic-dependent on range [28]. Therefore, it can be considered that the range
attenuation effect is the same at each azimuth of the radar image. In this study, one-
dimensional data from one of the azimuths are chosen to represent the overall distribution
of attenuation effects and to estimate the ideal range attenuation model. Figure 2 shows
three different types of radar images. Figure 2a is a long-pulse radar image at low wind
speed, Figure 2b is a short-pulse radar image with fixed targets at medium wind speed,
and Figure 2c is a short-pulse radar image at high wind speed, but there are more fixed
targets in the radar image. X-band marine radar images not only exhibit range attenuation
characteristics but are also affected by wave shadow modulation, as illustrated in Figure 3a.



Remote Sens. 2023, 15, 3959

50f 20

y[m]

y[m]

-1000

-2000

-3000

-4000

-5000

5000

4000

3000

2000

1000

-1000

-2000

-3000

-4000

-5000

-5

5000

Consequently, the curve plotted at a fixed azimuth shows that the radar return intensity
decays with range overall, while still moving up and down locally, as depicted in Figure 3b.
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Figure 2. Three different kinds of radar images: (a) long—pulse image collected under low-wind-
speed conditions (obtained on 21 September 2017 at 09:06), with a heading of 87.9°, a wind direction
of 88.99°, and a wind speed of 5.9 m/s, as measured by an anemometer; the red line indicates the
occlusion area; (b) short-pulse image collected under high-wind-speed conditions (obtained on 24
October 2017 at 03:27), with a heading of 347.3°, a wind direction of 31°, and a wind speed of 9.8 m/s,
as measured by an anemometer; the oval indicates the ship; (c) short-pulse image collected under
high-wind-speed conditions (obtained on 24 October 2017 at 06:42), with a heading of 1°, a wind
direction of 50°, and a wind speed of 11 m/s, as measured by an anemometer; the oval indicates
the ship.

To eliminate the effect of wave shadow modulation and only retain the characteristic
of range attenuation, pixel points with the highest radar return value are selected from
pixels with the same range in the radar image to derive the ideal attenuation data. The
ideal attenuation data are determined as follows:

Xoa(r) = max{(r,0)} 6 € [0,360) 3)
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Figure 3. (a) Schemes of shadow modulation; (b) one-dimensional angle data randomly selected

(a)

from Figure 2b.

To exclude fixed targets in the calculation process, histogram statistics are derived
for all pixels in the same range r before extracting the ideal attenuation data. The radar
return values belonging to range r are stored in a histogram of 256 bins ranging from 0 to 1.
Then, each bin in the histogram is counted, and if the number belonging to a radar return
value is less than the predetermined threshold T, this radar return value is considered
as the target and excluded, as shown in Figure 4a. Finally, the maximum radar return
intensity belonging to r is selected from the remaining radar return values. Because T is
the threshold in the histogram statistics, it is set in relation to the number of pixel points
in the radar image. A smaller threshold can eliminate outliers in the image to the greatest
extent, and a larger threshold cannot eliminate the low proportion of outliers. Referring
to [45] for the threshold settings, the radar image threshold is set to T = 0.01 x N, where N
is the number of radar image azimuths 6. Figure 4b shows the ideal attenuation data of
Figure 2b after excluding outliers based on the histogram statistics, which only retains the
attenuation characteristics of radar return. Figure 5 shows the radar image in Figure 2b,c in
which the fixed targets are removed based on histogram statistics. It can be seen from the
figure that fixed objects such as ships are excluded. The processed image is then used as
the input for subsequent calculation.
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Figure 4. Extraction process of ideal attenuation data: (a) the histogram statistics of radar return
at one range distance 7 for Figure 2b (the radar return values have been normalized); (b) the ideal
attenuation data for Figure 2b.
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Figure 5. The radar image of (a) Figure 2b and (b) Figure 2c after excluding fixed targets based on
histogram statistics.

After obtaining the ideal range attenuation data X,,, the attenuation function model
is fitted to the attenuation data using least-squares fitting to estimate the ideal range
attenuation model D. This paper uses the improved model of Lund [31] to represent the
ideal range attenuation model D, which is:

bo

PO e my

4)

where by and b are the regression parameters, and r is the range distance from the radar
antenna. In this study, the attenuation model is limited to the range from 0 to by. When
the range distance is 0, there is no attenuation and the value of the attenuation function
is by, which is only related to the overall radar echo intensity. The overall echo intensity
is mainly affected by the wind speed. Furthermore, the value of the attenuation function
decreases with the increase in the distance range. By fitting the ideal attenuation data using
Equation (4), an ideal attenuation model of a radar image can be obtained. Figure 6 shows
the fitted ideal range attenuation model. Because the attenuation characteristics of each
azimuth in a radar image are the same and have the same attenuation trend, the obtained
ideal attenuation model is compared with the attenuation data of each azimuth in the radar
image to obtain a relative difference value, that is, the attenuation horizontal component.
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Figure 6. Ideal range attenuation model.
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2.3. Estimation of Attenuation Horizontal Components and Outlier Treatment

The ideal attenuation model is implemented as a baseline to be compared and fit with
the one-dimensional data at each azimuth, thereby deriving the attenuation horizontal
components, which represent the difference between the one-dimensional attenuation data
and the ideal attenuation model. Under ideal conditions, for one-dimensional data at a
certain azimuth, the radar return intensity not only decreases with range but also correlates
with wind speed and direction. The overall radar return intensity becomes stronger as
the wind speed increases, but it maintains a stable range attenuation. A peak is observed
in the radar return intensity when it is aligned with the wind direction. In addition, the
non-attenuated radar image Y (r, #) in Equation (2) has almost different horizontal lines
in different azimuth directions 6, which are due to the influence of the wind direction. A
relative difference value is derived by comparing one-dimensional data at a given azimuth
to a fixed ideal range attenuation model, which is a constant and is defined in this paper as
the attenuation horizontal component. Therefore, the attenuation horizontal component of
each azimuth can be estimated by replacing Y (r, 8) with the constant Cy and minimizing
the following:

rmax

argmin 2 (|CoD(r) — X(r,9)|) (5)
Coy r=0
However, the estimation process is disturbed by outliers in X (r,0) such as noise,
supersaturation, and low-intensity pixels caused by range attenuation. Unlike Equation (5),
a continuously updated threshold 6 and weight w are used to exclude the interference of
outliers, and Cy can be estimated using Equation (6):

rmax
argmin( Y w(r) - min(|CeD(r) — X(r,é)),é)), subject to0 < Cg <1 (6)
Cy r=0

where w is a weighted function and J is the threshold. Because the range attenuation
is more serious when r increases, a larger weight is given to the points away from the
radar antenna when modeling the weighting function. Equation (7) is chosen to model the

weights after testing:
Vr/l

Y Vn
where 7 is the discrete point position of range distance, [ is the resolution of range distance,
and p is the maximum discrete point position of range distance. Since the range of radar
data is 0 to 1, the initial value of the threshold 4 is set to 0.5 through experiments. In
addition, the weights of the low-intensity points caused by range attenuation and other
factors are set to zero. In this paper, pixel points with an intensity value less than 0.05
are considered invalid. The nonlinear least-squares method is used to solve Equation (6).
However, due to outliers, the initial estimation results may be inaccurate. Therefore, the
iterative optimization is used to update the value of Cy. In the first iteration, ¢ is halved so
that more unstable values will be determined and the weight is updated to exclude outliers
such as high-intensity system noise and low-intensity points. The weight w is updated by
determining the outliers in X(r, #) using Equation (8):

wolr) = { w(r),if|CeD(r) — X(r,0)|<é o

0, otherwise

w(r) = )

The updated parameters 6 and w are passed to the next iteration. The whole process
is iterated two times to obtain the final attenuation horizontal components, as shown in
Algorithm 1.
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Algorithm 1: Estimation of attenuation horizontal components and outlier treatment

Input: ideal range attenuation model D
6 = 0.5, Initialize w using Equation (7)
Cp < Estimate the attenuation horizontal components preliminarily using Equation (6)
for N=1:2
006=46/2
w <+ Update w with using Equation (8)
Cp < Estimate the attenuation horizontal components using Equation (6)
end for
Output: Cy

To clearly show the process of estimating the attenuation horizontal component and the
treatment of outliers, one-dimensional data from two azimuths of Figure 2a,c are selected.
The one-dimensional data selected in Figure 2a contain some high-intensity outliers, and the
data selected in Figure 2c are one-dimensional data of about 290° which are not only affected
by the high-intensity target, but also form a low-intensity occlusion area behind the target.
Figure 7 shows the estimation process of an azimuth attenuation horizontal component,
where Figure 7a—d show the estimation process of the one-dimensional data in Figure 2a,
and Figure 7e-h show the estimation process of the one-dimensional data in Figure 2c. It
can be observed from Figure 7a that there are many invalid low-intensity pixels and noises
in the one-dimensional data, which will cause errors in the estimation of the attenuation
horizontal component. In the process of initial estimation of the attenuation horizontal
component, this part of the interference is eliminated by setting the weight of the low-
intensity pixels to zero, as shown in Figure 7b. After two iterative optimizations in which
the truncation distance ¢ is added, the interference in the one-dimensional attenuation
data at the same azimuth angle is further eliminated, as shown in Figure 7c,d. It can be
seen from Figure 2c that the high-intensity target will block the propagation direction
of the electromagnetic wave and a local occlusion area appears behind it. In addition, it
should be noted that the high-intensity target has been excluded based on the previous
histogram statistics. As shown in Figure 7e, the occlusion area produces a large number of
low-intensity pixel points, which will lead to errors in wind direction results. Combining
Figure 7f-h, it can be seen that the low-intensity invalid points generated in the occlusion
area are eliminated through initial estimation, and the attenuation horizontal component
is updated through two iterations. Since there are only outliers formed by the occlusion
area, the attenuation horizontal components calculated in the last two iterations are the
same as the initial estimated values. At the same time, it can be observed that although
there is a large deviation between the attenuation model and the data in the near ranges, it
fits well in most ranges, so it has little effect on the extraction of the attenuation horizontal
component. This mainly depends on the selection of the ideal attenuation model, and a
better attenuation model needs to be found in subsequent research.

2.4. Wind Direction Extraction Method

Previous studies have shown that the maximum radar return from X-band marine
radar operating under grazing incidence and HH polarization conditions occurs in the
upwind direction. In order to improve the stability of wind direction estimation, the cosine
square function of Lund is optimized. The improved formula is as follows:

Cy = ag + aycos(6 — ap) 9)
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Figure 7. The estimation process for a certain azimuth attenuation horizontal component: (a) one-
dimensional angle data randomly selected from Figure 2a; (b) naive estimation, where C x D is
the updated attenuation function (the value of attenuation horizontal component C is 0.46); (c) first
estimation (the value of attenuation horizontal component C is 0.45); (d) second estimation (the value
of attenuation horizontal component C is 0.43); (e) one-dimensional angle data of about 290° which is
selected in Figure 2c, where C x D is the updated attenuation function; (f) naive estimation (the value
of attenuation horizontal component C is 0.63); (g) first estimation (the value of attenuation horizontal
component C is 0.63); (h) second estimation (the value of attenuation horizontal component C is 0.63).

Equation (9) represents the least-squares data consistent with the radar data. Here, Cy
is the attenuation horizontal component of the azimuth 6, and ag, 41, and a; are parameters
determined by curve fitting. The wind direction is determined by the azimuth direction
corresponding to the peak point of the fitted function, i.e., the value of a,. Before fitting,
the data in the direction of the fixture occlusion areas need to be excluded.

In calculating the wind direction, the 0° azimuth direction starts from the ship heading
azimuth, so the fitted peak point is the wind direction relative to the ship heading, which is
not the true wind direction. The relative wind direction is converted to the absolute wind
direction. The conversion formula is as follows:

Owind = Rem(g + gship/ 360) (10)
where 6,,;,,4 is the absolute wind direction, 6 is the azimuth of the wind direction relative to
the ship heading, 6, is the ship heading azimuth direction, and Rem is the operation to
calculate the remainder.

3. Results
3.1. Data Overview

The radar data used here were collected using a standard X-band nautical radar and
the radar configuration is shown in Table 1. The rotation period of the radar antenna is
about 2.5 s, and the pulse repetition frequency is 1.3 kHz. Each radar image sequence
collected here consists of 32 images, that is, each image sequence is separated by 80 s. The
radar is mounted on the forward side of the ship’s mainmast, approximately 25 m above
sea level, next to an anemometer for measuring wind parameter information, as shown
in Figure 8. The radar is connected to a wave monitoring system (HEU wave monitoring
system) which digitizes and stores the radar backscattering information as a 14-bit sequence
of greyscale depth images, i.e., the digitized backscattering intensity ranges from 0 to 8192.
The device simultaneously collects navigation information such as heading and speed, and
meteorological information such as wind direction and wind speed, when collecting the
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original radar data. The reference wind data are used to verify the accuracy of the wind
direction, which is measured by shipborne marine radar. It measures and records the wind
direction and speed every minute.

Table 1. X-band marine radar parameters.

Radar Parameters The Performance
Electromagnetic wave frequency 9.4 GHz
Polarization HH
Antenna height 25m
Antenna angular speed 24 rpm
Range resolution 75m
Horizontal beam width 1.3°
Pulse width (long-pulse) 0.5 us
Pulse width (short-pulse) 0.06 us
Grazing angle <5°

Figure 8. Radar installation position.

Figure 2a shows a radar image collected at 09:06 on 21 September 2017 with a heading
of 87.9°, a wind direction of 88.99°, and a wind speed of 5.9 m/s, as indicated by the red
line marking the occlusion area. It can be seen that in the approximate range of 140° to 210°,
there are a number of invalid signals in the image and a fan-shaped shadow area appears.
This is due to the blocking of the mainmast, which obscures the path of the electromagnetic
waves, resulting in an occlusion area.

The data used for the design and validation of the wind direction retrieval algorithm
based on the X-band marine radar were provided by the China Oceanic Administration
(COA) during the voyage of a maritime surveillance vessel. In the experiment, anemometer
and marine radar data were collected during four periods from 2 May to 25 October 2017,
mainly in the sea area during the voyage from Zhejiang coast to Diaoyu Island, with a total
of 3200 sets of data. Time plots of the wind data measured by the anemometer are presented
in Figure 9. The data for these four different time periods are separated by vertical dashed
lines and the data collection time is marked. The first period is medium-wind-speed radar
data with only a mast occlusion area; the second period is high-wind-speed radar data
with only a mast occlusion area; the third period is low-wind-speed radar data with only
an occlusion area; and the fourth period is also high-wind-speed data, but at this time,
not only is an occlusion area formed by the mast, but the radar images are also subject to
interference from the stationary target; in particular, in the second half of the data, there
are more fixed targets. Since the sailing ship is not specifically used to collect sea surface
wind information, the data of the four time periods do not have a large range of wind
directions or wind speeds. In addition, we have not collected enough radar data having
enough outliers to meet the ideal conditions. However, there are also different degrees of
interference.



Remote Sens. 2023, 15, 3959

13 of 20

360 I . I 15
I I | —
Period 1 1 | | W!nd direction
! ! Period 3 I Wind speed
300 1 | -
800 sets of 1 | 112
long-pulse data | 800 sets of |
£ 240 long-pulse data ! | 2
C
2 Period 2 9 %
® Period 4 3
2180 i &
© | 800 sets of a
2 long-pulse data 800 sets of 6 T
= short-pulse data =
= 120 | s
May/02~May/03 | ay/29~May/30 |  Sep/21~Sep/22 Oct/24~0ct25
60 < > | < > | < P P > | ¢ CK > 3
' ! e W VWY
I I X
I I 0
0 t t | 0
800 1600 2400 3200

Sample number
Figure 9. Wind direction (blue) and wind speed (orange) measurements acquired by an anemometer.

3.2. Wind Direction Retrieval Results

To test the proposed algorithm, the single curve-fitting method in [31] and the pro-
posed method are applied to the above radar data. Since it must take a finite amount of
time for the ocean roughness to react to wind change, unlike an anemometer, the radar may
not pick up short-time-scale wind variations [32]. Therefore, 10 min averaging was applied
to both the anemometer and radar wind results before computing the comparison statistics.

Before extracting the wind direction, the radar data were processed as described in
Section 2.1. Figure 2 shows three different types of radar images. Figure 2a is a long-pulse
radar image at low wind speed; Figure 2b is a short-pulse radar image at medium wind
speed, but there are fixed targets in the radar image; and Figure 2c¢ is a short-pulse radar
image at high wind speed, but there are more fixed targets and local occlusion areas are
formed by the high-intensity target in the radar image. These three types of radar images
are first used to test the above two methods. Figure 10 shows the fitting results of three
different kinds of radar images using the single curve-fitting method and the method
based on the attenuation horizontal component. Figure 10a,c,e show the fitting results of
the scatter plots for three different kinds of radar images in Figure 2a—c using the single
curve-fitting method. Figure 10b,d,f show the fitting results of the scatter plots for three
different kinds of radar images in Figure 2a—c using the attenuation horizontal component
method. It can be seen from Figure 10a,b that the wind direction results retrieved by the
two methods are both very close to the wind direction retrieved by the anemometer, and
compared with the single curve-fitting method, the radar-retrieved wind direction using
the method based on the attenuation horizontal component is only improved from 78° to
84°. For Figure 2a, the wind speed is only 5.9 m/s at this time. Although, the radar return
in the radar image is generally low and there are more low-intensity invalid pixel dots that
appear with increasing range, the single curve-fitting method can still stably retrieve the
wind direction under low-wind-speed conditions. Compared with the single curve-fitting
method, the attenuation horizontal component method has a certain improvement, but it is
not very significant. This shows that under the condition of low wind speed, the method
based on the attenuation horizontal component can improve the accuracy of wind direction
retrieval to a certain extent. In addition, the data fluctuation in Figure 10b is larger than that
in Figure 10a. The idea of this algorithm is based on the dependence of the wind direction
on the azimuth, and the size of the data fluctuation range will affect the accuracy of the
results when fitting the data. However, as long as the stable cosine wind field characteristic
is found, the wind direction can be accurately retrieved. The new method obtains the
attenuation horizontal component by comparing the ideal range attenuation model with
the one-dimensional data in each azimuth. It can be seen from Figure 2a that the resolution
of the long-pulse radar image is low, which will lead to the elimination of too many pixels
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in the iterative process and cause the fluctuation in the attenuation horizontal component.
However, the attenuation horizontal component can maintain a stable fluctuation range
and the direction characteristic of the wind field is also clear. Therefore, it has no effect on
the retrieval of wind direction. It may be observed from Figure 10c,d that, compared with
single curve-fitting method, the radar-retrieved wind direction using the range attenuation
method is only improved from 4° to 10°. For Figure 2b, the wind speed is as high as 9.8 m/s.
Although the scanning range of the radar antenna is obscured and there is also the influence
of stationary vessels on the sea surface, there are fewer fixed objects and less interference
from other sources. Therefore, compared with the single curve-fitting method, the accuracy
of the radar wind direction retrieved by the method based on the attenuation horizontal
component is not significantly improved. The two methods have similar accuracy in the
wind direction results of the above two images; this is because the interference in these two
radar images is relatively limited, and the single curve-fitting method has good robustness
and can stably retrieve the wind direction. Although the new method has accuracy that
is similar to that of the single curve-fitting method, it has a certain improvement, which
shows that our method can also accurately retrieve wind direction.
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Figure 10. Curve-fitting results: (a) curve-fitting results using single curve fitting for Figure 2a (the
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retrieved wind direction is 78°); (b) curve-fitting results using the attenuation horizontal component
method for Figure 2a (the retrieved wind direction is 84°); (c) curve-fitting results using single curve
fitting for Figure 2b (the retrieved wind direction is 4°); (d) curve-fitting results using the attenuation
horizontal component method for Figure 2b (the retrieved wind direction is 10°); (e) curve-fitting
results using single curve fitting for Figure 2c (the retrieved wind direction is 18.5°); (f) curve-fitting
results using the attenuation horizontal component method for Figure 2c¢ (the retrieved wind direction
is 47.5°).

However, it may be observed from Figure 10e,f that, compared with the single curve-
fitting method, the radar-retrieved wind direction using the method based on the attenua-
tion horizontal component for Figure 2c is improved from 18.5° to 47.5°, which is very close
to the wind direction of 51° extracted by the anemometer. Combining Figures 2c and 10e
shows that there are more fixed targets and interference in the radar image, and the radar
electromagnetic wave will be occluded by the high target to form a local occlusion area. This
will lead to a large number of deviation values in the scatter points of the single curve-fitting
method, thereby reducing the accuracy of wind direction retrieval. However, the method
based on the attenuation horizontal component can stably eliminate the interference caused
by occlusion and targets in the iterative optimization process and accurately retrieve the
wind direction, as shown in Figure 10f. In this study, different types of radar data from four
time periods were tested separately. The wind data measured by the anemometer were
used as a reference for comparison with the results of radar wind measurement. The wind
direction results extracted from different types of data in these four time periods are shown
in Figure 11. The right coordinate axis gives the reference wind speed extracted by the
anemometer. The results of the four time periods for error statistics are shown in Table 2.

Table 2. Wind direction recovery error statistics: deviation and root mean square error (RMSE).

Period

Average Wind Speed

Single Curve Fitting Attenuation Horizontal Component Method
Deviation (°)  RMSE (°) Deviation (°) RMSE (°)

1
2
3
The first half of 4
The second half of 4

8.1m/s 11.4° 12.5° 8.8° 9.5°
10.7m/s 11.8° 13.5° 6.0° 7.9°
6.3m/s 16.8° 17.4° 5.9° 8.6°
9.3m/s 12.3° 13.1° 49° 7.3°
99m/s 24.2° 25.1° 7.9° 8.9°
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Figure 11. Comparison of the two methods with the reference wind direction: (a) “Period 1” is
medium-wind-speed radar data with only a mast occlusion area; (b) “Period 2” is high-wind-speed
radar data with only a mast occlusion area; (c) “Period 3” is low-wind-speed radar data with only an
occlusion area; (d) “Period 4” is also high-wind-speed data but, at this time, not only is the occlusion
area formed by the mast, but the radar image is also subject to interference by the stationary target; in
particular, in the second half of the data there are more fixed targets.

4. Discussion

By observing Figure 11a,b, it can be seen that the wind directions retrieved by the
single curve-fitting method and the method based on the attenuated horizontal component
are all consistent with the anemometer data under the conditions of medium wind speed
and high wind speed. Table 2 shows that, compared with the single curve-fitting method,
the new method only reduces the wind direction retrieval accuracy by 2.6° in terms of
deviation and 3° in terms of root mean square error for an average wind speed of 8.1 m/s,
and 5.8° in terms of deviation and 5.6° in terms of root mean square error for an average
wind speed of 10.7 m/s. Because the wind speed is high, the radar image data are more
stable and there is less interference caused by fixed targets in the radar image. Therefore,
the two methods have similar accuracy and the attenuation horizontal component method
can also stably retrieve the sea surface wind direction in the case of a sea surface that is not
subject to interference.
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It can be observed from Figure 11c that, compared with the single curve-fitting method,
the wind direction retrieved by the new method is closer to the wind direction retrieved by
the anemometer. At the same time, it can be seen that there is a big difference between the
attenuation horizontal component method and the anemometer at some moments. This
is because the anemometer is affected by local turbulence. Even if the data are averaged
within 10 min, it will still produce large errors. The radar image reflects a relatively stable
sea surface state for a long time, so the wind direction result is relatively stable, which is
also an advantage of radar wind measurement. The deviation and root mean square error
of the wind directions obtained using the single curve-fitting method under the condition
of low wind speed are 16.8° and 17.4°, respectively, and the deviation and root mean square
error of the wind directions obtained using the new method are 5.9° and 8.6°, respectively.
The new method only reduces the wind direction retrieval accuracy by 10.9° in terms of
deviation and 8.8° in terms of root mean square error for an average wind speed of 6.3 m/s.
Under the condition of low wind speed, the radar return in the radar image is generally
low and there are more low-intensity invalid pixel dots that appear with increasing range.
It can be seen from Table 2 that, although the wind direction retrieval accuracy of the
single curve-fitting method is reduced under low-wind-speed conditions, it also has certain
robustness. Compared with the single curve-fitting method, the attenuation horizontal
component method has a certain improvement, but it is not very significant. This shows
that under the condition of low wind speed, the method based on the attenuation horizontal
component can improve the accuracy of wind direction retrieval to a certain extent.

For the first half of the fourth period, the deviation and root mean square error of
the wind directions obtained using the single curve-fitting method are 12.9° and 13.1°,
respectively, and the deviation and root mean square error of the wind directions obtained
using the new method are only 4.9° and 5.5°, respectively. The new method reduces the
wind direction retrieval accuracy by 8° in terms of deviation and 7.6° in terms of root mean
square error. It can be observed from Figure 11d that, in the first half of the data, the new
method has a certain improvement compared with the single curve-fitting method. This is
because the fixed targets and outliers of the first half of the data are relatively limited, and
the improvement in the attenuation horizontal component method is also relatively limited.
However, the deviation and root mean square error of the wind directions obtained using
the single curve-fitting method are 24.2° and 25.1°, respectively, whereas the deviation and
root mean square error of the wind directions obtained using the new method are only
7.9° and 8.9°, respectively. The new method reduces the wind direction retrieval accuracy
by 16.3° in terms of deviation and 16.2° in terms of root mean square error. In the second
half of the data, the wind direction result of the single curve-fitting method compared to
the anemometer has a large error, and the attenuation horizontal component method can
stably retrieve the wind direction. Due to the interference of more targets and outliers in
the second half of the data, not only will high-intensity outliers be generated, but local
occlusion areas will also be generated behind targets, as shown in Figure 2c. In the initial
estimation of the attenuation horizontal component, the interference is initially eliminated
by setting the weight of the invalid low-intensity pixels to zero. In the subsequent iterative
estimation process, a threshold is added to further eliminate other noises and outliers. The
method based on the attenuation horizontal component can remove unstable pixels caused
by occlusion and targets in the iterative optimization process and improve the accuracy of
wind direction retrieval.

In most cases, compared with the single curve-fitting method, the wind direction
results retrieved by the attenuated horizontal component method are not significantly
improved and have similar accuracy. The new method can improve the accuracy of wind
direction retrieval to a certain extent in the case of low wind speed. In the case of more
interference, the wind direction accuracy can be significantly improved. It is important
to note that the results of this paper are only based on the analysis of data that were not
affected by rainfall pollution.
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5. Conclusions

This paper presents a new technique for extracting wind direction from X-band marine
images. The method is based on the attenuation horizontal component of radar images. The
interference caused by fixed targets and outliers can be processed to further improve the
results by analyzing the one-dimensional data of radar images. An ideal range attenuation
model for the radar image is derived from the selected ideal attenuation data. Then, the
ideal attenuation model is compared with the one-dimensional data for each azimuth to find
the attenuation horizontal component. The unstable values in the one-dimensional data
are further processed by iterative optimization. The wind direction is obtained by building
a cosine function of the attenuation horizontal component and the azimuth direction.

The new method was applied to a total of 3200 X-band radar images collected over
four time periods. The radar-derived wind directions were compared with those measured
by anemometers. The comparison results show that, for medium and high wind speeds, the
new method maintains an accuracy close to that of the single curve-fitting method in [31].
Under the condition of low wind speed, the deviation and root mean square error of wind
direction were only increased by 10.9° and 8.8°, respectively. In the case of obscured areas
and target interference, the new method improves the retrieved wind direction deviation
and root mean square error by 16.3° and 16.2°, respectively. In summary, the method based
on the attenuation horizontal component can improve the wind direction retrieval accuracy
in the case of more fixed targets.

Due to the limitations of the data, we have not collected a significant quantity of
sea state data that meet the ideal conditions, and the interference of the collected radar
data is also quite limited. Furthermore, the wind direction retrieved by method in [31] is
also quite reliable and stable. However, compared with the traditional single curve-fitting
method, our method still has a certain improvement, because it does not need to make a
preliminary judgment on the outliers and can stably filter out the interference in the process
of retrieving the wind direction. Of course, we regret that, because of the problem of the
data, the best experimental results are not presented. This is also the direction we need to
take to further the research in the future. In addition, the range attenuation method also
has some limitations. Because two iterations of optimization are required in the calculation
of the attenuation horizontal component, the whole process takes more time compared to
the single curve-fitting method. In addition, the accuracy of the algorithm is also limited by
the ideal attenuation model, and a better model can minimize the error of the algorithm. In
the future, the algorithm needs to be further studied. It is necessary to find a more suitable
ideal attenuation model and develop a method based on range attenuation to improve the
wind speed inversion accuracy of radar images.
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