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Abstract: Wind profiler radar (WPR) is used for all-weather atmospheric wind-field monitoring.
However, the reliability of these observations reduces significantly when there is electromagnetic
interference echo, generally caused by ground objects, birds, or rain. Therefore, to optimize the data
reliability of WPR, we proposed a synthetic data quality control process. The process included the
application of a minimum connection method, judgment rule, and median test optimization algorithm
for optimizing clutter suppression, spectral peak symmetry detection, and radial speed, respectively.
We collected the base data from a radiosonde and multiple radars and conducted an experiment
using these data and algorithms. The results indicated that the quality control method: (1) had good
adaptability to multiple WPRs both in clear sky and precipitation; (2) was useful for suppressing
ground clutter and (3) was superior to those of the manufacturer as a whole. Thus, the data quality
control method proposed in this study can improve the accuracy and reliability of WPR products and
multiple types of WPR, even when they function under vastly different weather conditions.

Keywords: wind profile; quality control; spectral peak search; ground clutter; median test

1. Introduction

Wind profiler radar (WPR) is a type of advanced weather observation device that
can record atmospheric wind, humidity, temperature, and other physical quantities, using
backscattering electromagnetic waves from atmospheric turbulence [1–5]. It has been
widely used in atmospheric fields [6–8] and has high measurement accuracy [9]. The
growing amount and more extensive application range of WPR data require a more ob-
jective and accurate understanding. Compared with conventional sounding equipment,
WPR has more serious data quality problems, because of the complex interference signals
and lower backscattered signal-to-noise ratio (SNR) associated with atmospheric turbu-
lence [10–13]. To address this problem, several studies have been conducted on WPR data
quality control methods.

In general, the inversion steps of wind profile include intermediate frequency signal
processing, power spectrum processing, and Doppler speed parameter estimation [14–16].
Therefore, the existing literature on WPR data can be divided into two types. The first type
focuses on processing basic radar power spectrum data. For example, Lehmann, V. [17,18]
presented a signal processing method for the suppression of intermittent clutter echoes,
which made use of a discrete Gabor frame expansion of the coherently averaged time-series
data in combination with a statistical filtering approach to exploit the different signal
characteristics between signal and clutter. Bianco, L. [19] proposed a Gabor transform-
based algorithm to identify and eliminate intermittent signal contamination in UHF wind
profiling radars. Chen, Y.W. [20] used a genetic algorithm to resolve the overlapping
signals. Hashimoto, T. [21] proposed a novel method for the automatic determination of
the diagonal-loading level for robust adaptive beam forming on radar wind profilers and
balanced the degradation of the signal-to-interference ratio with that of the signal-to-noise
ratio to maximize the detectability of the backscattered signals. Salonen, K. [22] confirmed
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that the main error sources for the radial wind observations are ground clutter and velocity
ambiguity after a long-time observation quality monitoring, then used the HIRLAM quality
control procedures to detect and reject most of these erroneous observations. May, P.T. [23]
used modern peak detection algorithms to obtain high-quality wind estimates in the
presence of clutter.

The second type focuses on quality control algorithms for wind data obtained after
performing parameter estimation for the spectrum. For example, Barbré [24] introduced a
signal-processing system, which uses a median filter to remove spurious Doppler spectral
data and constrains the search for the atmospheric signal by a first guess and get good
results. Kumar, S. [25] proposed that the averaging of winds is found to be more effective
in removing outliers and reducing the RMSE. In the study proposed by Zhang, Y. [26], a
quality control procedure was constructed to incorporate the profiler data from the wind-
profiling network into the local data assimilation and forecasting systems. The results
show that with quality control, the frequency distributions of the differences between the
observations and the model background meet the requirements of a Gaussian distribution
for data assimilation. Additionally, Nehrkorn, T. [27] described an application of optimum
interpolation (OI) for quality control and a combination of wind profiler data with other
observations of wind profiles.

The work performed in this study is summarized as follows:
Based on improvements to existing methods, a complete set of WPR quality control

processes was presented. The flow of the algorithm avoided relatively tedious calculations,
and thus, the process could be adapted for practical business applications;

Combined with actual cardinal data from WPRs, smoothing, filtering, minimum line
object clutter suppression, spectrum peak search, and other methods were proposed to
control the quality of the power spectrum data;

Consistency averaging, median testing, pattern splicing, and other methods were
carried out to control the quality of radial wind data, which were generated after spectral
parameter estimation;

Then, an experiment with different types of WPR and radiosonde data was carried out,
and conclusions were drawn based on the comparison and verification of the actual data.

The remainder of this manuscript is organized as follows. Section 2 introduces the
data sources used in the experiment and illustrates the quality control algorithm and
processing method for the WPR data. Section 3 presents the comparative experiments,
in which we compared our results with the manufacturer’s and radiosonde data. The
findings demonstrated the effectiveness of the algorithm flow proposed in this study;
notably, our method can be applied to different weather conditions and types of radar
data. Sections 4 and 5 provide a discussion of our results and the conclusions of our
study, respectively.

2. Data and Methods
2.1. Data

The WPR data used in this study can be classified into two sources. The first set
of power spectrum data was collected in April, May, and July 2019 by the CFL-06 WPR
produced by the Beijing Institute of Radio Measurement. The radar was located in the
southern suburbs of Beijing, China. The time resolution of the CFL-06 was 3 min, although
its height resolution varied with different modes (120 m in the low mode and 240 m in the
high mode). Moreover, the initial detection height was 150 m.

The second set of power spectrum data was collected during March, April, July, and
August 2019 by the TWP8 WPR produced by the Beijing Metstar Radar Co., Ltd., located in
Wuhua (Meizhou, China). Compared with CFL-06, TWP8 is a middle tropospheric WPR
having a time resolution of 5 min, and its height resolution depends on the width of the
pulse transmission. In our study, the height resolution was 120 m in the low mode and
240 m in the high mode. Considering that the data acquisition efficiency of the WPR within
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the boundary layer was relatively good and decreased rapidly above the layer, we only
selected the power spectrum data below 6 km.

2.2. Methods

Generally, to estimate the power spectrum and moment parameters, the WPR power
spectrum data must be decoded into the fast Fourier transform (FFT) data, according to
the wind profiler data format. However, in practical applications, the decoded FFT data
should be quality controlled to obtain highly precise and reliable parameters. The specific
quality control processes proposed in this study are shown in Figure 1.
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Figure 1. Process of wind profile radar data quality control.

2.2.1. Smoothing Filter

The detection target of WPR is atmospheric turbulence, which generally has weak
echo signals, especially when the SNR is relatively low and the atmospheric echo signals
are scattered. In addition, because of the influence of impulsive noise, interference signals
having narrow-spectrum widths and large amplitudes are often mistaken for atmospheric
turbulence echoes. To reduce the impact of impulse noise and improve the SNR and
spectrum peak recognition ability of WPRs, we used a smoothing filter to preprocess the
power spectrum data.

The principle of N-point smoothing filtering applied in our study can be expressed
as follows:

x(m)New =
1
N

n= N
2

∑
n=− N

2

x(m + n) (1)

where x(m)New is the data array after processing, x(m) is the unprocessed data array and N is
the width of the smoothing window. For example, if the window width N is 5, the smoothing
point by step is 1, the fifth output point is x(5)New = 1

5 (x(3) + x(4) + x(5) + x(6) + x(7)),
the sixth output point is x(6)New = 1

5 (x(4) + x(5) + x(6) + x(7) + x(8)) and the m-th output
point is x(m)New = 1

5 (x(m − 1) + x(m − 1) + x(m) + x(m + 1) + x(m + 2)). After a N-
point window was centered on each non-boundary data point in the dataset, all data points
within the window were averaged to replace the original center point data. For boundary
points, only three or four adjacent points were averaged to replace the original data.

2.2.2. Ground Clutter Suppression

Generally, WPR treats atmospheric turbulence as the detection target; however, weak
turbulence echo signals are easily disturbed by ground clutter. In particular, below 2 km,
weak atmospheric echo signals can be covered by ground clutter; this poses a challenge
in the extraction of the power spectrum of the echo signal from the base data. In addition,
strong ground clutter often causes errors in meteorological signal classification during the
spectral peak search and affects the accuracy of wind-field inversion products. According
to the principle of Doppler shift, the speed of ground clutter is near zero frequency and
the Doppler speed of the target echo is almost zero, which makes it possible to eliminate
ground clutter. In this study, we proposed a minimum connection method to remove
ground clutter, consisting of the following steps.
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• First, the objective noise level method was used to determine the noise level, and the
maximum values higher than the noise level were used as the possible signal peaks.

• Then, a 13-point range centered on the 0 frequency of the power spectrum was used
as the range of the signal spectrum peak judgment. If the peak point was outside
this range, the turbulence signal within this range was considered undisturbed by
ground clutter, whereas if the peak value was within this range, the turbulence signal
was considered to be disturbed by ground clutter; thus, ground clutter removal was
performed to address this issue.

• Finally, the appropriate minimum values at both ends of the ground clutter signal
were determined, and the results obtained by spherical interpolation were used to
replace the data between the minimum values.

Figure 2 illustrates our findings before and after the suppression of ground clutter,
where the dashed line represents zero speed. As shown in Figure 2a, ground clutter has a
significant impact on the detection results of the WPR. After suppressing the ground clutter
using the above method (Figure 2b), we could deduce that the method can effectively
remove the ground clutter and obtain the true atmospheric turbulence echo.
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clutter suppression.

2.2.3. Spectrum Peak Search

The echoes received by the WPR included weak turbulence and other interference
scattering, such as those resulting from precipitation particles. During the precipitation
period, the vertical speed of the precipitation particles caused the spectral peak of the
power spectrum to shift significantly. Generally, if the interference is not suppressed,
the radial wind speed calculated from the data will lead to a large error. In particular,
interference (e.g., precipitation) is a major cause of errors in the calculation of horizontal
wind speed. Therefore, it is important to accurately identify atmospheric turbulence echoes
and suppress interferences.

The principle underlying the ability of WPR to detect atmospheric turbulence is based
on the homogeneity of the atmosphere; that is, the atmospheric motion state of the relative
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beam detection range must be consistent, and the atmospheric turbulence echo signal of the
relative beam should be symmetrical in the power spectrum. Because clutter signals, such
as those from precipitation particles, generally do not have symmetrical characteristics,
this feature can be used to differentiate these signals from atmospheric turbulence echoes.
Although the actual atmosphere does not have ideal uniformity and the actual atmospheric
turbulence echo signal is not completely symmetrical on the power spectral density, the
difference is inconspicuous. The main steps of spectral peak search are explained below.

First, according to the method of calculating the precipitation judgment factor Y,
proposed by references [28,29], the vertical radial velocity V is taken as X-axis and the SNR
value as Y-axis. The data distribution of the two types of radars used in this study under
two weather conditions is shown in Figure 3, and the discriminant function is obtained by
the linear regression method.
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Figure 3. Superposition distribution of clear sky data and precipitation disturbed data by (a) CFL-06
and (b) TWP8 (vertical radial speed and signal-to-noise ratio).

Then, we determined whether the wind profile power spectrum was affected by
precipitation by the linear regression result:

YCFL−06 = −61.3 + 22.1·V + SNR (2)

YTWP8 = −55 + 17.54·V + SNR (3)

where YCFL−06 and YTWP8 are the judgment factors of the two types of WPR, V is the
vertical radial velocity (m/s) and SNR is the signal-to-noise ratio (dB). If Y > 0, the data
were affected by precipitation; otherwise, the data were unaffected.

For data that were not affected by precipitation, a power spectrum higher than the
noise level was used for Gaussian fitting, and the maximum value was determined, accord-
ing to the fitting result. If the SNR of the maximum value was greater than 5 dB, the point
was marked as a spectral peak. For an opposite direction beam at the same height, the
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threshold for judging symmetry was set to 2.5 m/s, and for the same beam at a continuous
height, the threshold for judging continuity was set to 3 m/s. The spectrum peaks were
identified based on symmetry and continuity, and the atmospheric turbulence echoes were
obtained after removing the other spectrum peaks.

For data affected by precipitation, the atmospheric turbulence echo can also be iden-
tified using the same strategy. Notably, compared to the precipitation spectrum peak
position, the position of the atmospheric turbulence spectrum peak is always closer to
the zero frequency. Therefore, if the identification results portrayed double peaks, the
symmetry method was used to identify and complement the atmospheric turbulence echo.
If the atmospheric turbulence echo was completely covered by the precipitation echo, the
atmospheric turbulence spectrum peak of this range gate was omitted.

Figure 4 portrays the power spectrum of the opposite beam in low mode after multi-
peak processing. The results indicated that the spectrum peak in low mode had significant
symmetry and continuity. The spectrum peak lines managed to avoid clutter, and a speed
of more than 10 m/s was observed in the spectrum data below 750 m (height), after
multipeak processing.
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2.2.4. Parameter Calculation

Based on the previously mentioned spectral line-level quality control algorithm pro-
cessing applied in our study, we estimated the values of spectral moment parameters of the
power spectrum higher than the noise level. The echo power, average Doppler frequency,
and velocity spectrum width were obtained using the following equations:
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m0 =
h

∑
i=1

pi (4)

m1 =
h

∑
i=1

vi pi (5)

m2 =
h

∑
i=1

v2
i pi (6)

where m0, m1, and m2 represent the zero-order moment, first-order moment, and second-
order central moment of the power spectrum, respectively; pi and vi represent the power
and speed at the i-th point, respectively; and h represents the total number of range bins.

According to the above formulae, additional parameters were calculated using the
following equations:

Pr = m0 (7)

ṽ =
m1

m0
(8)

w̃ = 2 ∗
[

m2

m0
−
(

m1

m0

)2
]1/2

(9)

SNR = 10 log


h
∑

i=1

(
pi − PN

N

)
PN

 (10)

where Pr, ṽ, w̃, and SNR represent the echo power, average radial velocity, velocity spec-
trum width, and signal-to-noise ratio, respectively; PN is the noise power; and N is the
number of FFT points.

2.2.5. Consensus Average

The wind is one of the most rapidly changing meteorological elements, and rapid
wind changes can compromise the representativeness and comparability of observational
data. Therefore, to obtain more stable and representative data as the basis for reliable
weather forecasting and climate statistics, the World Meteorological Organization stated
that, during meteorological observations, the average value of meteorological elements in a
certain period should be recorded.

The consensus average method is a classical method of processing the radial wind-
speed data from WPR. It first checks the consistency of all data in the average period and
collects similar data to form a set. Then, the set with the largest number of samples is
averaged and used as the observation value for the time period. Notably, the consensus
average is based on a consistency check that includes the following three parameters:

1. The consensus average time, which refers to the observation period;
2. The consensus deviation, which refers to the maximum error permitted when two

observations occur at different times;
3. The consensus threshold, which refers to the minimum percentage of the total number

of samples required when checking the consensus of the set having the largest number
of samples.

2.2.6. Horizontal Wind Speed

Based on the former processing results, the radial velocities of the five beams were
obtained, and the horizontal wind speed was then calculated.
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Assuming that the horizontal wind field is uniform and linear, according to the east-
west plane schematic diagram of the five-beam WPR shown in Figure 5, we calculated the
horizontal wind speeds in the east and west directions, using the following equations:

uE =
VRE − ω cos θ

sin θ
(11)

uW =
VRW − ω cos θ

sin θ
(12)

where VRW and VRE represent the radial wind speeds in the west and east directions,
respectively; ω is the vertical radial speed; θ is the angle between the east and west beam
and the vertical beam; and uE and uW represents the horizontal wind speed in the east and
west directions, respectively.
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Figure 5. Schematic plan view of the five-beam wind profiler radar (WPR) in the east and west directions.

If the radial wind speeds in the east and west directions are valid, the correct wind
speed can be determined. In this study, we assumed that the atmospheric wind field was
uniform; therefore, uE and uW were considered to be two vectors having the same mag-
nitude, but opposite directions. Thus, the abovementioned equations could be expressed
as follows:

uE =
VRE − VRW

2 sin θ
(13)

Similarly, the horizontal wind speed in the north direction was calculated, using the
following equation:

vN =
VRN − VRS

2 sin θ
(14)

where VRN and VRS represent the radial wind speed in the north and south directions, respectively.

2.2.7. Median Test

The median test is the median judgment of the distance gate and the time of the data.
If the offset of the current value is within a certain threshold of the median value, the value
at that position should be retained. Otherwise, the value does not pass the median test and
is considered invalid; it is replaced with the linear interpolation result. In this research,
a 14-point neighborhood was used for the median test, and the arrangement is shown
in Figure 6.
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Notably, a median at a certain height and time can be obtained from 3 × 2, 4 × 2,
5 × 2, 3 × 3, or 5 × 3 space-time lattice points around its position in the data sequence in
the following cases:

• When the value is located at the double edges of the matrix, the lattice range can be set
to 3 × 2. For example, the median at a1 in the figure was obtained from the median of
[a1, b1, c1, d1, e1, f1].

• When located in a single edge near the height axis, the lattice can be set to 4 × 2 or
5 × 2. For example, the position at b1 was obtained from [a1, b1, c1, b3, d1, e1, f1, e3]
or [a1, b1, c1, b3, a3, d1, e1, f1, e3, d3].

• When located in a single edge near the time axis, the lattice can be set to 3 × 3 or 4 × 3.
For example, the position at d1 was obtained from [a1, b1, c1, d1, e1, f1, d2, e2, f2] or
[a1, b1, c1, b3, d1, e1, f1, e3, d2, e2, f2, e4];

• When located in the middle, the lattice can be set to 5 × 3. For example, the position
at d1 was obtained from [a1, b1, c1, b3, a3, d1, e1, f1, e3, d3, d2, e2, f2, e4, d4].

3. Experiment and Result Verification

Based on the quality control method explained in Section 2, we used WPR data of
CFL-06 at 00:35 h UTC in the southern suburbs of Beijing, China, on 3 June 2021, for
quality control.

Figures 7 and 8 portray the spectrum peak search results of the low and high modes.
The red asterisks represent the identification results of our study, and the triangles represent
the radar manufacturer’s instructions. As shown in the figures, our algorithm suppressed
ground clutter effectively and retained the atmospheric turbulence echo near zero speed.
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Figure 7. Results of spectrum peak recognition in CFL-06 low mode.  
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Figure 8. Results of spectrum peak recognition in CFL-06 high mode. 

Figure 9 portrays the horizontal wind-speed results obtained after the profiling pro-

cess. The horizontal wind speed was divided into east and north axes. The solid, triangu-

lar, and asterisk lines represent the results obtained by radiosonde, the manufacturer, and 

this study, respectively. The quality control effect of our algorithm was satisfactory and 

consistent with that of radiosonde, and the error values were within 5 m/s below 6 km 

and 2 m/s below 3.5 km. Notably, the north-axis error between 4 km and 6 km was obvi-

ously better than that reported by the manufacturer. 

To verify the universality of this study, we repeated the process using TWP8 WPR 

data at 23:00 h UTC from Beijing, China, on 2 June 2021. 

Figures 10 and 11 portray the spectrum peak recognition in the low and high modes, 

and the symbols are consistent with those in previous figures. Compared with CFL-06, 

the SNR of TWP8 was higher, the ground clutter was relatively wider, and other interfer-

ence types were relatively fewer. As shown in the figures, in the same ground clutter and 

multipeak conditions, the spectrum peak recognition in this study also indicated good 

continuity and symmetry. However, the SNR of the sign mode above 6 km was too low 

to identify the correct atmospheric echo. 

Figure 7. Results of spectrum peak recognition in CFL-06 low mode.
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Figure 7. Results of spectrum peak recognition in CFL-06 low mode.  
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Figure 8. Results of spectrum peak recognition in CFL-06 high mode. 

Figure 9 portrays the horizontal wind-speed results obtained after the profiling pro-

cess. The horizontal wind speed was divided into east and north axes. The solid, triangu-

lar, and asterisk lines represent the results obtained by radiosonde, the manufacturer, and 

this study, respectively. The quality control effect of our algorithm was satisfactory and 

consistent with that of radiosonde, and the error values were within 5 m/s below 6 km 

and 2 m/s below 3.5 km. Notably, the north-axis error between 4 km and 6 km was obvi-

ously better than that reported by the manufacturer. 

To verify the universality of this study, we repeated the process using TWP8 WPR 

data at 23:00 h UTC from Beijing, China, on 2 June 2021. 

Figures 10 and 11 portray the spectrum peak recognition in the low and high modes, 

and the symbols are consistent with those in previous figures. Compared with CFL-06, 

the SNR of TWP8 was higher, the ground clutter was relatively wider, and other interfer-

ence types were relatively fewer. As shown in the figures, in the same ground clutter and 

multipeak conditions, the spectrum peak recognition in this study also indicated good 

continuity and symmetry. However, the SNR of the sign mode above 6 km was too low 

to identify the correct atmospheric echo. 

Figure 8. Results of spectrum peak recognition in CFL-06 high mode.

Additionally, our method could also correctly identify the noise and atmospheric
turbulence echoes, thus, addressing the multipeak problem; moreover, the spectrum peak
recognition results indicated better continuity and symmetry than that reported by the
radar manufacturers.

Considering the low SNR at high heights, we appropriately reduced the SNR threshold
in the high mode. The overall results portrayed that the accuracy was higher below 6 km.

Finally, we used the median filter proposed by Barbré to remove spurious Doppler
spectral data and constrain the search for the atmospheric signal, and compared with this
study and manufacturer.

Figure 9 portrays the horizontal wind-speed results obtained after the profiling process.
The horizontal wind speed was divided into east and north axes. The solid, triangular,
and asterisk lines represent the results obtained by radiosonde, the manufacturer, and
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this study, respectively. The quality control effect of our algorithm was satisfactory and
consistent with that of radiosonde, and the error values were within 5 m/s below 6 km and
2 m/s below 3.5 km. Notably, the north-axis error between 4 km and 6 km was obviously
better than that reported by the manufacturer.
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Figure 10. Spectrum peak recognition results in TWP8 low mode. 

Figure 9. Wind profile of CFL-06.

To verify the universality of this study, we repeated the process using TWP8 WPR
data at 23:00 h UTC from Beijing, China, on 2 June 2021.
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Figures 10 and 11 portray the spectrum peak recognition in the low and high modes,
and the symbols are consistent with those in previous figures. Compared with CFL-06, the
SNR of TWP8 was higher, the ground clutter was relatively wider, and other interference
types were relatively fewer. As shown in the figures, in the same ground clutter and
multipeak conditions, the spectrum peak recognition in this study also indicated good
continuity and symmetry. However, the SNR of the sign mode above 6 km was too low to
identify the correct atmospheric echo.
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Figure 9. Wind profile of CFL-06. 
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Figure 10. Spectrum peak recognition results in TWP8 low mode. Figure 10. Spectrum peak recognition results in TWP8 low mode.
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Figure 11. Spectrum peak recognition results in TWP8 high mode. 

As shown in Figure 12, the results of this study on both the axes below 6.8 km were 

better than those of the manufacturer, especially from 4 km to 6.8 km on the east axis and 

below 4 km on the north axis. 
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Figure 12. Wind profile of TWP8. 

For precipitation, we selected the basic data obtained from the CFL-06 radar in 

Huairou, Beijing, China, on 21 July 2021. According to the China Weather Network, pre-

cipitation occurred at 18:00 h on this date; therefore, we selected the data recorded around 

that time. To adapt to complex environments, the CFL-06 radar was designed with three 

work modes (low, middle, and high). The spectrum peak recognition results for each 

mode are shown in Figures 13–15. 

Figure 11. Spectrum peak recognition results in TWP8 high mode.

As shown in Figure 12, the results of this study on both the axes below 6.8 km were
better than those of the manufacturer, especially from 4 km to 6.8 km on the east axis and
below 4 km on the north axis.
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Figure 11. Spectrum peak recognition results in TWP8 high mode. 

As shown in Figure 12, the results of this study on both the axes below 6.8 km were 

better than those of the manufacturer, especially from 4 km to 6.8 km on the east axis and 

below 4 km on the north axis. 
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Figure 12. Wind profile of TWP8. 

For precipitation, we selected the basic data obtained from the CFL-06 radar in 

Huairou, Beijing, China, on 21 July 2021. According to the China Weather Network, pre-

cipitation occurred at 18:00 h on this date; therefore, we selected the data recorded around 

that time. To adapt to complex environments, the CFL-06 radar was designed with three 

work modes (low, middle, and high). The spectrum peak recognition results for each 

mode are shown in Figures 13–15. 

Figure 12. Wind profile of TWP8.

For precipitation, we selected the basic data obtained from the CFL-06 radar in
Huairou, Beijing, China, on 21 July 2021. According to the China Weather Network,
precipitation occurred at 18:00 h on this date; therefore, we selected the data recorded
around that time. To adapt to complex environments, the CFL-06 radar was designed with
three work modes (low, middle, and high). The spectrum peak recognition results for each
mode are shown in Figures 13–15.
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Figure 13. Recognition results of spectrum peak in low model during precipitation. 
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Figure 14. Recognition results of spectrum peak in middle model during precipitation. 
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Figure 15. Recognition results of spectrum peak in high model during precipitation. 

Figure 13. Recognition results of spectrum peak in low model during precipitation.
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Figure 13. Recognition results of spectrum peak in low model during precipitation. 
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Figure 14. Recognition results of spectrum peak in middle model during precipitation. 
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Figure 15. Recognition results of spectrum peak in high model during precipitation. 

Figure 14. Recognition results of spectrum peak in middle model during precipitation.

As shown in Figures 13–15, the atmospheric echo signals were strong and the other
interferences were relatively weak; these conditions were helpful for algorithm verification.
Although the atmospheric echo above 5 km in the south band was located very close to the
zero-speed line, this echo was not recognized as ground clutter. Therefore, the spectrum
peak recognition results of this study indicated good continuity. Because radiosonde data
were not available at the time, we only compared our results with those of the radar
manufacturer. Figure 16 shows the horizontal wind speed.
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Figure 13. Recognition results of spectrum peak in low model during precipitation. 
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Figure 14. Recognition results of spectrum peak in middle model during precipitation. 
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According to the comparison, below 10 km, the results of this study were consistent
with those of the manufacturer.

Finally, we compared the errors in the CFL-06 and TWP8 radar data in Figures 9 and 12,
as shown in Figure 17 and Table 1, Figure 18, and Table 2, respectively.

Atmosphere 2022, 13, x FOR PEER REVIEW 15 of 18 
 

 
Atmosphere 2022, 13, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/atmosphere 

Date:20210603

0035UCT

-100 -50 0 50 100
0

1000

2000

3000

4000

5000

6000

7000

Direction (°)

H
e

ig
h
t 

(m
)

Wind direction

This study

Manufacturer

Radiosonde

Median filter

0 20 40 60 80 100
0

1000

2000

3000

4000

5000

6000

7000

Error (°)

H
e

ig
h
t 

(m
)

Wind direction error

This study

Manufacturer

Median filter

0 5 10 15 20 25
0

1000

2000

3000

4000

5000

6000

7000

Speed (m/s)

H
e

ig
h
t 

(m
)

Wind speed

This study

Manufacturer

Radiosonde

Median filter

0 5 10 15
0

1000

2000

3000

4000

5000

6000

7000

Error (m/s)

H
e

ig
h
t 

(m
)

Wind speed error

This study

Manufacturer

Median filter

 

Figure 17. Wind profile and errors by our method, median filter algorithm, and those from the man-

ufacturer: CFL-06 radar data were compared with radiosonde data. 
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Figure 18. Wind profile and errors by our method, median filter algorithm and those from the man-

ufacturer: TWP8 radar data were compared with radiosonde data. 

Figure 17. Wind profile and errors by our method, median filter algorithm, and those from the
manufacturer: CFL-06 radar data were compared with radiosonde data.

Table 1. Maximum values of errors based on our method and those from the manufacturer in
clear-sky conditions: CFL-06 radar data were compared with radiosonde data.

Height (km) <1.5 1.5–3.5 3.5–6

Direction (◦)
this study 16.5 14.6 17.1

manufacturer 85.2 13.2 16.5
media filter 87.5 15.3 16.7

Speed (m/s)
this study 3.2 4.2 4.7

manufacturer 12.2 2.8 7.3
media filter 9.7 5.1 5.5

Values significantly better than that of the manufacturer are given in blue.

Table 2. Maximum values of errors based on our method and those from the manufacturer in
clear-sky conditions: TWP8 radar data were compared with radiosonde data.

Height (km) <1.5 1.5–3.5 3.5–7.6

Direction (◦)
this study 37.2 21.3 25.6

manufacturer 29.1 28.8 36.8
media filter 29.8 32.5 37.3

Speed (m/s)
this study 2.2 6.5 6.2

manufacturer 7.2 2.4 17.2
media filter 4.8 4.9 13.4

Values significantly better than that of the manufacturer are given in blue.
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Figure 17. Wind profile and errors by our method, median filter algorithm, and those from the man-

ufacturer: CFL-06 radar data were compared with radiosonde data. 
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media filter 29.8 32.5 37.3 

Speed (m/s) 

this study 2.2 6.5 6.2 

manufacturer 7.2 2.4 17.2 

media filter 4.8 4.9 13.4 

Values significantly better than that of the manufacturer are given in blue. 
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Figure 18. Wind profile and errors by our method, median filter algorithm and those from the man-

ufacturer: TWP8 radar data were compared with radiosonde data. 

Figure 18. Wind profile and errors by our method, median filter algorithm and those from the
manufacturer: TWP8 radar data were compared with radiosonde data.

4. Result and Discussion

In clear-sky conditions below a height of 6 km, the process results of our study were
closer to the radiosonde data and better than the manufacturer’s and the median filter
results. However, above 6 km, the results of the manufacturer and those calculated in
our study were different from the radiosonde data, because the limited SNR of the upper
atmospheric echo resulted in a lower detection accuracy in step 2 (spectrum peak search).

In precipitation conditions, because of the strong SNR of the reflected echo, the
detection height of the WPR was 10 km. Because radiosonde data were not available, we
only conducted a comparative experiment between the manufacturer’s and our algorithm
and obtained good consistency. Notably, the quality control results of our study were close
to that of the manufacturer and presented an error of less than 2 m/s, thus demonstrating
the validity of our method.

According to the error values shown in Figures 17 and 18 and Tables 1 and 2, we
obtained a similar set of values along with the whole height of the wind profile, while
observing an acceptable error along with the height. Significantly, we achieved remarkable
results below 1.5 km on both CFL-06 radar and TWP8 radar, compared with that of the
manufacturer and the median filter algorithm. Thus, the method of this study was useful
for suppressing ground clutter and the results were superior to those of the manufacturer
and the median filter as a whole.

Notably, our results indicate the following accomplishments:

• The quality control process proposed in this study was effective and suitable for the
two types of WPR used in the experiment and may be extended to other radars in
the future.

• The algorithm flow could control the quality of the WPR data, regardless of clear-sky
or precipitation conditions.
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• When the SNR was small, the quality control effect was not evident and the data
quality result of the WPR continued to be restricted by the SNR of the echo.

The main contributions of this study are as follows:

• A complete quality control process for WPR data was proposed;
• The spectral line and contour line were combined for quality control using a variety of

fusion algorithms;
• The minimum connections method was proposed for clutter suppression, and the re-

production peak-searching symmetry was introduced in the judgment process during
spectrum quality control.

• The median test algorithm was used to optimize the wind-speed calculation results
and obtain better results.

• A comparison experiment was carried out to consider different weather conditions
and multiple WPRs.

Additionally, the future direction of our study is explained below:

• In the future, we will focus on optimizing the quality control algorithm for WPRs when
the SNR is weak, while applying a variety of methods to compare the research results.

• In this study, we only performed quality control of the base data (power spectrum and
primary speed). However, quality control is also important for secondary products
(such as turbulence intensity, temperature, and wind shear) generated from primary
speed. In future studies, we plan to extend the quality control algorithm to the
secondary products of the wind profiler to improve the effectiveness of the radar.

5. Conclusions

Based on previous studies, we established a complete algorithm flow to address the
difficulty of performing data quality control for WPRs. A fusion method of various quality
control algorithms (including noise filtering, ground object clutter suppression, spectrum
peak search, and result inspection) was proposed in this study. Two different types of WPRs
and radiosonde data were selected for comparison and verification in the experiment. The
results indicated that in different weather conditions and using different WPRs, the essence
control algorithm had better continuity and symmetry, compared with the traditional
quality control method used by the manufacturers. Therefore, the WPR quality control
process proposed in this study can be applied to different weather conditions and adapted
to different WPR data quality control processes, to improve the accuracy and reliability of
WPR products.
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