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Abstract: The Weather Radar Center (WRC) of the Korea Meteorological Administration (KMA) has
been providing three-dimensional radar wind fields based on the “WInd Synthesis System using
Doppler Measurements (WISSDOM)” in real time since February 2019. Its accuracy is significantly
affected by the quality of the Doppler velocity, such as velocity aliasing. For the de-aliasing of
Doppler velocity, the dual-pulse repetition frequency (dual-PRF) technique is commonly utilized
for commercial Doppler weather radar. The Doppler weather radars of the KMA have extended
their Nyquist velocity up to 132 m s1 using a dual PRF of 5:4. However, the dual-PRF technique
produces significant noise and loss of radial velocity. Therefore, we developed a technique for noise
cancelation and recovery of radial velocity to improve the quality of WISSDOM wind fields. The
proposed approach identifies and removes speckles of abnormal radial velocity by comparing the
sign of the median radial velocity with the surrounding radar bins. We then recovered the eliminated
radial velocity using median interpolation. To recover the losses of radial velocity over a wide area
using the dual-PRF technique, we used the Velocity Azimuth Display curve-fitting technique. These
techniques are straightforward, preserve spatial gradients, and suppress local extrema. We tested this
technique, verified its performance, and applied it to the operational radar quality control system of
the WRC from August 2021. We concluded that the process helps improve the quality of the radial
velocity and the accuracy of the WISSDOM wind fields.

Keywords: quality control; Doppler weather radar; dual-PRF; radial velocity; noise elimination

1. Introduction

Three-dimensional precipitation and wind information with high spatiotemporal
resolution based on nationwide weather radar networks is essential for real-time monitoring
and dynamic analysis of mesoscale severe weather. For a more detailed analysis and
routine weather forecasts, the Weather Radar Center (WRC) of the Korea Meteorological
Administration (KMA) has provided three-dimensional wind fields, including wind vectors,
convergence/divergence, vorticity, and storm relative helicity, at a horizontal resolution
of 1 km over the entire Korean Peninsula since February 2019. The 3D wind fields are
produced every 5 min by real-time implementation of the “WInd Synthesis System using
Doppler Measurements (WISSDOM),” which is developed by National Central University
(NCU) in Taiwan, on a supercomputer system [1,2]. In producing radar wind fields, radial
velocity data are an important factor affecting the quality of wind data as input data for
wind calculations.

Aliasing (or velocity folding) is one of the quality problems with radar radial velocity
for the use of radial winds from Doppler weather radars. Previous studies have corrected
aliased Doppler radar velocity data [3-10]. For the de-aliasing of Doppler velocity, the
dual-pulse repetition frequency (dual-PRF) technique is commonly utilized for commercial
Doppler Weather radar [11,12]. The Doppler weather radars operated by KMA also use a
dual PRF of 5:4, which were all upgraded to dual-polarization radar from 2014 to 2019. In
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addition, the observational variables (such as reflectivity and radial velocity) are generated
by applying signal processing algorithms using raw signal data before passing through
the signal processor, thresholds, and signal quality filters optimized by the observation
strategy. Thus, the Nyquist velocity has been extended up to 132 m s~!, which provides
stable information without velocity folding in the event of severe weather phenomena,
such as typhoons. However, the dual-PRF technique produces significant noise and widely
spaced gates that have no radial velocity data but still contain valid radar reflectivity data,
owing to the limited number of pulse samples used. Therefore, the Doppler weather radars
of the KMA require a quality control process of radial velocity to improve the accuracy of
radar wind.

Holleman and Beekhuis [13] developed a post-processing algorithm for dual-PRF
velocity data, which included comparing each velocity data point of the azimuth scan
with the median velocity calculated from the data point itself and the surrounding data
point to eliminate noise. Joe and May [14] proposed the Laplacian technique to handle
dual-PRF errors and compared it with the median filtering technique. Median filtering is
straightforward and preserves gradients, whereas the Laplacian technique is a detection-
correction scheme that attempts to detect and correct errors. The Laplacian filter is preferred
because it preserves local peaks, whereas the median filter may have problems when the
velocity data straddle the extended Nyquist velocity. Both techniques are robust to missing
and sparse data. Hengstebeck et al. [15] used a Laplacian filter based on Joe and May [14]
within the quality assurance module for the mesocyclone detection algorithm of the German
weather radar network. Park and Lee [16] compared the radial velocity of a given gate with
the mean value of the radial velocity of a 15 x 7 area of neighboring gates to reduce speckles
due to dual PRF velocity errors as pre-processing for radar wind retrieval. Altube et al. [17]
proposed a novel method that uses circular statistics in the phase space rather than the
velocity space to identify and correct dual-PRF errors. This method improves the past
dual-PRF correction method that has been used to improve the accuracy of radial velocity,
and it is able to accurately detect and correct dual-RPF errors even in the presence of severe
aliasing. It relies on the continuity of the local field but uses circular statistics and does
not require prior global dealiasing. However, this technique is limited to dealing with
outliers caused by aliasing. It is not suitable for other causes of outliers, such as errors in the
range or velocity measurements. Additionally, the technique is limited to dual-frequency
pulse-Doppler radar and is not suitable for other types of radar, such as single-frequency
pulse-Doppler or chirp radar.

In this study, we propose techniques for noise correction of the observed radial velocity
field and restoration of the lost radial velocity to improve the quality of WISSDOM wind
fields. These techniques are straightforward, preserve spatial gradients, and suppress
local extrema. The remainder of the paper is structured as follows: Section 2 describes the
KMA operational radar network; Section 3 introduces the radial velocity quality control
technique; Section 4 describes the results of the application of this technique are described
and validated the quality-controlled radial velocity using wind profiler data; and finally,
Section 5 presents the summary and conclusions.

2. Data

We utilized KMA's ten S-band Doppler weather radar data. Figure 1 shows the S-band
dual-polarization weather radar network and domain for WISSDOM. WISSDOM was
used to compare the wind fields calculated with radial velocity before and after quality
control. KMA established a homogeneous S-band dual-polarization network with the same
specifications. Table 1 presents a list of radar observation characteristics. All strategies
consisted of nine elevation angles for volume scanning and were performed every 5 min.
The radar transmits a long pulse width of 2 pus at low elevation angles (less than 3°) to
enhance the detectability of weak low-level echoes, such as winter snowstorms, whereas
a short pulse of 1 us pulse width is used at higher elevation angles (>3°) to increase the
Nyquist velocity using a high PRF. In addition, the WRC developed CLEANER [18] for the
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quality control algorithm of radar observation data, which classifies precipitation and non-
precipitation echoes using dual polarization parameters, and removes non-precipitation
(such as ground clutter, Anomalous Propagation, second trip, and chaff echoes). CLEANER
also removes non-precipitation areas from the radial velocity field.

Location of the KMA Radars (10 sites)

38°N feonn).

36°N [

N\

\© §

122°E 124°E 126°E 128°E 130°E 132°E

Figure 1. Operational S-band Doppler weather radar network of the KMA. The blue marks and gray
circles represent the locations of individual radars and their observational ranges, respectively. The
blue box stands for the domain of WISSDOM.

Table 1. Characteristics of the KMA’s S-band radar.

Parameters Values
Dual polarization Simultaneous H and V
Frequency (MHz) 2718
Wave length (cm) 11.02
Range resolution (m) 250
Beam width (°) 0.95
Elevation angles (°) Nine elevation angles (minimum: —0.8°, maximum: 15.0°)
Elevation number 1 2 3 4 5 6 7 8 9
Pulse width (us) 2.0 2.0 2.0 2.0 2.0 2.0 1.0 1.0 1.0
Observation range (km) 240 240 240 240 240 240 180 120 60
High PRF (Hz) 620 620 620 620 620 620 830 1200 1200
Dual-PRF ratio 5:4 5:4 5:4 5:4 5:4 5:4 5:4 5:4 5:4
Nyquist Velocity (m s—1) 68.4 68.4 68.4 68.4 68.4 68.4 915 1324 1324
Sampling Number 45 45 45 45 45 45 45 45 45

All elevation angles used the 5:4 dual-PRF mode to increase the Nyquist velocity to
mitigate velocity aliasing. However, this technique not only generates noise in the process
of receiving data but also loses radial velocity observations compared to reflectivity obser-
vations. Figure 2 shows the ratio of radial velocity observations to reflectivity observations
for one month (August 2020) on 10 weather radars operated by the KMA. Here, it was
possible to determine the lost radial velocity for each radar site. The radial velocity relative
to the reflectivity was observed to be at least 50-80%, on average, at all elevation angles,
indicating that the radial velocity observations relative to the reflectivity observations were
lost from at least 20% to up to 50%. In particular, even though strong reflectivity values
were observed owing to the influx of a strong precipitation system, the wind calculated
from the radial velocity could be underestimated or a discontinuous wind distribution
could appear in the area where the observed radial velocity is lost.
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Figure 2. Ratio of radar bins with radial velocity (VR) observation to radar reflectivity (DZ) observa-
tion as a function of elevation angles for August 2020 from KMA'’s ten weather radars (BRI, GDK,
GNG, GSN, JNI, KSN, KWK, MYN, PSN, and SSP). The red dots and bars represent the average ratio
and standard deviations, respectively. The blue and green dotted lines indicate the maximum and
minimum ratios at each elevation angle, respectively.

3. Quality Control of Radial Velocity

The entire process for quality control of the radar radial velocity is shown in Figure 3.
The proposed approach identifies and removes speckles of abnormal radial velocity by
comparing the sign of the median radial velocity with the surrounding radar bins. We
then recovered the eliminated radial velocity using the median interpolation technique.
To recover the losses of radial velocity over a wide area using the dual-PRF technique, we
used the Velocity Azimuth Display (VAD) [19] curve-fitting technique for radial velocity.

3.1. Noise Elimination and Correction

We developed a noise filter that utilizes the sign and median values of radial velocity
observations to detect and correct radial velocity noise. For an easier understanding, an
example of the noise detection conditions and restoration process concepts is presented in
Figure 4, along with a flowchart. An example of this concept assumes that the window size
is three gates x three rays. Preferentially, in step 1, it is examined regardless of whether the
radial velocity at the center of the window is valid (a value other than NaN). If it is NaN,
it moves to the following azimuth scan. Otherwise, the noise is determined according to
the following three steps: step 2) if the ratio of the valid radial velocity in the window is
less than the threshold, it would be replaced by the NaN. Conversely, when the ratio is
larger than the threshold, the median value is calculated using the radial velocity in the
window, excluding the value at the centroid of the window. If the sign of the median value
is not identical to the sign of the center radial velocity in the window. In that case, the
center radial velocity is identified as noise, and the median value replaces it in step 3. If the
sign of the center radial velocity is equal to the median sign, the noise is identified by the
difference between the radial velocity and the median value in step 4. The median value
replaces the radial velocity if its difference is larger than the threshold (e.g., 20 m s~ 1).
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T
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v
Radar data (NetCDF)

Figure 3. Flowchart for a quality control algorithm for radial velocity.

Lost Velocity Retrieval Algorithm ‘

We conducted a sensitivity experiment to optimize the thresholds for each step. The
thresholds for each condition were determined empirically based on noise cancelation
performance and computational times for real-time implementation. The calculation
time was mainly proportional to the window size. As the window size increased, the
misidentification of normal echoes increased; however, the noise was not eliminated for
a small window. The window size was set to seven gates x seven rays in consideration
of the calculation time and noise correction rate. The ratio of the valid radial velocity in
the window was set to 20% or less. The larger the threshold of the ratio, the higher the
probability that a reasonable radial velocity, not a noise, will be removed. The absolute
value of the difference between the median value and the center radial velocity in the
window was set to 20 m s~!. We found that the number of eliminated noises was reduced

dramatically if the threshold of the absolute value was set to a value larger than 20 m s~ 1.

3.2. Restoration Lost Radial Velocity

In this study, to restore the lost radial velocity, we utilized the VAD curve fitting
function, which is the mean Doppler velocity of precipitation particles observed along
the radar antenna rotated through a 360° azimuth scan as a function of the azimuth angle
at a constant elevation angle of the Doppler radar. A flowchart of the restoration of the
lost radial velocity is shown in Figure 5. First, we combined several adjacent azimuth
scans to obtain a more reasonably fitted VAD curve and calculated the average radial
velocity of radar bins within a given range along the radial direction across the azimuth
scans. Based on the empirical experiments, ten azimuth scans were selected around the
corresponding azimuth scan. Thus, the average for twenty-one azimuth scans, including
the corresponding azimuth, was calculated. The number of azimuth scans used may be set
differently depending on radar scan strategies, weather phenomena, etc.

The VAD restoration function of the averaged values was then calculated based on
a Fourier series. Next, to determine the lost radial velocity area (VLA), it was compared
with the radar reflectivity observation field. If the radial velocity observation value did
not exist in the area where the reflectivity observation value exists, it was replaced by the
value of the restoration function. Then, among the observed radial velocities, a value with
a large difference from the restoration function was determined as an outlier. Outliers
were discriminated using the multiples (Error) of the standard deviation and the average
(Meang;g) of the difference between the radial velocity value and the restoration function
value. The outlier value was converted into the value of the restoration function. The
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threshold values of each condition for restoring the loss region of the radial velocity were
empirically optimized through sensitivity experiments.

<Before Correction> <After Correction>
* Size of search domain [Step 1]

(7 gate by 7 rays)

Read
a configuration

* Threshold
Step 1
[ P ] Is the value of the central radar NO — ﬂ -15 ﬂa
bin within the window valid?
CIENA AT ENLY
[Step 2] Number of valid VR
within the window < 20%

YES —— [Step 2]
Number of valid VR = 1/8 (< 20%) Replace with NaN

If Center VR = nan Not change

Move to next gate (or
Next ray or next sweep)

NO
'

Calculation of median VR within the window

Replace the exist VR
with NaN value

[Step 3 - -
The sigh of VR # sign of
median YES [Step 3]
Sign of median: negative 3 )
Sign of centroid VR : Positive Replace with median(= -11)
NO

[Step 4]
|VR - median|>20 ms™

Y

Replace the exist with the median VR
[Step 4]
|

—— NO Is an end of file ?

YES

Figure 4. Flowchart for noise correction and conceptual diagram for noise correction based on the
sign of median radial velocity.

( Start )
4/ Read a configuration(threshold values) /

N Calculate the average VR of
several neighboring azimuth scanning values

l

Calculate the VAD restoration function based on Fourier series

If | center = median| > 20

(VR = Nan) & (DZ # Nan) == VLA

Move to next sweep

| VR-VAD| > error threshold

YES NO
Replace the exist VR with the fitted VR

Is a end of file?

YES

Figure 5. Flowchart of a retrieval algorithm for lost radial velocity.
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Figure 6 shows why the average value of the radial velocity of several adjacent azimuth
scans is used when calculating the VAD fitting function. Figure 6a shows an example of
the lost radial velocity region of KWK at 0400 LST on 24 July 2020. In particular, when
restoring by calculating each VAD fitting function from all azimuth scans, the texture of
the entire radial velocity field appeared to be unnaturally restored, as shown in Figure 6b.
To prevent discontinuous restoration of the radial velocity in this manner, the VAD fitting
function calculated from the average value of the peripheral radial velocities was used to
restore the radial velocity with continuity, as shown in Figure 6c.

[mis]

8BRXRBaainaesbbonromzRT

(a)

Figure 6. Example of restoring the radial velocity of the KWK radar site at 0400 local standard time
(LST) on 24 July 2020. (a) Before restoring radial velocity. (b) Restoration using each VAD fitting
function calculated from all azimuth scans. (c) Restoration using a VAD fitting function calculated
from the mean of several neighboring azimuth scans. The two black lines indicate range lines at the
radius of 150 km and 200 km from the radar, respectively.

To express the radial velocity as a Fourier series, the radial velocity V; in the spherical
coordinate system is expressed by Equation (1) [19]. Here, 0 represents the azimuth angle;
¢ represents the elevation angle; and u, v, and w represent the east-west, north-south,
and vertical components of the particle, respectively. In addition, if the radial velocity at
the center of the radar at a given altitude is expressed as a component of the linear wind
field, Equation (2) can be obtained, where r is the distance from the center and u( and vy
are the velocity components in the east-west and north-south directions from the center,
respectively.

V; = usinf cos @ + v cos 0 sin & + w sin & D

Vv, = %rcoszz(% + %;) ~+ w sin & + ug cos 0 cos T + vy sin O cos & ®
—|—%rcos2 @(g—z - g—;) cos 20 + %rcos2 @(3—’; + g—;) sin 20
The radial velocity, expressed as a linear wind field component, can be expressed
as a quadratic Fourier series, as shown in Equation (3). Compared to the right side
of Equation (2) and the right side of Equation (3), each Fourier coefficient is equal to

Equations (4)—(8).

2
V; = Y (ancosnb + by, sinnb) 3)
n=0

a():%rcosz@(g—Z—l-g—;) + wsin & (4)
a; = Ugcos I (5)
b1 = vy cos @ (6)

1 5 (ou Jv
ap = Ercos @(a — @) (7)
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1 5 _(ou dv
== gl = 4+ =
bo 57 cos <ay + ax> (8)

Equation (2) can be re-expressed as Equation (9) according to the coefficients, and the
coefficients ag to by are calculated by solving the Fourier series using numerical analysis.
According to Equation (9), the radial velocity obtained by fitting each azimuth (VAD fitting)
can be calculated.

V. = ap+ a1 cos 0 + by sin 6 + a; cos 20 + by sin 20 9)

It cannot be considered an outlier in all cases where a positive(negative) area is
observed in the negative (positive) area of the radial velocity. Thus, we considered the effect
on the observed value of the radial velocity due to small-scale meteorological phenomena,
such as downbursts and tornadoes. As shown in Equation (10), if the observed radial
velocity (+VR) is within the range of the error threshold (Meany;s¢ + Error x o) from the
VAD fitting curve, VR is not an outlier value. Otherwise, the negative value of the observed
radial velocity (—VR) is checked within the range of the error threshold from the VAD
fitting curve. Mean;ss represents the average difference between the radial velocity and
the restoration function value in an azimuth scan, o denotes the standard deviation for each
azimuth scan, and the Error value is 3, which is a value determined through optimization.
Figure 7 shows an example of determining outliers in the azimuth scans. The observed
radial velocity (+VR) shown by the blue circle in Figure 7a remains the same because the
negative values (—VR) are within the range of determining the outliers. Figure 7b shows
that the observed and negative values were determined as outliers because they were all
outside the range.

VAD — (Meandiff + Error a) < x£VR < VAD + (Meandiff + Error 0'), Error =3 (10)

20

15

10

Velocity [m/s]
o

-10

-15
VR * VAD
-20

s | (b) O
B N

-10

Velocity [m/s]

-15

VR * VAD

-20

Figure 7. Examples of identifying outliers of radial velocity using VAD fits. (a) A case for not
an outlier (in the orange circle). (b) A case for an outlier (in the blue circle). The red dots indicate
individual radial velocities. The black and gray lines represent the VAD and error curves, respectively.
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4. Results and Verification
4.1. Quality Control Results
4.1.1. Noise Elimination and Correction

Figures 8 and 9 show the results of the noise-removed and corrected radial velocity
fields using the noise filter, with the sign and median of the observed radial velocity values
developed in this study. Figure 8 shows the radial velocity fields observed by the KWK
radar at 1200 LST on 28 February 2020. The noise correction technique was applied to all
elevation angles of the radar observations, and the results are shown for elevation angles of
—0.2°,1.5°, and 4.4°. In this case, a precipitation echo was observed in most of the radar
observation areas, and noise was spread in all directions. As a result of applying the noise
filter, the noise was removed, and the radial velocity was corrected to the median value.
Figure 9 shows the radial velocity fields observed using the MYN radar at 1610 LST on
6 June 2020. In this case, it can be confirmed that the radial velocity was corrected after
removing only the noise of the radial velocity while maintaining the precipitation echo,
even in the radial velocity of the small cell area. After removing and correcting the noise,
spatially continuous radial velocity fields are obtained.

b A A 7 60 A -
202002281200 : 202002281200
Z .( : 0.2elev. /-~

35.29/
1242

39.60 > X Z
202002281200
1.5 elev. P

7

35.29°
1242

39.06 > 7
202002281200 1
44 plev <" *

35.831 R 2 — <
1249 127.0 129.0 1249 127.0

Figure 8. PPIs of radial velocity (a—c) before and (d—f) after quality control at elevation angles of
—0.2°,1.5°, and 4.4° for KWK at 1200 LST on 28 February 2020.
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Figure 9. PPIs of radial velocity (a) before and (b) after noise correction at an elevation angle of —0.8°
for MYN at 1610 LST on 6 June 2020.

4.1.2. Restoration of Lost Radial Velocity

In this study, the VAD restoration function based on the Fourier series was calculated
to restore the lost radial velocity compared to reflectivity. Figure 10 shows the results
of applying the quality control technique step-by-step in the case of the radial velocity
observed by the KWK radar at 0400 LST on 24 July 2020. Figure 10a shows the reflectivity
field, showing strong reflectivity in the western region of the radar. Figure 10b, which
presents the radial velocity field before quality control, shows that the radial velocity is
lost over a wide area, including the strong reflectivity area. Figure 10c shows the result
of applying the noise filter, and Figure 10d shows the result of restoring the lost radial
velocity compared with the reflectivity observation using the VAD restoration function
after applying the noise filter. By applying the restoration method based on the VAD, it was
possible to obtain a spatially continuous radial velocity because it was completely restored
even in areas where the radial velocity was widely lost.

202007240400, - 202007240400 =
-0.2elev. BED R L |

202007240400 | 1 202007240400
-0.2 elev. /c/ ka® £ e -0.2 elev./,-/ 2

Figure 10. PPIs at the elevation angle of —0.2° of KWK at 0400 LST on 24 July 2020; (a) radar
reflectivity, (b) raw radial velocity, (c) radial velocity field after noise correction, and (d) radial
velocity after noise correction and restoration of lost radial velocity.
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Figure 11 shows a case in which a positive area was observed in the negative area of
the radial velocity of the KWK radar site at 0400 LST on 24 July 2020. Figure 11a shows
that a wide positive area of the radial velocity was observed, with outliers in the negative
area of the radial velocity. Then, the positive radial velocity area shown in Figure 11b was
preserved, as is, and only outliers were determined and corrected to the value of the VAD
fitting function.

Figure 11. Examples of (a) before and (b) after outlier correction and retrieval of radial velocity using
VAD fits at an elevation angle of —0.2° for KWK at 0400 LST on 24 July 2020.

4.1.3. Utilization of Quality-Controlled Radial Velocity

To confirm the effect of the quality control technique on the radar radial velocity
developed in this study, we compared the results of the WISSDOM wind calculated using
the radial velocity before quality control and the radial velocity after quality control as
input data. Figure 12 shows the reflectivity fields, raw radial velocity fields, and quality-
controlled radial velocity fields on the BRI and GDK radar at 2100 LST on 3 July 2021. In
the region where the echo of the reflectivity fields was observed, the loss of radial velocity
in the radial velocity fields was seen, as marked by the blue dotted line. As for the quality-
controlled radial velocity, the noise was clearly removed, and the lost area was restored, as
shown in Figure 12¢,f. When the BRI and GDK radars were synthesized to calculate the
WISSDOM wind, the area where the radial velocity was lost in the BRI and GDK radars
overlapped, as shown in Figure 12g. Figure 13 shows the wind speed and wind direction
calculated using the BRI radar data and the GDK radar data as input data for WISSDOM,
depending on whether the radial velocity quality is managed. Figure 13a,c show the wind
speed and direction of WISSDOM calculated using the radial velocity before quality control
as input data, and Figure 13b,d show the wind speed and direction of WISSDOM calculated
using the radial velocity after quality control as input data. The wind field before quality
control, as shown in Figure 13a,c, showed a spatially discontinuous distribution owing to
the influence of noise and irregularly lost radial velocity. After quality control, the wind
field showed a spatially continuous distribution, as shown in Figure 13b,d, and the wind
speed in the lost radial velocity area was stronger in areas with strong reflectivity. The
WISSDOM wind fields mainly changed depending on the presence or absence of restoration
in the radial velocity loss area, and more spatially continuous WISSDOM wind fields could
be calculated through the quality control technique of the radar radial velocity developed
in this study.
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Figure 12. PPIs at the lowest elevation angles of (top) BRI and (bottom) GDK at 2100 LST on July
2021; (a,d) radar reflectivity, (b,e) raw radial velocity, (c,f) radial velocity after quality control, and
(g) the simultaneously lost area of the radial velocities at both BRI and GDK.
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Figure 13. Comparison of (top) wind speed and (bottom) wind direction at an altitude of 2 km
derived from WISSDOM at 2100 LST on 3 July 2021; (a,c) using raw radial velocity and (b,d) using
quality-controlled radial velocity.
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4.2. Verification
4.2.1. Data and Method

The quality-controlled radial velocity was quantitatively verified using observational
data from a wind profiler. To compare the wind elements (i, v, w) observed by the wind
profiler with the radar radial velocity, they were converted to the radial velocity in the
direction observed by the radar [20]. The left side of Figure 14 shows the method for
comparing the radial velocity of the radar and wind profiler data, where d represents
the distance between the radar and wind profiler, 7 is the range from the radar to the
point of interest [11], ¢ is the elevation angle of the radar beam measured upward from
the horizontal plane through the radar, and 0 is the azimuth angle of the radar beam
measured clockwise from north. Five radars at KWK, GDK, KSN, MYN, and PSN and
seven wind profilers at 47099, 47095, 47114, 47229, 47135, 47130, and 47155 points were used
for verification, and their locations are shown on the right side of Figure 14. Considering
the distance between the radar and the wind profilers and the radar observation radius,
a comparative verification was performed with ten pairs of radars and wind profilers, as
shown in Table 2.

Location of [l WindProfilers $8 Radars

H s
£ 47995’«/ \
28N oo 47099/ % GDK
BT ;
North(y) p——
(u,v,w)
36°N
Wind profil o
ind profiler b _@g
34°N 8
East(x)
124°E 126°E 128°E 130°E

Figure 14. (left) Conceptual diagram of geometrical matching for radial velocity comparison between
radar and wind profilers and (right) deployment of weather radars and wind profilers in Korea.

Table 2. Distance and azimuth of the wind profilers from the radars used for verification.

No. Radar Wind Profiler Distance (km) Azimuth (°)
1 GDK 47099 63.85 246
2 GDK 47114 97.83 152
3 KWK 47099 52.08 341
4 KWK 47114 87.65 97
5 KWK 47095 83.77 21
6 KSN 47229 129.12 302
7 KSN 47135 111.18 78
8 MYN 47130 97.63 22
9 MYN 47135 90.12 273
10 PSN 47155 39.25 278
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To investigate the validity of the quality-controlled radar radial velocity, the radar
radial velocity at each stage of quality control was compared with the observed value of
the wind profilers. The CLEANER QC radial velocity, which is a step before radial velocity
quality control (RAW), radial velocity after noise removal and correction (NOS), and radial
velocity restored in the disappearance area (ALL), were calculated from the radial velocity
and compared. During the verification period, only the corrected or restored radial velocity
(QCD) was extracted through quality control, excluding the actual observation data, and
compared with the radial velocity calculated by the wind profilers. The verification period
was five months, from 0000 LST on 1 June 2021 to 2350 LST on 31 October 2021. The data
were compared every 10 min, considering the time resolution of the wind profiler. The
Root Mean Square Error (RMSE) and Correlation Coefficient (CC) were used as verification
indicators to compare the radar radial velocity with the observed value of the wind profiler.
The RMSE and CC were calculated using Equations (11) and (12), where R is the radial
velocity of the radar at the point of the wind profiler and W is the radial velocity data
calculated from the wind profiler.

I T DR
RMSE—\/NiZl(RZ W;) (11)

oo TR~ R) (Wi~ W)
VI (R — Ry (Wi — W)

(12)

4.2.2. Verification Results

Figure 15 shows the correlation distribution between the radial velocities of all radars
and all wind profilers during the verification period at each quality control stage. The
verification results of the RAW, NOS, ALL, and QCD stages are shown in Figure 15a—d.
The raw radial velocity values (RAW), excluding non-precipitation echo, were distributed
with a lot of noise, as shown in Figure 15a, and the RMSE was 7.99 m s~ 1 and CC was 0.75.
Through the NOS step, it can be seen in Figure 15b that a significant amount of noise was
eliminated and corrected, and the error was significantly reduced compared to the previous
step. The RMSE was 4.78 m s~ !, which was less than that of the previous step of quality
control, and the CC was 0.89, which was highly correlated with the radial velocity of the
wind profilers. Even after restoring the lost radial velocity region, the RMSE was 4.71 m s 1,
which was less than the error in the previous step, even after restoring the lost radial velocity
region. The CC was 0.89, which shows a high correlation with the radial velocity of the
wind profilers, as shown in Figure 15¢. In addition, only the quality-controlled radial
velocity was extracted, excluding the actual observed value. The correlation distribution
compared with the radial velocity of the wind profilers is shown in Figure 15d. The RMSE
was 5.34 m s~ ! and the CC was 0.85, which slightly increased the error compared to the
values, including the actual observation data of the ALL stage. Although the correlation
decreased, the results of the quality control technique were significant when compared to
the radial velocity of the wind profilers.

Figure 16 shows the quantitative verification results for each stage of the quality
control techniques for the 10 pairs of radar and wind profilers used in the verification.
Comparing the verification values of RAW and NOS, the RMSE decreased in all pairs, and
CC increased in all pairs. In ALL and QCD, the values of RMSE and CC were similar
to those in the NOS step. For most of the verification pairs, the trend in the verification
values is shown as KSN-47229 in Figure 17a—d. In the case of GDK-47114, the RMSE value
was reduced during the quality control stage. Although the CC value after quality control
increased, the CC value in RAW was 0.42, which means that the correlation was low. This
is presumed to be due to the mountainous terrain between the GDK radar and the wind
profiler at 47114 points and errors in the wind profiler. Nevertheless, the QCD distribution
in Figure 17h and the distribution of the actual observation data in Figure 17e are similar,
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so it is considered effective to use the quality-controlled radial velocity. In the case of
PSN-47155, the RMSE value in QCD was 7.60 m s~ !, which was larger than that of RAW,
and the CC value in QCD was 0.68, which was lower than that of RAW. This is because
the amount of data was small, and a few error values influenced the calculation of the
verification values. Most of the QCD values in PNS-47155 were valid, as shown in Figure 17.
Table 3 lists the values of the RMSE and CC for each stage of the quality control technique
for the 10 pairs of radar and wind profilers used for verification.
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Figure 15. Two-dimensional normalized frequency distributions (NFDs) of radial velocity between
the radars and the wind profilers (a) before noise correction (RAW), (b) after noise correction (NOS),
(c) after quality control (ALL), and (d) only quality controlled radial velocity (QCD).
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Figure 16. (top) RMSE and (bottom) CC for each QC stage and QCD of ten pairs. RAW is actual
radial velocity, excluding non-precipitation echoes from raw data. NOS is noise-corrected radial
velocity in RAW. ALL is the radial velocity after quality control. QCD is only quality-controlled radial
velocity excluding actual observations.
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Figure 17. Same as Figure 15. (a-d) KSN-47229, (e-h) GDK-47114, (i-1) PSN-47155.
Table 3. Quantitative verification results for each stage of the radial velocity quality control technique.
RMSE CC
RDR-WPF
RAW NOS ALL QCD RAW NOS ALL QCD
GDK-47099 6.63 3.87 3.77 3.73 0.79 0.94 0.94 0.93
GDK-47114 8.37 6.31 6.18 5.64 0.42 0.59 0.59 0.57
KWK-47099 7.54 5.44 5.40 524 0.65 0.80 0.78 0.75
KWK-47114 8.07 5.26 523 4.57 0.59 0.76 0.77 0.83
KWK-47095 8.01 4.18 4.06 3.90 0.58 0.84 0.85 0.89
KSN-47229 7.19 3.30 3.52 4.33 0.71 0.92 0.91 0.86
KSN-47135 8.64 5.79 5.96 6.84 0.62 0.82 0.81 0.79
MYN-47130 8.35 3.29 3.21 4.42 0.71 0.94 0.94 0.86
MYN-47135 9.63 5.62 527 5.91 0.60 0.81 0.83 0.76
PSN-47155 6.25 5.09 4.49 7.60 0.83 0.87 0.90 0.68
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5. Conclusions

A technique for quality control of radar radial velocity was developed based on
WISSDOM to improve the accuracy of wind information, such as a three-dimensional
radar wind field. This technique removes only the noise of radial velocity using a noise
filter developed using the sign and median value of radial velocity observation, and then
re-stores it to the median value while maintaining the precipitation echo. By spatiotemporal
comparison of radial velocity between radar and adjacent wind profiler, the original RMSE
of 6~10 m s~! was dramatically reduced to 3~7 m s~! after noise correction. The radial
velocity was restored using the VAD restoration function to fill the blank (loss) area of the
radial velocity. In particular, the distribution of radial velocity showed a more realistic and
continuous spatial structure after the restoration procedure.

The quality-controlled radial velocity was used as input data to produce wind based
on WISSDOM. After applying quality-controlled radial velocity to WISSDOM, it was
confirmed that a more spatially continuous and accurate wind could be secured. This
technique reflects the surrounding observations to some extent in the loss region because
the VAD restoration function is calculated using several azimuth curves. However, wind
analysis can be simplified by linearly restoring the lost radial velocity region due to the
limitation of the VAD method, but it can be easier to predict and analyze meso-scale
precipitation systems. This technique not only eliminates outliers by setting out an outlier
range on the VAD curve but also considers that small-scale meteorological phenomena are
not blurred in the area where the radial velocity is observed. In addition, each condition
and threshold for the quality control algorithm can be flexibly changed in consideration of
the user environment, such as radar type and observation strategy.

We operated on this technique as a test, verified its performance, and applied it
to the operational radar quality control system of the WRC from August 2021. In the
future, it is expected to be used for more accurate analysis and forecast support for various
meteorological phenomena, such as precipitation development factor analysis, typhoon
tracking, and local vortices.

6. Patents
Korean patent (Patent Number: 10-2212524) and United States patent (Patent Number:

US 11,474,237 B2) “Method for retrieval of lost radial velocity in weather radar, recording
medium and device for performing the method”.
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