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Abstract. Maintaining the calibration accuracy of differential reflectivity (Zpr) within 0.2 dB for both X-band and S-band
weather radars is a prevailing operational requirement. With the advancement of weather radar detection technologies, X-band
phased-array weather radars (XPAR) offer superior spatiotemporal resolution and are particularly advantageous for low-
altitude detection. However, they suffer from Zpr bias caused by the deterioration of antenna isolation, which results from the
variation of the normal direction along with changes in the beam pointing angle. To systematically investigate the primary
factors affecting XPAR data quality, this study selects synchronized observations from XPAR and an S-band polarimetric
radar (SPOL) over multiple periods, and proposes a refined Zpr correction algorithm (RC-Zpr) that addresses four aspects:
systematic bias correction, attenuation correction, cross-polarization isolation degradation compensation specific to
phased-array systems, and correction for anomalous radial interference. For systematic bias, light rain below the melting layer
(ML) is employed as natural calibration targets, and a weighted correction method (Bias-WZpgr) based on the mean Zpr values
at three elevation angles whose beam pointing angles are close to the array normal direction (0°) is proposed to mitigate the
interference of cross-polarization isolation on system calibration. Attenuation correction formulas are applied to moderate and
heavy precipitation regions. In addition, a 9.4 GHz dual-polarized microstrip antenna array is modeled using High Frequency
Structure Simulator (HFSS) electromagnetic simulations to reveal the variations of antenna gain and 3 dB beamwidth with
beam pointing angle. Based on this, a quadratic function correction method for cross-polarization isolation (QCCPI) is
proposed to quantitatively compensate for the degradation bias between different elevation angles. A composite threshold
method is adopted to filter out radial interferences in low-level XPAR observations, further improving the quality of basic data.
During a moderate rain event at the ZG100 site, after QCCPI correction, the maximum difference in mean Zpr among different
beam pointing angles decreased from 0.45 dB to 0.27 dB. The proposed RC-Zpr method is then applied to a squall line event
observed at the ZG100 site on June 6, 2023. Spatiotemporal matching and comparison with SPOL data demonstrate that the

corrected Zpr data can more accurately capture the polarimetric signatures of the strong convective core of the squall line. The
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overall mean Zpr of XPAR across all elevation angles is corrected from -0.591 dB to 0.226 dB, and the bias relative to SPOL
observations is reduced from 0.619 dB to 0.198 dB. This work provides a scientific and efficient technical support for

operational quality control and performance evaluation of next-generation phased-array weather radars.

1 Introduction

Against the backdrop of global climate change and the growing frequency of extreme hazardous weather events, high-
spatiotemporal-resolution monitoring of meso- and micro-scale weather systems such as severe convective storms, tornadoes
(Zhou et al., 2025), and microbursts has emerged as a core research priority in atmospheric science. Constrained by their
mechanical scanning architecture, conventional parabolic-antenna weather radars (e.g., WSR-88D and CINRAD-SA/SB)
typically take 4-6 minutes to complete a full volume scan, which makes it difficult to capture the fine-scale features of short-
lived, rapidly evolving convective cells (Weber et al., 2007).

Since 2002, when the National Severe Storms Laboratory (NSSL) in the United States retrofitted a decommissioned
Navy Aegis (AN/SPY-1) radar for meteorological use, the potential of phased array technology in meteorological observation
has been widely demonstrated (Zrnic et al., 2007). To overcome these limitations, Phased Array Weather Radar (PAR)
technology has emerged as a leading solution due to its electronic scanning mechanism, which enables near-instantaneous
beam steering by controlling the phase of the array elements, thereby significantly enhancing observational efficiency.

Subsequent successful applications of one-dimensional phased-array mobile systems, such as the MWR-05XP, have
demonstrated a temporal advantage far surpassing that of conventional radar in capturing tornado vortex features (TVS)
(French et al., 2014). Meanwhile, China has also made significant strides in the field of phased array radar, from the
development of an S-band proof-of-concept prototype in 2007 (Zhang et al., 2007) to the testing of the X-band Phased Array
Radar (XPAR) with multi-beam observation capabilities in 2009 (Liu et al., 2014). In 2017, Japan developed and deployed a
dual-polarization phased-array weather radar in the Tokyo Metropolitan Area, capable of full-sky scanning with a resolution
of up to 100 m, a scan cycle of 10-30 s, and a coverage radius of 80 km (Ushio et al., 2022); With its recent deployment in
disaster prevention and mitigation networks in megacities, phased array technology has become a crucial pillar of short-term
weather forecasting in China (Zhang et al., 2023). Among all phased array architectures, the first and only fully digital phased
array radar specifically designed for meteorological observations was developed by the Advanced Radar Research Center at
the University of Oklahoma. It has been in operation since 2023 and is used to demonstrate the capabilities of fully digital
phased array radar in weather observation (Palmer et al., 2025).

However, while offering the advantage of high spatiotemporal resolution, dual-polarization phased-array weather radars
still face significant challenges, including insufficient data quality stability, the high complexity of quality control algorithms
(Zhou et al., 2022), and the difficulty of calibrating polarization parameters. The Differential Reflectivity Factor (Zpr) is a core
polarization parameter characterizing the microphysical properties of water-bearing particles (JieLa et al., 2020). Defined as

the ratio of horizontal to vertical polarization reflectivity, its observational accuracy directly determines the reliability of
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precipitation particle phase identification and quantitative precipitation estimation (QPE) results (Bringi et al., 2011; Cifelli et
al., 2011; Giangrande and Ryzhkov, 2008; Palmer and Schvartzman, 2025).

As ablind-spot observation device for SPOL radars, X-band phased-array weather radars (XPAR) are typically mounted
at a height of approximately 100 m, making them susceptible to ground clutter interference. Combined with factors such as
hardware aging and factory calibration deviations, this can introduce systematic errors into Zpr measurements, which is a
common issue shared by traditional mechanically scanned S-band and C-band radars. However, unlike traditional radars,
phased-array weather radars also face a more pronounced systemic issue: beam characteristics dynamically change with the
antenna’s beam steering angle. When the beam deviates from the array normal due to electronic scanning, the effective radiated
area of the planar phased array decreases, resulting in reduced antenna gain and beamwidth expansion. Simultaneously, the
cross-polarization isolation (CPI) between the horizontal and vertical polarization channels deteriorates, ultimately leading to
a significant degradation of CPI in the Zpr during three-dimensional detection. Previous studies have shown that in phased
array systems, fluctuations in transmit and receive gains during elevation or azimuth scanning, combined with uncertainties in
beam pointing, reduce the accuracy of detection data; particularly when the values of dual-polarization parameters are small,
the errors introduced by such systems often mask the true characteristics of atmospheric echoes.

To filter out non-meteorological echoes, the Cylindrical Polarimetric Phased Array Radar (CPPAR) developed by the
University of Oklahoma suppresses non-meteorological echoes generated by mountains and buildings (Li et al., 2023). At X-
band frequencies, severe signal attenuation in precipitation areas and the difficulty in identifying natural targets such as dry
snow above the freezing level further complicate the calibration process (Du et al., 2013). Many researchers have improved
data usability by correcting reflectivity factors (Zu) and Zpr (Matsuda and Onishi, 2019; Bringi et al., 1990; Burgemeister et
al., 2024; Jha et al., 2024).

To address systematic biases, researchers worldwide have developed a variety of quality control and calibration
approaches. Among them, the method using light rain observations from vertical birdbath scans as natural calibration targets
represents a relatively effective solution for Zpr bias correction; however, many radars are unable to perform scans at a99°
elevation-angle birdbath scan (90° elevation angle )(Frech et al., 2020). Ryzhkov et al. (2005) proposed a method based on
collecting Zpr values for dry snow at elevation angles between 40° and 60°, achieving an accuracy of 0.2 dB for Zpr data.
Although early studies attempted end-to-end calibration using tethered metal spheres (Williams et al., 2013) or UAV field
calibration (Yin et al., 2021), these methods are difficult to meet real-time operational requirements due to high costs and
environmental constraints. Currently, China lacks unified standards for dual-polarization phased-array radar testing. Pre-
shipment unit testing often overlooks the effects of transportation and installation losses as well as the impact of the radome
on gain, leading to discrepancies in detection results for the same target across different radars. Sanchez-Rivas et al. (2022)
utilized quasi-vertical profile calibration to calibrate the radar Zpr with an accuracy of 0.1 dB. Since 2022, the German Weather
Service has adopted a comprehensive monitoring strategy that combines vertical pointing scans (birdbath scans) performed
every 5 minutes, continuous analysis of solar radiation data, and single-point calibration techniques, successfully controlling

Zpr deviations within a high-precision range of 0.1 dB (Frech et al., 2020).
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In addition to the issues mentioned above, the most serious problem with phased-array weather radars is that detection
performance deteriorates when the radar beam deviates from the normal to the array plane (Zhu et al., 2025; Zhang et al., 2009;
Heberling et al., 2020). This leads to a decline in Zpr detection performance as the elevation angle increases, and different
scanning modes also result in variations in Zpr detection. Meanwhile, many authors have evaluated the detection performance
of phased-array weather radars by comparing their data with that from other radar types. For example, Heberling et al. (2018),
who conducted a joint operation between the X-band phased-array weather radar provided by Raytheon to the University of
Massachusetts and a mechanically scanned polarized X-band weather radar to evaluate the polarization measurement
performance of the X-band phased-array weather radar. The cross-polarization mode of phased-array weather radars affects
the data. Zhang et al. (2021) effectively addressed the calibration issue of dual-polarization phased-array weather radars by
performing spatiotemporal matching with S-band radar data to correct Zu and Zpr data at different elevation angles and time
points. This approach largely eliminated the effects of variations in phased-array antenna transmit/receive gain and beamwidth
caused by elevation angle deviations from the array normal (Zhang et al., 2021). Two polarimetric phased-array weather radars
developed by the Advanced Radar Research Center (ARRC) at the University of Oklahoma, namely the Cylindrical
Polarimetric Phased Array Radar (CPPAR) and the Planar Polarimetric Phased Array Radar (PPPAR, codenamed Horus),
were compared with the WSR-88D. The planar PPAR (Horus) exhibits inherent drawbacks such as enlarged polarimetric
variable errors, sensitivity degradation, and deteriorated polarization purity during wide-angle electronic scanning when the
beam deviates from the normal direction (off-broadside); however, no algorithmic correction scheme has been proposed (Ho
et al., 2025). As a two-dimensional phased array radar, Horus faces significant challenges in calibrating polarization
measurement variables to meet weather observation requirements (Zrnic et al., 2011; Zhang et al., 2016). Polarization losses
are difficult to effectively compensate for and calibrate, posing difficulties in achieving high-quality polarization weather
measurements (Dorsey et al., 2022; Fulton et al., 2022; Ivic et al., 2023; Zhang, 2009). As the scan angle changes, the CPI of
apolarization phased array radar (PPAR) also changes, leading to distorted estimates of the target polarization scattering matrix
(PSM). He et al. (2023) proposed a system-optimization-based bias correction method that significantly reduces the Zpr bias
to approximately 0.1 dB, meeting operational requirements.

To address the aforementioned challenges, this study proposes a refined method for correcting Zpr data from phased-
array weather radars. This method no longer relies on complex external hardware; instead, it corrects Zpr data by addressing
system bias and attenuation in the XPAR, simulating a dual-polarization microstrip antenna array at 9.4 GHz using High
Frequency Structure Simulator (HFSS), and compensating for isolation degradation. Due to the influence of isolation, this
study selects light rain as a natural target and applies weighting to three elevation angles where the beam pointing angle is
close to 0°. By combining HFSS simulation results with XPAR measurement data, this study analyzed the variation patterns
of antenna gain and 3 dB beamwidth as a function of v; based on the quadratic relationship between phased array antenna gain
and beam angle, the Quadratic Correction Method (QCCPI) was employed to compensate for deviations in cross-polarization
isolation between different elevation angles. This study applies Zpr correction to XPAR data from the Guangdong region of

China. This refined correction method not only rapidly and intuitively reflects the variation in radar detection performance as

4



135

140

145

150

155

160

165

elevation increases but also effectively distinguishes between systematic errors and parameter changes caused by precipitation

attenuation.

To validate the proposed RC-Zpr algorithm under complex convective conditions, this study applies it to a summer

squall line observed by an X-band phased-array radar (XPAR) in Guangdong, China. A squall line is a linear mesoscale
convective system composed of convective cells or supercells; it can extend from tens to hundreds of kilometers, last for
several hours, and often produces intense convection and rapid hydrometeor phase changes. Such systems have been
documented in various regions (Diong et al., 2026; Lopez-Bravo et al., 2023; Chen et al., 2025; Swastiko et al., 2024), but
here the squall line is used as a challenging test case for the proposed correction method.

Zpr plays a critical role in identifying hydrometeor phases within the vertical structure of deep-convection systems, and
obtaining accurate Zpr observations is an essential prerequisite for revealing the fine dual-polarization structures inside squall
lines. Accordingly, this study applies the RC-Zpr algorithm to correct Zpr observations from the XPAR radar, so that the
corrected data can more effectively capture the hydrometeor phases and subtle polarization features of this squall-line case.
Squall lines exhibit distinct polarization and echo characteristics across their life-cycle stages of initiation, mature development,
and dissipation. During the initiation stage, convection occurs as scattered convective cells with discrete strong echo cores in
the horizontal reflectivity factor Zy; affected by system bias, negative raw Zpr values would prevent reliable identification of
the phase and intensity of internal hydrometeors. In the mature-development stage, convection gradually organizes into a
well-defined band-shaped squall-line structure. Relatively high positive Zpr signals appear in the stratiform-rainfall region
behind the convective band of the squall line, which most likely correspond to heavy rainfall or ice-phase particles. In the
dissipation stage, the Zpr signals of the squall line are gradually dominated by raindrop contributions; meanwhile, new
convective cells can still be triggered ahead of the squall-line outflow boundary. Leveraging the observational advantages of
the XPAR radar and relying on Zpr correction, this study further reveals the evolutionary differences in hydrometeor phases

and echo intensity reflected by Zpr throughout different life-cycle stages of this squall-line case.



2 Materials and Methods
2.1 Data Introduction
175 2.1.1 X-Band Phased-Array Weather Radar

As shown in Fig. 1, the data used in this study were obtained from 8 X-band Phased-Array Weather Radars (XPAR) and
1 S-band Dual-Polarization Weather Radars (SPOL) located in Guangdong Province, China. These radars can operate in
narrow-transmit/narrow-receive single-beam (NT/NR-SB) mode or wide-transmit/narrow-receive multi-beam (WT/NR-MB)
mode. Different XPAR units employ distinct scanning modes and numbers of elevation angles; the specific parameters are

180 detailed in Table 1.
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Figure 1. Distribution Map of XPAR and SPOL in Guangdong Province.

XPAR is an advanced weather radar system serving as a primary tool for detecting mesoscale and microscale weather

events. Leveraging its high spatiotemporal resolution, it can complete a volume scan within 60 to 92 seconds. By employing

185 phase-controlled scanning—specifically electronic scanning for elevation and mechanical scanning for azimuth—the radar
acquires dual-polarization parameters to capture finer echo structures. The beam pointing angle is -15°, and parameters such

as peak transmit power, volume scan time, elevation coverage, and beamwidth vary across different operation modes. As
shown in Fig. 2, the XPAR units utilized in this study were manufactured by Guangdong Naruida Radar Applications
Technology Company Limited. The XPAR provides several key variables, including reflectivity (Zy), differential reflectivity

190 (Zpr), differential phase (®pp), specific differential phase (Kpp), radial velocity (V), and spectrum width (W). Since 2022, to
meet the requirements for refined detection, several radar stations in Guangdong have been upgraded to wide-transmit/narrow-
receive (WTNR) mode. This mode utilizes multi-beam scanning (see Table 1), increasing the number of observation elevations

from 16 to 68 layers and improving the elevation resolution from 1.8° to 0.9°.

195 Figure 2. X-Band Phased Array Weather Radar.

Table 1. Parameters of XPAR and SPOL.

Radar Parameters XPAR SPOL
Operating Frequency 9.3 GHz~9.5 GHz 2.8 GHz
Peak Power 256 W =650 kW
Temporal Resolution 92s 360 s
Maximum detection range 42 km 230 km
Range Resolution 30 m 250 m
Beamwidth 3° 0.95°
Volume Scan Mode VRHI VPPI
Array preset elevation angle 15° —_—
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215

Polarization Scheme Dual-polarization, Simultaneous Dual-polarization, STAR
Transmit and Receive (STAR)
Number of Elevation Layers 12, 16, 40, 68 layers 0.5° ~19.5°

2.1.2 S-band Dual-Polarization Weather Radar

The S-band dual-polarization weather radar (SPOL), serving as the ground truth for weather radar observations, has been
put into operational use (Zhou et al., 2022). However, it features relatively low spatiotemporal resolution, completing a volume
scan every 6 minutes with a spatial range resolution of 230 m. The scan includes nine elevation angles: 0.48°, 1.49°, 2.41°,
3.30°, 4.30°, 6.02°, 9.89°, 14.59°, and 19.51°. Beyond measuring traditional radar reflectivity, SPOL can simultaneously
transmit electromagnetic waves in both horizontal (H) and vertical (V) polarizations to detect more comprehensive atmospheric
information. Consequently, SPOL is capable of capturing the size, shape, and orientation of precipitation targets within the

radar sampling volume.

2.2 Method Introduction
2.2.1 Refined Correction Method for ZDR of XPAR (RC-Zpr)

Fig. 3 provides a comprehensive overview of XPAR’s refined Zpr correction algorithm (RC-Zpr), which is divided into five
stages from top to bottom: data extraction, radial interference filtering (Wen et al.,2020) and attenuation correction, system
bias correction, cross-polarization isolation correction, and result evaluation. During the data extraction stage, particles from
light rain, moderate rain, and severe convective events are identified, and samples from light and moderate rain below the
melting layer are selected. System bias correction, cross-polarization isolation correction, and preliminary validation are then
performed in sequence; Radial interference is identified and removed using a comprehensive filtering method; system bias
correction is based on data from light rain periods, employing the Bias-WZpr method to determine the sign and magnitude of
the bias; Cross-polarization isolation correction first utilized HFSS electromagnetic simulation to analyze how antenna gain
and 3dB beamwidth vary with beam pointing angle, then combined this with the QCCPI method to calculate the average Zpr
compensation value for each elevation angle layer and complete the correction; Finally, based on heavy precipitation particle

data, an XPAR squall line event was corrected using the RC-Zpr method and validated using SPOL.
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where App is the specific differential attenuation for the differential reflectivity Z,p.

Tn-this-ease; 34=0-779-Matresov-et-al5—2008). Since y; varies little, we take it as a constant of 1.13; Matrosov et al. (2002)
determined a: to be 0.22 dB/deg in the X-band based on field tests, and we use two thresholds: §;=0.1 and §,=3.0 Matresev
etal;2008): (Hu et al., 2008).

where A, denotes the empirical coefficient; since y, varies little, it is taken as a constant of 1.13 (Park et al., 2005). Since y,
ranges from 0.114 to 0.166, its midpoint, 0.14, is adopted in this study (Wang et al., 2020). Matrosov et al. (2002) determined
a1 to be 0.033 dB/deg in the X-band based on field tests.

The radial interference filtering adopted in this study uses thresholds derived from statistical analysis of dual-polarization
parameters Zpr and Kpp (Wen et al., 2020). Obvious abnormal radial bins exist in our dataset; therefore, this simple and
classical method is employed. Fig. 4 presents the thresholds for screening determined by the statistical results listed in Table

2 and Equation (4).

1,Zpg = 1.6dB and < 0.3 ° km™!

abnormal_mask = { R 4)
0, otherwise

where abnormal mask denotes the filtering condition. A value of 1 indicates that the abnormal radial bins are to be filtered

out; otherwise, it is retained.
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Figure 4. Probability distributions of rainfall and abnormal radial bins(arb). (a) Zpr. (b) Kpp.
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Table 2. Data conditions of ZG004 and ZG121 XPAR, 15-18 June 2023.

Date Rain type of ZG121 Presence of arb and Rain type of ZG004 Presence of arb and
time period for ZG121 time period for
7G004
20230614 Stratiform and mixed precipitation 1527~2159 Stratiform precipitation None
20230615 Light rain None Light rain None
20230616 Mixed precipitation with local 1247~1327 Light rain None
intense convection
20230617 Mixed precipitation None Mixed precipitation None
20230618 Mixed precipitation with bow echo Yes, 0731~1850 Mixed precipitation None

This study extracts data from ZG121 (with complex abnormal radial bins) and ZG004 (rain-only) separately (Table 2), covering
diverse meteorological processes and time periods. These data are subsequently applied to squall line filtering. ZG100, the site
capturing squall line observations, was not included in the data extraction for the following reasons: (1) ZG100 is reserved for
validation and excluded from the preliminary distribution statistics; (2) most observations from ZG100 contain mixtures of

abnormal radial bins and meteorological echoes, with only a small fraction of pure abnormal radial bins and rain-only samples.

2.2.2 ZDR system bias correction method based on beam pointing angle weighting (Bias-WZpr)

: aly atural-targ pr-System-bias-correctionwhich-uses-the-mean
Zpr-at-the-highest-elevation-angle-as-the-overall system-bias: Traditional weather radars commonly adopt the natural target
method for ZDR system bias correction. The mean ZDR values derived from light rain and dry snow observations at the highest
elevation angle are generally used to determine the overall system bias. However, conventional weather radars are usually
incapable of performing scans at 90° elevation. Data collected at the maximum available elevation angle (typically 40°—60°)
can also yield satisfactory correction performance (Ryzhkov et al., 2005). For XPAR, due to antenna isolation effects,
observations at the maximum detectable elevation angle of 20.7° exhibit significant biases and cannot be used for system bias
calibration. Therefore, in practice, the elevation angles corresponding to the beam pointing angle 0° are prioritized, as at
these directions the bias introduced by isolation is minimized.

In this study, the array preset elevation angle of the XPAR is set to 15°. The actual elevation angle sequence is 0.9°, 2.7°, 4.5°,
6.3°, 8.1°,9.9°, 11.7°, 13.5°, 15.3°, 17.1°, 18.9°, and 20.7°. As shown in Eq. (5), this quantifies the relationship among the
beam pointing angle, the actual elevation angle of XPAR, and the array preset elevation angle. The calculated beam pointing
angles (6,) corresponding to each elevation angle are: -14.1°, 12.3°, -10.5°, -8.7°, -6.9°, -5.1°, -3.3°, -1.5°, 0.3°, 2.1°, 3.9°,
and 5.7°. To mitigate observation errors caused by isolation, the three beam pointing angles closest to 0° are selected for

analysis: -1.5°,0.3°, and 2.1°.
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Since 0.3° is the closest to 0° and has the lowest cross-polarization isolation, a system bias correction method based on
weighting Zpr data from three elevation angles near the 0° beam direction is proposed (Bias- WZpr). The calculation process
for Bias-WZpg is as follows:

1. First, Determine the height of the melting layer

As shown in Fig. 4, first obtain a layered cloud data analysis from XPAR and retrieve its PPI image at a 20.7° elevation angle.
It can be observed that near the bright band of the melting layer, Zy increases, pp, decreases, and Zpg rises, forming a distinct
“semi-annular” pattern (Wang et al., 2024) at an altitude close to the zero-degree isotherm. Above the melting layer, water
condensation typically takes the form of ice crystals, snowflakes, and other ice phases, while within the melting layer, it is
often in a mixed-phase state; below the melting layer, small raindrops are typically spherical, and Zpr data from dual-

polarization radar are close to 0.
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As shown in Fig. 5, the RHI image allows us to observe the variations in Zy and py,, as particles move through the 3.8 km to
5 km altitude layer. Below the melting layer, ice crystals form a liquid film as they fall, making them more prone to collision
and coalescence. To avoid the influence of the solid-liquid mixture near the melting layer, it is best to select pure light rain

data from the 1 km layer below the melting layer.

+-28Jm- To avoid the influence of solid-liquid mixtures near the melting layer, it is preferable to select pure light rain data

or dry snow data at the layer 1 km below the melting layer. Since microwave radiometer and radiosonde observations are
required to better identify particle phases, dry snow may still be contaminated by wet snow, ice crystals and other hydrometeors,

making it difficult to obtain pure dry snow particles. Therefore, light rain is selected in this study. To prevent the impact of
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ground clutter, pure rain data at a certain altitude must also be chosen. As such, the pure light rain data adopted in this paper
are from heights ranging from 0.1 km to 2.8 km.
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Figure 5. RHI images of ZG080 at azimuth 50°. (a) Zu, (b) ppy-

2. Second, select the light rain particles

According to the dual-polarization theory, light raindrops are spherical, have a uniform shape and phase, and are isotropic,
with Zpr=0 dB. Zpr is calculated using Eq. (4) from the horizontal reflectance factor and the vertical reflectance factor, with
units in dB. The criteria for light rain (Wen et al., 2025) are: (1)Zu<25 dBZ, (2) py,>0.97, and (3) below the melting layer
height hy.

Zpr = 10log,o (222), “)

Zyy
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3. Calculate the weighted sum of the Zpr mean values for the beam angles of -1.5°, 0.3°, and 2.1°.

This method assigns different weights to the mean Zpr data from the three elevation angles: because 0.3° is closest to 0°, the
weight at 0.3° is 0.6; while the beam angles of -1.5° and 2.1° are assigned a weight of 0.2. The final composite mean is the

ZpR.

ep = Ogct — gpre 5 )

where 0y, is the preset beam pointing angle of the XPAR radar (15° in this case), and 8, refers to the actual detection

elevation angle of the XPAR, while 8, is the beam pointing angle.
Zpr = W1Zppy + W2Zpgp + W3Zpgs » (6)

where w1=0.2, w2=0.6, w3=0.2, Zpr,~ Zpr, and Zprs are the mean Zpr values at beam angles of -1.5°, 0.3°, and 2.1°,

respectively.
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2.2.3 HFSS Simulation of Beam Characteristics for Dual-Polarization Phased Array Antennas and the QCCPI
Algorithm

Phased-array weather radars feature superior beam agility compared to conventional mechanically scanned radars,
enabling rapid detection of weather systems. However, when the beam steering angle deviates from the array boresight, key
parameters including the 3 dB beamwidth, antenna gain and sidelobe level will vary. Consequently, the conventional weather
radar equation is no longer applicable to calculate the echo power of phased-array weather radars, and a revised radar equation
that accounts for beam steering angle is required. For dual-polarization phased-array weather radars, polarimetric parameters
are inherently small in magnitude, so beam deviation from the array boresight induces much larger errors in these polarimetric
variables. Prior to deriving the meteorological radar equation for phased-array systems, we first analyzed the traditional single-

target weather radar (FiSer et al., 2022) described by Eq. (7).

292
p = PiG“A%c (7)

T (am)3riLgly

Where P, represents the received power, L, is the atmospheric transmission loss, L, is the radar system loss, r is the
distance from the target to the radar, o is the radar cross section, A is the antenna wavelength, G is the antenna gain, and P; is

the transmitted power.

remains-constant Equation (7) shows that the conventional single-target meteorological radar equation assumes constant radar
gain (Zhang et al., 2011); however, in phased-array radar, the antenna gain G changes as the beam deviates from the normal
to the array plane. For a phased-array weather radar with a beam deviating from the normal to the array plane, the transmission
gain of the array antenna is G, and the receive gain is G, (Zhang et al., 2011). Here; Geyis-the-transmitgain-when-the beam-is

- =The single-target meteorological radar equation for a phased-array radar is given by

Eq. (10):
Gy = GypcosO, ®)
G, = Ggcosb, ©)
PeGeoGro(C)* (cos 0)22%0
T amdrile (10)

where (4,/4) is the frequency offset. G, is the transmit gain when the beam is aligned with the array plane normal, G,
is the receive gain when the beam is aligned with the array plane normal, and 6 is the angle by which the beam deviates from

the array plane normal.
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After discussing the meteorological equation for a single-target phased-array radar, we should now consider the
meteorological equation for a multi-target phased-array radar. Since multiple targets occupy a certain volume, factors such as
the 3 dB beamwidth and pulse width must be taken into account in the meteorological equation for a multi-target phased-array

radar. Zhang et al. (2011) derived the following meteorological equation for phased-array radar Eq. (11):

5 _ ™ PtGroGrohpngy cos b |K|*
b= 1024 In2 22 r2 zZ, an
|K|* = |(m? = 1)/(m* + 2)|?, (12)

Where: h is the radar transmission pulse width, ¢, is the horizontal 3dB reception beamwidth, ¢,, is the vertical 3 dB
reception beamwidth, Z is the reflectivity factor, and |K|?, where m is the complex refractive index.

Since the XPAR used in this paper is a one-dimensional phased-array radar that employs electronic scanning in the
elevation angle and mechanical scanning in the horizontal azimuth, under ideal conditions, when the radar performs electronic
scanning in the elevation direction, all other radar parameters remain constant, and only the gain G and the 3 dB beamwidth ¢

change. This ultimately results in the following deviation in Zpg, as shown in Eq. (13):

AZpr = 2(Gyp — Gy) + 101og10(@n/Pv) » (13)

where AZpr denotes the error between radar-measured Zpr and its true value; Gy, is the receiving gain of the horizontal

polarization channel of the XPAR radar; and G, is the receive gain of the vertical polarization channel.
Figure 6 shows a top view of the antenna elements in the antenna array simulated using High Frequency Structure

Simulator (HFSS) in this study (An et al., 2023). This antenna element is a dual-polarization microstrip patch antenna operating

at 9.4 GHz.
o !J 2
= 9.9mm
ﬁ’J gfl
35
i s et
3
0.5nm
mm

390  Figure 6. Top view of a dual-polarization microstrip patch antenna.

Figure 7 shows the antenna array layout, consisting of 30 elements in the horizontal direction, spaced 22 mm apart, and

56 elements in the vertical direction, spaced 22 mm apart.
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Figure 7. Antenna Array Layout Diagram.

395 Currently, the antenna array gain of most dual-polarization phased-array weather radars exceeds 36 dB. To achieve a
high antenna array gain, either the gain of each antenna element must be sufficiently high, or the number of antenna elements
must be sufficiently large. In the simulation experiments conducted in this paper, the gain of a single antenna element reached

8.1 dB, as shown in Fig. 8:

Max: 8.1 Gain Plot 1
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5

°

dBW/(GainTotal)
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120

Min: -25.7
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20
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P
X

400  Figure 8. Gain Chart for a Dual-Polarization Microstrip Patch Antenna.
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410 Figure 9.presents the simulated vertical and horizontal gain patterns at beam pointing angles of 0°, 5.7°, 12.9°, and —14.1°.

The left column (al—a4) shows the vertical gain patterns, while the right column (b1-b4) shows the horizontal gain patterns.

At 0°, the vertical and horizontal gain patterns are shown in Figure 9(al) and 9(bl), respectively. As the beam pointing angle
deviates from the array normal, the corresponding patterns are given in Figure 9(a2—a4, b2—b4).

The horizontal 3dB beamwidth of this antenna array is 3.65° at boresight, with a horizontal antenna gain of 37.45 dB;

415 the vertical 3dB beamwidth is 1.95°, with a vertical antenna gain of 37.46 dB. The initial first sidelobe level of this array

antenna was rather high. After applying Hamming window weighting, the first sidelobe level is reduced to approximately —40
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dB, albeit at the cost of reduced radiated power. This array antenna generally meets the performance requirements of most
dual-polarization phased-array weather radars in the meteorological field.
The bias of the Zpr at boresight is calculated to be approximately 2.70 dB according to Eq. (13). Using this Zpr value as
420 the reference, simulations are further carried out to determine the difference relative to the reference value when the beam is
steered off the boresight of the array face.

Table 2. Table of Beam Parameters at Different Pointing Angles.

Beam pointing angle /° Qp/° @,/° Gp/dB G,/dB 2(Gp-Gy) 10log10(Gr/Gy)
-14.1 3.65 2.01 36.98 36.88 0.2 2.59
-12.3 3.65 1.99 37.09 37.00 0.18 2.63
-10.5 3.65 1.98 37.19 37.11 0.16 2.65
-8.7 3.65 1.97 37.27 37.21 0.12 2.68
-6.9 3.65 1.97 37.33 37.28 0.10 2.68
-5.1 3.65 1.96 37.39 37.35 0.08 2.70
-3.3 3.65 1.95 37.43 37.41 0.04 2.72
-1.5 3.65 1.95 37.45 37.44 0.02 2.72
0 3.65 1.95 37.45 37.46 -0.02 2.72
0.3 3.65 1.95 37.45 37.46 -0.02 2.72
2.1 3.65 1.95 37.45 37.46 -0.02 2.72
3.9 3.65 1.95 37.42 37.46 -0.08 2.72
5.7 3.65 1.96 37.38 37.44 -0.12 2.70
7.5 3.65 1.97 37.32 37.40 -0.16 2.68
9.3 3.65 1.97 37.25 37.34 -0.18 2.68
11.1 3.65 1.98 37.16 37.27 -0.22 2.65
12.9 3.65 2.00 37.07 37.18 -0.22 2.61

The values in the “beam pointing angle” column of Table 2 are specified relative to the array normal and in the vertical

direction; for example, -14.6° indicates that the beam starts from the array normal and moves 14.6° toward the ground. A value

425 of 12.9° indicates that the beam starts from the array normal and moves 12.9° toward the sky. Combining the beam parameters
for different azimuth angles in Table 2, which were simulated using HFSS, Figure 13 plots the deviation Zpr for different

azimuth angles (after subtracting the 2.70 dB deviation of the Zpr at the 0° beam pointing angle) based on Eq. (13).

21



430

435

440

445

® Measured
o\ o 6<0 (upward)
0.1 ® —— 620 (downward)

0.0

0.1

ZDR Bias (dB)

-0.2 4

-0.3

2 9 6 3 0 3 6 9 12
Beam Pointing Angle (°)

Figure 13. Zpr deviation at different beam pointing angles.

As can be seen from Fig. 13, the Zpr bias decreases approximately in accordance with a quadratic curve when the beam
steering angle is greater than 0°, whereas it rises following a similar quadratic trend when the beam steering angle is less than
0°. The patch elements adopted in this simulation are microstrip patch antennas, which feature an asymmetric physical structure:
one side is equipped with microstrip feed lines while the other side is not. For this reason, the variation characteristics of Zpr
bias differ when the beam deviates from the normal direction of the array face in different directions. Nevertheless, the Zpr
bias in both angular directions presents a common rule — its increase or decrease basically complies with the variation law of
a quadratic curve.

Therefore, this paper proposes a quadratic curve fitting-based method to compensate for the degradation of Zpr
cross-polarization isolation (QCCPI). The steps are as follows:

1. First, data from a selected radar site are traversed over a certain time period with a starting index of 1, a step size of 4, and
a total of N=10 volume scans. The step size of 4 is primarily used to eliminate errors caused by the proximity of

consecutive time frames.
fileiqy, = start + k X step,k =0,1,2--N -1, (14)

2. The actual Zpr mean values detected by XPAR every 6 minutes, plotted against the pointing angle, exhibit a quadratic
trend similar to the HFSS simulation. When the beam pointing angle deviates from the array normal, the mean Zpr shows
a gradually decreasing trend. Ignoring the effects of ground clutter and other external factors such as the radar dome, based

on the symmetry in Eq. (15), the Zpr reaches its maximum or minimum at 8 = 0°.
Zpr(0) = Zpr(—06), [0 <90°[, (15)
3. Based on the above analysis, a quadratic function is chosen to fit the data. The expression of the quadratic curve is:

Zpr(8) = —a(0 = B)* +v, (16)
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4. BecauseZpr(—0) = Zpr(0), we havef=0 and y = Z,z(0). The quadratic curve is then expressed as:
Zpr(0) = —a8? + Zpr(0) , (17)

5. After calculation, the coefficient a for a specific site is obtained such that the sum of squared errors between the mean
values and the fitted values is minimized. Zpg (0) is the original Zpr value of the measured raindrops, —af? is the Zpr

error after the beam pointing angle deviates from the array normal by 8, and Zpg(0) is the actually detected Zpr value.

Once the expression is obtained, the Z, can be compensated by simply adding —a8?:

ZEXT = 785 + (—ab?) , (18)

Where Z5%" denotes the corrected value at each elevation angle, while Z3%® represents the observed value from the

XPAR base data.

6. Finally, for the Zpr variation with pointing angle measured within a single time period, the difference between its
maximum and minimum values is calculated. A larger variation indicates poorer cross-polarization isolation performance
of the antenna or worse system stability. This metric can be used to monitor the health status of XPAR Zpr data, and its

effectiveness is demonstrated in Sec. 3.

AZpgr = mBaX(ZDR(@)) - mein(ZDR(g))s (19)

Here;G-coversallelevationangles:

where 6 covers all elevation angles.

2.3 Dataset
2.3.1 XPAR systematic bias correction dataset

Table 3 summarizes the main factors affecting the quality of Zpr data from XPAR radars. XPAR observations are prone
to interference from various non-meteorological echoes, such as isolated point clutter and ground clutter, which are evident at
Station ZG061. Corresponding quality control procedures are implemented to eliminate the aforementioned interferences.
Furthermore, the light rain method is adopted to correct the systematic bias of XPAR measurements. A quadratic function is
fitted to compensate for the observational errors caused by the degradation of cross-polarization isolation.

In addition, Table 3 lists the XPAR radars used in this study, including the time, station information (ZG003, ZG004,
7G020, 2ZG020, ZG060, ZG080, ZG083, ZG100, ZG101), and the Zpr results before and after system bias correction.
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20230327075510-081235 26063 0207 -0397
20230327062555-064928 260064 0622 004+
20230614000005-003047 26020 1182 -0-286
20230327052747-055221 26060 2448 0242
20230327060535-063752 £Z6O8Y 0383 0186
20230613204453-205449 26083 0963 0244
20230616145915-152958 261006 +HBS 0383
20230327051630-054845 ZG6H0+ 6302 o424

Table 3. Zpr System Bias Before and After Correction for XPAR at Different Stations and Observation Periods.

Time (s) Site ZDR bias(dB)  ZDR bias20.7° (AB) Bias-WZpr(dB)
from 07:55:10 to 08:12:35 UTC on 27 March 2023 7G003 -0.243 -0.097 0.036

from 06:25:55 to 06:49:28 UTC on 27 March 2023 ZG004 -0.622 0.371 0.004

from 00:00:05 to 00:30:47 UTC on 14 June 2023 7G020 0.984 -0.387 -0.286

from 05:27:47 to 05:52:21 UTC on 27 March 2023 ZG060 -2.148 0.315 0.242

from 06:05:35 to 06:37:52 UTC on 27 March 2023 ZG080 0.622 0.086 0.034

from 20:14:53 to 20:54:49 UTC on 13 June 2023 7G083 0.994 -0.072 0.031

from 14:59:15 to 15:29:58 UTC on 16 June 2023 ZG100 -0.845 -0.656 0.032

from 05:16:30 to 05:48:45 UTC on 27 March 2023 ZG101 0.372 0.085 0.07
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from 22:43:58 to 23:59:13 UTC on 13 June 2023 ZG064 0.196 0.067 -0.031
from 19:31:12 to 20:26:29 UTC on 14 June 2023 7G043 0.582 -0.152 -0.132
from 11:14:07 to 11:57:07 UTC on 29 March 2024 7G082 0.419 0.864 -0.256
from 00:01:19 to 00:36:39 UTC on 05 April 2024 ZGO081 0.436 -0.32 -0.267
from 10:03:30 to 10:35:44 UTC on 05 April 2024 7G020 0.972 0.191 0.216

from 03:55:59 to 04:21:00 UTC on 04 May 2024 ZG004 0.786 -0.25 0.258

from 10:29:23 to 10:58:32 UTC on 04 May 2024 7G020 0.882 -0.005 -0.127
from 00:36:53 to 01:06:05 UTC on 04 May 2024 7G021 -0.934 0.123 -0.056
from 01:50:43 to 02:19:55 UTC on 20 Augest 2024 7G041 0.572 -0.322 -0.275
from 01:38:21 to 02:07:31 UTC on 20 Augest 2024 ZG043 0.346 -0.336 -0.253
from 03:29:22 to 03:58:33 UTC on 20 Augest 2024 7G083 1.792 -0.406 -0.357
from 01:29:39 to 01:58:48 UTC on 20 September 2024 7G020 0.74 -0.326 -0.167
from 00:00:30 to 00:25:05 UTC on 20 September 2024 ZG060 -1.502 0.191 -0.003
from 01:30:51 to 01:58:30 UTC on 20 September 2024 ZG061 -0.172 -0.174 0.044

In Table 3, Zpr_bias(dB) is the raw Zpr systematic bias, Zpr_bias,20.7° (dB) is the Zpr after correction at the 20.7°
elevation angle, and Bias-WZpr (dB) is the result from our proposed method. Bias-WZpr outperforms ZDR bias,20.7° mainly

because isolation effects make Zpr values vary quadratically at 20.7°, resulting in the misestimation of systematic bias (Figure

14).

2.3.2 Dataset for correcting the deterioration of cross-polarization isolation of the XPAR

Table 4 summarizes the dataset used to analyze the deterioration of cross-polarization isolation for the XPAR radar. This
dataset consists of simultaneous observations acquired after the systematic bias correction of the XPAR system, covering the
same observation period as the bias correction dataset. Moderate rain hydrometeors are selected as the research objects, with
specific screening criteria set as follows: horizontal reflectivity ranging from 25 dBZ to 35 dBZ and cross-correlation
coefficient py, greater than 0.95. Moderate rainfall is chosen because its Zpr can more distinctly reflect the variations in Zpr
values caused by different elevation angles. Light rain is excluded since its Zpr is close to zero, making such variations
undetectable. Heavy rain is also ruled out, as its hydrometeors produce excessively large Zpr fluctuations, and signal
attenuation introduces substantial additional errors.

Table 4 shows the maximum elevation angle error of XPAR’s Zpr after applying isolation correction to the moderate
rain data for each time period. It can be seen that the corrected Zpr values have decreased compared to those before correction;
some of the larger Zpr values are due to systematic bias.

Table 4. Dataset affected by the deterioration of XPAR cross-polarization isolation.
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Max. AZpr across  Max. AZpr across

Time (s) Site a b elevations before  elevations after
QCCPI (dB) QCCPI (dB)
from 06:03:22 to 06:40:14 UTC on 14 June 2023 ZG003 0.000010  0.858 0.15 0.14
from 02:54:11 to 04:53:59 UTC on 27 March 2023 ~ ZG060 0.001621 -2.886 0.33 0.31
from 04:18:04 to 06:10:11 UTC on 27 March 2023 ~ ZG080 0.000985 1.040 0.24 0.23
from 16:52:08 to 17:47:25 UTC on 13 June 2023 7G083 -0.000482  1.468 1.23 1.20
from 17:03:40 to 17:58:58 UTC on 16 June 2023 ZG100 -0.002145  -1.106 0.46 0.34
from 18:31:59 to 19:27:17 UTC on 13 June 2023 ZG101 -0.003494  -0.984 0.54 0.36
from 13:37:04 to 15:27:40 UTC on 13 June 2023 ZG100 -0.001699  -0.871 0.48 0.29
from 14:26:23 to 16:27:44 UTC on 14 June 2023 7G020 0.002183 0.936 0.51 0.21
from 10:55:01 to 12:53:18 UTC on 14 June 2023 ZG060 -0.000482  -1.488 0.24 0.21
from 12:22:35 to 14:19:19 UTC on 14 June 2023 ZG100 -0.001941  -0.882 0.53 0.36
from 00:00:40 to 02:09:41 UTC on 16 June 2023 7G063 -0.00114 -0.218 0.39 0.32
from 17:01:20 to 19:05:45 UTC on 17 June 2023 ZG083 -0.000701  0.978 0.53 0.49
from 03:12:32 to 04:37:32 UTC on 27 March 2023 ~ ZG003 0.000349 0.346 0.15 0.10
from 00:43:40 to 03:06:04 UTC on 27 March 2023  ZG061 0.000432 -0.404 0.32 0.32
from 01:59:54 to 04:12:00 UTC on 27 March 2023 ~ ZG101 0.002441 0.742 0.81 0.77
from 16:03:20 to 18:18:29 UTC on 15 June 2023 7G021 0.000433 -0.95 0.18 0.16
from 18:56:54 to 21:08:59 UTC on 17 June 2023 7G040 -0.00045 0.127 0.31 0.18
from 00:11:25 to 02:45:01 UTC on 18 June 2023 7G063 -0.001483  -0.305 0.48 0.40
from 01:58:57 to 04:09:31 UTC on 18 June 2023 ZG082 -0.001962  -0.405 0.52 0.30
from 13:07:07 to 15:17:40 UTC on 16 June 2023 ZG061 -0.000386  -0.006 0.23 0.23
from 20:48:53 to 23:05:36 UTC on 15 June 2023 7G042 0.000116 0.188 0.15 0.14
from 13:44:53 to 14:58:53 UTC on 29 March 2024  ZG080 -0.001351  -0.343 1.11 0.86
from 06:16:54 to 08:05:57 UTC on 05 April 2024 7G082 -0.002484  -0.429 0.91 0.61
from 06:49:43 to 08:38:46 UTC on 04 May 2024 7G020 0.000758  0.826 0.33 0.24
from 00:00:01 to 01:46:02 UTC on 20 August 2024  ZG043 -0.000216  0.643 0.29 0.29
from 02:15:13 to 03:59:40 UTC on 20 August 2024  ZG064 -0.000820  -0.012 0.99 0.76
from 02:15:13 to 03:59:40 UTC on 20 August 2024  ZG021 -0.000043  -0.291 0.36 0.33

500 3 Experimental Results

This section conducts spatiotemporal matching between the corrected XPAR data and observations from the operational
S-band dual-polarization weather radar (SPOL). We mainly evaluate the Zpr calibration performance of the RC-Zpr method

for squall lines. This experiment reveals the characteristics of squall lines after Zpr correction and the variations in Zpr during
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each stage of squall line evolution (initiation, development, and dissipation). Meanwhile, the interferences of system bias,
cross-polar isolation, and anomalous radial signals on Zpr are analyzed. The squall-line results obtained from the corrected
XPAR data provide a scientific and efficient technical solution for operational quality control and performance evaluation of

next-generation phased-array weather radars.

3.1 Case Studies of Squall Lines
3.1.1 XPAR System Bias Correction

Based on the light rain observation data from the ZG100 station on June1+6;2023 16 June 2023, as shown in Fig. 14, this study
calculated the average Zpr values for light rain at different elevation angles. Theoretically, under pure light rain conditions, the
Zpr observations from a conventional Doppler weather radar should approach 0 dB; if the actual Zpr deviates significantly
from 0 dB, it indicates a fixed systematic bias in the radar. Unlike conventional weather radars, the Zpr observation quality of
the X band phased-array weather radar is susceptible to the influence of antenna cross-polarization isolation. During the
observation period from 16:06:50 to 16:36:01 UTC, according to Eq. (5), the beam pointing angle corresponding to an elevation
angle of 15.3° is 0.3°, which is closest to the horizontal 0° beam state; at this time, the influence of antenna cross-polarization
isolation is weakest, and the observation error is minimal. Therefore, this study selected the Zpr mean value for light rain at an

elevation angle of 15.3° as the reference value for correcting the Zpr system bias at this station.
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on 16 June 2023.
(X)
Time(s) Before correction (dB) After correction (dB)
0 0 NAN
1 29967 -0.295
2 53797 -0.548
3 62415 -0.639
4 58903 -0.507
5 57070 -0.963
6 56823 -0.794
7 54141 -0.704
8 47984 -1.042
9 41902 -0.489
10 39494 -0.649
11 37079 -0.375
525 (V)

Table S. Zpr values at different elevation layers observed by the ZG100 radar from 16:06:50 to 16:36:01 UTC on 16 June 2023.
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El Sample Zpr Mean Values (dB)
ELO 0 NAN
El_1 29967 -0.295
El 2 53797 -0.548
El 3 62415 -0.639
El 4 58903 -0.507
ELS 57070 -0.963
EL6 56823 -0.794
EL 7 54141 -0.704
El 8 47984 -1.042
EL 9 41902 -0.489
EL 10 39494 -0.649
El_11 37079 -0.375

29

(XD



535

540

—o— 0.90°

2.70°
-0.3

—o— 450°
630°
—e— 8.10°
9.90°
04 —e— 11.70°
13.50°
—o— 1530°
05 17.10°
e —e——a —— 1890°
o /._—*"’A.V o 2070°
— =+ 153° Mean Zpg =-1.042 dB
-0.6
8
2
g
G 07 - s g

Figure 15. Time Series Plot of Zpr Mean Values for Each Elevation Layer of the ZG100 Radar, from 16:06:50 to 16:36:01 UTC on 16 June
2023.

As shown in Fig. 15, based on the light rain temporal-mean Zpg plot for the ZG100 generated by XPAR, it can be observed
that the mean Zpr values differ for each elevation angle, but the patterns of variation are relatively stable and consistent. The
mean Zpr value at an elevation angle of 15.3° is -1.042 dB; The mean Zpr value of 0.879 was obtained from the Bias-WZpr

method in this study (Table 5). this-article-uses-this-value-as-the system-offset correction-value for thissite: A system bias value
of 0.879 is adopted for the ZG100 radar in this study.
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545  Figure 16. Case study of XPAR at 01:52:49 UTC on 6 June 2023. (a) Original XPAR Zpr data. (b) 20.7° Zpr bias correction (c) Bias-
WZpr method. (d) SPOL data interpolated to virtual XPAR positions.

Figure 16a shows the XPAR second-layer elevation observation results from June-6;2023at0+:52:4901:52:49 UTC on 6
June 2023, corresponding to the core echo region of the squall line. The raw Zpr data from the XPAR radar has a spatial

550 resolution of up to 30 m x 30 m and offers excellent fine-scale detection capabilities, but it is significantly affected by system

31



555

560

565

570

in-both-datasets-are largely-coineident (Fig—16¢). Figure 16b shows the results after system bias correction. The corrected Zpr

data is improved to some extent, yet the correction remains insufficient within regions of intense convective echoes. Many
negative Zpr values are found in the region of 22.6°N-22.8°N, 113°E~113.1°E. In Figure 16¢, the correction performance
using Bias-WZpr is markedly improved when aligned with echo features of SPOL interpolated to the virtual location, and the

distributions of the storm core region in the two datasets are broadly consistent (Figure 16c¢).

4 4
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Figure 17. ZG100, June 16, from 16:06:50 to 16:36:01 UTC on 16 June 2023, (a) Zpr-Zy system before deviation correction, (b) 20.7°
Zpr bias correction. (¢) Bias-WZpr method.

Figure 17a shows the raw differential reflectivity Zpg at station ZG100 before system bias correction. A prominent negative

system bias is evident in the Zpg observations. In the Zpgr-Zu scatter plot, Zpg increases with rising raindrop diameter. In

Figure 17b, Zpg is partially improved after correction using data from the maximum elevation angle. Nevertheless, Zpgr
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remains negative for Z dBZ. After applying the Bias-WZpr method, Zpg for light rain at this station falls within 0.2 dB when
Zy ranges from 15 to 18 dBZ.

3.1.2 Correction of XPAR Cross-Polarization Isolation
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Figure 18. Zpr data of ZG100 before and after QCC compensation during the period from 17:03:40 to 17:58:58 UTC on 16 June 2023. (a)
Original Zpr data, degraded by cross-polarization isolation. (b) Zpr data after QCCPI correction.

The degradation of cross-polarization isolation in XPAR at different beam pointing angles severely compromises the
accuracy of Zpr data. Since Zpr plays a critical role in hydrometeor phase identification, quantitative precipitation estimation
(QPE) and XPAR data quality, it is necessary to correct the Zpr data of XPAR at all elevation angles using the QCC (Quadratic
Curve Compensation) method. Taking data from the ZG100 site from—17:03:40-to17:58:58-enJune16 from 17:03:40 to
17:58:58 UTC on 16 June, 2023, as an example, the mean Zpr values for different beam pointing angles were first calculated
from 10 volume scans (each XPAR dataset having dimensions of 12 X 400 x 1400), and the results are presented in Fig. 18a.

Observations indicate that the curve exhibits a downward concave profile for beam pointing angles below 0°, whereas
an upward concave profile is presented when the angle is greater than 0°. This trend is in good agreement with the quadratic
curves derived from HFSS simulations. Implementation of the proposed QCC method stabilizes the maximum mean value of
Zpr for all elevation angles in each volume scan within 0.27 dB. Compared with the pre-correction condition (around 0.45 dB),
an improvement of 0.18 dB is achieved.

When the Zpg error is 0.2 dB, the error in quantitative precipitation estimation can be reduced to below 18% (Ryzhkov
et al., 2005). Moreover, many scholars have indicated that a Zpr error of less than 0.2 dB suggests that the radar meets the
required standards for meteorological research. However, due to its high temporal and spatial resolution, phased-array radar
inevitably trades off some measurement accuracy. Using the proposed method, the Zpr at various pointing angles can be
controlled to approximately 0.27 dB.
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17:0340 047 027
+7:0949 046 026
17557 045 032
172206 046 027
1712845 046 029
173423 044 027
174032 046 025
17464+ 047 925
+7:5249 045 026
17:5858 044 027

Table 6. The maximum difference in Zpr between the off-boresight beam pointing angle and the boresight direction for ZG100.

Time(s) Before correction (dB) After correction (dB)
17:03:40 UTC on 16 June 2023 0.47 0.27
17:09:49 UTC on 16 June 2023 0.46 0.26
17:15:57 UTC on 16 June 2023 0.45 0.32
17:22:06 UTC on 16 June 2023 0.46 0.27
17:28:15 UTC on 16 June 2023 0.46 0.29
17:34:23 UTC on 16 June 2023 0.44 0.27
17:40:32UTC on 16 June 2023 0.46 0.25
17:46:41 UTC on 16 June 2023 0.47 0.25
17:52:49 UTC on 16 June 2023 0.45 0.26
17:58:58UTC on 16 June 2023 0.44 0.27

3.1.3 Correction Results and Analysis

This study extracted light rainfall data observed by the ZG100 XPAR radar during +6:06:50—16:36:01-en1t6June 2023
from 16:06:50 to 16:36:01 UTC on 16 June 2023 and implemented system bias correction. Subsequently, quadratic function
fitting was performed on moderate rainfall data collected from 17:03:40 to 17:58:58 UTC on the same day. On this basis, the
QCC algorithm was adopted to compensate for the influence of cross isolation on the polarimetric parameter of Zpr. Meanwhile,
echo attenuation in moderate and heavy rainfall regions detected by the XPAR radar can be corrected by applying the
attenuation correction factors computed in Eq. (2) and Eq. (3) to the original radar measurements. Figure 19 presents the three-
dimensional volumetric Zpr data of the ZG100 radar case (observation time: 01:35:55 UTC on 16 June 2023), which
corresponds to a typical squall line event.

Figure 19a shows the raw horizontal reflectivity Zy from the XPAR radar, while Fig. 19b displays the Zpr data of the

SPOL radar interpolated to the matching spatial positions. Comparative analysis indicates that XPAR achieves favorable
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detection performance at low elevation angles. As a low-altitude gap-filling radar for SPOL, XPAR is characterized by higher
temporal and spatial resolution. Nevertheless, above the fourth elevation sweep, the echo intensity of XPAR decreases
remarkably, accompanied by gradual degradation of echo structures.

This work mainly focuses on the correction of Zpr data. Fig. 19d illustrates the results after system bias correction applied
to the raw Zpr (Fig. 19¢). It can be seen that Zpg values are close to 0 dB in light rainfall areas and range from 0 to 1 dB in
moderate rainfall areas, whereas the characteristics of strong convection remain inconspicuous. Figure 19f and Fig. 19g further
show the effects after additional attenuation correction and isolation bias correction, respectively. After attenuation correction,
Zpr values in strong convection regions increase significantly, and the retrieved squall line structure agrees better with that
revealed by Zy within the first three elevation layers (Fig. 19f). Ultimately, the comprehensively corrected results in Fig. 19g
are highly consistent with the observations from the SPOL radar. Benefiting from superior temporal and spatial resolution,
XPAR provides more reasonable Zpg representation for squall line structures within the first four elevation layers. Restricted
by the inherent detection range and receiver sensitivity of XPAR, partial loss of echo structures is observed above the fourth
elevation layer. Accordingly, subsequent analyses in this study will mainly focus on the second to fourth elevation layers to
elaborate on the technical advantages of the corrected XPAR products.

(@) (b) (©) (d)

Z (km)
Z (k)
Z (km)

ZDR (dB)

© ® (h)

Z(km)
Z(km)
Z (km)

Yy,

Figure 19. (a) Original Zu of XPAR; (b) Converted Zu of SPOL; (c) Original Zpr of XPAR; (d) Zpr of XPAR after Bias-WZpr; (e) Zpr of
XPAR after attenuation correction only; (f) Zpr of XPAR after Bias-WZpr and attenuation correction; (g) Zpr of XPAR after RC-Zpg; (h)
Converted Zpr of SPOL.
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Figure 20. ZG100, squall line data at 01:35:55 UTC on June 16, 2023. (a) Original Zu of XPAR; (b) 20.7° Zpr bias correction; (c) Bias-
WZbr; (d) Zpr of XPAR after RC-Zpr; () Converted Zpr of SPOL.

The XPAR has a detection range of 42 km, a range resolution of 30 m, and an installation height of approximately 100 m,
providing high sensitivity for fine-scale observations at low elevations. During the squall line event, Zpr data from the 2nd to
4th elevation sweeps were selected for comparative analysis. Figure 20 shows that the squall line exhibited a widespread
banded structure. Although the raw XPAR Zpr data were able to detect this squall line, a clear systematic bias was present.
Figure 20e presents the Zpr data of the squall line observed by the SPOL radar, interpolated onto the XPAR grid by latitude,
longitude, and elevation angle. Due to the lower range resolution of SPOL compared to the higher resolution of XPAR,
differences in detailed features are observed between the two radars.

As shown in Fig. 20b, the ZDR correction exhibits insufficient correction strength. Compared with SPOL, ZDR remains below
0 in many light-rain regions. In Fig. 20d, which displays the XPAR Zpr after RC-Zpr, the Zpr intensity in the squall line core
region is significantly better than that in Fig. 20c, where only systematic bias correction was applied. Within the black box,
the corrected XPAR Zpr (Fig. 20d) and the SPOL Zpr (Fig. 20¢) agree well. In addition, Fig. 20d has been filtered to remove
radial interference. In the red box, however, the corrected XPAR Zpr data appear more physically reasonable: the banded
structure is clear, with Zpr exceeding 1 dB in regions where reflectivity ranges from 40 to 50 dBZ, and Zpr exceeding 3 dB in
localized strong convective areas where reflectivity exceeds 50 dBZ. This behavior is consistent with the actual detection

characteristics of the XPAR.
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Figure 21. Comparison of XPAR and Zpr data during the squall line event eaJune16;2023(64+:12:53-02:18:56). (a) Raw XPAR Zpr; (b)

660 Bias-WZpr; (c) Bias-WZpr with attenuation correction; (d) RC-Zpr.

Figure 21. Comparison of XPAR and Zpr data during the squall line event from 01:12:53 to 02:18:56 UTC on 16 June 2023. (a) Raw XPAR
Zpr; (b) 20.7°ZDR bias correction; (¢) Bias-WZpg; (d) Bias-WZpr with attenuation correction; (¢) RC-Zpr.
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Scatter plot analysis of corrected XPAR (ZG100) data for the squall line event from 01:12:53 to 02:18:56 UTC on 16 June

2023 shows that: Figure 21a shows the raw ZDR data. After the 20.7° ZDR bias correction, the correction strength is
insufficient (Fig. 21b). In contrast, the Bias-WZDR produces ZDR values that agree well with the ZDR observations from the
SPOL radar (Fig. 21c). Figure 21d includes additional attenuation correction, which effectively removes the vertical white
lines seen in (a)-(c) that arise from discrete missing values in the raw Zpgr base data. Figure 21d shows the result after further
applying QCCPI isolation degradation correction. Because the QCCPI induced isolation degradation is within 0.3 dB and
varies with elevation angle, its effect is not apparent in the scatter plot; however, the improvement from the isolation correction
is clearly visible in Fig. 18c. In Figure 21e, the correlation coefficient (Corr) reaches 0.184 and the RMSE reaches 1.000 dB,
outperforming the original XPAR Zpr data. Although Fig. 21c shows lower RMSE and Corr values, Fig. 21e corrects for the

deterioration in isolation at each elevation angle in the XPAR data, resulting in smoother data across elevation angles. Table

7 presents the Zpr correction results for this squall line event. After correcting for system bias, attenuation, and isolation, the
original average Zpr of the XPAR radar was -0.591 dB, revised to 0.328 dB, while that of the SPOL radar was 0.028 dB. The
difference in Zpr between XPAR and SPOL decreased from 0.619 dB to 0.3 dB. After RC-Zpr correction, the average Zpr of
the XPAR radar was 0.226 dB, with a difference of 0.198 dB from the average Zpr of the SPOL radar, remaining within 0.2
dB.

(X)

El XPAR-Zor  Bias-WZpr  XPAR BiastAtt  XPAR BiastAtt+QCCPI  RC-Zor SPOL_Zor
EL 0 0.727 -0.747 -0.024 0.189 -0.064 0.208
El 1 0.29 -0.305 0.523 0.719 0.499 0.045
El 2 0.574 -0.583 0.235 0.424 0.265 0.122
El 3 -0.576 -0.587 0.242 0.394 0.284 0.100
El 4 0.562 -0.58 0.258 0.374 0.303 0.114
El 5 -0.778 -0.791 0.027 0.106 0.068 0.034
EL 6 -0.763 0.77 0.066 0.126 0.109 -0.032
El 7 -0.693 -0.704 0.135 0.185 0.181 -0.06
El 8 -0.825 -0.84 0.017 0.023 0.023 -0.08
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El 9 -0.500 -0.534 0.308 0.345 0.338 -0.106
El 10 -0.456 -0.484 0.345 0.373 0.35 -0.12
El 11 -0.385 -0.417 0.422 0.45 0.402 -0.142
Total -0.591 -0.607 0.209 0.328 0.226 0.028

Table 7. from 01:12:53
elevation angles before and after correction.

to 02:18:56 UTC on 16 June 2023: Comparison of Zpr parameters for the ZG100 and XPAR radars at various

(V)
El XPAR-Zpr XPAR- XPAR BiastFil XPAR BiastFilttAtt  RC-Zpk SPOL Zpr
Zor+Filt t

El 0 -0.727 -0.747 0.116 0.336 0.038 0.208
El 1 -0.29 -0.305 0.558 0.746 0.499 0.045
El 2 -0.574 -0.583 0.280 0.460 0.265 0.122
El 3 -0.576 -0.587 0.276 0.416 0.284 0.100
El 4 -0.562 -0.58 0.283 0.387 0.303 0.114
El 5 -0.778 -0.791 0.072 0.139 0.068 0.034
El 6 -0.763 0.77 0.093 0.140 0.109 -0.032
El 7 -0.693 -0.704 0.159 0.196 0.181 -0.06
El 8 -0.825 -0.84 0.023 0.050 0.023 -0.08
El 9 -0.500 -0.534 0.329 0.353 0.338 -0.106
El 10 -0.456 -0.484 0.379 0.353 0.35 -0.12
El 11 -0.385 -0.417 0.446 0.461 0.402 -0.142
Total -0.591 -0.607 0.256 0.365 0.226 0.028

700

705

41




710

715

720

725

730

735

740

As shown in Figs. 22-23, the full life-cycle evolution of the squall-line system from initiation, mature development to

dissipation can be observed during 01:12—-02:36 UTC on 16 June 2023.

At the squall-line initiation stage, the raw XPAR Zpr suffers substantial negative biases caused by cross-polarization coupling
effects and inherent system offsets. After multi-step Zpr correction, the Zpr values inside newly-formed convective cells
converge toward the SPOL reference observations. Multiple isolated local convective echoes are reliably identified from 01:12
to 01:24 UTC, which is critical for capturing the early-generation signals of squall-line convection. In the uncorrected raw
XPAR Zpr dataset, such discrete local convective echoes at the incipient squall-line stage are hardly distinguishable due to
generally depressed Zpr magnitudes.

During the mature development stage, the convective band expands rapidly and the echo field is dominated by
heavy-precipitation signatures. Although the raw XPAR Zpr can depict a light-green band-shaped echo pattern, it substantially
underestimates the actual length and spatial coverage of the squall line and fails to reproduce the evolutionary process from
discrete local convection into an organized squall-line structure (01:30-01:42 UTC). As illustrated in Fig. 22, after RC-Zpr
correction, the gradual organization and merging of scattered local echoes into a linear squall line are clearly visible from
01:24 to 01:36 UTC. In the intense convective-core region marked by the blue box, the data quality of XPAR Zpgr is
significantly improved, enabling accurate representation of polarimetric signatures of vigorous convective cells embedded
within the squall line.

For comparison against SPOL, only snapshots at 6-minute intervals are presented in this manuscript. The actual scan update
cycle of XPAR is 92 s, offering finer temporal resolution and the capability to resolve more detailed convective-evolution
features than SPOL, which provides potential benefits for early squall-line warning. The linear storm structure is well
established by 01:30 UTC, with local Zy exceeding 50 dBZ. Anomalous radial interference filtering is implemented in this
study. For comparison purposes, only the 01:24 UTC snapshot retains unfiltered raw data, while anomalous-radial filtering is
applied to all remaining time steps (corresponding to the red-boxed regions in the figures).

At the squall-line dissipation stage (02:06 UTC), the overall echo intensity of the squall line gradually weakens; the area of
strong echoes shrinks and the echo pattern becomes fragmented.

Overall, compared with SPOL observations, the corrected XPAR Zpr effectively characterizes the spatial distribution of
convective intensity within the squall line and achieves improved spatial consistency throughout the full squall-line life cycle
(initiation, development and dissipation). Reliable corrected XPAR Zpr products facilitate the diagnosis of hydrometeor phase
evolution. Accurate Zpr measurements further allow effective identification of ice-particle regions inside squall-line systems,

providing support for microphysical analysis of severe convective storms.
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Figure 23. Lines 1-3 show the Zpr time-series observations from XPAR after correction for systematic bias, attenuation, and cross-

polarization isolation; lines 4-6 show the Zpr time-series observations from SPOL interpolated to the same grid points for the same

observation.
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4 Summary and conclusions

XPAR offers high spatiotemporal resolution; however, the calibration accuracy of its Zpr is constrained by multiple factors
including system bias, precipitation attenuation, deterioration of cross-polarization isolation caused by beam scanning, and
non-meteorological interference, making it difficult to meet the 0.2 dB accuracy requirement for operational applications. To
address this issue, this paper proposes a refined Zpr correction algorithm (RC-Zpr) suitable for the XPAR system and validates
it using observations of a squall line event at the ZG100 station, in conjunction with SPOL observations. The algorithm
integrates four core correction modules: For system bias correction, the Bias-WZpr method is proposed, which uses small
raindrops below the melting layer as natural targets and performs a weighted average using the three elevation angles (—1.5°,
0.3°, and 2.1°) where the beam direction is closest to the array normal, thereby effectively correcting system bias; To address
precipitation attenuation, corrections are applied to areas of moderate and heavy precipitation; to address the inherent
deterioration of cross-polarization isolation in phased-array systems, the QCCPI method is proposed to quantitatively
compensate for Zpr biases caused by isolation deterioration across different elevation angles; simultaneously, a comprehensive
thresholding method is employed to filter out radial interference in low-elevation observations. Validation results show that
Zpr observation consistency across elevation angles significantly improves after QCCPI correction alone. For the squall line
event enJune-6;2023-16 June 2023, after full RC-Zpr correction, the overall mean of XPAR’s Zpr across all elevation angles
was corrected from —0.591 dB to 0.226 dB, and the deviation relative to SPOL observations was reduced from 0.619 dB to
0.198 dB, approaching the 0.2 dB accuracy standard for meteorological research and operations. The corrected Zpr data can
more accurately characterize the polarization features of the severe convective core within the squall line, and the fine echo
structures at low elevation angles exhibit high spatial consistency with SPOL observations. In summary, the RC-Zpg algorithm
proposed in this paper enables systematic correction of multiple error sources in XPAR Zpr data without relying on external
hardware calibration equipment. The complete correction scheme significantly improves the accuracy and stability of XPAR

Zpr data.

5 Outlook

Although this study achieved the expected results in correcting XPAR radar Zpr data in the Guangdong region, the regional
applicability of this correction algorithm still requires further validation. The current work primarily focuses on coastal plains
and low-mountainous and hilly areas, whereas the topographic conditions in southwest China are extremely complex, with
severe mountain occlusion posing a serious challenge to the quality of low-elevation-angle radar observations. Therefore,
future research will focus on complex topographic areas in southwest China to optimize targeted correction strategies for
XPAR radar Zpr data. Specifically, we plan to integrate multi-source observational data from X-band radar, S-band radar, and
XPAR. Through coordinated networked observations, we aim to leverage the complementary strengths of radars operating at
different frequencies and with different detection angles. This approach will enable the acquisition of high spatiotemporal

resolution Zpr data while effectively ensuring the inversion accuracy and spatial continuity of these parameters in complex
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environments. Figure 24 shows the spatial distribution of radar stations in Sichuan Province, and Figure 25 presents PPI
detection results from different types of radars in 2025.

785 Building on the aforementioned networked observation system, the research team plans to conduct a comprehensive field
experiment on weather modification in the Neijiang area of Sichuan in July 2026. The experiment will integrate various
observation and operational methods, including multiple types of radar equipment, automatic surface weather stations, cloud
height meters, raindrop spectrometers, ground-based high-altitude cannon systems, and unmanned aerial vehicles (UAVs),
with a focus on analyzing the radiative transfer characteristics of the XPAR Zpr parameters before and after artificial catalytic

790 operations. This work will not only contribute to a deeper understanding of the mechanisms by which cloud seeding operations
influence the phase state of particles within clouds and the evolution of precipitation, but will also provide robust data support
and a basis for decision-making regarding the scientific evaluation of rain enhancement operations and the optimization and

improvement of the technical system.

33°N 1~
| —— 25401 36.4km
78004 75 km -
300N o |~ 5018 75k -

—— 79280 230 km

31°N A

28°N -

27°N T T ST T T T
101°E  102°E 103°E 104°E 105°E 106°E 107°E 108°E

795  Figure 24. Distribution Map of XPAR, SPOL and XPOL in Sichuan Province. ZS401: Chongzhou X-band Phased Array Weather Radar
(XPAR), ZS004: Longchang X-band Dual-Polarization Weather Radar (XPOL), ZS018: Rongxian X-band Phased Array Weather Radar
(XPOL), Z9280: Longquan S-band Polarimetric Weather Radar (SPOL).
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