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Abstract

:

In this study, the quantitative precipitation estimation (QPE) capability of three X-band dual-polarization phased array radars (PAR) in Guangzhou, South China, was demonstrated, with an S-band operational dual-polarization radar as the benchmark. Rainfall rate (R) estimators based on the specific differential phase (KDP) for summer precipitation for both X-band and S-band radars were derived from the raindrop size distributions (DSDs) observed by a 2-dimensional video disdrometer (2DVD) in South China. Rainfall estimates from the radars were evaluated with gauge observations in three events, including pre-summer rainfall, typhoon precipitation, and local severe convective precipitation. Observational results showed that radar echoes from the X-band PARs suffered much more severely from attenuation than those from the S-band radar. Compared to S-band observations, the X-band echoes can disappear when the signal-to-noise ratio drops to a certain level due to severe attenuation, resulting in different estimated rainfall areas for X- and S-band radars. The attenuation corrected by KDP had good consistency with S-band observations, but the accuracy of attenuation correction was affected by DSD uncertainty and may vary in different types of precipitation. The QPE results demonstrated that the R(KDP) estimator produced better rainfall accumulations from the X-band PAR observations compared to the S-band observations. For both the X-band and S-band radars, the estimates of hourly accumulated rainfall became more accurate in heavier rainfall, due to the decreases of both the DSD uncertainty and the impact of measurement errors. In the heavy precipitation area, the estimation accuracy of the X-band radar was high, and the overestimation of the S-band radar was obvious. Through the analysis of the ZH-ZDR distribution in the three weather events, it was found that the X-band PAR with the capability of high spatiotemporal observations can capture minute-level changes in the microphysical characteristics, which help improve the estimation accuracy of ground rainfall.
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1. Introduction


In the late 1970s, the idea of dual-polarization weather radar was put forward by alternately transmitting mutually orthogonal horizontal polarization waves and vertical polarization waves [1]. In addition to the reflectivity factor (ZH), dual-polarization weather radars can measure multiple parameters, such as the differential reflectivity factor (ZDR), copolar cross-correlation (ρhv), differential phase (ΦDP), and the propagation phase shift rate (KDP) [2]. A large number of observational studies have been conducted over the past 20 years, demonstrating that dual-polarization radars can have good performance in quantitative precipitation estimation (QPE) [3,4,5,6,7,8,9,10,11]. With the development of radar technology, dual-polarization radars have made great progress in the detection of various types of weather systems. Currently, the time for most operational radars to complete a volume scan is 5–6 min, which makes it relatively difficult to meet the requirements for the observation of some rapidly developing severe convective weather objects.



Although past studies have proposed to use sufficiently dense and fast radar observations to predict the evolution in 3D structures of severe convective weather [12], this has not been realized after many years of development. The prediction level of the numerical model can be improved with the data assimilation of a set of high-time-resolution radars [13]. However, it is difficult to obtain high-time-resolution data through a mechanical scanning antenna. Although some radars used for scientific research can provide fast scanning in a very short time, most mechanical scanning radars used for operational observation still cannot meet the requirements [14].



More recently, phased array antennas have been used for weather radars [15]. Each radiation unit in the phased array antenna is independently controlled in phase and amplitude and can obtain accurate beam pointing to realize the observation in arbitrary directions. Currently, phased-array radars (PARs) usually use electronic scanning in at least one direction (e.g., in elevation) and have an agile beam steering strategy. Usually, PARs can complete the scanning of the whole airspace in 1–2 min, much more rapidly than conventional dish-based radars, and obtain a large amount of meteorological information at the same time [16,17,18,19,20,21]. To accurately capture the 3D structure of convective bubbles in convective clouds within 1–3 min [22] and the structure of downburst flow [23], a phased array dual-polarization weather radar will be the first choice. Additionally, phased array dual-polarization radar can also carry out data assimilation with high temporal and spatial resolution [21] and more accurate ground QPE [24,25]. In terms of precipitation nowcasting, PARs have the advantage in terms of 3D motion tracking at spatial scales of 1–10 km up to several minutes [22].



Nowadays, more and more PARs have been built by the weather service, but there are few studies on QPE using PARs. China’s meteorological administration has an X-band dual-polarization PAR network in Guangzhou. Because of the variabilities of DSD characteristics in different regions, the past rain rate estimators are not suitable for these radars. In this study, the QPE capability was evaluated by using three X-band dual-polarization PARs in Guangzhou and combining them with two-year DSD data in South China. Section 2 introduces the test instruments and basic methods. The T-matrix method was used to simulate the corresponding dual-polarization radar variables. In Section 3, the corresponding dual-polarization radar QPE relationship was established with gauge observations to test the QPE performance. In Section 4, the microphysical characteristics of different types of rainfall were analyzed, and the results of the tests were discussed and summarized in Section 5.




2. Data and Methods


2.1. PARs and DSD Measurement


The data for this study were obtained by X-band dual-polarization PARs (wavelength: 3.2 cm) deployed by the Guangzhou Meteorological Bureau in Panyu (23°N, 113.31°E), Nansha (22.78°N, 113.56°E), and Huadu (23.42°N, 113.24°E), as well as the Guangzhou S-band dual-polarization radar (wavelength: 10.4 cm) at 23°N, 113.35°E (Figure 1). The PARs adopt one-dimensional electronic phased array scanning, which means that the scanning in the vertical direction is electrical and the scanning in the horizontal direction is mechanical. The antenna of the PARs consists of 64 solid-state transmit/receive (T/R) modules. The transmitter’s peak power was 256 w, and the dynamic range was over 85 dB. The PARs incorporated pulse compression by transmitting a long coded pulse (20 μs) and processing the received echo to obtain a relatively narrow pulse (0.2 μs). The 12-layer elevation scanning in the vertical direction took only approximately 0.25 s, and the time to complete a volume scanning was 1.5 min. The rapid evolution of weather systems within 5–40 km of the radar can be observed with dual-polarization information. The Guangzhou S-band dual-polarization radar had an observation range of 230 km, the attenuation of which was very small. It took ~6 min for the Guangzhou S-band radar to complete a volume scan.



Two years of DSDs observed by a two-dimensional video disdrometer (2DVD) located in FOSHAN were used to derive simulated dual-polarization radar parameters and radar-based QPE relationships. The newly designed third-generation 2DVD was equipped with faster cameras. For reduced splash effects, only the drops inside the measurement inlet were counted. The vertical and horizontal resolutions of raindrop diameter were both better than 0.19 mm. The 1-min-averaged data with a total number of drops less than 50 or rain rate < 0.1 mm/h were considered noise and discarded [26,27].




2.2. Parameterization of Radar


Using the T-matrix scattering simulation method [28], the corresponding dual-polarization radar variables can be calculated based on the DSD observations. In this study, the axis ratio model of raindrops in [29] was used in the scattering simulation, the raindrop temperature was set at 10 °C, and the mean inclination angle was set at 0°. The equivalent radar reflectivity factor Zh,v (mm6 m−3) was defined as follows:


   Z  h , v   =   4  λ 4     π 4     |   K w   |   2       ∫    D  min      D  max         |   f  h h , v v    (  π , D  )   |   2  N  ( D )  d D  



(1)




where D (mm) was the equivalent diameter of the raindrops, N(D) (m−3 mm−1) corresponded to the number concentration of raindrops in a specific particle size range in a unit volume, λ was the radar wavelength, and Dmin and Dmax were the minimum and maximum equivalent diameters of the actual DSD, respectively. Kw was the dielectric constant value of liquid water, and fhh,vv(π, D) (mm) represented the backscattering amplitude in the horizontal or vertical direction. The logarithmic form of the horizontal equivalent reflectivity factor ZH = 10log10(Zh) had a unit of dBZ. The specific differential phase KDP (°km−1) was calculated based on the forward scattering amplitude f(0, D) (mm):


   K  DP   =   180  π  λ    ∫    D  min      D  max      R e  [   f  h h    (  0 , D  )  −  f  v v    (  0 , D  )   ]  N  ( D )  d D  



(2)




where Re represents the real part of the integral, while fhh(0, D) and fvv(0, D) (mm) are the forward scattering amplitudes in the horizontal and vertical directions, respectively. The rain rate R(mm/h) can be calculated by:


  R = 0.6 π ×   10   − 3      ∫    D  min      D  max       D 3  v  ( D )  N  ( D )  d D  



(3)




where v(D) was the terminal velocity (m s−1).



A large number of studies show that R(KDP) was less affected by the DSD uncertainty than R(ZH), since Zh, KDP, and R are approximately proportional to the 6th, 4.24th, and 3.67th moments of the DSD. R(KDP) also had an advantage for QPE in the mixed precipitation of rain and hail because KDP was only sensitive to rainfall considering the irregular shapes of hailstones and the continuous rolling and rotation behaviors in the falling processes. In addition, KDP was not affected by calibration error, attenuation, or partial beam blockage if the signal-to-noise ratio was high enough. Previous studies have shown that radar QPE relationships are different under different climatic backgrounds [5,30,31]. Before using X-band phased array dual-polarization radar to quantitatively estimate the rainfall in the summer precipitation processes in Guangzhou and using the S-band radar for evaluation, it was necessary to establish QPE relationships for them based on the DSD observations.




2.3. QPE Algorithm and Quantification


To quantitatively evaluate the estimation results of each QPE relationship, the normalized absolute error (NE), root-mean-square error (RMSE), and correlation coefficient (CC) were calculated:


  N E =     ∑   i = 1  N   [   |   R   K  DP      ( i )  −  R G   ( i )   |   ]      ∑   i = 1  N   R G   ( i )     



(4)






  R M S E =    [   1 N    ∑   i = 1  N     [   R   K  DP      ( i )  −  R G   ( i )   ]   2   ]    1 / 2    



(5)






  C C =     ∑   i = 1  N   [   R   K  DP      ( i )  −    R   K  DP      ¯   ]   [   R G   ( i )  −    R G   ¯   ]       [    ∑   i = 1  N   [   R   K  DP      ( i )  −    R   K  DP      ¯   ]   ]    1 / 2      [    ∑   i = 1  N   [   R G   ( i )  −    R G   ¯   ]   ]    1 / 2      



(6)




where    R   K  DP       was the rainfall or rainfall rate estimate from KDP and    R G    was the reference value.      R   K  DP      ¯    and      R G   ¯    were the corresponding mean values. N was the sampling number.



A total of 8341 one-minute-averaged DSD data points in Foshan were used to calculate the X-band and S-band dual-polarization radar variables as well as the rain rates. The R-KDP relationships were fitted by the least squares method (Figure 2), given as   R  (   K  DP    )  = 21.75  K  DP   0.84     for the X-band and   R  (   K  DP    )  = 58.01  K  DP   0.785     for the S-band. It should be noted that coefficient a can be affected by local climatology. The R(KDP) estimators derived from the 2DVD data in South China can represent the unique DSD characteristics in that specific area and allow more accurate QPEs, which differ from the relationships in other regions. Overall, the coefficient of the R-KDP relationship for X-band radars in South China was higher than that for continental precipitation, e.g.,   R  (   K  DP    )  = 18.15  K  DP   0.79     and   R  (   K  DP    )  = 14  K  DP   0.75     [6,8]. For a given KDP, e.g., 1°km−1, the estimated rainfall was nearly 20–37% higher than the value obtained using the continental relation. In Figure 2, for the same rainfall rate (R < 60 mm/h), the KDP value of the X-band radar was approximately 2–4 times that of the S-band. In addition, a Zh-R relationship was also fitted, as shown in Table 1 for further comparison.



Figure 3 shows the R(KDP) and intrinsic R directly calculated from the DSDs observed by the 2DVD, demonstrating the performance of R(KDP) under “ideal conditions” by neglecting measurement errors. For X-band, NE = 0.06, RMSE = 5.63 mm/h, and CC = 0.98; for S-band, NE = 0.08, RMSE = 7.19 mm/h, and CC = 0.97. According to the results, the R(KDP) for X-band was better than S-band with a lower NE, a lower RMSE, and a higher CC.




2.4. Attenuation Correction


The electromagnetic wave is attenuated by the scattering and absorption of precipitation particles. Attenuation is directly positively correlated to the rainfall rate, which gets more obvious with the shorter radar wavelength. The ZH and ZDR of C-band and X-band radars will be severely underestimated after heavy precipitation. The attenuated ZH and ZDR would lead to obvious errors if they were directly used for rainfall estimation or microphysical parameter retrieval. Therefore, it was necessary to make the attenuation correction before quantitative retrieval in our study. After upgrading to the dual-polarization capability, KDP was not affected by attenuation when the signal-to-noise ratio was large enough, and there was an approximately linear relationship between KDP and attenuation. The application of KDP greatly improves the accuracy of attenuation correction.



The specific horizontal attenuation AH and the specific differential attenuation ADP can be approximately expressed in terms of KDP as follows:


   A H  =  a 1   K  DP    b 1     



(7)






   A  DP   =  a 2   K  DP    b 2     



(8)







The attenuation correction relationships obtained by least squares fitting using DSD data for the PARs were    A H  = 0.32  K  DP   1.04     and    A  DP   = 0.03  K  DP   1.19     (Figure 4).



On 2 May 2018, the Panyu PAR observed a heavy precipitation weather process (Figure 5). Combined with the data from the Guangzhou S-band radar, it can be seen that the PAR severely attenuates in the heavy rainfall area, and the rain area after a strong echo cannot be detected. After attenuation correction using KDP, the echoes within and after the strong echo region were enhanced. To further evaluate the performance of attenuation correction, the observations from the S-band radar, 4 km away from the Panyu PAR, were used for quantitative comparison (Figure 6). The ZH observed by the X-band PAR was rapidly attenuated within and after the severe rainfall region. After attenuation correction, the echo in the heavy rainfall area was similar to that of the S-band radar, with some inconsistency probably attributed to the differences in instrument location and radar wavelength.





3. Quantitative Precipitation Estimation


The Asian monsoon has a strong influence on the climate in Guangzhou. Warm and moist air is transported from the ocean to the continent of China during the summer monsoon season (May–September), creating a favorable environment for convective activities in the region. In this period, there is pre-summer rainfall, typhoon precipitation, and severe convective precipitation, and these weather events account for the majority of the annual precipitation. Three heavy precipitation weather events in Guangzhou on June 7 (pre-summer rainfall), August 19 (typhoon precipitation), and September 4 (severe convective precipitation) in 2020 were selected for QPE evaluation. Two hours of observation data were selected for each weather process, and the accuracy of the radar estimation of the ground rainfall rate was evaluated by gauge observations. The calculation steps of radar QPE corresponding to the point-to-point observation results of each gauge observation were as follows: (1) the coordinates of the two radars were converted from the polar coordinate system into a rectangular coordinate system, and the volume of scan data of the two radars was gridded, and the dual-polarization radar variables within 1000 m × 1000 m at a 1000 m height were selected and averaged; (2) the precipitation intensity corresponding to each group of volume scan data was estimated by using the precipitation relation R(KDP), and it was accumulated hourly; (3) the radar-estimated rainfall data were interpolated to the rainfall station. Figure 7 shows the scatter diagram and the number density function (NDF) of precipitation estimation using the R(KDP) relationship and surface rainfall stations. It can be seen that NE was 0.27, RMSE was 6.53 mm, and CC was 0.91 for the estimated hourly accumulated rainfall by the X-band PAR of the three weather processes. For the S-band radar, NE was 0.32, RMSE was 7.52 mm, and CC was 0.90. When the hourly accumulated rainfall was relatively low (<10 mm), the diversity of the results was high, mainly because the accuracy of KDP was affected by the measurement errors in weak precipitation areas. When the hourly accumulated rainfall > 10 mm, the estimation results were closer to the gauge observations. Overall, the accuracy of the X-band radar R(KDP) was better than that of the S-band radar, mainly because the KDP value of the X-band radar was much higher than that of the S-band radar and because it was not easily affected by radar miscalibration, attenuation, and uncertainty in precipitation microphysical characteristics. In areas with heavy precipitation, the estimation accuracy of the X-band radar was high, and the overestimation of the S-band radar was more obvious.



Table 2 summarizes the comparison results. When the hourly accumulated rainfall was lower than 10 mm, there was little difference between the X-band and S-band, and the NE, RMSE, and CC of R(KDP) were 0.64, 4.04 mm, and 0.3 for the X-band radar, and 0.63, 4.5 mm, and 0.31 for the S-band radar, respectively. When the hourly rainfall was greater than 10 mm and less than 30 mm, the NE, RMSE, and CC of R(KDP) were 0.26, 6.21 mm, and 0.7 for the X-band radar, and 0.34, 5.68 mm, and 0.6 for the S-band radar, respectively. For hourly accumulated rainfall larger than 30 mm, the NE, RMSE, and CC of R(KDP) are 0.13, 5.68 mm, and 0.95 for the X-band radar, and 0.2, 10.28 mm, and 0.92 for the S-band radar, respectively. As pointed out by [32], KDP is proportional to D4.24 for larger drop sizes, whereas KDP is proportional to D5.6 for smaller drop sizes. The rain rate is approximately proportional to the 3.67th moment of the DSD. For light rainfall, raindrop size is comparatively small, and the KDP is more easily influenced by the changes in DSD compared to the results in heavy rainfall. This could also help to explain the low accuracy of R(KDP) for measuring light rainfall, in addition to the relatively high uncertainty in KDP in light rainfall. These results also show that QPE can be improved by considering the temporal and spatial variability of the DSD relationship.



Figure 8a–c shows the ZH, ZDR, and KDP of the 2.7 elevation plan position indicator (PPI) scan of the pre-summer rainband. There was a large area of intense rainfall embedded in the stratiform precipitation region. In convection centers, the ZH values can exceed 55 dBZ, the ZDR exceeds 2.5 dB, and the KDP reaches 8°/km, indicating that the instant rain rate can exceed 112 mm/h. The precipitation in the stratiform regions was modest and uniformly distributed, with ZH less than 30 dBZ, ZDR less than 1 dB, and KDP less than 2°/km. In Figure 8a–c, KDP corresponding to the large ZH was substantially different, demonstrating that the application of R(KDP) to QPE can reveal more detailed features of precipitation. PPI scans of the typhoon rainband are shown in Figure 8d–f. It can be found that ZDR was mostly less than 2 dB in areas of high reflectivity factor (40 < ZH < 55 dBZ). ZDR was an excellent indicator of the median drop diameter, and the typhoon precipitation mostly consisted of small raindrops. Figure 8g–i shows the values of ZH, ZDR, and KDP for the severe convective rainband. The ZH in the leading convective region exceeded 55 dBZ, with ZDR over 3 dB and KDP reaching 8°/km. The volume scanning data showed that the 30-dBZ radar echoes in the convective region can reach 10 km, much higher than those of the pre-summer rainfall event (about 6.7 km) and the typhoon (about 5 km). Because 30 dBZ was commonly used to determine how high the updraft could transport precipitation-size ice particles [33], Figure 8 suggested that the severe convective rainband had a more distinct ice-phase process with larger particles owing to the strong updraft. In addition, the severe convective rainband consisted of larger raindrops than the other two events.



Figure 9 shows the distribution of the hourly accumulated rainfall for all the volumes of scan data observed by X-band radar and S-band radar. The scatter diagram in the figure corresponds to the location of gauge observations, and the color indicates the ratio of the hourly accumulated rainfall estimates and independent gauge observations. The ratio less than or greater than 1 indicates that the radar QPE results were underestimated or overestimated. The gauges within the effective range of radar observations provided the 5-min surface cumulative rainfall observations, and the data were used for the point-to-point evaluation of the X-band and S-band radars. Figure 9a,b shows the pre-summer rainfall event in Guangzhou observed using the X-band PAR at Huadu station and the S-band radar station between 10:00 and 11:00 on 7 June 2020, Beijing time. During this period, the maximum hourly accumulated rainfall observed by the gauge observations was 64 mm, and the maximum hourly accumulated rainfall estimated from the X-band radar and S-band radar in the heavy rainfall center was greater than 80 mm. The NE value for the X-band radar was 0.24, the RMSE value was 6.33 mm, and the CC value was 0.97. The NE value of the S-band radar was 0.33, the RMSE value was 9.29 mm, and the CC value was 0.94. In the echo center area of 113.1°E–113.3°E, the error ratio between the gauge observations and the radar-estimated rainfall was lower than 1.3. Because the attenuation of the X-band radar was severe in the heavy rainfall area, especially in the area to the east of 113.5°E, it was difficult for the X-band radar to observe effective precipitation, which means that the X-band radar severely underestimates precipitation in this area. Figure 9c,d shows the precipitation in Typhoon Higos observed by the X-band PAR radar at Nansha station and the S-band radar between 13:00 and 14:00 Beijing time on 19 August 2020. The maximum hourly accumulated rainfall observed by the gauge observations at that time was ~30 mm. In the heavy rainfall center of the typhoon storm zone, the accuracy of the X-band radar was better than that of the S-band radar. The NE value of the X-band radar was 0.24, the RMSE value was 4.49 mm, and the CC value was 0.9; the NE value of the S-band radar was 0.35, the RMSE value was 5.54 mm, and the CC value was 0.77. It can be found that the accumulated rainfall estimated by the X-band PAR radar was more evenly continuous than the S-band radar, indicating that the data with a high temporal resolution of the X-band PAR radar can observe the fast evolution of the typhoon precipitation. Figure 9e,f shows the local heavy precipitation observed by the X-band PAR at Panyu station and the S-band radar between 17:00 and 18:00 Beijing time on 4 September 2020. The gauge observations showed that the maximum hourly accumulated rainfall at that time was ~40 mm, the NE value of the X-band radar was 0.39, the RMSE value was 7.2 mm, and the CC value was 0.84. The NE value for the S-band radar was 0.44, the RMSE value was 10.59 mm, and the CC value was 0.74. Table 3 summarizes the reliability of the rainfall estimators for the X-band and S-band radars.



In the three weather processes, the QPE performance of the X-band PAR and the S-band weather radar was different. In the pre-summer rainfall process, both of them have high estimation accuracy for heavy precipitation. However, the attenuation effect of the X-band in the strong echo area cannot be ignored, which can probably be supplemented by observations of the X-band radars in other directions. For typhoons and local severe convective rainfall events with very fast movements, the X-band PAR radar’s fast volume scan mode can capture weather evolution more accurately than the S-band radar.




4. Relation to Microphysical Characteristics


The performance of the radar QPE is affected by the microphysical characteristics of precipitation systems, as shown in many studies [34,35,36]. The microphysical characteristics of precipitation are closely related to the intensity and system type of precipitation and can vary season-by-season. The difference in surface microphysical characteristics in the precipitation process can be represented by its DSDs. The dual-polarization radar variables can also represent the DSD characteristics of precipitation. For example, ZH represents the overall intensity of the reflected echo of precipitation particles, and its value is jointly affected by the concentration of precipitation particles and the average particle size. ZDR is mainly affected by the average size of the precipitation particles. The combined distribution of ZH-ZDR values is usually used to study DSD characteristics. For a given ZH value, the larger (or smaller) the ZDR value is, the larger (or smaller) the average size of the DSD. In contrast, for a given ZDR value, the larger (or smaller) the ZH value is, the higher (lower) the particle swarm number concentration. For the three heavy precipitation events in this study, the characteristics of ZH-ZDR relationships were analyzed. The advantages of X-band PAR in QPE were shown from the perspective of microphysics, which may help deepen the understanding of the impact of microphysics on radar QPE.



Figure 10 shows the normalized density of ZH-ZDR at 1 km height in the pre-summer rainfall observed by the Huadu PAR between 10 and 11 a.m. Beijing time on 7 June 2020. The results for the Guangzhou S-band radar are also shown for comparison. There were three X-band PAR volume scans corresponding to the S-band radar volume scan observations. The color represents the normalized occurrence frequency of the corresponding ZH-ZDR value. As shown in Figure 10a–c, the ZH value changed little in this period, but the ZDR value decreased gradually. It meant that the concentration of small raindrops in the cloud increased rapidly in this period, and the ground rainfall in this period was mainly generated by high concentrations of raindrops. The S-band radar only made a volume scan once in this period and cannot observe the changing characteristics of microphysics in the corresponding cloud.



Similar to Figure 10 and Figure 11, they give the results of Typhoon Higos observed by the Nansha PAR and the S-band radar on 19 August 2020, Beijing time. Compared with pre-summer rainfall, the raindrop diameter of precipitation in typhoon weather was much smaller, which indicated that precipitation was mainly contributed by high raindrop concentration and the raindrop diameter did not play a leading role, similar to the conclusion by [30]. The S-band radar data also revealed that typhoon precipitation was mainly caused by small raindrops.



Figure 12 shows the normalized density of ZH-ZDR of the local heavy precipitation weather events observed by the Panyu PAR and the S-band radar station between 17:00 and 18:00 on 4 September 2020. Figure 12a–c shows that the ZH and ZDR values increased rapidly within one minute (Figure 12b), which indicated that the diameter of the raindrops in the cloud increased rapidly during this period. The rainfall was mainly contributed by large raindrops. In the next one and a half minute period, the ZDR value decreased rapidly, indicating that the concentration of small raindrops in the cloud increased rapidly in this period and that the ground rainfall in this period was mainly contributed by the high concentration of raindrops. During this time, the S-band radar cannot observe the variation characteristics of the corresponding microphysical processes. This can probably explain why the rainfall obtained by the X-band radar was better than that obtained by the S-band radar.




5. Conclusions


Based on the observation of X-band dual-polarization PARs and a 2DVD, the radar QPE results of the summer precipitation system in Guangzhou, China, were evaluated and improved. First, based on 2DVD observations, the QPE relations R(ZH) and R(KDP) suitable for summer precipitation in the Guangzhou urban area were established for X-band dual-polarization radars. Using the established QPE relationship, the overall precipitation estimation and evaluation of the effective precipitation process of the pre-summer rainband, the typhoon precipitation rainband, and the local severe convective precipitation rainband observed in Guangzhou in 2020 were carried out. Based on the difference in ZH-ZDR microphysical characteristics, the microphysical variation characteristics of the three rainfall processes were discussed, and the reason why the X-band PAR quantitatively estimates the ground rainfall rate better than the S-band radar was proposed. The main conclusions are summarized as follows:




	(1)

	
First, the two-year summer DSD observations by a 2DVD in South China and the T-matrix simulation algorithm were used to calculate the corresponding dual-polarization radar variables. The attenuation correction relationships for X-band dual-polarization radars were established. Through an example, it was found that the KDP-AH relationship can correct the X-band attenuation to a certain extent. However, in heavy rainfall, the far-end correction performance was not good (Figure 5 and Figure 6). The disagreement between the attenuation-corrected measurement of the X-band PARs and the S-band measurement was mainly due to DSD uncertainty in attenuation correction, measurement errors, the lack of co-location of the radars, and the wavelength difference. Compared to S-band observations, the X-band echoes can disappear when the signal-to-noise ratio drops to a certain level due to severe attenuation, resulting in different estimated rainfall areas for X- and S-band radars. This could be partially compensated by the cooperative observation of radar networks in the future.




	(2)

	
The precipitation relations R(Zh) and R(KDP) for X-band and S-band dual-polarization radars were established. The results showed that there were some differences between the corresponding coefficients of each relationship. For the same rainfall rate, the KDP value of the X-band polarization radar was approximately 2–4 times that of the S-band, which shows that KDP observed by short-wavelength radars has a higher sensitivity for QPE than that of S-band radars. The estimated R(KDP) of the fitted relationship was compared with the rainfall rate R directly calculated from DSD data, and it was found that the X-band estimator was better than that of the S-band radar.




	(3)

	
The radar QPE results of the three precipitation processes (the pre-summer rainband, typhoon precipitation rainband, and local severe convective precipitation rainband) in 2020 were evaluated. When the rain rate was low (e.g., <10 mm/h), the X-band and S-band radars had great uncertainty for rainfall estimation. As the rainfall got more intense, the KDP was less affected by the DSD uncertainty and measurement errors, and the accuracy of the X-band and S-band radar to estimate the rain rate improved. It is also noted that there was an overestimation for the heaviest rainfall, while the estimates from the X-band PAR radar were more accurate than those from the S-band radar. For fast-moving weather systems, the X-band PARs demonstrated the advantages of temporal resolution. However, the X-band’s attenuation impact in the strong echo area cannot be disregarded and can be supplemented by observations of the X-band radars in other directions, which is why more and more X-band PAR radar networks are being constructed.




	(4)

	
The ZH-ZDR distributions were useful for determining the variety of DSDs in various precipitation systems. It was found that the mean size of raindrops in the typhoon precipitation rainband was smaller than the other two events, and the X-band PARs with high spatiotemporal resolution observation ability can capture minute-level microphysical process changes and improve the estimation accuracy of the ground rainfall rate through accumulation and networking observation.
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Figure 1. Location of X-band dual-polarization phased array radar and S-band dual-polarization radar at Guangzhou on the digital terrain elevation map. 
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Figure 2. R(KDP) relationship for X-band (a) and S-band (b) radars, derived by the least squares method of the observations. 
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Figure 3. A comparison between the R(KDP) and the intrinsic rainfall rate Rcal directly observed by the 2DVD for X-band (a) and S-band (b). 
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Figure 4. The KDP-AH (a) and KDP-ADP (b) relationships for the X-band PAR fitted by DSD data. 
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Figure 5. Measurements of ZH from the Panyu PAR (a) without attenuation correction and (b) after attenuation correction at the 6.3 deg elevation at 19:30 on 2 May 2018; (c) Measurements of ZH from the Guangzhou S-band radar at the 6 deg elevation at 19:30 on 2 May 2018. 
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Figure 6. The ZH of the X-band PAR before (blue) and after (red) attenuation correction at an azimuth of 5 deg and an elevation of 6.3 deg corresponding to Figure 5. The black line is from the S-band radar, also at an azimuth of 5 deg and an elevation of 6 deg. 
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Figure 7. The NDFs of estimated hourly accumulated rainfall from (a) X-band R(KDP) and (b) S-band R(KDP) versus the gauge observations for all precipitation cases. 
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Figure 8. ZH, ZDR, and KDP observed by the X-band PAR radar at the 2.7-deg-elevation in the (a–c) pre-summer rainband at 10:30 on June 7, the (d–f) typhoon rainband at 13:30 on August 19, and the (g–i) severe convective rainband at 17:30 on September 4. 
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Figure 9. Comparison of hourly accumulated rainfall obtained using R(KDP) with gauge observations in the pre-summer rainfall between 10:00–11:00 on June 7, the typhoon precipitation between 13:00–14:00 on August 19, and the severe convective precipitation rainband between 17:00–18:00 on September 4. (a,c,e) for X-band band radar and (b,d,f) for S-band band radar. The color of the bubble charts shows bias ratios (   R   K  DP      /Rgauge) between the hourly accumulated rainfall estimates and independent gauge observations. 
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Figure 10. The normalized density of ZH-ZDR. in the pre-summer rainband observed by the Huadu X-band PAR at (a) 10:48, (b) 10:50, (c) 10:52, and (d) the S-band radar at 10:54 on 7 June 2020. 
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Figure 11. The normalized density of ZH-ZDR. in the Typhoon Higos rainband observed by the Nansha X-band PAR at (a) 13:00, (b) 13:02, (c) 13:04, and (d) the S-band radar at 13:00 on 19 August 2020. 
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Figure 12. The normalized density of ZH-ZDR in the local heavy precipitation rainband observed by the Panyu X-band PAR at (a) 17:30, (b) 17:31, (c) 17:33, and (d) the S-band radar at 17:30 on 4 September 2020. 
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Table 1. The coefficients of the R(Zh) and R(KDP) for X-band and S-band dual-polarization radars in South China fitted by DSD data in Foshan.
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X-Band

	
S-Band






	
Type

	
a

	
b

	
a

	
b




	
R(Zh)

	
0.046

	
0.638

	
0.0352

	
0.6727




	
R(KDP)

	
21.75

	
0.84

	
58.01

	
0.785
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Table 2. NE, RMSE (mm), and CC between the hourly accumulated rainfall from R(KDP) and gauge measurements corresponding to Figure 7.
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Hourly Accumulated Rainfall (mm)

	
X-Band

	
S-Band




	
NE

	
RMSE

	
CC

	
NE

	
RMSE

	
CC






	
R < 10

	
0.64

	
4.04

	
0.3

	
0.63

	
4.5

	
0.31




	
10 < R < 30

	
0.26

	
6.21

	
0.7

	
0.34

	
5.68

	
0.6




	
R > 30

	
0.13

	
5.68

	
0.95

	
0.20

	
10.28

	
0.92
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Table 3. The NE, RMSE, and CC for the estimation of hourly accumulated rainfall in pre-summer rainfall, typhoon precipitation, and severe convective precipitation for X- and S-band radars estimated by R(KDP) corresponding to Figure 9.
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	Rain Type
	QPE Type
	NE
	RMSE (mm)
	CC





	pre-summer
	X-band
	0.24
	6.33
	0.97



	rainfall
	S-band
	0.33
	9.29
	0.94



	typhoon
	X-band
	0.24
	4.49
	0.9



	precipitation
	S-band
	0.35
	5.54
	0.77



	severe convective
	X-band
	0.39
	7.2
	0.84



	precipitation
	S-band
	0.44
	10.59
	0.74
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