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This study investigates the performance of the Global Precipitation Measurement (GPM) satellite in comparison to the X-band Phased Array Weather Radar (XPAR) regarding precipitation measurement accuracy, focusing on radar echoes. A comparative analysis was conducted on two significant precipitation events that occurred in 2023 in Xiong’ an New Area, Hebei Province, China, utilizing data from XPAR, GPM, and ground-based observations. The results reveal that XPAR outperforms the GPM satellite in quantitative precipitation estimation, with a correlation coefficient of approximately 0.88 between XPAR data and ground observations, compared to 0.66 for GPM. Furthermore, the root mean square error (RMSE) and mean absolute error (MAE) for XPAR against ground observations were 1.2g mm and 0.64 mm, respectively, while for GPM, these values were significantly higher at 6.98 mm and 1.91 mm. findings highlight the superior capability of XPAR in accurately estimating precipitation, which is crucial for enhancing the detection and early warning of heavy rainfall events.
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1 INTRODUCTION
Weather radar is a primary tool for detecting precipitation systems; it is also one of the powerful tools for monitoring and warning of severe convective weather, including rainstorms, squall lines, hail, and tornadoes. The existing operational weather radars all adopt a mechanical scanning mode, which can perform three-dimensional scanning of weather processes by changing the azimuth and elevation angles of the radar antenna. However, the volumetric scanning mode for operations has a poor resolution in the vertical direction, and the scanning cycle is long (5–6 min). Therefore, the capabilities for monitoring, identifying, and researching the rapidly changing small-scale weather phenomena such as tornadoes and mesoscale vortexes need to be improved. On the other hand, the phased-array radar employs phased-controlled scanning and can complete an individual scan within 1 min through flexible and rapid beam switching.
As early as 2002, the phased-array radar technology was recommended by the U.S. National Radar Technology Committee as the future replacement for the U.S. WSR-88D system. In 2006, the work report of the U.S. Federal Meteorology Office also recommended phased-array weather radar technology for weather process monitoring, air traffic control, and aircraft tracking (Weber et al., 2007). In order to analyze the advantages and evaluate the benefits of phased-array weather radar technology as a potential replacement technology for WSR-88D, the U.S. established the National Weather Radar Testbed. The retired phased-array radar (SPY-1) was converted into a phased-array weather radar system with a two-dimensional scanning mode. This system was installed in Norman, Oklahoma, where observational experiments were carried out (Weadon et al., 2009). In 2016, the research scholars from the National Severe Storms Laboratory (NSSL) used WSR-88D radar data to study a tornado. They found that radar could accurately identify the vortex characteristics in tornadoes. However, when the mesocyclone was located far from the radar, the accuracy of WSR-88D detection results decreased significantly, to the point where the characteristics of vortices could not be recognized (Steve Vasiloff and NSSL/NWS­WRH, 2016), and the vertical structure features were also not obvious. In the same year, Japanese researchers used the single-polarization phased-array radar to detect a precipitation event in Chiba city; the obvious vertical wind shear was observed, along with the significant vertical development echoes (Taro et al., 2016). Compared with the detection results of WSR-88D, phased-array radar can detect the rapidly changing weather system better and more accurately, and it was useful for the analysis and warning of severe convection processes. In addition, the United States also explored incorporating dual-polarization technology into phased-array antennas. This formulated the feasibility and performance index of phased-array radar to realize the multi-mission functions such as meteorological monitoring and navigation (MPAR). Meanwhile, the small phased-array radar was also used in the observation plan of Collaborative Adaptive Sensing of the Atmosphere (CASA) in the United States. This aimed to improve low-altitude detection capability. Moreover, the United States planned to complete the replacement of current mechanical scanning Doppler weather radar in 2025.
The integration of phased-array radar with dual-polarization technology is an inevitable trend in radar development as it combines the rapid scanning capabilities of phased-array radar with the detailed weather system analysis provided by dual polarization. This synergy enhances the radar’s ability to accurately monitor and predict severe convective weather events, making it a crucial advancement in meteorological technology.
In the research of dual-polarization technology, Seliga and Bringi (1976) measured rainfall intensity by alternately transmitting orthogonal horizontal and vertical polarized waves. They pointed out that the accuracy of rainfall measurement is higher than that of conventional weather radar. In 2011, the United States upgraded the Doppler weather radar WSR-88D to incorporate polarization capability. In 2013, the National Severe Storm Laboratory (NSSL) and other organizations collaborated to develop operational precipitation estimation algorithms for dual-polarization radar. They found that the dual-polarization radar can improve precipitation estimation results, but the degree of improvement was related to the radar’s distance and the influence of ice-phase particles (Luciana et al., 2013). In the late 1980s, China began applying dual-polarization technology to weather radar. The Institute of Plateau Atmospheric Physics at the Chinese Academy of Sciences in Lanzhou utilized a modified dual-linear polarization radar to conduct research on various topics, such as the scattering of different precipitation particles, attenuation correction, comparison of rainfall measurement effectiveness, and the spatial distribution of cloud particle phase states. These efforts resulted in some significant achievements (Xu et al., 1991; Liu et al., 1996; Chu et al., 1997). After 30 years of exploratory research, the detection capabilities of China’s dual-linear polarization radar have been preliminarily validated and have gradually developed into operational applications.
Based on phased-array technology, implementing dual-polarization functionality will further enhance the detection capabilities of phased-array radars. Polarization phased-array weather radars combine the rapid scanning advantages of phased-array radars with the ability of dual-polarization radars to obtain rich detection information about weather systems. As a result, dual-polarization phased-array weather radars can detect the complete and detailed internal structure of weather systems and analyze micro-physical information such as the shape, phase state, and size distribution of precipitation particles. Consequently, this can improve the monitoring capability of small- to medium-scale severe convective weather systems and improve forecasting and early warning times.
However, due to the inherent characteristics of ground-based dual-polarization radar detection, its observation of precipitation is considered an indirect observation, especially in the mountainous regions with complex terrain, where it can be impacted and limited by environmental factors, often leading to larger errors (Zhuang, 2013). Conducting joint comparative observations using other methods in the same spatial and temporal context allows for an in-depth analysis of the detection characteristics of dual-polarization radar for summer clouds and precipitation. This can help identify potential issues with the dual-polarization radar, verify the accuracy and reliability of its data, and play a significant role in improving its performance. At the same time, the radar stations participating in the radar network often experience inconsistencies in observational data due to various influencing factors. By combining observations and conducting comparative quantitative analysis, it is possible to effectively optimize and correct the radar products, thereby improving the overall precipitation observation capability.
Therefore, this study introduces emerging space-borne radar technology from the international community to improve the precipitation observation capabilities of ground-based X-band phased-array dual-polarization radars. Among the satellites equipped with precipitation radars, the most representative in recent years are the Tropical Rainfall Measuring Mission (TRMM) and the Global Precipitation Measurement (GPM), both of which are jointly developed and designed by NASA and JAXA (Japan Aerospace Exploration Agency).
The TRMM primarily monitors and studies precipitation in tropical regions. The satellite was launched by Japan on 28 November 1997, and it is a low-Earth orbit satellite, covering the range from 35°N to 35°S. It is the first meteorological satellite dedicated to observing tropical and subtropical precipitation. The satellite is equipped with sensors such as the microwave imager (TMI), precipitation radar (PR), visible and infrared radiometer (VIRS), lightning imaging sensor (LIS), and Clouds and the Earth’s Radiant Energy System (CERES) (Kummerow et al., 1998). In particular, the PR on board features a ground-breaking design that can provide the three-dimensional structure of heavy rainstorms and significantly improve the accuracy of precipitation estimates. Due to fuel depletion, the satellite ceased operational services in April 2015.
The GPM mission is the successor to the TRMM satellite precipitation program, the core-satellite launched in February 2014. It operated at an orbital altitude of 407 km with a period of 93 min. GPM utilizes more advanced instruments, including the GPM microwave imager (GMI) and the dual-frequency precipitation radar (DPR), which provide a more precise calibration reference for multi-satellite precipitation retrievals. The coverage extends from 65°N to 65°S, fully encompassing the entire territory of China. GPM expands upon TRMM’s sensor payload, and the DPR is the world’s first space-borne precipitation radar equipped with both Ka- and Ku-band frequencies (Hou et al., 2014). Due to the lower detectable minimum echo intensity in the Ku-band and high-sensitivity interleaved sampling in the Ka-band, GPM improves the capability to observe precipitation particle size, shape, and distribution. This enhances the observation of the microstructure of precipitation and helps distinguish between rain and snow regions. Additionally, it can provide important precipitation characteristics, such as intensity, water flux, and total precipitation; this, in turn, improves the accuracy of precipitation estimations.
For this study, the primary advantage of the GPM satellite lies in its ability to provide three-dimensional precipitation observations, enhancing the detection capabilities, especially in mid-high latitude regions. The GPM satellite’s DPR includes both Ku- and Ka-band radars, which significantly improve the sensitivity and precision of precipitation measurements compared to its predecessor, the TRMM satellite. Furthermore, the GPM satellite’s data products have demonstrated high observational accuracy compared with precipitation sensor observations from ground meteorological stations, particularly in the eastern region of China (NASA, 2025).
When integrating GPM satellite data with X-band radar data, it is noted that the GPM satellite provides data with a large spatial coverage but at a lower resolution, whereas the X-band radar offers higher-resolution local precipitation information. Therefore, in the process of data fusion, this study employed detailed and appropriate interpolation and calibration methods to ensure the effective integration of the two types of data, thereby enhancing the accuracy of precipitation estimation. Additionally, the applicability of GPM satellite data varies across different regions and precipitation intensities (Lijuan et al., 2022), and this study has also addressed and explained these issues.
In order to further analyze the quantitative precipitation estimation capabilities of XPAR and GPM, this paper compares their quantitative precipitation estimation results at low-altitude levels. This initiative aims to enhance the monitoring and early warning capabilities for heavy precipitation events.
2 MATERIALS AND METHODS
2.1 Data
The observation equipment used in this paper is as follows: 1) three X-band phased-array weather radars ([38.7733°N, 115.9461°E], [39.0424°N, 116.2838°E], and [39.0876°N, 115.7656°E]) were set up in the Xiong’an New Area in Hebei Province in China. Due to the potential impact of complex terrain on the detection accuracy of XPAR, this paper chose the relatively flat Xiong’an New Area to reduce this influence. The radars adopt an azimuthal spacing of 1.3° and an elevation angle spacing of 1.6°, with an elevation range from 0 to 72°. It can complete one volumetric scan in 30 s. It has a radial resolution of 30 m and a detection range of 46.5 km. 2) The GPM precipitation satellite has a spatial resolution of 5 km and a vertical resolution of 125 m, and it can completely cover the entire territory of China. The GPM is equipped with a DPR, which consists of two parts: the Ku-band precipitation radar (Ku-PR) and the Ka-band precipitation radar (Ka-PR). Ku-PR operates at 13.6 GHz, while Ka-PR operates at 35.5 GHz. These two radars can provide three-dimensional structural and characteristic measurement data on precipitation. XPAR is a three-networked phased-array radar in the Xiong’an New Area, which has been calibrated and put into operation, and the radar itself uses an adaptive constraint attenuation correlation method. Hence, there is no need to carry out repetitive attenuation correction, and the data are reliable. Precipitation detection mainly refers to precipitation reflectance; the radars can achieve good detection accuracy if they can be properly calibrated, and the stability of the radar frequency can be ensured. Figure 1 shows the relative position of the three radars, and this paper uses observations from surface rain gauges equipped in the Xiong’an New Area as essential ground verification references. The information on the ground meteorological observation station rain gauge data used in this paper is shown in Table 1. The latitude and longitude range of the ground meteorological stations with rain gauges selected in this study is consistent with the range shown in the mapping presented later in the text.
[image: Figure 1]FIGURE 1 | XPAR distribution and coverage in the Xiong’an New Area (the shaded area).
TABLE 1 | Rain gauge data information.
[image: Table 1]The three XPAR radars are deployed in a network configuration. However, due to the need for temporal and spatial matching with GPM, this study did not mosaic the data from the three radars. Furthermore, these three radars are operational radars. They are equipped with built-in quality control algorithms that process the raw radar echo data. After undergoing clutter filtering, ground clutter removal, sea clutter removal, clear-air echo removal, velocity de-aliasing, neighboring radar echo verification, and attenuation correction, reliable data are obtained. Therefore, researchers do not need to perform additional work related to these processes.
2.2 Radar parameters
The main performance index of XPAR is shown in Table 2. During this field experiment period, XPAR completes a volumetric scan in 1 minute. Then, uniformly distributed data from 48-layer elevation scanning can be obtained, which allows for the most balanced spatiotemporal resolution.
TABLE 2 | Main technical parameters of XPAR.
[image: Table 2]Table 3 shows the main performance of GPM. It has 0.125 km vertical resolution and 5 × 5 km horizontal resolution, and it can effectively detect the precipitation conditions in the study area.
TABLE 3 | Main technical parameters of GPM.
[image: Table 3]According to the technical manual provided by the manufacturer, the rain intensity attenuation of XPAR is shown in Table 4. It can be observed that the attenuation of X-band radar is extremely serious when the reflectivity factor exceeds 55 dBz. The minimum detectable echo intensity is 10 dBz at a distance of 10 km from the radar. If the measurable signal is lower than this value, the radar will not be able to detect useful signals.
TABLE 4 | Attenuation of X-band radar under different rain intensity conditions.
[image: Table 4]2.3 Methods
The space–time matching for GPM and XPAR, according to the starting and ending times of satellite transit in the Xiong’an New Area, allows the determination of the XPAR data. Since the space-borne radar aims at the observation target from a top–down perspective, while ground-based radar scans the weather target using plan position indicator (PPI) or range height indicator (RHI) modes, there is a noticeable difference in the range coverage of the two radars at the intersection of their beams. The difference in resolution and viewing angle will lead to inconsistencies in the observation space, which can introduce errors when directly comparing space-borne radar with ground-based radar point-by-point. Therefore, it is necessary to perform spatial matching of observations from the two types of radars. In this paper, bi-linear interpolation is used to grid the reflectivity data from the DPR radar into the same three-dimensional Cartesian coordinate system as XPAR, which ultimately achieves more accurate spatiotemporal matching results.
In the aspect of precipitation intensity estimation, this paper utilizes the relationship between radar reflectivity factor (Z) and precipitation rate (R) to invert precipitation. The Z–R relationship is usually expressed as a simple mathematical Formula 1, which is as follows:
[image: image]
where R represents the precipitation rate, Z represents the radar reflectivity factor, and a and b are constants. In this paper, the value of a is 300 and the value of b is 1.4. Using this method, we are able to estimate the precipitation amount in specific areas.
In order to analyze the echo intensity of the two radars at different altitude layers, first, spatiotemporal matching of the two types of radar data is performed to ensure consistency in time and space. Second, based on the XPAR (X3122) radar’s scanning range, the GPM satellite data within the radar’s coverage data are selected. Finally, the filtered GPM satellite data are extracted and compared with the XPAR (X3122) radar data for analysis. The evaluation metrics include five indicators, namely, correlation coefficient (CC), mean absolute error (MAE), root mean square error (RMSE), relative mean bias error (RMBE), and relative root mean square error (RRMSE), which objectively reflect the differences in the echo intensity between the two radars at different altitude levels. The definitions of the three evaluation metrics are as follows:
The correlation coefficient (CC), also known as the coefficient of determination, is used to measure the degree of correlation between two variables. Its value ranges from 0 to 1, with values closer to 1 indicating a stronger linear correlation and greater consistency between the two variables. The Formula 2 for CC is typically given as follows:
[image: image]
RMSE is the square root of the sum of squared differences between two variables; it is mainly used to measure the degree of deviation between the two variables. The smaller RMSE indicates a smaller deviation between the two variables, indicating higher accuracy between them. It is calculated as follows (Formula 3):
[image: image]
MAE is a commonly used regression evaluation metric. It can measure the average absolute error between two variables. The smaller MAE indicates that the two variables are closer to each other. The formula 4 for calculating MAE is as follows:
[image: image]
RMBE is a metric used to measure the average bias in predictions relative to the actual values. It provides insights into the systematic overestimation or underestimation of a model’s predictions. The RMBE is calculated as the ratio of the MBE to the mean of the actual values. The Formula 5 for calculating RMBE is as follows:
[image: image]
RRMSE is a measure of the average magnitude of the errors in a set of predictions, normalized by the mean of the actual values. It provides a relative measure of the accuracy of the predictions, making it useful for comparing models across different scales. The RRMSE is calculated by dividing the RMSE by the mean of the actual values. The Formula 6 for calculating RRMSE is as follows:
[image: image]
Here, [image: image] represents the number of samples; [image: image] and [image: image] are the XPAR and GPM data at the same height, respectively; [image: image] and [image: image] represent the average value of the XPAR and GPM data at the same height, respectively. The specific process is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Comparison flowchart of radar intensity at different heights from GPM and X3122 XPAR radars.
The precipitation from the ground meteorological stations in Hebei Province is taken as the true value of precipitation, which is used to evaluate the effectiveness of radars’ quantitative precipitation estimation. The comparison analysis process is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Comparison analysis process of radar and ground station precipitation data.
3 RESULTS
3.1 GPM L2 product and spatiotemporal matching results
The Ku/Ka radars of the DPR on the GPM satellite provide both single- and dual-frequency precipitation estimates; they include three main types of precipitation products, which are derived from the wideband (245 km) Ku-band frequency, the narrowband (125 km) Ka-band frequency, and the narrowband dual-frequency. The results from the Ka-band are further divided into standard and high-sensitivity estimates.
In this paper, the Level 2 (L2) product from the GPM satellite is utilized, taking a single precipitation event at 00:59:00 on 21 July 2023, in the Xiong’an New Area, Hebei Province, as an example. Some schematic diagrams of the products in the study area are shown in Figure 4. Figure 4A displays the satellite scan area (gray area) and the vertical cross sections (black lines) indicated by the horizontal coordinates in the subsequent figures. Due to the relatively coarse resolution, interpolation is necessary when conducting spatiotemporal matching with XPAR (Figure 4A). The 0°C layer and the bright band of this precipitation process are located between 4 and 5 km (Figures 4B, E). The distribution characteristics of the droplet size and droplet number are shown in Figures 4C, D. The maximum near-surface precipitation rate exceeds 15 mm per hour, and the vertically accumulated precipitation amount is greater than 55 kg per square meter (Figure 4F).
[image: Figure 4]FIGURE 4 | Composite reflectivity(A), vertical structure of reflectivity; 0°C height and bright band (B), DSD parameter (C, D), air temperature (E), and precipitation intensity (F) from GPM at 00:59:00 on 21 July 2023.
After spatiotemporal matching, GPM and XPAR detect the radar reflectivity echo of the precipitation process at 2 km height (Figure 5). According to the reflectivity echo structure from two radars, the echo structure at most coordinate points is very similar. Therefore, the spatiotemporal matching method is feasible. However, because the resolution of GPM is relatively lower than that of XPAR, it is likely to generate errors during spatiotemporal matching. In order to ensure the authenticity of data, no interpolation is applied to the GPM data. The figure explains that although the echo structures at some coordinate points of the two radars are similar, there is a slight positional deviation. GPM has difficulty detecting weak echoes below 15 dBz, whereas the XPAR radar provides more detailed detection.
[image: Figure 5]FIGURE 5 | Echo at 2-km altitude from GPM (left) and XPAR (right) at 00:59:00 on 21 July (top) and 14:56:00 on 24 July (below) 2013.
In order to further verify the spatiotemporal matching results between GPM satellite and XPAR radar, this study continues to analyze the vertical profile structure of the radar echoes. Considering that the scanning range of the satellite is larger than that of the ground radar, the two points selected for vertical profile analysis of both radars are within the ground radar’s scanning range. Additionally, the line connecting the two points can capture radar echoes of different intensities. Therefore, the reflectivity data along the line connecting the two positions at the center of radar scanning (116.29°E, 39.04°N and 116.65°E, 38.90°N) are used for vertical profile analysis.
Figure 6 displays the vertical profile between the above two points of the two radars at 00:59:00 on 21 July 2023. It can be observed that the echo structures of the two radars are similar, the core height of the echoes roughly ranges from 4 km to 5 km, and the echo intensities are relatively consistent. Comparing the vertical profiles of GPM and XPAR, it is found that the height of the strong echo center of GPM is mainly concentrated at approximately 4 km; most of the strong echoes are concentrated at the low layer (0–1 km); and XPAR can detect the weak echo below 15 dBz.
[image: Figure 6]FIGURE 6 | Echo from GPM (left) and XPAR (right) at 00:59:00 on 21 July 2023.
The vertical profile echo between two points from two radars at 14:56:00 on 24 July 2023 is shown in Figure 7. From the figure, it can be observed that the echo structure of the two radars is similar, with the core echo height roughly between 6 and 7 km, and the echo intensity is relatively consistent. Comparing the vertical profiles of the GPM and XPAR radars, it displays that the strong echo center of the GPM is mainly concentrated at 0–3 km, while that of the XPAR radar is primarily concentrated at 0–5 km.
[image: Figure 7]FIGURE 7 | Echo from GPM (left) and XPAR (right) at 14:56:00 on 24 July 2023.
3.2 Analysis of the echo intensity at different altitude levels from two radars
After qualitative analysis of radar echoes at different altitude layers of 500 m, 1 km, 2 km, 3 km, 4 km, and 5 km for the two types of radars, Figure 8 illustrates that the radar echoes are all concentrated in the east part of the Xiong’an New Area in Hebei Province. At 00:59:00 on 21 July, the radar echoes with an intensity above 25 dBz occurred in the southeastern part of the Xiong’an New Area. At this time, a small amount of precipitation was observed in the area around Xiong’an. In general, the structure of radar echoes from GPM and XPAR is similar, but XPAR can detect weak echoes below 15 dBz, while GPM has difficulty in observing weaker echoes due to its coarse resolution. Meanwhile, it can be observed that there are some differences in radar echo performance between GPM and XPAR radar at 4 km altitude. This means that GPM observes strong echoes in the eastern and southeastern parts of the Xiong’an New Area, and the echo intensity can reach above 40 dBz, while the echo intensity observed by XPAR is above 35 dBZ.
[image: Figure 8]FIGURE 8 | Echo intensity at different heights from GPM and XPAR (X3122) radar at 00:59:00 on 21 July 2024.
Figure 9 shows that both the echoes of GPM and XPAR are concentrated in the northern and southwestern regions of the Xiong’an New Area at 14:56:00 on 24 July; the radar echoes with a maximum intensity exceeding 50 dBZ occur in the northern region of the Xiong’an New Area; and the intensity of radar echoes exceed 20 dBZ in the southwestern part. At this time, precipitation can be observed around the Xiong’an New Area. Generally, the radar echoes of GPM and XPAR have the same structure in the study area; however, the XPAR radar does not detect echoes from the southwestern part. It is speculated that it is because the precipitation area is relatively far from the radar. Therefore, this leads to the radar’s weaker ability to receive weak echo signals at greater distances.
[image: Figure 9]FIGURE 9 | Echo intensity at different heights from GPM and XPAR(X3122) radar at 14:56:00 on 24 July 2024.
By filtering the GPM radar data, the filtered GPM satellite data are compared and analyzed with the XPAR (X3122) radar data. Figures 10, 11 show the comparison consistency chart for the echo intensity from the two radars on 21 and 24 July 2024. It can be observed from Figure 10 that the correlation coefficients (CCs) between them show an increasing trend at the heights of 500 m, 1 km, 2 km, and 3 km, and the RMSE and MAE decrease with increasing height. As the height increases, the consistency of the data from both radars also improves, and the deviations decrease. However, the correlation can reach 0.83 at a height of 4 km, and RMSE and MAE values are 9.71 and 6.18, respectively. It means the correlation increases and the error becomes larger. These characteristics can be confirmed in the echo image from GPM and XPAR at the 4-km height. Figure 11 also displays the same characteristics as Figure 10.
[image: Figure 10]FIGURE 10 | Echo intensity consistency comparison at different heights from two radars at 00:59:00 on 24 July 2024.
[image: Figure 11]FIGURE 11 | Echo intensity consistency comparison at different heights from two radars at 14:56:00 on 21 July 2024.
The results indicate that when conducting a comparative analysis of precipitation data from the two radars with that of the ground observation stations, it is important to consider not only the reflectivity data from the ground radar but also the reflectivity data from the two radars that exhibit better consistency and smaller errors. Therefore, using data at an altitude of 1 km for comparing precipitation data from the two radars with ground observation stations will yield better results than using reflectivity data at an altitude of 500 m.
3.3 Comparative analysis of precipitation data from two radars and ground observation stations
3.3.1 Comparison of precipitation data from XPAR and ground observation stations
Figure 12 shows the precipitation from radar XPAR (the above figure) and ground observation station (the middle figure) on 21 July 2023. It can be observed that the precipitation estimated by the radar data and observed at the ground observation stations displays a generally consistent trend. The areas of peak precipitation are mostly similar and mainly located in the southeastern region. From the scatter plot of 1-h accumulated precipitation data from the radar and the ground observation stations during this precipitation event, it can be observed that the correlation coefficient between the radar’s 1-h precipitation estimation and the ground observation stations’ hourly precipitation was approximately 0.879. This illustrates a strong correlation between the two types of precipitation data, suggesting that the radar data have higher accuracy. RMSE, MAE, RRMSE, and RMBE are used to analyze the accuracy of radar precipitation estimation. The values of RMSE, MAE, RMBE, and RRMSE are 1.201, 0.644, −0.002, and 0.55, respectively. During the precipitation event, the XPAR radar slightly underestimated the 1-h accumulated precipitation, but it can still provide a good estimation of precipitation for observation stations and serve as a valuable supplement for precipitation monitoring in areas without ground observation stations.
[image: Figure 12]FIGURE 12 | 1-h accumulated precipitation from XP3122 (above) and ground observation stations (middle) and the scatterplot of XP3122 and ground observation stations at 00:59:00 on 21 July 2023.
Figure 13 shows the observation results of XPAR radar (the top figure), precipitations on 24 July from ground observation stations (the middle figure), and the 1-h accumulated precipitation from radar XPAR estimation and ground observation stations (the below figure). The correlation can reach approximately 0.665. The values of RMSE, MAE, RMBE, and RRMSE are approximately 6.964, 1.920, −0.456, and 3.186, respectively. Compared with the precipitation case on 21 July, the results are similar, but radar detection is slightly lower. This may be related to the precipitation points being far from the radar. Compared to Figure 12, the precipitation event in Figure 13 is farther from the radar, and the distribution of ground meteorological observation stations around the radar is also relatively sparse. In general, as the distance increases, the radar’s detection accuracy decreases because factors such as signal attenuation and changes in atmospheric conditions can affect the radar’s reflectivity measurements.
[image: Figure 13]FIGURE 13 | 1-h accumulated precipitation from X3122 (above) and ground observation stations (middle) and the scatterplot of X3122 and ground observation stations at 14:56:00 on 24 July 2023.
3.3.2 Comparison of precipitation data from GPM and ground observation stations
In order to assess the effectiveness of GPM for precipitation estimation, the minute-by-minute precipitation data from the ground observation station of Hebei Province are used as the true value of precipitation.
As shown in Figure 14, from the precipitation event on 21 July 2023, it can be observed that the precipitation estimated by the GPM satellite data shows a variation trend essentially the same as that of the ground observation stations’ precipitation data, and the results are basically consistent with those of radar observations. The correlation between the precipitation estimates from GPM satellite observations and one-hourly precipitation data from ground observation stations is 0.635, which indicates a strong positive correlation. This means that the precipitation estimation of the GPM satellite can reflect the actual precipitation conditions observed at ground stations and provide a reliable reference for precipitation monitoring and forecasting. To more comprehensively evaluate the accuracy of the precipitation estimation from the GPM satellite, RMSE, MAE, RMBE and RRMSE are further calculated. The values of RMSE, MAE, RMBE, and RRMSE are 5.042, 1.528, −0.342, and 2.169, respectively; the relatively low values of these indicators further confirm the accuracy of the GPM satellite in estimating precipitation amounts.
[image: Figure 14]FIGURE 14 | Scatterplot of cumulative precipitation in 1.5 h at GPM 1-km altitude on 21 July 2023 at 01:30:00 (above), cumulative precipitation in 1.5 h at ground observation stations (middle), and GPM and ground observation station observation results (below).
Figure 15 shows the precipitation estimated by GPM and observed by ground stations on 24 July, along with the scatterplot distribution of the two types of data. From the figure, it can be observed that the correlation is approximately 0.572. The values of RMSE, MAE, RMBE, and RRMSE can reach approximately 9.079, 4.055, 0.015, and 2.159, respectively. The GPM detection is slightly lower. This result is similar to the precipitation case on 21 July. The deviation may be caused by multiple factors, including the effects of wind speed, wind direction, radar sensitivity, the observation method, attenuation, and surface conditions on precipitation observations. When using GPM satellite data for precipitation monitoring and forecasting, it is necessary to consider these potential errors and apply corresponding corrections to improve the reliability of the estimation results.
[image: Figure 15]FIGURE 15 | Scatterplot of cumulative precipitation over 1.5 h at GPM 1-km altitude on 24 July 2023 at 15:54:00 (above), cumulative precipitation over 1.5 h at ground observation stations (middle), and GPM and ground observation station observation results (below).
Table 5 provides the list of the evaluation metrics for GPM and XPAR for two precipitation events. In general, both XPAR and GPM can estimate the sites’ precipitation conditions to a certain extent. They play a supplementary role in precipitation monitoring areas without ground observation stations. However, it can be clearly observed from the scatterplot that all three evaluation indicators of XPAR are superior to those of GPM. Therefore, XPAR’s detection performance for precipitation is superior to that of the GPM satellite. From the XPAR radar echoes, more detailed vertical structures and more precise variations can be observed.
TABLE 5 | Evaluation metrics.
[image: Table 5]4 DISCUSSION
This study integrates data from XPAR radar, GPM satellite, and ground observation stations to comparatively analyze two precipitation events that occurred in the Xiong’an New Area, China, in 2023. The findings reveal that both XPAR radar and GPM satellite can effectively identify precipitation events, although GPM encounters difficulties in observing weak echoes below 15 dBz. Both systems are capable of observing the vertical structures of precipitation echoes with relative clarity. However, within the lower altitude layers, the radar provides more detailed vertical echo structures, enabling better discrimination of temporal changes in the precipitation process.
In regions with a vertical height below 4 km, the correlation between GPM and XPAR echo intensities is strong. Nevertheless, above the 4-km height layer, as height increases, the correlation between the echo intensity of the two systems weakens, and the error increases. When comparing radar and satellite data with ground station precipitation data, the precipitation observed by the radar is slightly lower than that observed by the ground stations, attributed to the impact of radar attenuation. Despite the radar’s use of an adaptive constraint attenuation correction algorithm to account for attenuation, the results remain underestimated. Upon comparing the correlation coefficient, root mean square error, and mean absolute error between the two systems and the ground station precipitation data, XPAR radar outperforms the GPM satellite in all three indicators. When comparing the RMBE and RRMSE of the two radars, it was found that for the precipitation event on 21 July, the two evaluation indicators of XPAR were significantly lower than those of GPM, which was consistent with expectations. However, for the precipitation event on 24 July, the two evaluation indicators of XPAR were slightly higher than those of GPM. It is speculated that this may be related to the distance of the precipitation points from the radar. GPM provides precipitation estimates that are more representative of regional averages; hence, the accuracy gap between different precipitation events is relatively small. In contrast, XPAR tends to produce larger errors when estimating precipitation for events that are farther away from the radar. Therefore, collecting more precipitation events that are evenly distributed around the radar will be a top priority in future work.
Therefore, XPAR has demonstrated significant potential in precipitation monitoring and early warning due to its high spatiotemporal resolution and rapid scanning technology. Its high spatiotemporal resolution allows XPAR to observe the evolution of precipitation events more precisely, capturing small-scale weather systems that are difficult for traditional radars to detect.
Due to the requirement for spatiotemporal matching of GPM satellite data during specific rainy weather conditions over the study area, only two well-matched precipitation events identified in the paper were found during the 2022 and 2023 rainfall periods in the region. Continued monitoring of precipitation processes in this area is planned, with the aim to incorporate more cases in future research within this field.
5 CONCLUSION
This paper has researched and explored the capabilities of two advanced radar technologies in quantitative precipitation estimation. The results indicate that XPAR radar surpasses the GPM satellite in terms of correlation coefficient, root mean square error, and mean absolute error compared to ground station precipitation data, demonstrating its potential in precipitation monitoring and early warning.
Overall, X-band phased-array radar and the GPM precipitation satellite each have unique advantages in quantitative precipitation estimation. The X-band phased-array radar features high spatiotemporal resolution and dual-polarization technology, enabling precise monitoring of local heavy precipitation events and capturing the rapid changes and complex structures of precipitation. Its fast scanning capability allows it to detect the initial development of heavy precipitation in a timely manner, providing ample time for early warnings. On the other hand, the GPM precipitation satellite, through the fusion of multiple sensors, offers global precipitation data, effectively supplementing precipitation information in areas with sparse ground observation stations. Its long-term data series are useful for analyzing the long-term trends of precipitation events, providing an important basis for the establishment of early warning models.
By combining the high-precision local monitoring of X-band phased-array radar with the global coverage capability of the GPM precipitation satellite, the monitoring and early warning capabilities for heavy precipitation events can be significantly enhanced. The high-resolution data from the radar can be used for detailed monitoring of the evolution of local heavy precipitation, while the global data from GPM can help understand the background and evolution trends of precipitation events on a larger scale. Additionally, GPM data can be used to calibrate and verify the precipitation estimation results from the radar, improving the accuracy and stability of precipitation estimation. This data fusion not only enhances the timeliness and accuracy of early warnings but also provides more comprehensive and reliable information support for disaster prevention and mitigation.
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