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Abstract

:

This study aims to systematically evaluate the accuracy and applicability of GPM satellite precipitation products (IMERG-E, IMERG-L, and IMERG-F) with varying time lags at different spatial and temporal scales over mainland China. We use quantitative statistical indicators, including correlation coefficient (CC), root mean square error (RMSE), mean absolute error (MAE), mean daily precipitation, probability of detection (POD), false alarm rate (FAR), bias, and equitable threat score (ETS), based on observations from 2419 national gauge sites. The results show that GPM satellite precipitation products perform well in eastern and southern humid regions of China, with relatively poorer performance in western and northern regions in terms of spatial distribution. It reflects the sensitivity of GPM precipitation retrieval algorithm to climate and precipitation type, topography, density, and quality of ground observation across different latitudes. Despite the design of GPM for different forms of precipitation, IMERG products perform the best in summer and the worst in winter, indicating that estimating snowfalls via satellite is still challenging. In terms of precipitation intensity, IMERG products significantly improve performance for light and no rain (POD ≥ 0.7), but errors gradually increase for moderate, heavy, and torrential rain, due to the saturation tendency of satellite echoes. Overall, we comprehensively evaluate the IMERG products, revealing the distinct characteristics at various spatial–temporal scales focusing on rainfall accumulations over mainland China. This study provides an important reference for other similar satellite-based precipitation products. It also helps the parameter optimization of hydrological modelling, especially under extreme precipitation conditions, to enhance the accuracy of flood simulation.
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1. Introduction


Precipitation plays a crucial role in the water cycle, e.g., water vapor condenses in the atmosphere and falls to the Earth’s surface in the form of rain, snow, sleet, or hail. This process connects atmospheric and surface processes transporting and transmitting matter and energy among global to local atmospheric and hydrological cycles. Understanding of the spatial and temporal distribution of precipitation is very important for various water-related researches and applications, such as water-resource management, agricultural production, drought and flood disaster monitoring, and forecasting [1,2,3,4].



Currently, in mainland China, precipitation is monitored mainly using ground-based rain gauges and radar networks. The Chinese meteorological department has deployed more than 60,000 automatic stations nationwide to observe precipitation. There are, currently, more than 270 weather radars in operation in mainland China, with over 110 having undergone dual-polarization technology transformation [5]. However, both observation methods have their limitations, despite the increasing number of rain gauges and the relatively complete radar network deployment in China. Due to the factors such as complex terrain, climate, and human activity, the deployment of ground-based rain gauges and radar stations is still inadequate, with limited numbers and uneven spatial distribution, especially in western China and inland areas where observation facilities are scarce [6]. In addition, there is a high maintenance cost due to the high failure rate of rain gauges. Although rain gauges usually have high accuracy at point locations, various factors, such as complex terrain and temporal and spatial variations in precipitation distribution, highly limit the area representativeness of site-specific precipitation observations [7,8]. The accuracy of radar reflectivity factor Z is affected by multiple factors, including ground clutter, radar-signal attenuation, and variation in vertical profile of reflectivity (VPR), causing errors and uncertainty in precipitation estimation. In addition, the Z–R relationship itself is also influenced by the type of precipitation, which causes quality issues in complex terrain areas and high-altitude regions [9,10,11,12,13]. Therefore, there are remarkable limitations in the spatial coverage and timeliness of current precipitation observations for China merely based on rain gauges and weather radars.



The application of satellite remote sensing can fill the gaps in the above two types of precipitation observations while providing more extensive, continuous, and near-real-time precipitation information. The successful launch and application of the tropical rainfall measuring mission (TRMM) satellite in 1997 marked a new era in global satellite precipitation observation. For the first time, the TRMM satellite carried a Ku-band precipitation radar (PR), which provided three-dimensional distribution information on precipitation intensity. During its 15-year operation, the TRMM satellite significantly improved the accuracy and spatiotemporal resolution of global precipitation observation, playing an important role in studying global climate change and natural disasters [14]. As a follow-up satellite to TRMM, the global precipitation-measurement (GPM) satellite was successfully launched in 2014. The GPM is a national satellite precipitation observation project jointly initiated by NASA and the Japan Aerospace Exploration Agency (JAXA), with the main objective of providing high spatiotemporal resolution and accurate precipitation data for global precipitation monitoring through satellite remote-sensing technology. The GPM satellite alliance includes a core observing satellite (GPM Core Observatory) and multiple other cooperative satellites. The DPR (dual-frequency precipitation radar) and GMI (GPM microwave imager) on board the GPM satellite can provide high-resolution, multi-frequency precipitation observation data worldwide, with more accurate and comprehensive precipitation information for applications in global meteorology, hydrology, water-resources management, and other fields. The DPR is composed of a Ku-band radar (13.6 GHz) and a Ka-band radar (35.5 GHz). The Ku-band radar performs well in detecting moderate to heavy rainfall, while the Ka-band radar, due to its shorter wavelength, is more sensitive to small precipitation particles [15]. The GMI can obtain microwave radiation information in the atmosphere. Through the synergistic effect of these two instruments, the GPM is expected to provide more accurate precipitation observation both for rain and snow with higher time frequency (up to 30 min) from pole to pole. The utilization of GPM satellite products as input parameters in environmental modeling is of great importance, particularly in data-scarce areas. For instance, a recent study integrated GPM precipitation data with the weather research and forecasting (WRF) model to enable early warning and monitoring of flash floods [16]. Moreover, GPM data were useful in the rainfall erosivity estimation based on the widely used RUSLE approach [17] and sustainable water-resources management [18].



However, satellite remote-sensing precipitation-measurement technology is an indirect inversion technology that detects the characteristics of clouds and precipitation through remote-sensing satellites. Before using satellite remote-sensing precipitation products, their accuracy and reliability must be evaluated at multi-temporal and spatial scales for better understanding the temporal and spatial distribution characteristics of errors. Such evaluation studies can provide important knowledge for the subsequent development of next-generation satellite precipitation products for better hydrometeorological applications. GPM IMERG products have been widely evaluated by various researchers with different evaluation indicators and statistical methods [19,20,21,22]. However, previous studies are mostly reported for different geographical regions. There is a lacking of systematic evaluation of its quality over the China against the ground observations. Moreover, studies have indicated that the impact of climate characteristics and terrain on satellite precipitation products varies across different regions with lower accuracy in mountainous and desert regions due to surface reflectance and cloud obstruction. In monsoon regions, the large variation in precipitation also leads to lower accuracy of satellite precipitation products, which requires the combination of various satellite precipitation products and ground-observation data to improve accuracy. Therefore, suitable satellite precipitation products should be chosen based on regional characteristics and demands, and combined with ground-observation data for calibration and optimization in practical applications [23,24,25,26,27,28,29,30,31,32,33,34].



There are some studies that have evaluated IMERG products over mainland China. Nevertheless, these studies are constrained by limitations, including short data durations and a lack of analysis at the hourly scale [35,36,37,38]. In this study, utilizing rain-gauge data from 2419 national meteorological stations from June 2014 to December 2020, we systematically evaluate the accuracy and reliability of the mainstream product IMERG, provided by the GPM satellite, at different temporal and spatial scales, as well as different precipitation intensities, by utilizing rain-gauge data from 2419 national meteorological stations spanning the period from June 2014 to December 2020. Furthermore, the quality assessment revealed the performance differences of IMERG precipitation products between daytime and nighttime at an hourly scale. We seek deeper insights into the patterns and mechanisms of global precipitation changes, and enhance our ability to forecast extreme weather events for better preparation for hydrometeorological hazards, such as floods, droughts, and landslides. This research would also hold a promise for providing valuable feedbacks for the development of future satellite remote-sensing precipitation-measurement technology.




2. Datasets and Methodology


2.1. Study Area


Mainland China is located in the eastern part of Asia and the western coast of the Pacific Ocean (18°N~53°N, 73°E~135°E), with a total land area of approximately 9.6 million square kilometers. It spans temperate, subtropical, and tropical regions from north to south, ranging from Mohe, located at the heart of Heilongjiang River in the north, to Zengmu Ansha of the Nansha Islands in the south. The vast territory of China boasts diverse topography and climate types, featuring a step-like distribution of high west and low east, including the Qinghai-Tibet Plateau, the North China Plain, and the Southeast Hills and Plains. China has a rich variety of climate types, including tropical, subtropical, temperate, and frigid zones. The climate in the eastern coastal regions is warm and humid, while that in the northwest is dry and cold. The Qinghai-Tibet Plateau exhibits characteristics such as high altitude, low oxygen levels, and low atmospheric pressure. Due to the interaction between terrain and monsoon, the distribution of precipitation in China shows more in the east and south, and less in the west and north.




2.2. Data Collection and Processing


2.2.1. The GPM IMERG Precipitation Data


This study utilizes the level-three fusion precipitation product IMERG (integrated multi-satellite retrievals for GPM) provided by the NASA precipitation-measurement program via the website https://gpm.nasa.gov/GPM (accessed on 15 June 2022). The IMERG precipitation products are generated by fusing DPR and GMI data to generate CORRA-G product, which is then matched and calibrated with other microwave data (PMW) from the GPM satellite constellation, further calibrated with geosynchronous orbiting infrared data (IR), and, finally, obtains the comprehensive inversion precipitation data IMERG [39]. Specifically, we use the IMERG V06 version of precipitation products from June 2014 to December 2020, including IMERG-E (early), IMERG-L (late), and IMERG-F (final).



Compared with other satellite precipitation products, IMERG has a wider coverage area, including the polar regions, and higher spatiotemporal resolution, providing precipitation datasets with different lag times [25]. For instance, IMERG-E is released earliest, providing global near-real-time precipitation data with a time lag of about four hours. This product uses GPM core satellite-observation data and other satellite data, combined with pre-correction based on ground-based precipitation-measurement data, to generate satellite precipitation-estimation results. It aims to provide timely precipitation estimation for monitoring and prediction in a short period of time. IMERG-L is developed based on IMERG-E, using more observation data for calibration, including multiple satellite radar data and other satellite information, improving the accuracy and spatial resolution of precipitation estimation, but with a time lag of about 12 h. IMERG-F is the final precipitation product set which integrates all available data sources in the calibration process, including all GPM core satellite-observation data, multiple satellite radar and microwave radiometer data, and ground-based observation data. The lag time of IMERG-F is about three months.




2.2.2. Rain Gauge


This study utilized rain-gauge data from 2419 national meteorological stations from June 2014 to December 2020, as shown in Figure 1. The temporal resolution of the data was one hour, with the precipitation resolution of 0.1 mm, and all meteorological data underwent strict quality control with minimal missing data. After removing missing and a small number of abnormal values through quality-control procedures, a total of 2418 stations were obtained. Hourly precipitation data were cumulated to obtain the required precipitation data for every three hours and daily, respectively, resulting in 44,399,957 (accounting for 95.36%) and 5,581,328 data samples (accounting for 95.90%).




2.2.3. Data Preprocessing


The V06 version of IMERG data is in grid format, while the national surface meteorological observation station data are in site format. Moreover, these two types of measurements have different temporal and spatial resolutions. Therefore, to evaluate the accuracy and applicability of IMERG precipitation products, it is necessary to pre-process the IMERG data for comparison with observation data. For IMERG precipitation products, at a time scale, data at 00 min and 30 min are added to obtain precipitation data for every three hours and daily accumulations (00:00–00:00 UTC, same for the following); at a spatial resolution, due to the vast range of China and the uneven distribution of stations, the accumulated precipitation data for every three hours and daily are interpolated to the corresponding location of ground stations using bilinear interpolation method (this article does not consider the possible errors caused by bilinear interpolation). For ground observations, at a time scale, precipitation data for each hour are cumulated to obtain three-hourly and daily accumulations, without any processing at spatial scale. This provides corresponding precipitation data for IMERG products and gauge observations for every three hours and daily in mainland China. Based on this data, an evaluation of the accuracy and applicability of GPM precipitation products in mainland China will follow.





2.3. Evaluation Techniques


This study utilized two types of evaluation indicators: statistical indicators and detection indicators. By comparing satellite precipitation data with gauge observations and assessing its detection ability at different precipitation intensities, a comprehensive analysis of the accuracy of GPM IMERG precipitation products was conducted.



2.3.1. Statistical Indicators


In terms of statistical indicators, this study employed several commonly used metrics, such as Pearson’s correlation coefficient (CC), root mean square error (RMSE), mean absolute error (MAE), and average daily precipitation to quantitatively evaluate the correlation and degree of deviation of IMERG precipitation products. Specifically, CC was used to measure the linear correlation between satellite precipitation data and ground automatic station observation data; RMSE reflects the difference between the satellite observation data sequence and the actual observation value and is used to evaluate the overall error level of satellite precipitation products; MAE represents the average absolute deviation degree between satellite precipitation data and station observation data, which evaluates the deviation trend of IMERG products and ground rainfall stations as a whole. Average daily precipitation is defined as the cumulative precipitation divided by the total sample days at a given time period. Through the comprehensive application of these indicators, this study conducted an in-depth analysis on the accuracy and applicability of GPM IMERG precipitation products.
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where Pi is the value of GPM IMERG products rainfall and   P ¯   is the mean of Pi,    S i    is the value of ground rainfall stations, and   S ¯   is the mean of    S i   , and N is the total number of data records.




2.3.2. Detection Indicators


Detection indicators include the probability of detection (POD), false-alarm rate (FAR), bias, threat score (TS), and the equitable threat score (ETS). These are used to evaluate the IMERG precipitation product’s ability to capture precipitation events [40].



These indicators are widely used in comparative studies between observation stations and satellite retrieval products. Among them, POD represents the probability that actual rainfall is correctly detected by GPM satellites. A higher POD value indicates a lower rate of missed precipitation events by satellite precipitation products. FAR reflects the false-alarm rate of satellite data for precipitation events. Bias describes the virtual report (bias > 1) and missed report (bias < 1) conditions of satellite data relative to observation data to evaluate the systematic bias in satellite precipitation product. ETS measures the comprehensive detection accuracy of satellite data for actual rainfall under random circumstances in different time and space. Higher TS and ETS scores indicate stronger comprehensive prediction capabilities of satellite precipitation products for precipitation events.



This study referred to the national standard “Precipitation Intensity Classification” (GB/T28592-2012) (National Meteorological Center, 2012) and divided precipitation intensity into five categories based on 24 h precipitation amount: no rain, light rain, moderate rain, heavy rain, and torrential rain or above, with corresponding precipitation amounts of (0, 0.1), (0.1, 10), (10, 25), (25, 50), and (50, ∞) mm/24 h, respectively. Then, based on the range of these precipitation intensities, these indicators were quantitatively analyzed in a graded manner. Through these categorized indicators, the capture ability of IMERG precipitation products for different precipitation levels can be evaluated.
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In the equation, Hits represents the number of times GPM precipitation products and ground precipitation sensors exceeded the threshold; False alarms indicate the number of times GPM precipitation products exceeded the threshold, but ground precipitation sensors were below the threshold; Misses refers to the number of times GPM precipitation products were below the threshold, but ground precipitation sensors exceeded the threshold; False random represents the number of times GPM precipitation products randomly hit.






3. Results and Discussion


The complex terrain and diverse climate in mainland China pose high requirements for satellite precipitation products. Accuracy assessment is helpful to gain a deeper understanding of the performance and reliability of IMERG precipitation products in mainland China. Through accuracy assessment, we can discover errors and deficiencies in IMERG in mainland China and adopt appropriate calibration and fusion methods to improve data quality. For example, incorporating ground-observation data, other satellite precipitation products, or auxiliary information (such as soil moisture, vegetation index, etc.) into the fusion and calibration process can improve the accuracy of precipitation data [41,42]. Based on the accuracy assessment, IMERG precipitation products or IMERG-based correction products can also be applied in hydrological modeling fields, such as flood forecasting and runoff simulation [43].



3.1. Analysis of IMERG Precipitation Product Accuracy


3.1.1. Overall Rainfall Accuracy Analysis


We used data from 2418 national meteorological observation stations across China from June 2014 to December 2020 as independent variables and conducted linear regression analysis using three IMERG datasets as dependent variables (Table 1). It can be seen that the CC values of all IMERG products with respect to observed values are greater than 0.67, RMSE is greater than 6.31 mm/d, MAE is greater than 2.30 mm/d, and RE is greater than 17.8%. This indicates that GPM data has high correlation (CC ≥ 0.67) and consistency with measured data overall, but there is a certain degree of deviation and overestimation.



In mainland China, IMERG precipitation products and ground observations show a generally high correlation (Figure 2). The performance of the IMERG product datasets is as follows: IMERG-E < IMERG-L < IMERG-F, with correlation coefficients of 0.67, 0.69, and 0.74, respectively. It can be seen that the slope of the fitted line of the IMERG product to the observations is less than 1, indicating an overestimation by the IMERG products. This may be caused by errors in satellite-retrieved raindrops due to evaporation during the falling process and errors in rainfall records by meteorological observation stations. Overall, the data collected by IMERG-E and IMERG-L have similar performances, while the data from IMERG-F are more concentrated, indicating better accuracy. Additionally, for heavy rain or above, the scatter distributions of the IMERG products are more concentrated in the upper half, indicating a trend of underestimation of actual rainfall by IMERG product in the case of heavy rainfall or above. This may be because the frequency of extreme precipitation events is low, leading to insufficient inversion capabilities of GPM satellite products for extreme precipitation events. Nevertheless, the correlation coefficient of IMERG-F is still the highest, with correlation coefficients of IMERG-E, IMERG-L, and IMERG-F being 0.39, 0.41, and 0.47, respectively.




3.1.2. Accuracy Analysis in Different Regions of China


In most parts of mainland China, there is a high correlation between IMERG product and ground observations. Among them, the correlation in the eastern region is higher than that in the western region (Figure 3). Nationally, the proportions of sites with daily precipitation correlation coefficients greater than 0.6 is 84.4%, 90.0%, and 95.9% for IMERG-E, IMERG-L, and IMERG-F, respectively, while the proportion of sites with coefficients greater than 0.7 is 21.6%, 36.4%, and 73.0%, respectively. This indicates that the correlation coefficient between GPM precipitation products and observation data are generally above 0.6, and the correlation coefficient of IMERG-F is generally above 0.7, with a higher proportion of sites with values above 0.7 compared to the other two products, indicating that the data quality of IMERG-F is better than that of IMERG-E and IMERG-L.



As shown in boxplots in Figure 3, the median CC of IMERG-F is clearly higher than that of IMERG-E and IMERG-L, and the data distribution is more concentrated, indicating that the correlation performance of IMERG-F is superior to the other two products. However, all three products have some outliers. Correlation coefficients at some stations are less than 0.4, indicating poor performance of IMERG products at those sites. These sites, mainly distributed in the western region, can be influenced by factors such as terrain complexity, climate characteristics, data quality, instrument calibration, and atmospheric conditions. From the spatial distribution and boxplots of RMSE and MAE, the GPM IMERG products show similar distribution patterns. RMSE is mostly concentrated in 5–10 mm/d, with some large outliers; MAE is mostly concentrated in 1.8–2.8 mm/d, without obvious outliers. The errors of GPM precipitation products decrease step by step from the southeast coastal region to the northwest inland region. In the southeast and southern China regions, the error values are generally high, with RMSE mainly distributed above 8.5 mm/d and 9.5 mm/d, and MAE mainly distributed above 3 mm/d and 3.5 mm/d, respectively. Conversely, the error values in the Northwest and Inner Mongolia regions are relatively low, with average RMSEs below 2.5 mm/d and 5.5 mm/d, and average MAEs below 0.8 mm/d and 1.5 mm/d, respectively.



In summary, the correlation is better in the southeastern and southern China regions, but the overall error is higher, while the correlation is lower in the Northwest and Inner Mongolia regions, but the error is smaller. In addition, the error in most regions of the country is positive, indicating an overestimation of observed rainfall by IMERG products. IMERG-F shows the same trend as the other two products in terms of different indicators and regions, but its performance is relatively better. The spatial variability of errors in precipitation estimation in China can be attributed to various factors. Complex terrain presents challenges for satellite remote sensing, resulting in higher errors. Regions with sparse or unreliable meteorological stations lack accurate ground truth data, leading to increased errors. Sporadic and intense precipitation events in certain areas pose difficulties for accurate estimation using remote sensing. Additionally, factors such as seasonality, precipitation patterns, land-use changes, and anthropogenic influences also contribute to the spatial variability of errors in precipitation estimation across China.




3.1.3. Accuracy Analysis of Different Altitudes in China


The correlation coefficient between IMERG products and observations gradually decreases as the altitude increases, with a CC value ranging from 0.57 to 0.73 (Figure 4). For different altitude intervals, the order of the correlations between three IMERG products and observations remains the same: IMERG-F > IMERG-L > IMERG-E. As altitude increases, the errors gradually decrease, with RMSE ranging from 2.9–7.8 mm/d and MAE ranging from 1.1–2.8 mm/d. In low-altitude areas (<2000 m), IMERG products have the best correlation with actual precipitation compared to the other altitudes, but the errors are relatively large. Among them, IMERG-F product performs better than the other two products in both correlation and errors, with an average correlation coefficient of 0.72, RMSE of 6.50 mm/d, and MAE of 2.36 mm/d; while IMERG-E performs the worst, with an average correlation coefficient of 0.65, RMSE of 7.27 mm/d, and MAE of 2.61 mm/d.



In mid-altitude areas (2000–4000 m), the correlations between IMERG products and observations decrease dramatically compared to low-altitude areas. Among them, IMERG-F still performs the best, with a correlation coefficient of 0.68, while IMERG-E performs the worst, with a correlation coefficient of 0.61. The bias of IMERG products decreases relative to low-altitude areas, with similar RMSE and MAE performance, with values around 3.75 mm/d and 1.4 mm/d. In high-altitude areas (>4000 m), the correlation coefficient of IMERG precipitation products further decreases. Although IMERG-F still has an advantage in terms of correlation, it has the largest decrease in correlation, and its bias reduction trend slows down, with the bias higher than the other two products, indicating that IMERG-F performs relatively poorly in high-altitude areas. This can be attributed to various factors, including the intricate topography, calibration biases, limited data coverage, difficulties in satellite-based retrievals, and the unique atmospheric dynamics present in high-altitude regions. These factors contribute to discrepancies between observations and IMERG products, thereby impacting the performance of IMERG-F. The RMSE and MAE of IMERG-F show higher values in high-altitude regions. These elevated values can be attributed to the limited ground-based observation networks used for the bias correction process in final product, which may lead to higher errors. Moreover, the limited number of gauges used in this quality assessment can also bias the result. In terms of daily rainfall, IMERG products show overestimation of precipitation in low-altitude areas, which may be due to the fact that the precipitation detected by the GPM satellite is mainly at high altitude in the atmosphere, and some precipitation may evaporate during the landing process, resulting in actual precipitation being smaller than satellite precipitation. In mid-to-high-altitude areas, IMERG products show different trends: IMERG-F overestimates precipitation, while IMERG-E and IMERG-L underestimate the observations. This difference may be due to the effect of snow cover in mid- to high-altitude areas, which causes changes in satellite observation accuracy, while IMERG-F is affected by rain gauge data added for quality control in the later stage, and the average daily rainfall performance is closer to the actual situation.



In summary, IMERG satellite products have higher applicability in mid-altitude areas, while there are certain errors in low-altitude and high-altitude areas, which need to be further corrected. For example, in low-altitude areas, local ground observation data can be combined to calibrate IMERG precipitation products to improve their accuracy. In high-altitude areas, other remote-sensing data sources can be used or specific corrections can be made to satellite products to reduce errors.





3.2. Accuracy Analysis at Different Time Scales


3.2.1. Annual Accuracy Analysis


Overall, precipitation in mainland China gradually decreases from southeast to northwest (Figure 5). The southeastern and south parts of China have the highest amount of precipitation, with average daily rainfall of 4.67 mm/d and 4.27 mm/d, respectively, and, in some areas, it even exceeds 7 mm/d. In contrast, the average daily rainfall in the northwest, Inner Mongolia, and northeastern regions is less than 2 mm/d, with values of 0.51 mm/d, 1.41 mm/d, and 1.72 mm/d, respectively.



IMERG precipitation products are generally consistent with ground observations in terms of spatial distribution of average daily rainfall, indicating that GPM satellite-inverted rainfall can reflect the overall precipitation spatial characteristics of mainland China well. However, there are certain errors in the average daily rainfall estimated by IMERG precipitation products. In areas with more precipitation (average daily rainfall exceeding 3 mm), IMERG products can better reflect the location and intensity of precipitation centers, but, overall, they tend to overestimate the spatial extent and intensity of precipitation, such as in the southern region and the Yangtze River Basin. In terms of details, IMERG still has some shortcomings. For example, IMERG could not accurately reflect the three major rainstorm centers in Guangdong, and there was an underestimation of rainstorm centers along the coast of eastern and western Guangdong. This may be related to the dynamic and thermal mechanisms of precipitation in the coastal areas of Guangdong, especially considering the underestimation of precipitation by IMERG under low-altitude jet stream background [32]. In areas with less precipitation (daily average rainfall below 3 mm), IMERG products perform well. However, there are still large errors in the northeastern region, which may be related to the rain belt moving northward during July and August. Compared with the other two products, IMERG-F can more accurately reflect the distribution of precipitation in China. For example, in the map of IMERG-F average daily rainfall, the three major rainstorm centers in Guangdong are clearly visible, while the other two products can only show two rainstorm centers and fail to replicate the rainstorm center along the coast of eastern Guangdong.



Therefore, although GPM satellite products can well reflect the precipitation characteristics of mainland China in terms of spatial distribution, there are still certain errors in some details and areas. In order to improve the accuracy of precipitation estimation, IMERG products can be further calibrated and optimized, especially for areas with more precipitation, such as the southern, southeastern, and northeastern regions of China.




3.2.2. Accuracy Analysis at Different Seasons


In terms of the seasonality in correlation coefficients (Figure 6), IMERG precipitation products show good consistency with observations in the months from April to October, with correlation coefficients of 0.65, 0.67, and 0.70 for IMERG-E, IMERG-L, and IMERG-F, respectively. The performance in other months is generally lower, with correlation values of 0.49, 0.51, and 0.57, respectively. The highest correlation coefficient appears in May (IMERG-F, 0.72), while the lowest appears in January (IMERG-E, 0.41). Looking at different seasons, all IMERG products perform poorly in winter, with correlation coefficients ranging between 0.45 and 0.52. This may be related to the dryness and low rainfall in winter. In spring and autumn, the correlation coefficients rise above 0.6, showing better consistency with observed rainfall. In summer, the correlation coefficient reaches its peak, exceeding 0.65, with the strongest correlation. Overall, the trends of RMSE and MAE of IMERG products are similar across the country. In the wet season, RMSE and MAE reach their peaks. Across the country, the RMSE and MAE peaks move northward along with China’s main rain belt. The highest RMSE and MAE for IMERG-E and IMERG-L mainly occur in June and July, with maximum values of 1.8 mm/d and 1.36 mm/d, respectively. However, IMERG-F shows some delay, with peaks mainly occurring in July, and the maximum values of RMSE and MAE reduce to 1.17 mm/d and 0.9 mm/d, respectively. During winter months, the values are lower, with the lowest points occurring in December, and RMSE and MAE are both below 0.24 mm/d and 0.15 mm/d, respectively. The monthly variation of RMSE and MAE is very similar to the monthly precipitation change observed by ground stations, indicating that RMSE and MAE are positively correlated with monthly precipitation.



IMERG-E and IMERG-F precipitation show overestimation in the first half of the year and underestimation in the second half of the year on the month-to-month average daily rainfall. Looking at the seasons, precipitation estimation in winter is better, while precipitation in spring is significantly overestimated. There are fluctuations in summer, with overestimation in early summer and underestimation in late summer, while precipitation in autumn is significantly underestimated. This seasonal variation may be due to the relatively high rainfall in summer, leading to an increase of errors in the GPM satellite precipitation product.



In conclusion, IMERG satellite products show good consistency with ground observation from April to October, but performance in other months is generally poorer. The large amount of rainfall in summer leads to an increase in errors in the GPM precipitation products. In addition, based on the month-to-month average daily rainfall, IMERG-E and IMERG-F overestimate actual precipitation in the first half of the year and underestimate it in the second half of the year. These results have important implications for further research and improvement of the accuracy of GPM satellite products in different seasons and regions.




3.2.3. Spatial Distribution of Seasonal Average Daily Precipitation


IMERG products can generally estimate the precipitation distribution in China well for each season (Figure 7). However, for the Yangtze River Basin and southern China, errors in spring and summer are relatively large, mainly manifested as overestimation of spatial extent and intensity. This error may be related to the seasonal northward movement of rain belts affected by the weather-scale circulation such as monsoon outbreak and the northward movement of subtropical high pressure. In addition, IMERG tends to underestimate extreme precipitation, which may be due to a lack of extreme precipitation samples in the GPM satellite’s precipitation algorithm. In the Northeast region, there is a large estimation error in spring and summer precipitation, which may be due to a joint effect of frequent cold air activity in Northwest China and warm and humid airflow over the Sea of Japan. In autumn, IMERG-E and IMERG-L have large errors on Hainan Island, which may be related to the long-term hovering of the tropical convergence zone near Hainan Island. Among all products, IMERG-F has the best performance in precipitation estimation, while the other two products have relatively large errors.



Therefore, although IMERG products have some errors in estimating precipitation in China, these data still have high reference value. By analyzing the errors in each season in depth, valuable insights can be provided for improving the accuracy of GPM satellite products in different seasons and regions.





3.3. Hourly Accuracy Analysis


3.3.1. Spatial Distribution of Average Hourly Rainfall


Daily precipitation data can reflect the characteristics of precipitation changes in China to a certain extent, but its temporal resolution cannot meet the needs of short-term forecasts, hydrological monitoring, and daily business operations. Therefore, studying the quality of satellite precipitation products at hourly timescale has important practical value for meeting these needs.



Figure 8 analyzes the spatial distribution of the average rainfall at three-hourly timescale in mainland China from June 2014 to December 2020 estimated by gauge stations and GPM IMERG satellite products. The results show that there are two precipitation peaks in mainland China: the first peak appears between 21:00–00:00 (UTC, equivalent to 05:00–08:00 CST, China Standard Time) (Figure 9), and the maximum precipitation zone mainly located in southern and southeastern China; the second peak appears between 06:00–09:00 (UTC, equivalent to 14:00–17:00 CST) (Figure 9), and the maximum precipitation zone is located along the coast, especially near the Guangdong coast and Hainan Island. Compared with observation data, GPM satellite products can reflect the overall trend of three-hourly precipitation change in mainland China more accurately, but there is still a significant deficiency in identifying heavy precipitation events.



For the average hourly rainfall in areas with higher precipitation in China such as southern and southeastern China and Hainan Island, IMERG precipitation products show a certain degree of overestimation. Comparing the three IMERG products, it is found that they can better reflect China’s precipitation changes. Specifically, IMERG-F performs better than IMERG-E and IMERG-L overall, with a significant improvement in identifying precipitation center and intensity, which indicates that the performance of IMERG-F has been significantly improved after gauge correction.




3.3.2. Analysis of Hourly Average Rainfall Accuracy


From the distribution characteristics of the correlation coefficient at three-hourly timescale in the national scope (Figure 9), the correlation coefficient between IMERG precipitation products and observed rainfall shows a bimodal feature over time, with good performance observed between 18:00–03:00 and 12:00–15:00 (UTC, same as following), with the correlation coefficient ranging between 0.50 and 0.55. The correlation coefficients for other periods are generally lower, but not less than 0.4, ranging from 0.41 to 0.48. This indicates that the performance of GPM satellite products is acceptable at the hourly scale, with the highest correlation coefficient appearing between 21:00–00:00 and 00:00–03:00 (0.55 for IMERG-F) and the lowest appearing between 09:00–12:00 (0.41 for IMERG-L). The RMSE and MAE of IMERG products exhibit a similar bimodal distribution pattern, with the minimum values of both occurring between 00:00–03:00, with values lower than 0.09 mm/3 h and 0.07 mm/3 h, respectively. The maximum value of RMSE and MAE occurs between 15:00–18:00 h, which is 0.13 mm/3 h and 0.1 mm/3 h (IMERG-L), respectively. The trend, peak, and valley positions of RMSE and MAE are generally in line with the distribution of three-hourly average rainfall, while the correlation coefficient shows the opposite trend.



IMERG precipitation products perform better in light precipitation with higher correlation coefficients and lower RMSE and MAE. In contrast, GPM satellite products perform poorly in heavy precipitation with lower correlation coefficients and higher RMSE and MAE. Additionally, IMERG precipitation products perform the best during 00:00–03:00 with highest correlation coefficient and lowest RMSE/MAE.



Comparing the distribution of observed three-hourly precipitation and IMERG estimated precipitation, it is found that the IMERG precipitation products also exhibit a bimodal feature, but the corresponding time intervals of the peaks and valleys do not completely coincide with those of observed precipitation. Specifically, during the 06:00–09:00 period, the peak time of observed precipitation is more consistent with that of IMERG precipitation products, but the latter still shows overestimation. This may be due to the overestimation caused by the precipitation inversion process of the GPM satellite during daytime precipitation when it is more likely that errors occur in the inversion algorithm for small raindrops. Conversely, during the 21:00–00:00 h period, there is a significant difference between the peak time of actual precipitation and that of IMERG precipitation products, and the peak value of the GPM satellite product inversion is not obvious. This indicates that the tendency of GPM precipitation at night is poorer than that during the day, while its performance with respect to precipitation deviation is relatively better than during the day. This may be attributed to the higher atmospheric humidity and the larger raindrops during the night, reducing the inversion error of the GPM satellite since it lacks solar radiation.



In summary, based on the analysis of IMERG precipitation products at three-hourly timescale, it is found that their consistency with observed rainfall is generally weak, except for certain periods such as between 18:00–03:00 and 12:00–15:00, where the correlation coefficient ranges from 0.50 to 0.55. During periods of light precipitation, IMERG precipitation products show good performance with higher correlation coefficients and lower RMSE and MAE. Conversely, during periods of heavy precipitation, their performance is poor with low correlation coefficients and high RMSE and MAE. Among them, IMERG precipitation products perform the best during the peak and valley periods of hourly precipitation between 00:00–03:00 h, showing both higher correlation coefficients and lower errors. Although IMERG precipitation products do not perform as expected in terms of the hourly precipitation, they exhibit good performance with higher correlation coefficients and lower errors during periods of light precipitation, indicating certain potential for future applications. Future research should further explore how to improve the performance of IMERG precipitation products at hourly timescale and find more effective evaluation criteria to provide more reliable data support for refined precipitation and hydrological forecasts.





3.4. Accuracy Analysis of Different Precipitation Intensities


From the comparison of sample proportions in different precipitation levels between ground observation and GPM satellite products (as shown in Figure 10), differences in sample proportions between ground observation and GPM satellite products are mainly reflected in no rain (<0.1 mm) and light rain levels. For no rain level, the sample proportion of ground observation is significantly higher than that of IMERG precipitation estimates; for light rain levels, the sample proportion of ground observation is significantly lower than that of IMERG precipitation products. This indicates that for no rain and light rain levels, there is a certain overestimation in IMERG precipitation products. By comparing the violin plots, it can be observed that there are obvious differences in the distribution of precipitation of gauge and IMERG products. Within the precipitation intensity range below 5 mm/d, the gauge exhibits a wider distribution of precipitation, indicating that the majority of precipitation is concentrated below 5 mm/d. In the 5–10 mm/d precipitation intensity range, the distribution of gauge narrows relative to IMERG, suggesting that IMERG has a higher proportion of precipitation within this range compared to gauge. Additionally, the quartiles of the violin plot for gauge are noticeably lower than those of IMERG, indicating that IMERG tends to overestimate precipitation below 10 mm/d. Among the IMERG products, the violin plot of IMERG-F consistently exhibits a narrower shape, indicating a more pronounced overestimation relative to the gauge. This may be related to various factors such as the performance of GPM satellite sensors, precipitation types, terrain influence, and retrieval algorithm and model errors, which need further analysis and research. For moderate and above precipitation intensities, the sample proportions of ground observation and GPM satellite products are similar, indicating that they are more consistent in the distribution of these precipitation levels.



Figure 11 displays the detection capability of IMERG products at different precipitation intensity thresholds (no precipitation, light rain, moderate rain, heavy rain, and torrential rain and above). It can be seen that the POD index of GPM IMERG products decreases with increasing precipitation intensity in heavy rain and below, and increases again in torrential rain and above. This increase may be due to the fact that precipitation levels above torrential rain was not subdivided. If precipitation levels above 50 mm are subdivided, the overall trend of the POD index will show a downward trend. Under different precipitation intensities, GPM satellite products show different POD, FAR, bias, and ETS performances. The POD index is highest in the no precipitation level, reaching 0.72 (IMERG-F), and lowest in the heavy rain level, only 0.27 (IMERG-E). The FAR index is significantly lower in the no precipitation level than in other precipitation intensity levels, and is less than 0.12 for all levels, with a minimum of 0.11 (IMERG-F); it increases with increasing precipitation intensity below heavy rain, and decreases again above torrential rain, which is similar to the trend of the POD index. The bias index shows that there is significant overreporting (bias > 1) in GPM precipitation products under light rain intensity, with bias indices around 1.5. For precipitation above moderate rain intensity, the bias index is close to 1, indicating that GPM satellite products are relatively accurate in estimating precipitation above moderate rain intensity. The ETS index shows that IMERG precipitation products perform similar between light and heavy rain intensities, with ETS values ranging from 0.15 to 0.18. In the absence of precipitation and in cases of torrential rain and above, ETS scores are relatively high, with no precipitation level having the highest score, ranging from 0.29 to 0.32.



Overall, IMERG-F performs better than IMERG-L and IMERG-E. Performance in the absence of precipitation and under light rain intensity is better than that under moderate and above precipitation intensities. Based on the analysis of the detection capability and overall performance, valuable information can be provided for improving the accuracy of IMERG precipitation products under various precipitation intensities.





4. Conclusions


The purpose of this study is to evaluate the reliability of GPM satellite precipitation products in China. We evaluated the accuracy of GPM IMERG products at different spatial and temporal scales against ground observations.



	(1)

	
The performance of IMERG products at different spatial scales







GPM IMERG precipitation products perform better in the eastern and southern regions, while relatively poorer in the western and northern regions. Especially in the northwest region, there is a significant deviation in the performance of GPM precipitation products. These differences may be related to factors such as topography, climate, and gauge density used in bias correction. In the western and northern regions, complex terrain may cause large variations in the spatial distribution of precipitation, thereby affecting the accuracy of GPM precipitation products. In addition, low gauge density in these areas may magnify errors in satellite products.



	(2)

	
The performance of IMERG products at different temporal scales







GPM satellite precipitation products perform best in summer and worst in winter. This may be because precipitation in China is more abundant in summer, making satellite detection relatively easier, while winter precipitation is less frequent and more complex in type and form, resulting in increased difficulty in satellite detection. In addition, changes in atmospheric water vapor content at different seasons may also affect the performance of satellite precipitation products.



	(3)

	
The performance of IMERG products at different precipitation intensities







GPM precipitation products perform well for light and no precipitation. However, their accuracy gradually decreases with increasing intensity due to the saturation tendency of satellite echoes.



Overall, this study evaluated the performance of GPM satellite precipitation products at different spatial and temporal scales for various precipitation intensities over China. This evaluation provides valuable information for improving the accuracy of GPM and other satellite precipitation products. It also presents a comprehensive perspective to understand the applicability of GPM satellite precipitation products in China, especially for those hydrological-modeling-based applications using the IMERG products. Therefore, future work could focus on improving the accuracy of real-time satellite precipitation data through the refinement of corrections for IMERG precipitation data. Additionally, it would be valuable to assess the applicability of these improved satellite precipitation data in hydrological modeling in China.
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Figure 1. Map of the study area containing the distribution of national meteorological stations (points) and the number of data samples for each station (left panel), and spatial distribution of the seven sub-regions over mainland China (right panel). 






Figure 1. Map of the study area containing the distribution of national meteorological stations (points) and the number of data samples for each station (left panel), and spatial distribution of the seven sub-regions over mainland China (right panel).



[image: Remotesensing 15 02866 g001]







[image: Remotesensing 15 02866 g002 550] 





Figure 2. Scatter plot and linear regression curve of gauge-GPM IMERG products, with the horizontal axis representing the values of GPM IMERG products rainfall and the vertical axis representing value of ground rainfall stations (the color intensity represents data density). 
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Figure 3. Spatial distribution of various indices for GPM IMERG products, with CC, RMSE, and MAE displayed from left to right, and IMERG-E, IMERG-L, and IMERG-F with corresponding boxplots arranged from top to bottom. In the boxplots, the five horizontal lines from top to bottom represent the maximum value, upper quartile, median, lower quartile, and minimum value, respectively. Dots outside the maximum and minimum values are considered as outliers. 
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Figure 4. Comparison of GPM satellite products IMERG-E, IMERG-L, and IMERG-F at different altitude bands in terms of CC, RMSE, MAE, and annual average daily precipitation. 
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Figure 5. Spatial distribution of average daily precipitation for mainland China estimated by gauge stations and GPM satellite products IMERG-E, IMERG-L, and IMERG-F (June 2014 to December 2020). 
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Figure 6. Performance indices based on monthly average daily rainfall for IMERG-E, IMERG-L, and IMERG-F (correlation coefficient, RMSE, MAE, and difference between IMERG and observed monthly average daily precipitation). 
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Figure 7. Spatial distribution of seasonal average daily precipitation for IMERG products and gauge observations, with IMERG-E, IMERG-L, and IMERG-F displayed from left to right, and spring, summer, autumn, and winter arranged from top to bottom. 
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Figure 8. Spatial distribution of three-hourly average rainfall (UTC, coordinated universal time) estimated from ground stations and GPM satellite products from June 2014 to December 2020, with gauge, IMERG-E, IMERG-L, and IMERG-F displayed from left to right. 
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Figure 9. Temporal distribution of performance indices for GPM satellite products IMERG-E, IMERG-L, and IMERG-F on three-hourly basis (CC, RMSE, MAE, IMERG, and three-hourly average rainfall). 
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Figure 10. Comparison of sample proportions at different precipitation intensities for ground observation and GPM products, i.e., IMERG-E, IMERG-L, and IMERG-F, as well as the corresponding violin plot. 
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Figure 11. Temporal distribution of evaluation indices (POD, FAR, bias, TS, and ETS) for various precipitation intensity. 
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Table 1. Overall evaluation indices of GPM satellite daily precipitation products IMERG-E, IMERG-L, and IMERG-F.
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	CC
	RMSE (mm/d)
	MAE (mm/d)
	RE (%)





	IMERG-E
	0.67
	7.03
	2.53
	20.1



	IMERG-L
	0.69
	7.01
	2.44
	21.1



	IMERG-F
	0.74
	6.31
	2.30
	17.8
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