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Abstract

:

Satellite-based precipitation products (SPPs) provide valuable precipitation information for various applications. Their performance, however, varies significantly from region to region due to various data sources and production processes. This paper aims to evaluate four selected SPPs (Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks Climate Data Record (PERSIANN-CDR), Multi-Source Weighted-Ensemble Precipitation (MSWEP), Gauge-adjusted Global Satellite Mapping of Precipitation (GSMAP-gauge), and Global Precipitation Measurement (GPM)) over mainland China from 2016 to 2019. Both conventional statistical indicators (e.g., correlation coefficients (CC), root mean square error (RMSE), mean absolute error (MAE), relative bias (RB), and Nash–Sutcliffe efficiency (NSE)) and categorical indicators (probability of detection (POD), probability of true detection (POTD), false-alarm rate (FAR), and critical success index (CSI)) are used for quantitative analysis. The results show that: (1) GSMAP-gauge and GPM perform best in reproducing the spatial distribution pattern of precipitation over mainland China, whereas SPPs generally underestimate summer precipitation with a high frequency of no-rain cases. (2) MSWEP has the best capability for recording precipitation events, although some parts of northern China exhibit abnormal overestimations for winter precipitation. (3) All SPPs, especially the PERSIANN-CDR, significantly underestimate the precipitation in the mountainous areas of southwestern China. (4) The GSMAP-gauge and GPM outperformed the other two of the four SPPs, in terms of the probability density function of daily precipitation for cases (PDFc) and the probability density function of daily precipitation for volume (PDFv). Generally, PERSIANN-CDR shows the poorest performance when compared to the other three products. The product’s algorithm for estimating heavy precipitation and mountainous precipitation needs further improvement.
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1. Introduction


In recent years, extreme weather events such as floods and droughts have occurred frequently, which have had a major impact on national food security and economic production [1,2,3]. Precipitation is the key parameter for climatological studies, and it is highly variable in both spatial and temporal distribution. Currently, the main techniques to obtain precipitation information include precipitation measurement by ground stations and radar or estimation by remote sensing. The ground stations can provide precipitation data with a high temporal resolution. However, the distribution of ground stations is affected by the terrain, resulting in a small sampling area that affects its various applications at global or regional scales [4]. Although radar technology can track precipitation in real time with high spatial resolution, its coverage is limited, and its precipitation estimates are not representative of regional precipitation [5]. However, the quality of precipitation data observed by radar is easily disturbed by complex terrain and atmospheric condition [6]. With the development of remote sensing technology, various SPPs have been developed. SPPs can reflect the spatial and temporal distribution characteristics of precipitation. The large coverage of precipitation estimation can effectively offset the challenge of obtaining precipitation values for mountainous areas, deserts, oceans, and other areas with sparse or even missing observations. SPPs have been widely used in hydro-meteorological research [7,8]. However, there are some uncertainties in the different generation algorithms of SPPs [9,10,11]. Therefore, it becomes necessary to evaluate the accuracy of SPPs.



PERSIANN-CDR (Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks Climate Data Record), MSWEP (Multi-Source Weighted-Ensemble Precipitation), GSMAP-gauge (Gauge-adjusted Global Satellite Mapping of Precipitation), GPM (Global Precipitation Measurement), and others are currently the most popular SPPs applicable to China. Most of the SPPs’ evaluation works are limited to the local area or watershed scale, or only conducted for one single product. The existing SPP evaluation studies acknowledged the critical function that SPPs serve in precipitation detection. In this regard, we might cite Bharti et al. [12], who used standard statistical and classification metrics to assess the error features of the TRMM (Tropical Rainfall Measuring Mission satellite) 3B42V7 over the Northwest Himalayan region. Over mainland China, Zhao et al. [13] evaluated the performance of two versions of GPM (IMERGF-V3 and IMERGF-V4 products), and Deng et al. [14] quantitatively assessed the accuracy of MSWEP by using various metrics, such as RB and CC. Meanwhile, many studies have also conducted the intercomparison between different SPPs. Tian et al. [15] carried out an error evaluation of four SPPs in the United States and concluded that GSMAP performed better at capturing the spatial distribution of precipitation. Guo et al. [16] used the APHRODITE dataset as a reference to analyze the errors of eight SPPs in Central Asia in terms of spatial distribution, elevation error, and precipitation intensity error. Chaudhary et al. [17] extended the traditional contingency table by splitting hit events into over-hit, under-hit, and true-hit events to provide additional information on the similarity in frequency and intensity of rainy events. Furthermore, the method was applied in the evaluation of SPPs’ performance in India. However, few evaluation studies have been conducted for the intercomparison of MSWEP with other SPPs such as PERSIANN-CDR, GPM, and GSMAP-gauge.



To address the aforementioned gap, this study aims to analyze the error characteristics of various major SPPs over mainland China. This goal is achieved through correlation coefficients (CC), root mean square error (RMSE), mean absolute error (MAE), relative bias (RB), and Nash–Sutcliffe efficiency (NSE). The contingency indices such as the probability of detection (POD), probability of true detection (POTD), false-alarm rate (FAR), and critical success index (CSI) are also used to quantify the performance of SPPs to capture precipitation events. This is to compare the error characteristics of four widely used SPPs and ground station measurements. The results of this study will assist developers to improve the algorithm of SPPs and their ability to record precipitation [18,19], as well as provide a reference for selecting the most suitable SPP for mainland China.



The remaining parts of this paper are organized as follows. Section 2 introduces the overview of the study area, as well as the research methods and statistical indicators used. Section 3 shows the results of error characteristics of precipitation detection by satellite products in various aspects, such as the spatial distribution patterns at daily and seasonal scales, probability distribution functions, and contingency statistics results, analyzing the performance of error characteristics over typical terrain precipitation areas in southwestern and northwestern China. Section 4 discusses the uncertainties of the ground reference dataset. Finally, conclusions are summarized in Section 5.




2. Materials and Methods


2.1. Study Area


The latitude and longitude of mainland China range from 73° to 136° E and 3° to 54° N. Monsoons and tropical cyclones dominate most regions, resulting in the uneven spatial and temporal distribution of precipitation [20,21]. It greatly increases the possibility of droughts and floods, causing certain disturbances not only in agricultural production but also in people’s daily life. In addition, China has a lot of undulating mountains. The altitude decreases from west to east with a stepped distribution. The spatial distribution of China’s ground meteorological observation stations is uneven, with more in the southeast and less in the northwest. Due to China’s geographic location and complex terrain features, Tibet has just 39 state-level manned ground meteorological observation stations since 2020 (Figure 1) [12]. China is a typical monsoon climate region with four seasons (i.e., March–May for spring, June–August for summer, September–November for autumn, and December–February for winter). The annual precipitation gradually decreases from the southeast to the northwest due to the different distances from the ocean.




2.2. Datasets


2.2.1. Ground Reference Dataset


Due to the unavailability of ground station data, this paper uses the China Daily Precipitation Analysis Products (CPAP) of the National Meteorological Information Center (NMIC) and the China Meteorological Administration (CMA) as the ground reference. CPAP has high accuracy and many scholars have affirmed its ability to assess the quality of SPPs [22,23,24]. CPAP was generated based on the daily precipitation observations (0:00 to 24:00 UTC) from 2419 national-level meteorological stations by using an optimal interpolation technique at 0.25° spatial resolution [25,26]. It has undergone strict quality control on three levels, including the extreme values check, internal consistency check, and spatial consistency check [27]. The quality of CPAP has been systematically evaluated by Shen et al. [25], and they found that the daily analysis has excellent agreements with their observations in different parts of China. An overall 3.21% relative bias was found at the 0.5° scale when compared to the independently observed values [27]. CPAP has been widely used in the evaluation of error characteristics of SPPs [28,29,30,31].




2.2.2. Satellite-Based Precipitation Product


Four SPPs, including PERSIANN-CDR, GPM-IMERG, GSMAP-gauge, and MSWEP, are evaluated in this study. The main parameters for each SPP are listed in Table 1.



The PERSIANN-CDR developed by the National Oceanic and Atmospheric Administration (NOAA) was obtained through the PERSIANN algorithm based on Gridded Satellite (GridSat-B1) data [32,34]. Then, an artificial neural network (ANN) model was trained to correlate changes in the GridSat-B1 brightness temperature of cold cloud pixels and their surroundings with surface rainfall rates from the National Center for Environmental Prediction (NCEP) Phase IV hourly precipitation data. Finally, the bias adjustment for precipitation estimates has been applied by matching the Global Precipitation Climate Project (GPCP) Monthly Product Version 2.2 (GPCPv2.2) at 2.5° resolution. The spatial coverage of this precipitation product is 60° N–60° S and its highest temporal resolution could reach up to 3 h [33].



The GSMAP [46] is developed for Global Precipitation Measurement (GPM) and is now operated by the Japan Aerospace Exploration Agency (JAXA) in near-real-time. To generate GSMAP-gauge, a Kalman filter was used to integrate both passive microwave (PWM) datasets and infrared (IR) datasets [38]. Then, the atmospheric motion vector derived from the IR images was adopted to refine the precipitation rate based on the backward and forward morphing technique. Furthermore, the rain type data from the TRMM Precipitation Radar and a scattering algorithm were used to separate the rain and no-rain cases. Finally, to improve its accuracy, a correction algorithm was implemented to GSMAP-gauge based on the observations from the NOAA Climate Prediction Center (CPC) [39,40].



MSWEP is a newly released global precipitation dataset [43] with a 3 h temporal resolution and 0.1° spatial resolution since 1979. It combines the strengths of gauge-based, satellite-based, and reanalysis data to improve performance in densely measured, convective-dominated, and front-dominated weather conditions and provides high-quality precipitation estimates on a global scale [41]. MSWEP V2.8 features new data sources, improved weight values, fewer peak estimation statistics, longer records, and near-real-time estimation for compatibility with multi-source weather (MSWX) [42], showing significant advantages over other precipitation products in both intensively measured and unmeasured regions [44,45]. The main steps for obtaining MSWEP include: (1) data quality control for both satellite-based retrievals and in situ observations, (2) data assessments of satellite-based retrievals based on observations from various sources, (3) determination of weights for each input source, (4) long-term mean precipitation calculation based on the WorldClim dataset, (5) precipitation frequency correction, (6) calculation of precipitation distribution and its harmonization, and (7) merging of different data sources based on an interpolated weight map.



After the Tropical Rainfall Measuring Mission (TRMM), the National Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency (JAXA) launched the Global Precipitation Measurement (GPM) program in 2014 to take over from the precipitation measurement mission [35,36,37]. The GPM core observatory collects data from non-solar synchronous orbit, extending the coverage to higher latitudes for providing a near-global view of precipitation. The 30 min IMERG precipitation data were calculated by incorporating instantaneous PMW estimates when available and PMW estimates propagated from precipitation time series based on the Lagrangian interpolation technique. Then, IR images were adopted to replenish the area where PMW estimates were not available or of low-quality. Finally, to refine the quality of data, the preliminary precipitation estimates were calibrated with the GPCC monthly data. The GPM IMERG data used in this paper are the latest generation of satellite fusion inversion data with 0.1° spatial resolution and 0.5 h temporal resolution [37].



PMW data from low earth orbit satellites could provide relatively high-quality estimates but with limited samples, while IR data from geosynchronous orbit satellites could provide data with excellent temporal resolution, but the indirect relationship with estimates results in large uncertainty [28]. The four selected precipitation products are generated from both PMW and IR retrievals with global coverage and near-real-time release but with different data sources and generating algorithms. GPM product is generated using an Integrated Multi-Satellite Retrievals algorithm, GSMAP-gauge is based on the moving vector with the Kalman filter method, and PERSIANN-CDR is generated based on the Artificial Neural Network algorithm. GPM and GSMAP-gauge estimate precipitation using PMW where available and IR elsewhere. In contrast, PERSIANN-CDR estimates the rainfall rate using IR data which is updated when PMW data are available. MSWEP is created by combining multiple datasets, such as the Climate Prediction Center morphing technique (CMORPH), Tropical Rainfall Measuring Mission Near Real-Time Product (TRMM 3B42RT), and European Centre for Medium-Range Weather Forecasts Interim Re-Analysis (ERA-Interim) by using a weighted assembling technique.



In this paper, daily precipitation data from 2016 to 2019 were obtained for PERSIANN-CDR, MSWEP, GSMAP-gauge, GPM products, and CPAP. The reference dataset (CPAP) incorporates a higher number of rain gauges in the selected period, and the four-year length is long enough to reveal the error characteristics of SPPs [26,47,48,49]. To be consistent with the observations, the original datasets were resampled to a spatial resolution of 0.25° using the bilinear interpolation method.





2.3. Research Methods


2.3.1. Conventional Statistical Metrics


Quantitative statistical analysis metrics used in this paper are shown in Table 2. The table includes the equations for CC, RB, MAE, RMSE, and NSE as well as the optimal values for performance.




2.3.2. Categorical Indicators


A comprehensive analysis has been conducted to determine whether the product can successfully capture the precipitation event and whether it miscalculates its occurrence. In this paper, the conventional classification evaluation indexes including POD, FAR, and CSI are adopted. In addition, to further check the capability of SPP for identifying precipitation events with volume information, the probability of true detection (POTD) has been adopted by following [17]. When a precipitation event is detected, it is used to assess whether SPPs can correctly capture precipitation volume within ±25% tolerance [17]. The detailed calculation formulas are shown in Table 3.



The detection of precipitation events by SPPs is mainly divided into four cases, where H in the table indicates that both ground-based stations and SPPs monitor the occurrence of precipitation events, TH indicates that the occurrence of precipitation events is correctly detected and the precipitation volume is accurately estimated (±25% tolerance), OH means the precipitation volume is overestimated, and UH means the precipitation volume is underestimated. F means that the SPPs do not monitor precipitation, but the ground-based stations record precipitation, and M indicates that the SPPs monitor the occurrence of precipitation events but the ground-based station records no-rain cases. Finally, N means that both the SPPs and the ground-based stations detect no-rain cases (Table 4). The POD, POTD, FAR, and CSI all take values from 0 to 1. When the SPP observes the occurrence of a precipitation event, the error evaluation index of whether precipitation actually occurs is POD. When the POD is closer to 1, it indicates that the SPP has a higher correct detection rate of the precipitation event and can accurately record the occurrence of precipitation events. The higher the POTD, the better the capture effect of precipitation. FAR indicates whether the SPP successfully detects the precipitation event as it occurs on the ground. The closer FAR gets to 0, the lower the probability that the SPP will incorrectly estimate the precipitation occurrence. POD, POTD, FAR, and CSI are used to comprehensively evaluate the capability of detection of precipitation conditions by the SPPs. The closer the CSI is to 1, the higher its comprehensive detection capability of precipitation events. By following the previous studies [50,51,52], the precipitation event is defined as the daily precipitation amount larger than 0.1 mm/day.






3. Results


3.1. Evaluation at a Multi-Year Scale


A spatial distribution map of multi-year averaged daily precipitation of SPPs (i.e., PERSIANN-CDR, MSWEP, GSMAP-gauge, and GPM) and CPAP was calculated (Figure 2). From Figure 2a, it can be seen that the spatial distribution of precipitation is more in the southeast and less in the northwest, and there are some high precipitation values in the topographic area (e.g., southwestern China). All four SPPs could capture the general spatial pattern of multi-year precipitation, which is witnessed by the similar pattern of more precipitation in the southeast and less in the northwest.



Interestingly, among the four SPPs, PERSIANN-CDR underestimates precipitation over many areas, which are mainly concentrated in the southeast and southwest parts of China (Figure 2b). In addition, PERSIANN-CDR misses a lot of precipitation in the Brahmaputra Grand Canyon marked by the character B in Figure 2a. In Figure 2c, the spatial distribution pattern of precipitation between MSWEP and CPAP is consistent, especially in the Yili River Valley and its surrounding areas, marked by the character A in Figure 2a, and the difference in precipitation between deserts and mountains can be clearly distinguished. At the same time, the precipitation in the mountains is slightly overestimated, which is also verified by the Changbai Mountains in northeastern China, marked by the character C in Figure 2a. The GSMAP-gauge and GPM seem to be closer to the precipitation conditions in eastern China, as reflected in Figure 2d,e. PERSIANN-CDR performs relatively worse than the other three SPPs in terms of the spatial distribution of the multi-year mean daily precipitation, with a smoother pattern but lacking the details of mountainous precipitation. GSMAP-gauge and GPM perform well in the coastal areas of China, while MSWEP shows better performance in the inland areas of northwest China.



Figure 3a–d shows the daily precipitation scatter density plots and each statistical index of the four SPPs with CPAP. The color bar in each scatterplot represents the density of points, which is calculated based on the corresponding grids between SPPs and CPAP in the multi-year average precipitation map. In Figure 3, the horizontal coordinates of each point represent the in situ precipitation observation, and the vertical coordinates represent the precipitation estimates from four SPPs. It is found that there is a long right-skewed tail in each subplot of Figure 3. When the precipitation intensity is greater than 10 mm/day, this shows a significant underestimation of precipitation for all SPPs. This phenomenon is mainly due to the SPPs’ significant underestimation of the terrain precipitation in the Brahmaputra Grand Canyon, which is denoted by the B character in Figure 2a. Generally, SPPs have a good agreement with CPAP, as evidenced by the points distributed close to the 1:1 line when daily precipitation is less than 10 mm/day.



To analyze the relationship between SPPs and CPAP from a more objective perspective, CC, RB, RMSE, MAE, and NSE metrics were also calculated in Figure 3. The estimated precipitation of the four SPPs and the precipitation measured by ground stations show a strong correlation of about 0.9 CC values. The NSE coefficients of SPPs are all above 0.75, demonstrating the excellent hydrological simulation performance. PERSIANN-CDR, GSMAP-gauge, and GPM tend to underestimate precipitation over mainland China with RB values of −0.8%, −0.7%, and −0.4%, respectively. However, MSWEP tends to overestimate precipitation with an RB of 2.7%. In contrast, among the four SPPs, PERSIANN-CDR performs the worst (Figure 3a), with the highest RMSE (0.72 mm/day) and MAE (0.35 mm/day), and the lowest CC (0.89). GSMAP-gauge performs best, with the highest CC (0.95) and the lowest MAE (0.25 mm/day) and RMSE (0.50 mm/day) (Figure 3c). GPM (Figure 3d) performs similarly to and even better than GSMAP-gauge in terms of RB (−0.4%). Combined density-colored scatterplot results of the SPPs, GSMAP-gauge, and GPM perform the best, followed by MSWEP, while PERSIANN-CDR performs the worst.




3.2. Evaluation at a Seasonal Scale


Due to seasonal variations in precipitation, the spatial distribution of precipitation for SPPs and CPAP is presented in Figure 4. From the spatial distribution of CPAP (Figure 4a–d), we can see that mainland China has more precipitation in summer and less in winter, which is generally captured by all SPPs.



Specifically, the spatial pattern of precipitation from PERSIANN-CDR is smoother (Figure 4e–h). In summer, there is a significant underestimation of precipitation in southeastern and southwestern China (Figure 4f), while in winter, PERSIANN-CDR overestimates precipitation in western China (Figure 4h). MSWEP shows the closest spatial pattern in spring, summer, and autumn (Figure 4i–k). It is noteworthy that MSWEP shows several isolated overestimation speckles in winter (Figure 4l). The spatial distribution of precipitation for GSMAP-gauge and GPM is satisfactory in spring and autumn. Nevertheless, they also underestimate summer precipitation in southern China as well as winter precipitation in the inland areas of China.



To further examine whether the different seasons will affect the inversion precision of SPPs, Figure 5 quantifies the error between SPPs and CPAP through density-colored scatter plots and statistical indicators. The seasonal characteristics of precipitation can be generally recorded by all SPPs. Except for the density-colored scatter plots of winter precipitation in Figure 5, there is still a long tail. The terrain may be one of the important factors contributing to this phenomenon. Some points deviate significantly from the 1:1 line, which indicates that the precipitation is underestimated over different seasons. All SPPs have CC values close to 0.9 in different seasons, and the highest CC can reach 0.97 (Figure 5l). The only discrepancy is with the observation of MSWEP in winter, where the CC is only 0.43, and the NSE is −1.98, but the RB is strikingly high at 91.3%. When CPAP captures no precipitation or light precipitation occurred in a day, MSWEP considers that a heavy precipitation case occurred, relatively resulting in a large RB. This is consistent with MSWEP’s overestimation of speckles in the spatial distribution of precipitation patterns in winter (Figure 4l).



The SPPs correspond well with CPAP in spring with CC above 0.91. Except for PERSIANN-CDR, which overestimates the precipitation in spring with an RB of 1.7%, MSWEP, GSMAP-gauge, and GPM underestimate spring precipitation with an RB of −0.9%, −2.1%, and −2.6%, respectively. In contrast, MSWEP captures the spring precipitation best over mainland China. The negative values of RB in summer confirm that all SPPs underestimate precipitation. Results are consistent with the underestimation of precipitation in southern China by SPPs in Figure 4. Compared to CPAP, GPM is effective in observing summer precipitation. In autumn, GSMAP-gauge exhibits the best performance with the highest CC (0.94), the lowest RB (−3.0%), and relatively low RMSE and MAE (0.47 and 0.26 mm/day, respectively). The winter precipitation is almost less than 4 mm/day, and the CC of the product is quite high, except for MSWEP. PERSIANN-CDR and MSWEP tend to overestimate precipitation in winter with RB greater than zero, while GAMAP-gauge and GPM tend to underestimate precipitation with negative RB. GSMAP-gauge has the lowest RMSE (0.18 mm/day) and MAE (0.11 mm/day). GPM has the lowest RB (−7.1%) because the sensor of the GPM IMERG selected in this paper is expanded on the basis of the original TRMM, which improves the ability to observe solid precipitation [35,49]. Generally, precipitation during summer and autumn has a greater volume and higher frequency (Figure S1), but the results in Figure 5 show that all SPPs underestimated the precipitation in summer and autumn, resulting in the lowest CC values in the whole year. The phenomenon is consistent with the assessment of seasonal spatial distribution (Figure 4).




3.3. Categorical Evaluation for Precipitation Occurrence and Volume


The ability to accurately estimate precipitation of different intensities is an important task for accuracy evaluation. In this paper, the probability distribution function (PDF) of daily precipitation cases (PDFc) is used to reflect the accuracy of SPPs for identifying the rain or no-rain cases. The PDF of daily precipitation volume (PDFv) is used to check the accuracy of SPPs for identifying the precipitation volume under different precipitation intensity levels. Figure 6 shows the PDFc under different precipitation intervals, and Figure 7 depicts the PDFc of each SPP under no-rain cases.



GPM outperforms other SPPs for any precipitation intensity. In the rain rate range from 1 to 16 mm/day, all SPPs except for GPM overestimated precipitation, and the performance of the four SPPs can be sorted as PERSIANN-CDR < MSWEP < GSMAP-gauge < GPM. When the rain rate was less than 0.5 mm/day, SPPs underestimated precipitation. It is worth noting that GPM detected more precipitation events than the ground measurements when the precipitation was less than 0.2 mm/day, which may be related to the interpolation process of CPAP. When the precipitation was higher than 16 mm/day, the frequency of precipitation captured by SPPs was relatively close to that of CPAP. PERSIANN-CDR has the worst performance in detecting heavy precipitation events (R > 16 mm/day), which is indirectly supported by the underestimation of precipitation in southern and southwestern China in Figure 2b.



In this paper, Figure 7 separately counts the detection frequency for no-rain cases, which is not included in Figure 6. About 70% are reported by CPAP in the frequency of no-rain events. It is clear that all SPPs detect fewer no-rain cases, which means SPPs detect more precipitation events than CPAP. Among the four SPPs, GSMAP-gauge shows the closest no-rain cases with observations thanks to the gauge correction algorithm. PERSIANN-CDR and MSWEP still perform poorly in detecting no-rain conditions, with values around 40% and 45%, respectively.



Since PDFc focuses on indicating the frequency of SPPs occurring in certain precipitation intervals, it cannot reflect the proportion of precipitation in the intervals to the total precipitation. Furthermore, Figure 8 is used to show the PDFv under different precipitation intervals. In the rain rate range from 1 to 16 mm/day, all SPPs except for the GPM showed an overestimation of precipitation. When the rain rate was less than 0.5 mm/day or greater than 16 mm/day, all SPPs showed an underestimation of precipitation. In general, GPM accurately captures precipitation in different precipitation ranges, followed by GSMAP-gauge.




3.4. Contingency Evaluation


Referring to the categorical indices mentioned in Table 3 to evaluate the performance of SPPs in capturing precipitation events, Figure 9 provides contingency statistics in terms of the POD, FAR, and CSI. For light precipitation (R ≤ 4 mm/day), the POD of SPPs exceeded 60% and the FAR was below 40%, which indicates that SPPs detect light precipitation cases with relatively good confidence. As the rain rate increased, the POD percentage decreased and the FAR percentage increased, both very rapidly. Surprisingly, when the rain rate was greater than 64 mm/day, the POD percentage of PERSIANN-CDR was close to zero and the FAR percentage reached about 100%, which indicates the limited capability in detecting heavy precipitation (R > 64 mm/day). MSWEP and GSMAP-gauge showed the lowest FAR in different rain rates (1–6 and 6–128 mm/day, respectively). In the rain rate range from 1 to 6 mm/day, MSWEP had the highest CSI, followed by GSMAP-gauge. When the rain rate exceeded 6 mm/day, GSMAP-gauge showed the best performance in detection capability.



To further consider the condition of both event detection and the precipitation volume information, POTD is used here to reflect the correct estimation of precipitation intensity in the case of detecting precipitation. Based on the results in Figure 10, MSWEP has the best ability to accurately capture precipitation intensity, indicating an outstanding ability in the southwest region, followed by GSMAP-gauge. It is worth noting that MSWEP correctly captured orographic precipitation, such as those in the Kunlun Mountains and the Tianshan Mountains (Figure 10b). For northeastern China, almost all SPPs cannot correctly capture the occurrence intensity of the precipitation.




3.5. Evaluation over Typical Terrain Precipitation Area


Based on the results of Figure 2 and Figure 4, it is found that SPPs greatly underestimated terrain precipitation, which deserves our attention. Therefore, the accuracy of SPPs in capturing terrain precipitation is discussed over two typical regions, which include the Brahmaputra Grand Canyon of southwestern China (marked as B in Figure 2a) and the Yili River Valley in northwestern China (marked as A in Figure 2a).



Figure 11 shows the spatial distribution of RB between different SPPs and CPAP and density-colored scatter plots of the annual average precipitation in the Brahmaputra Grand Canyon. The Brahmaputra Grand Canyon conducts water vapor from the Indian Ocean region to the interior of the Qinghai-Tibet Plateau by the narrow-channel terrain, generating the world’s second-largest precipitation belt [53]. It is obvious that all SPPs significantly underestimate the precipitation in the Brahmaputra Grand Canyon, with negative RB from −37.1% of GSMAP-gauge (Figure 11g) to −62.7% of PERSIANN-CDR (Figure 11e). Among the four SPPs, GSMAP-gauge captures the orographic precipitation well, with the highest CC (0.90) and the lowest RB (−37.1%). The underestimation of precipitation by PERSIANN-CDR is the most glaring, with an RB value as high as −62.7%. Possible reasons for the significant underestimation of precipitation by PERSIANN-CDR are as follows: Firstly, PERSIANN estimates precipitation primarily based on IR brightness temperature data from geostationary satellites [32,47]. Precipitation data obtained by the PERSIANN-CDR product are generated by an algorithm based on infrared data to detect the water vapor content in the cloud layer. Heavy precipitation generated by the forced lift of air currents cannot be observed, which leads to the underestimation phenomenon. Secondly, in the south of the Brahmaputra Grand Canyon, the water vapor brought by the southwest monsoon is uplifted to produce precipitation due to the influence of the terrain. Rapidly changing water vapor cannot be captured in the detection gap of PERSIANN-CDR [4,54].



Figure 12 shows the spatial distribution of RB in the Yili River Valley between different SPPs and CPAP, and density-colored scatter plots of the annual average precipitation, respectively. Similar to the results for the Brahmaputra Grand Canyon, all SPPs except MSWEP significantly underestimate the precipitation in the Yili River Valley with RB from −32.0% of PERSIANN-CDR (Figure 12e) to −45.4% of GPM (Figure 12h). The significant underestimation leads to a pattern in which most of the points in the scatter plots are distributed under the 1:1 line. Since MSWEP integrates multiple remote sensing precipitation products and corrects them with a large number of ground stations, MSWEP performs best in capturing orographic precipitation. Although GSMAP-gauge, PERSIANN-CDR, and GPM have also performed corrections by ground stations, there is still a serious underestimation problem for orographic precipitation.



The results of Figure 11 and Figure 12 have a long tail, which are completely consistent with the results of Figure 3 and Figure 5. The existence of trailing in Figure 11 and Figure 12 may be, at least partially, caused by the significant underestimation of precipitation by SPPs in Figure 3 and Figure 5.





4. Discussion


This paper used the CPAP as the ground reference dataset. CPAP is a high-quality reference dataset, which has been well-evaluated and widely used in different applications. However, there are still some potential uncertainties in CPAP, which are discussed as follows:



The spatial distribution of ground stations (Figure 1) is unevenly distributed, with more gauges in southeastern China and less in the northwest. Therefore, the quality of CPAP may be lower in regions with sparse gauges such as the Tarim Basin.



CPAP uses a tipping bucket rain gauge to record precipitation. The tipping bucket rain gauge has a high level of automation, able to obtain precipitation quickly, and is simple to save and transmit. It is noted that the rain gauge design and operation inevitably lead to some systematic instrument bias, such as the evaporation of the collected precipitation, loss of bouncing raindrops, and funnel losses in the precipitation observations that go into CPAP. The aforementioned issues will cause precipitation measurement uncertainties.



The CPAP interpolation process may also introduce some uncertainties in accurately reflecting the precipitation occurrence. Given the lack of gauges, this phenomenon might be more noticeable in the northwestern part of China.



It is noted that the performance of SPPs was evaluated from 2016 to 2019. The existing results can reveal the accuracy of SPPs over mainland China during the study period (2016–2019) but cannot fully represent the performance of SPPs during other periods and over different regions. The performance of SPPs in a long-term period for different applications such as drought monitoring will be assessed in our future works.




5. Conclusions


In this paper, the error characteristics of four widely used SPPs were comprehensively analyzed from multiple aspects, such as spatial distribution patterns at daily and seasonal scales, scatter plots with quantitative indicators, error characteristics with different precipitation intensities, and the performance of error characteristics over typical terrain precipitation areas. The findings of this paper could provide a reference for selecting suitable precipitation products over mainland China and assist in the improvement of retrieval algorithms. The major conclusions of this paper were as follows:




	(1)

	
For the daily mean precipitation from 2016 to 2019, all SPPs with CC values around 0.9 (Figure 3) had the ability to capture the spatial distribution patterns of precipitation (Figure 2). Only the MSWEP could capture the terrain precipitation pattern well in the Yili River Valley area. PERSIANN-CDR underestimated precipitation in southeastern and southwestern China and performed the worst among the four SPPs, with relatively lower CC and higher RB and RMSE. Overall, GSMAP-gauge and GPM had the best performance in reproducing the spatial distribution pattern over mainland China.




	(2)

	
Seasonally, all SPPs could reflect the seasonal distribution of precipitation over mainland China. GSMAP-gauge performed best in autumn and winter (Figure 5k,l), with the highest CC (0.94 and 0.97) and the lowest RMSE (0.47 and 0.18 mm/day). MSWEP performed better in spring (Figure 5e), with the lowest RB (−0.9%). It was found that GPM performed best in summer (Figure 5n), with the lowest RB (−0.9%). It is necessary to highlight the fact that all four selected SPPs tended to underestimate precipitation in summer (RB was negative) over mainland China.




	(3)

	
Based on the results of the categorical evaluation, it was found that all four SPPs tended to detect fewer no-rain events than CPAP. GPM and GSMAP-gauge were closer to CPAP for precipitation detection with relatively high accuracy. For the percentage of precipitation without rainfall cases, GSMAP-gauge detected 65%, with the best performance compared to the CPAP of 70% (Figure 7). PERSIANN-CDR demonstrated a 30% error and had the worst performance in capturing precipitation events.




	(4)

	
MSWEP with the highest POD and POTD outperformed the other SPPs. MSWEP and GSMAP-gauge exhibited the lowest FAR and the highest CSI percent during 1–6 and 6–128 mm/day, respectively. PERSIANN-CDR showed a lower ability in detecting heavy precipitation (R ≥ 64 mm/day) with a high FAR (up to 100%).
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The following are available online at https://www.mdpi.com/article/10.3390/atmos13081211/s1, Figure S1: The temporal variation of the domain-averaged daily precipitation from 2016 to 2019 shows that all SPPs can correctly capture the seasonal distribution of precipitation, with more precipitation in summer and less precipitation in winter. However, there is also an overestimation or underestimation of precipitation among different SPPs.
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Figure 1. Terrain condition and position of ground-based stations in China. 
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Figure 2. Spatial distribution pattern of multi-year means of daily precipitation over mainland China by (a) CPAP, (b) PERSIANN-CDR, (c) MSWEP, (d) GSMAP-gauge, and (e) GPM. The Brahmaputra Grand Canyon in southwestern China is marked B and the Yili River Valley in northwestern China is marked A. The Changbai Mountains in northeastern China are marked C. 
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Figure 3. Density-colored scatter plots between (a) PERSIANN-CDR, (b) MSWEP, (c) GSMAP-gauge, and (d) GPM and CPAP. The black line is the 1:1 line. In addition, each statistical indicator is also shown in this figure. The colors in this figure represent the frequency of occurrence. 
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Figure 4. Spatial distribution of PERSIANN-CDR, MSWEP, GSMAP-gauge, GPM (e–t) and ground reference dataset CPAP (a–d) in different seasons. 
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Figure 5. Density-colored scatter plots of (a–d) PERSIANN-CDR, (e–h) MSWEP, (i–l) GSMAP-gauge, and (m–p) GPM in different seasons with ground-based observations. The colors in the figure represent the frequency of occurrence. 
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Figure 6. The probability density function of daily precipitation for cases under different precipitation intensities. 
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Figure 7. The probability density function of daily precipitation for cases without a precipitation event. 
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Figure 8. The probability density function of daily precipitation for volume with different precipitation. 
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Figure 9. Contingency metrics of (a) probability of detection (POD), (b) false-alarm rate (FAR), and (c) critical successful index (CSI) for satellite-based precipitation products over mainland China. 
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Figure 10. Metrics of probability of true detection (POTD) for SPPs (i.e., (a) PERSIANN-CDR, (b) MSWEP, (c) GSMAP-gauge, and (d) GPM) over mainland China. 
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Figure 11. Spatial distribution of RB between different SPPs (i.e., (a) PERSIANN-CDR, (b) MSWEP, (c) GSMAP-gauge, and (d) GPM) and CPAP over Brahmaputra Grand Canyon. Density-colored scatter plots between (e) PERSIANN-CDR, (f) MSWEP, (g) GSMAP-gauge, and (h) GPM and CPAP. The black line is the 1:1 line. In addition, each statistical indicator is also shown in this figure. The colors in this figure represent the frequency of occurrence [33]. 
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Figure 12. Spatial distribution of RB between different SPPs (i.e., (a) PERSIANN-CDR, (b) MSWEP, (c) GSMAP-gauge, and (d) GPM) and CPAP. Density-colored scatter plots between (e) PERSIANN-CDR, (f) MSWEP, (g) GSMAP-gauge, and (h) GPM and CPAP. 
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Table 1. Summary of satellite-based precipitation products used in this study.
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	Name
	Data Source
	Spatial Resolution
	Temporal Resolution
	Period
	Domain
	Reference





	PERSIANN-CDR
	G, S
	0.25° × 0.25°
	1 day
	1983–NRT
	60° N–60° S
	[6,32,33,34]



	GPM-IMERG
	G, S, Ra, Re
	0.1° × 0.1°
	0.5 h
	2014–NRT
	60° N–60° S
	[35,36,37]



	GSMAP-gauge
	S
	0.1° × 0.1°
	1 h
	2000–NRT
	60° N–60° S
	[38,39,40]



	MSWEP
	G, S, Re
	0.1° × 0.1°
	3 h
	1979–NRT
	90° N–90° S
	[41,42,43,44,45]







Where G stands for the rain gauge, S is for satellite, Re is for reanalysis, Ra means radar, and NRT stands for near-real-time.
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Table 2. Quantitative statistical analysis indicators.
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	Index
	Equation
	Optimal Value





	Correlation Coefficient
	   C C =     ∑  i = 1  N    (   R s  −    R s   ¯   )     (   R c  −    R c   ¯   )        ∑  i = 1  N      (   R s  −    R s   ¯   )   2      ∑  i = 1  N      (   R c  −    R c   ¯   )   2          
	1



	Relative Bias
	   R B =     ∑  i = 1  N    (   R s  −  R c   )        ∑  i = 1  N    R c      × 100 %   
	0



	Mean Absolute Error
	   M A E =  1 N    ∑  i = 1  N    |   R c  −  R s   |      
	0



	Root Mean Square Error
	   R M S E =    1 N    ∑   i = 1   N      (   R s  −  R c   )   2        
	0



	Nash–Sutcliffe Efficiency
	   N S E = 1 −     ∑  i = 1  N      (   R c  −  R s   )   2        ∑  i = 1  N      (   R c  −    R c   ¯   )           
	1







Where Rs is the estimated precipitation from remotely sensed precipitation products, Rc is the CPAP daily precipitation value,     R s  ¯    and     R c  ¯    are the average values of daily precipitation from SPPs and CPAP, and N is the sample size.
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Table 3. Classification statistics evaluation indicators.
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	Index
	Equation
	Optimal Value





	POD
	   P O D =  H  H + M     
	1



	POTD
	   P O T D =   T H   H + M     
	1



	FAR
	   F A R =  F  H + F     
	0



	CSI
	   C S I =  H  H + F + M     
	1
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Table 4. Classification statistical indicators’ parameters list.






Table 4. Classification statistical indicators’ parameters list.





	

	

	
Precipitation Events Detected by Satellite-Based

Precipitation Products




	
Yes

	
No






	
Precipitation Events Detected by Stations

	
Yes

	
Hit (H)

	
Over-Hit (OH)

	
False (F)




	
Under-Hit (UH)




	
True-Hit (TH)




	
No

	
Miss (M)

	
Null Event (N)
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