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Abstract

:

The number of precipitation products at the global scale has increased rapidly, and the accuracy of these products directly affects the accuracy of hydro-meteorological simulation and forecast. Therefore, the applicability of these precipitation products should be comprehensively evaluated to improve their application in hydrometeorology. This paper evaluated the performances of six widely used precipitation products in southwest China by quantitative assessment and contingency assessment. The precipitation products were Tropical Rainfall Measuring Mission Multi-satellite Precipitation Analysis 3B42 version 7 (TRMM 3B42 V7), Global Satellite Mapping of Precipitation (GSMaP MVK), Integrated Multi-satellitE Retrievals for GPM final run (GPM IMERG Final), Precipitation Estimation from Remotely Sensed Information using Artificial Neural Network—Climate Data Record (PERSIANN-CDR), Climate Hazards Infrared Precipitation with Stations version 2.0 (CHIRPS V2.0), and the Global Land Data Assimilation System version 2.0 (GLDAS V2.0). From the above six products, the daily-scale precipitation data from 2001 to 2019 were chosen to compare with the measured data of the rain gauge, and the data from the gauges were classified by river basin and elevation. All precipitation products and measured data were evaluated by statistical indicators. Results showed that (1) GPM IMERG Final and CHIRPS V2.0 performed well in the Yarlung Zangbo River (YZ) basin, while GPM IMERG Final and GLDAS V2.0 performed well in the Lantsang River (LS), Nujiang River (NJ), Yangtze River (YT), and Yellow River (YL) basins; (2) in the upper and middle reaches of the YZ basin, GPM IMERG Final and CHIRPS V2.0 were outstanding in all evaluated products; downstream of the YZ basin, all six products performed well; and upstream of the LS and NJ, GPM IMERG Final, TRMM 3B42 V7, CHIRPS V2.0, and GLDAS V2.0 can be recommended as a substitute for measured data; and (3) GPM IMERG Final and GLDAS V2.0 can be seen as substitutes for measured data when elevation is below 4000 m. GPM IMERG Final and CHIRPS V2.0 were recommended when elevation is above 4000 m. This study provides a reference for data selection of hydro-meteorological simulation and forecast in southwest China and also provides a basis for multi-source data assimilation and fusion.
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1. Introduction


Precipitation is one of the most important components of the water cycle [1,2,3,4,5,6,7]. Accuracy of the precipitation data plays a vital role in the prediction of floods, droughts [4,5,6,7,8], and water resource management [1,3,6,7,8,9]. Precipitation monitoring is performed in a variety of ways, such as traditional ground rain gauges, ground radar, and satellite monitoring [10,11]. Traditional rain gauges have high accuracy in monitoring precipitation [2], and their measured results are widely used as the true value of precipitation in many studies [12]. However, their spatial coverage is poor, and it is difficult to truly reflect the regional precipitation in sparse areas using rain gauges [9]. Ground-based radar monitoring of precipitation can accurately monitor precipitation within a range of tens to hundreds of kilometers [13]. However, due to the influence of topography, the number of radars, beam overshooting over mountainous regions, beam blockage, and bright band effects, it cannot meet the needs of scientific research [3,12,13,14]. Satellite monitoring of precipitation has good spatial-temporal resolution and can be used as an important supplement for ground-based monitoring of precipitation [8]. With the development of aerospace and remote sensing technology, satellite precipitation monitoring has developed rapidly [3,5,10,12,15,16]. A large number precipitation products have emerged (Table 1) [1,2,3,4,16,17,18,19], and they can be divided into four groups: (1) precipitation products corrected by gauge data, such as Integrated Multi-satellitE Retrievals for GPM (GPM IMERG) final, Tropical Rainfall Measuring Mission (TRMM) 3B42 V7, Rainfall Estimate (RFE), Multi-Source Weighted-Ensemble Precipitation (MSWEP), Precipitation Estimation from Remotely Sensed Information using Artificial Neural Network—Climate Data Record (PERSIANN CDR), the Global Satellite Mapping of Precipitation (GSMaP) Gauge, Climate Hazards Infrared Precipitation with Stations (CHIRPS), and the Climate Prediction Center morphing technique (CMORPH); (2) multi-source precipitation datasets, which are prepared by merging infrared (IR) estimates (high sampling frequency, indirectness, less accurate) and passive microwave (PWM) estimates (direct, accurate, roughly temporal sampling), such as GSMaP MVK, GSMaP RNL, PERSIANN, TRMM 3B42 RT, GPM IMERG Early, and GPM IMERG Late; (3) single-source precipitation datasets, which can provide precipitation products from a single satellite sensor type, such as PERSIANN CCS; and (4) reanalysis precipitation products, which are prepared by various hydrological or atmospheric models, such as Asian Precipitation—Highly-Resolved Observational Data Integration Evaluation (APHRODITE), CPC Unified Gauged Analysis of Global Daily Precipitation, and GLDAS. Although these precipitation products can be seen as a supplement for rain gauge data in sparse areas, the retrieval algorithms have pros and cons. So it is essential to analyze the performance of these products in different areas [14]. Elhamid et al. [4], who evaluated TRMM 3B43 and RFE 2.0 precipitation data in the Sudan Blue Nile sub-basin, confirmed that the two precipitation datasets have good prediction and observation ability. Sungmin et al. [20] evaluated the GPM-IMERG Early, Late, and Final precipitation products in the Wegenernet Feldbach region, southeastern Austria. It is considered that GPM-IMERG Final is most consistent with the measured data. Mohammadali and Gholam et al. [1] evaluated five precipitation products (CMORPH, PERSIANN-CDR, PERSIANN, TRMM 3B42 V7, and MSWEP in Iran), and results showed that the MSWEP reanalysis precipitation dataset has the best consistency with the measured data. With the deepening of assessment methods, increasingly more scholars have found that complex topography has an impact on satellite monitoring of precipitation [3,17,21,22,23]. Derin et al. [21] selected nine typical mountain areas around the world to analyze ECMWF, TRMM 3B42 V7, Tropical Rainfall Measuring Mission Multi satellite Precipitation Analysis (TMPA) CCA, and CMORPH. The results showed that the consistency of satellite precipitation data and measured data is disparate in different regions. Vidhi et al. [15] evaluated TRMM 3B42 V7 in the Himalayan region and concluded that the satellite shows good performance at an altitude of 1000–2000 m, but there was still a large error between the precipitation monitored by the satellite and the precipitation monitored by the gauge in the region with complex topography.



The southwest of China is the source of many rivers (Yarlung Zangbo River (YZ), Lantsang River (LS), Nujiang River (NJ), Yangtze River (YT), and Yellow River (YL)) located in the Tibetan Plateau (TP) and the Yunnan–Kweichow Plateau (YKP), where the terrain and topography are complex. It is a typical area lacking in hydrometeorological measurements [17]. In recent years, increasingly more studies have focused their attention on the southwest of China [2,17,23]. Xu et al. [23] evaluated the applicability of GPM IMERG Final and TRMM 3B 42V7 in southern TP and analyzed the performance of satellite rainfall products with topography. They found that GPM IMERG Final has better performance in the southern TP region. At the same time, they also found that there is nearly no detection skill for both GPM and TRMM at high-elevation (>4500 m) regions. Ma et al. [2] evaluated the GPM IMERG satellite precipitation data from 2014 to 2017 over the Tibetan Plateau and concluded that the GPM IMERG performs better at 3000 m–4000 m. Gao et al. [17] evaluated data from four satellites, TMPA 3B42 version 6, CMORPH, PERSIANN, and TMPA Real Time version (TMPART), from 2004 to 2009 in the TP and found that the bias of TMPA and CMORPH is less dependent on topography. However, the bias of TMPART and PERSIANN was strongly dependent on topography.



Now, the evaluation of satellite precipitation data in southwest China was mainly aimed at the TP or only one basin [2,12,17]. Previous assessments on the accuracy of precipitation products often had short assessment time series and insufficient assessment data products. However, actual hydrological simulations and water resource research mostly require long series of precipitation data. So, it is significant for hydrology research to analyze the applicability of various precipitation datasets.



Our study focused on all basins (YZ, LS, NJ, YT, and YL) in southwest China to evaluate the precipitation datasets (TRMM 3B42 V7, GSMAP-MVK, GPM IMERG Final, PERSIANN-CDR, GLDAS V2.0, and CHIRPS V2.0) for 20 years (2001–2019). It is hoped that this study can provide a scientific reference for hydro-meteorological applications of precipitation datasets in southwest China.




2. Materials and Methods


2.1. Study Area


In our study, we focused on southwest China, including Xizang, Gansu, Sichuan, and Yunnan Provinces; we mainly focused on the area of 21–37° N and 80–104° E, which is rich in water resources. It is the source of many major rivers in Asia (YZ, LS, NJ, YT, and YL). The basic information about the five catchments is given in Table 2. It is an irreplaceable water storage area in China and is considered to be one of the most active water-cycling regions in the world [24,25]. Our study area was mainly located in the TP, and a small part was located in the YKP. Terrain and topography play an important role in precipitation monitoring; there is nearly an 85% area above 3000 m elevation, the installation and maintenance of rain gauges in which is difficult, so it is a typical region that lacks measured data [26]. Satellite precipitation products make up for the scarcity of measured data, but there is a large error in the alpine cold region. The evaluation of precipitation products in southwest China can provide scientific reference for decision making about water planning and management and flood and drought disaster prediction.




2.2. Data


2.2.1. Rain Gauge Data


The data measured by rain gauges were downloaded from the Resources and Environment Science and Data Center (RESDC; https://www.resdc.cn/, accessed on 1 November 2021), and a strict quality control step was executed to avoid errors. We used daily precipitation records of 116 rain gauges from 1 January 2001 to 31 December 2019. Figure 1 shows the locations of rain gauges in our study, and it can be clearly seen that the distribution of the rain gauges was uneven and the density of the rain gauge network obviously decreased with an increase in elevation. The rain gauges were located at altitudes ranging from 556 m to 5339 m, and 78.4% of them were located below 4000 m (Figure 1). These rain gauge observations were used as the true value when evaluating the grid precipitation products. To make the results more representative, rain gauges near the study area were considered in our study; these rain gauges were divided into different basins according to the nearest proximity.




2.2.2. Precipitation Products


Our study involved six types of satellite precipitation products, including four precipitation datasets corrected by gauge data (TRMM 3B42 V7, GPM IMERG Final, PERSIANN–CDR, and CHIRPS V2.0); one multi-source precipitation dataset (GSMaP MVK); and one reanalysis product (GLDAS V2.0). It is worth noting that PERSIANN–CDR and CHIRPS V2.0 are both single source from infrared (IR) estimates and TRMM 3B42 V7 and GPM IMERG Final are both multi-source from IR estimates and PMW estimates. GSMAP MVK and GPM IMERG Final are two representative products of GPM satellites and are considered as the next-generation products of TRMM. The detailed information about the six precipitation products is shown in Table 3 [17,27]. We summarize the generated algorithms for the six precipitation products as follows:



TRMM 3B42 V7 (https://disc.gsfc.nasa.gov/datasets/, accessed on 5 November 2021) was generated by the 3 h TRMM multi-satellite precipitation analysis TMPA (3B42), calibrated microwave (MW) precipitation estimates, which were further combined with infrared (IR) estimates and then corrected by monthly Global Precipitation Climatology Centre (GPCC) gauge data [6,8,11].



The GSMAP-MVK (ftp://sharaku.eorc.jaxa.jp, accessed on 6 August 2021) project used multi-sensor observations as input to retrieve precipitation rates and was called MW-IR Combined Product. The main feature of the GSMAP algorithm is the use of various attributes derived from space-borne precipitation radars, such as the TRMM Precipitation Radar (PR) and GPM Core Observatory Dual-frequency Precipitation Radar (DPR) [27,28,29].



GPM IMERG Final (https://gpm.nasa.gov/data/directory, accessed on 7 November 2021) makes full use of the data provided by other satellite sensors on the GPM platform (including active and passive microwave sensors and all kinds of infrared data sensors, such as the GMI and DPR) and also makes full use of other kinds of satellite precipitation inversion algorithms in the TRMM era, such as PERSIANN–CCS and CMORPH-style [20,30].



PERSIANN–CDR (https://www.ncdc.noaa.gov, accessed on 7 November 2021) produced by the technique of artificial neural network inversion imaging is obtained by remote sensing observation IR precipitation. The monthly Global Precipitation Climatology Project (GPCP) precipitation data are used to correct PERSIANN rainfall estimates, and then, those bias correct estimates are accumulated to obtain daily figures [31,32].



CHIRPS V2.0 (https://www.chc.ucsb.edu/data/chirps, accessed on 3 November 2021) is a 35+ year quasi-global rainfall product, developed on IR estimates, corrected by 5-day gauge data [16,33,34].



GLDAS V2.0 (https://disc.gsfc.nasa.gov, accessed on 5 November 2021) uses land surface modeling (Noah model, catchment model, VIC model, etc.) and data assimilation techniques to generate satellite and gauge-based products [35,36,37].




2.2.3. Climate Spatial Distribution Data


We choose the Global Köppen climate-type spatial distribution dataset (http://www.geodata.cn/data/datadetails.html, accessed on 5 November 2021) to finish the climate classification. The dataset obtained based on the relationship between climate and vegetation was used to reflect the geographical distribution of long-term climate and ecosystems. According to this dataset, we completed the climatic division of the study area (Figure 2, Table 4). In Figure 2, the first letter, “A” represents tropical, “B” represents dry, “C” represents mild temperate, “D” represents snow, and “E” represents polar; the meaning of the second letter and the third letter can be found at koppen_all_1901–2010.png (3200 × 2400) (hanschen.org) [38,39].





2.3. Methods


2.3.1. Evaluation Statistics


Four statistical indicators (correlation coefficient (CC), bias, root-mean-square error (RMSE), and mean absolute error (MAE)) were used to quantitatively analyze the accuracy of the six products [40]. The CC represents the agreement of gauge datasets and precipitation products. Bias represents system errors, meaning the degree of overestimation or underestimation of the rainfall products. The RMSE and MAE were used to describe the error between rainfall product data and ground measured data, and they represent the accuracy of the data [5]., We also used three contingency table statistics (probability of detection (POD), false alarm ration (FAR), and critical success index (CSI)) to describe the ability of the precipitation products to monitor the occurrence of precipitation events. The POD means the ratio of rain occurrences correctly measured to the total number of observed events; the FAR means false alarm times in the total number of observed events; and the CSI means the proportion correct for the quantity being forecast, after removing correct “no” forecasts from consideration. In this paper, the threshold for determining the occurrence of precipitation was 0.1 mm/day [22]. It is worth noting that the optimal value of the three indicators the CC, POD, and CSI was 1, while the optimal value of the bias, RMSE, MAE, and FAR was 0 [41].
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In the formula, n represents the total number of rainfall estimates, Ai represents the precipitation product estimates (mm),    A ¯    represents the average of precipitation product estimates (mm), and B and     B ¯     represent gauge-measured values (mm) and their average, respectively. T represents the number of precipitation events correctly monitored by the precipitation satellite, F represents the number that no precipitation event occurred but the rainfall product misjudged it as a precipitation event, and M represents the actual occurrence of precipitation events but the rainfall product failed to detect it (Table 5).




2.3.2. Evaluation Methodology


In our study, we chose data from 2001 to 2019 to analyze the performance of six precipitation products (GPM IMERG Final, TRMM 3B42 V7, GPM MVK, PERSIANN–CDR, CHIRPS V2.0, GLDAS V2.0). All products were evaluated with rain gauge data downloaded from the RESDC; all gauge data executed a strict quality control step to avoid errors [42], and we used the nearest-neighbor method to extract the products’ values into points, which matched rain gauges. All products were interpolated at 0.1° grid cells by the nearest-neighbor method with Python, and all grid cells with no overlapping gauges were excluded in this study; we transformed all precipitation products with universal time coordinated (UTC) to local standard time (LST) to be consistent with rain gauges. Evaluation was performed by creating pairs of the average rain gauge rainfall values and the precipitation products over the study area. All evaluations were calculated at a daily scale.






3. Results and Discussion


3.1. Applicability Analysis of Satellite Precipitation Data and Measured Data in Different River Basins


3.1.1. Quantitative Analysis at the Basin Scale


In the YZ basin (Figure 3), GPM IMERG Final and CHIRPS V2.0 performed better, with a larger CC (CCGPM IMERG Final = 0.769; CCCHIRPS v2.0 = 0.692) and a smaller bias (biasGPM IMERG Final = 0.184; biasCHIRPS v2.0 = 0.092), RMSE (RMSEGPM IMERG Final = 1.450; RMSECHIRPS v2.0 = 1.700), and MAE (MAEGPM IMERG Final = 0.850; MAE CHIRPS v2.0 = 0.940). Except for GSMAP MVK (CC = 0.493), the correlation of the other five precipitation products in the YZ basin was fine (CC > 0.657), and the systematic error of GLDAS V2.0 and PERSIANN–CDR in the YZ basin was large, with bias higher than 0.7. GLDAS V2.0 and PERSIANN–CDR did not perform as well as the other four products in the RMSE and MAE.



In the LS basin (Figure 3), GPM IMERG Final performed better as well, and GLDAS V2.0 also performed well, with a larger CC (CCGPM IMERG Final = 0.741; CCGLDAS V2.0 = 0.647) and a smaller vias (biasGPM IMERG Final = 0.088; biasGLDAS V2.0 = 0.010), RMSE (RMSEGPM IMERG Final = 3.421; RMSEGLDAS V2.0 = 3.572), and MAE (MAEGPM IMERG Final = 1.832; MAE GLDAS V2.0 = 2.032). With regard to the CC, except PERSIANN–CDR, whose CC = 0.575; the rest of them all had CC above 0.6, showing significant correlation. The bias of GSMAP MVK in the LS basin was the highest (bias = −0.284). The error between precipitation products and rain gauge data of PERSIANN–CDR and CHIRPS V2.0 in the LS basin was significantly higher than that of the other precipitation products (RMSEPERSIANN–CDR = 4.392; RMSECHIRPS V2.0 = 4.619; MAEPERSIANN–CDR = 2.329; MAECHIRPS V2.0 = 2.410).



In the NJ basin (Figure 3), the performance of each precipitation product was similar to that in the LS basin. GPM IMERG Final and GLDAS V2.0 performed better. Except GPM IMERG Final, whose CC = 0.716, the rest of other precipitation products showed similar correlations, fluctuating around 0.6, and the bias of GSMAP MVK in the NJ basin was the largest (bias = −0.203). PERSIANN–CDR and CHIRPS V2.0 in the NJ basin had a significant error between precipitation products and rain-gauge-measured data (RMSEPERSIANN–CDR = 3.630; RMSECHIRPS V2.0 = 3.632; MAEPERSIANN–CDR = 2.049; MAECHIRPS V2.0 = 1.987).



In the YT basin (Figure 3), due to a higher CC (CCGPM IMERG Final = 0.700; CCGLDAS V2.0 = 0.723) and lower bias (biasGPM IMERG Final = 0.047; biasGLDAS V2.0 = 0.026), RMSE (RMSEGPM IMERG Final = 1.950; RMSEGLDAS = 1.745), and MAE (MAEGPM IMERG Final = 1.034; MAEGLDAS = 0.964), GPM IMERG Final and GLDAS V2.0 stood out among all the precipitation products. All products showed good correlation, fluctuating around 0.6. GSMAP MVK and PERSIANN–CDR performed poorly on bias, with bias higher than 0.6. Similarly, GSMAP MVK and PERSIANN–CDR did not perform as well as the other four products on the RMSE and MAE.



In the YL basin (Figure 3), all products performed poorly on the CC, except GLDAS V2.0 (CC = 0.705) and GPM IMERG Final (CC = 0.597). GSMAP MVK and PERSIANN–CDR did not perform as well as others on the bias, RMSE, and MAE.



In all five basins, GPM IMERG Final showed better performance. This conclusion was consistent with [2] and [23]. Mainly because the sensor carried by the GPM satellite is superior to those of other satellites, such as the GMI and DPR, and can provide more accurate estimation for light rainfall and snow [32], compared to GSMaP MVK, GPM IMERG Final data had been corrected by gauge data [20]. On the contrary, GPM IMERG Final, as the next generation of TRMM 3B42 V7, showed improved performance on all quantitative indicators selected in our study [5]. Chen et al. put forward a consistent view in their paper [5]. The performance of GLDAS V2.0 in LS, NJ, YT, and YL basins was all better, mainly because the re-analysis data, to some extent, made up for the lack of satellite monitoring data through the calculation of the surface model. GSMAP MVK mainly showed a higher bias in NJ, LS, YT, and YL basins, which may be due to the lack of rain gauge data correction. The main reason for the poor performance of PERSIANN–CDR was that it is based only on the IR sensor, which indirectly calculates precipitation by cloud-top temperature. The IR sensor is far less effective than the MW sensor in monitoring weak precipitation and small water droplets [30]. Another interesting aspect found was that the values of RMSE and MAE in YZ, YT, and YL basins were smaller, while those in the LS and NJ basins were higher. This was mainly because the lower reaches of LS and NJ are located in the YKP and the intensity of precipitation is higher here.




3.1.2. Classification Analysis at the Basin Scale


The performance of the three contingency indicators in our study was good (Figure 4). The POD was higher than 0.72, FAR was less than 0.3, and the CSI was higher than 0.67. Therefore, we believe that the six products can accurately monitor the occurrence of precipitation events.



In the five river basins, we could clearly see that the six products on the LS (the largest value of FAR was 0.209, and in the following paragraphs, FARmax is used to represent the maximum value of FAR) and NJ (FARmax = 0.205) basins performed significantly better than on the other three river basins, the main reason being that most rain gauges in LS and NJ are distributed in temperate regions and areas with a lower mean altitude, so it is beneficial to distinguish precipitation events by IR, MW, and other sensors. YZ is located at a higher average altitude, which brings difficulties for satellite monitoring. For YT and YL, temperate regions account for a smaller proportion of the total area, mostly snow-covered areas, which is not conducive to satellite monitoring.





3.2. Accuracy Evaluation of Satellite Precipitation Products at the Rain Gauge Scale


In this study, we calculated the CC, bias, RMSE, and MAE for each rain gauge, and the results are drawn in Figure 5, Figure 6, Figure 7 and Figure 8. In addition, we also calculated the POD, FAR, and CSI for each gauge (Figure 9, Figure 10 and Figure 11). Then, we sorted the values of each product from the smallest to the largest and found the median value; the results are drawn in Figure 12.



We can clearly obtain the spatial distribution of each indicator through the evaluation at the rain gauge scale. On the whole, it is obvious that the CC, bias, POD, and FAR in the downstream regions of LS and NJ basins were better than those in other basins, but the RMSE and MAE were worse than those in other regions, mainly because this part is located in a humid region and the total precipitation is large. Meanwhile, we found that the RMSE and MAE of the six products decreased from southeast to northwest on the whole.



We plotted the value of the POD, FAR, and CSI of all rain gauges into boxes (Figure 12). With regard to the FAR and CSI, it is obvious that GPM-IMERG Final performed better than other products, as the FAR of GPM-IMERG Final was the lowest among the six precipitation products (median FARGPM IMERG Final = 0.396), and the CSI of GPM-IMERG Final was the highest value among the six precipitation products (median CSIGPM IMERG Final = 0.504). For the POD, GPM IMERG Final and TRMM 3B42 V7 both performed better than others (the median value of POD was 0.604 and 0.609, respectively). The main reason for this phenomenon is that the sensor of GPM IMERG Final has stronger monitoring ability for weak precipitation and small water droplets; in addition, it integrates a variety of data inversion algorithms, which greatly improves its spatiotemporal accuracy.



For different river basins, GPM IMERG Final and CHIRPS V2.0 were recommended to the upper and middle reaches of the YZ basin, due to the good performance in this area, while the performance of the six products in the downstream region of the YZ basin was similar. The performance of GPM IMERG Final, TRMM 3B42 V7, CHIRPS V2.0, and GLDAS V2.0 in the upstream areas of LS and NJ basins was similar, and each of them performed well. However, due to the high bias of GSMaP MVK and PERSIANN–CDR, it was not recommended to use them in the upstream areas of LS and NJ. For YT and YR basins, the study area covered only the source part, so no further division was made. GLDAS V2.0 and GPM IMERG Final were recommended for YT and YR basins.




3.3. Accuracy Evaluation of Satellite Precipitation Products in Elevation


We plotted the distribution of the rain gauges in different elevations (Figure 1) and climate zones (Figure 2) and found that nearly 50% of the rain gauges are located at less than 3000 m altitude (57/116) and approximately 21% of the stations (25/117) are located above 4000 m altitude. Hence, we divided the stations into four categories according to the elevation to ensure that each elevation interval contained similar numbers of stations, and we divided the elevation interval into below 1500 m, 1500–3000 m, 3000–4000 m, and above 4000 m; there were 23, 34, 34, and 25 gauges in these elevation intervals, respectively. At the same time, we found that nearly 50% of the rain gauges in the study area are located in the temperate climate zone, and with an increase in elevation, the climate zone changes from temperate zone to arid and then snowy.



It can be seen from the analysis of each elevation interval that the CC of GSMAP MVK showed a significant decrease with an increase in elevation, while other precipitation products showed a trend of decreasing with an increase in elevation when the elevation was less than 4000 m, and then showed a slight increase when the elevation was higher than 4000 m (Table 6). With regard to bias (Table 7), TRMM 3B42 V7 and GLDAS V2.0 showed a significant increase with an increase in elevation. However, the bias of other precipitation products had no obvious relationship with elevation. It is worth mentioning that the bias of GPM IMERG Final at 3000–4000 m was 0.083, nearly the lowest (bias = 0.074) of four elevation intervals. It was similar to the conclusion of Ma et al. [2]. There may be two reasons for this: One is that the water vapor exchange rate in high-altitude regions is faster than that in low-altitude regions, which leads to a large vertical difference in precipitation. The other reason is that a high altitude is more likely to produce snowfall in winter, and satellite precipitation products are poor in the observation of snow [17,21]. For the RMSE and MAE (Figure 9 and Figure 10), almost all data products showed a trend of decreasing as the elevation increased (Table 8 and Table 9), which is mainly related to precipitation intensity [5]. This result was consistent with the conclusion of Chen et al. [5] and Gao et al. [17]. On this basis, we drew scatter distribution maps of elevation and the values of the RMSE and MAE and found that the values of RMSE and MAE of each of the six products decline most significantly at 3000–4000 m (Figure 13 and Figure 14). The reasons for this phenomenon will be further explored in subsequent research. According to the performance of various indicators of different products, we believe that when the elevation is below 4000 m, GPM IMERG Final and GLDAS V2.0 perform better, while when the elevation is above 4000 m, GPM IMERG Final and CHIRPS V2.0 perform better.





4. Conclusions


In this study, six kinds of daily-scale precipitation products (TRMM 3B42 V7, GSMAP MVK, GPM IMERG Final, PERSIANN–CDR, CHIRPS V2.0, and GLDAS V2.0) were systematically evaluated by combining quantitative evaluation and classification evaluation; the time series of the study was 2001–2019. During analysis of the results, we also considered the effects of elevation and climate on the evaluation indicators, and the conclusions were mainly as follows:




	
The six precipitation products can accurately monitor the occurrence of precipitation events in the five river basins. According to the performance analysis of the mentioned products, GPM IMERG Final and CHIRPS V2.0 are recommended for the YZ basin, while GPM IMERG Final and GLDAS V2.0 are recommended for the other four basins.



	
There are some differences in the spatial distribution of indicators of the six products. For the upstream and middle reaches of YZ, we prefer to recommend GPM IMERG Final and CHIRPS V2.0; for the downstream reach of YZ, all six products can perform well. For the upstream reaches of LS and NJ, GPM IMERG Final, TRMM 3B42 V7, CHIRPS V2.0, and GLDAS V2.0 can be recommended, as for other basins, the products we recommend are the same as conclusion 1.



	
According to the analysis results of quantitative indexes in different elevation intervals, we prefer to recommend GPM IMERG Final and GLDAS V2.0 when elevation is below 4000 m, and GPM IMERG Final and CHIRPS V2.0 are recommended when elevation is above 4000 m.








Overall, this study evaluated the performance of six precipitation products in different basins in southwest China. The advantage of this study was that the study area was located in the TP, and the YGP, with large elevation changes, is the birthplace of many rivers and is located in multiple climatic zones; it is representative for the accuracy assessment of precipitation products in different watersheds, different elevation intervals, and even different climatic regions. This study evaluated the accuracy of precipitation products using statistical methods and also evaluated the ability to monitor precipitation events through classification analysis; this method can objectively evaluate the accuracy of precipitation products. The evaluation method in this paper is not only applicable to this area but also applicable to other areas. In addition, it is worth noting that due to the complex topography of the study area, the results may not be applicable to all basins. The performance of GPM IMERG Final in this study was better than other precipitation products in all basins, which provides a guiding value for multi-source monitoring fusion and multi-source algorithm fusion of data products. At the same time, the analysis of error and elevation also provides a reference for data product developers to improve the accuracy of products. The future expansion of this study can be divided into two parts: one is the research of the assimilation and fusion algorithm of multi-source heterogeneous precipitation data; the other is the evaluation of multi-source heterogeneous data in the hydrologic application, which may provide strong data support for hydro-meteorologists in the sparse area of gauges.
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Figure 1. Overview of the study area (Figure (a) mainly expresses the geographic location of the study area in China; Figure (b) shows the detail information of the study area). 
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Figure 2. Climate division of southwest China. 
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Figure 3. Quantitative analysis results of six satellite precipitation products in five river basins, (a) a represents the CC value of six products on each basin; (b) a represents the Bias value of six products on each basin; (c) a represents the RMSE value of six products on each basin; (d) a represents the MAE value of six products on each basin. 
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Figure 4. Classification analysis at the basin scale. 
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Figure 5. Correlation between different rain gauges and corresponding grids in data products. 
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Figure 6. The degree of deviation between different rain gauges and corresponding grids in data products. 
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Figure 7. The RMSE between different rain gauges and corresponding grids in data products. 
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Figure 8. The MAE between different rain gauges and corresponding grids in data products. 
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Figure 9. The POD between different rain gauges and corresponding grids in data products. 
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Figure 10. The FAR between different rain gauges and corresponding grids in data products. 
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Figure 11. The CSI between different rain gauges and corresponding grids in data products. 
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Figure 12. Classification index evaluation of six precipitation products. (a) represents the performance of POD of the six products, (b) represents the performance of FAR of the six products, (c) represents the performance of CSI of the six products. The line in the middle of the box represents the median value, each box ranges from the lower quartile (25th) to the upper quartile (75th), and the top and bottom lines represent the maximum and minimum values of each indicator, respectively. 
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Figure 13. Linear relationship between RMSE and elevation. (a) Represents the trend of RMSE and Elevation for TRMM 3B42 V7 data products with elevation changes; (b) Represents the trend of RMSE and Elevation for GSMaP MVK data products with elevation changes; (c) Represents the trend of RMSE and Elevation for GPM IMERG final data products with elevation changes; (d) Represents the trend of RMSE and Elevation for PERSIANN-CDR data products with elevation changes; (e) Represents the trend of RMSE and Elevation for CHIRPS V2.0 data products with elevation changes; (f) Represents the trend of RMSE and Elevation for GLDAS V2.0 data products with elevation changes. 
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Figure 14. Linear relationship between MAE and elevation. (a) Represents the trend of MAE and Elevation for TRMM 3B42 V7 data products with elevation changes; (b) Represents the trend of MAE and Elevation for GSMaP MVK data products with elevation changes; (c) Represents the trend of MAE and Elevation for GPM IMERG final data products with elevation changes; (d) Represents the trend of MAE and Elevation for PERSIANN-CDR data products with elevation changes; (e) Represents the trend of MAE and Elevation for CHIRPS V2.0 data products with elevation changes; (f) Represents the trend of MAE and Elevation for GLDAS V2.0 data products with elevation changes. 
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Table 1. Overview of precipitation data products mentioned in the Introduction section.
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	Precipitation Products
	Spatial

Resolution
	Spatial Range
	Temporal

Resolution
	Time Period
	Download





	TRMM 3B42
	0.25°
	50° N–50° S
	3 h/Daily
	1998–2019
	https://disc.gsfc.nasa.gov (accessed on 5 November 2021)



	TRMM 3B43
	0.25°
	40° N–40° S
	Monthly
	1998–2019
	https://disc.gsfc.nasa.gov (accessed on 5 2021)



	TMPART
	0.25°
	50° N–50° S
	Daily
	1998–2019
	https://disc.gsfc.nasa.gov (accessed on 5 November 2021)



	GPM-IMERG Early/Late/Final
	0.1°
	90° N–90° S
	0.5 h/Daily/Monthly
	2015–now
	https://gpm.nasa.gov/data/directory (accessed on 7 November 2021)



	GSMaP MVK
	0.1°
	60° N–60° S
	1 h/Daily/Monthly
	1998–now
	ftp://sharaku.eorc.jaxa.jp/GSMaP/index.html (accessed on 6 August 2021)



	GSMaP RNL
	0.1°
	60° N–60° S
	1 h/Daily/Monthly
	1998–now
	ftp://sharaku.eorc.jaxa.jp/GSMaP/index.html (accessed on 6 August 2021)



	GSMaP Gauge
	0.1°
	60° N–60° S
	1 h/Daily/Monthly
	1998–now
	ftp://sharaku.eorc.jaxa.jp/GSMaP/index.html (accessed on 6 August 2021)



	PERSIANN–CDR
	0.25°
	60° N–60° S
	3 h/Daily
	1983–now
	https://www.ncdc.noaa.gov (accessed on 7 November 2021)



	PERSIANN
	0.25°
	60° N–60° S
	0.5 h/Daily
	1983–now
	https://www.ncdc.noaa.gov (accessed on 7 November 2021)



	PERSIANN–CCS
	0.25°
	60° N–60° S
	0.5 h/Daily
	1983–now
	https://www.ncdc.noaa.gov (accessed on 7 November 2021)



	CMORPH-CRT
	8 km
	60° N–60° S
	0.5 h
	2002–now
	https://www.cpc.ncep.noaa.gov/ (accessed on 25 August 2021)



	CMORPH-BLD
	0.25°
	60° N–60° S
	3 h
	2002–now
	https://www.cpc.ncep.noaa.gov/ (accessed on 25 August 2021)



	MSWEP
	0.1°/0.25°
	Global
	3 h/Daily
	1979–now
	http://www.gloh2o.org (accessed on 3 November 2021)



	CHIRPS
	0.05°/0.25°
	60° S–60° N
	Daily
	1981–now
	https://www.chc.ucsb.edu/data/chirps (accessed on 3 November 2021)



	NCEP-CFSR
	38 km
	Global
	Daily
	1979–now
	https://hycom.org/dataserver/ncep-cfsr (accessed on 12 September 2021)



	NCEP-NCAR
	2.5°
	Global
	Daily/Monthly
	1948–now
	https://www.globalchange.gov (accessed on 12 September 2021)



	GLDAS
	0.25°
	80° N–50° S
	3 h/Daily/Monthly
	2000–now
	https://disc.gsfc.nasa.gov (accessed on 5 November 2021)



	ERA
	1.5°/0.75°
	Global
	6 h/Monthly
	1979–now
	https://cds.climate.copernicus.eu (accessed on 8 October 2021)



	APHRODITE
	0.25°
	East Asian region
	Daily
	1951–2017
	http://aphrodite.st.hirosaki-u.ac.jp/download/ (accessed on 8 October 2021)



	REF
	10 km
	South Asia
	Daily
	2000-now
	https://ftp.cpc.ncep.noaa.gov/fews/S.Asia/data (accessed on 8 October 2021)



	CRU TS
	0.5°
	Global
	Monthly
	1901–2015
	https://crudata.uea.ac.uk/cru/data/precip/ (accessed on 8 October 2021)



	ECMWF
	0.5°
	Global
	Daily
	1979-now
	https://cds.climate.copernicus.eu (accessed on 8 October 2021)



	CPC
	0.5°
	global land
	Daily
	1979–2005
	ftp://ftp.cpc.ncep.noaa.gov (accessed on 8 October 2021)
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Table 2. Distribution of rain gauge stations in five basins of southwest China.
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	Basin Name
	Number of Rain Gauges
	Average Altitude (m)
	Altitude Change (m)
	Basin Area (10,000 km2)
	Rain Gauge Network Density (Pcs/10,000 km2)
	Spatial Range





	YZ
	27
	4625
	8622
	38.58
	0.70
	31.28–27.99

81.99–97.10



	LS
	29
	3104
	5996
	16.52
	1.76
	33.82–21.14

93.86–101.84



	NJ
	15
	4026
	6465
	13.49
	1.11
	32.77–22.09

91.14–100.23



	YT
	15
	4443
	5273
	32.67
	0.46
	35.90–27.62

90.54–102.29



	YL
	30
	3869
	6320
	25.38
	1.18
	36.97–28.81

95.89–103.94
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Table 3. Basic information about the six precipitation products selected in this study.
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	Rainfall Product
	Temporal Resolution
	Spatial Resolution
	Space Coverage
	Select Time Series in the Study
	References





	TRMM 3B42 V7
	1 d
	0.25° × 0.25°
	50° S-50° N
	1 January 2001 to 31 December 2019
	[6,7,10]



	GSMAP MVK
	1 d
	0.1° × 0.1°
	60° S-60° N
	1 January 2001 to 31 December 20101 March 2014 to 31 December 2019
	[27,28,29]



	GPM IMERG Final
	1 d
	0.1° × 0.1°
	60° S-60° N
	1 March 2014 to 31 December 2019
	[19,30]



	PERSIANN–CDR
	1 d
	0.25° × 0.25°
	60° S-60° N
	1 January 2001 to 31 December 2019
	[31,32]



	CHIRPS V2.0
	1 d
	0.25° × 0.25°
	50° S-50° N
	1 January 2001 to 31 December 2019
	[15,33,34]



	GLDAS V2.0
	1 d
	0.25° × 0.25°
	90° S-60° N
	1 January 2001 to 31 December 2014
	[35,36]
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Table 4. Climate divisions in the five main river basins of southwest China.
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	Basin Name
	Aw
	Bwk
	Bsk
	Csb
	Cwa
	Cwb
	Cfb
	Dwb
	Dwc
	Dfb
	ETH





	YZ
	/
	9
	14
	/
	9
	42
	/
	18
	7
	/
	1



	LS
	4.42
	/
	3.94
	0.07
	30.02
	10.69
	8.18
	24.30
	13.75
	0.82
	3.81



	NJ
	/
	/
	/
	/
	12
	20
	6
	16
	21
	/
	25



	YT
	/
	/
	6.69
	/
	0.03
	10.22
	/
	30.59
	14.09
	/
	38.38



	YR
	/
	/
	8.98
	/
	3.46
	11.99
	/
	22.55
	31.83
	/
	21.19







In the above table, the number represents the ratio of the corresponding climate zone to the total area of the basin (%).
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Table 5. Contingency table for satellite products.
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Table 6. CC between different elevation intervals.






Table 6. CC between different elevation intervals.





	Precipitation Products
	<1500 m
	1500 m–3000 m
	3000 m–4000 m
	>4000 m





	TRMM 3B42 V7
	0.690
	0.653
	0.616
	0.647



	GPM IMERG
	0.749
	0.718
	0.675
	0.733



	GSMAP MVK
	0.618
	0.564
	0.545
	0.511



	GLDAS V2.0
	0.623
	0.657
	0.749
	0.734



	PERSIANN–CDR
	0.592
	0.540
	0.562
	0.666



	CHIRPS V2.0
	0.622
	0.584
	0.539
	0.675
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Table 7. Bias between different elevation intervals.






Table 7. Bias between different elevation intervals.





	Precipitation Products
	<1500 m
	1500 m–3000 m
	3000 m–4000 m
	>4000 m





	TRMM 3B42 V7
	0.044
	0.156
	0.171
	0.343



	GPM IMERG
	0.074
	0.110
	0.083
	0.198



	GSMAP MVK
	−0.331
	0.149
	0.599
	0.168



	GLDAS V2.0
	−0.014
	0.080
	0.099
	0.487



	PERSIANN–CDR
	−0.051
	0.254
	0.644
	0.621



	CHIRPS V2.0
	0.099
	0.133
	0.038
	0.159
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Table 8. RMSE between different elevation intervals.






Table 8. RMSE between different elevation intervals.





	Precipitation Products
	<1500 m
	1500 m–3000 m
	3000 m–4000 m
	>4000 m





	TRMM 3B42 V7
	4.106
	2.436
	2.067
	1.762



	GPM IMERG
	3.769
	2.156
	1.811
	1.403



	GSMAP MVK
	4.199
	2.672
	2.746
	1.703



	GLDAS V2.0
	4.046
	2.174
	1.573
	1.864



	PERSIANN–CDR
	4.591
	3.167
	3.102
	2.221



	CHIRPS V2.0
	5.157
	2.944
	2.261
	1.624










[image: Table] 





Table 9. MAE between different elevation intervals.






Table 9. MAE between different elevation intervals.





	Precipitation Products
	<1500 m
	1500 m–3000 m
	3000 m–4000 m
	>4000 m





	TRMM 3B42 V7
	2.251
	1.429
	1.184
	1.031



	GPM IMERG
	2.099
	1.254
	1.031
	0.829



	GSMAP MVK
	2.296
	1.605
	1.652
	1.068



	GLDAS V2.0
	2.340
	1.312
	0.880
	0.992



	PERSIANN–CDR
	2.528
	1.791
	1.715
	1.248



	CHIRPS V2.0
	2.763
	1.673
	1.270
	0.940
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