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Abstract

:

The lack of meteorological observation data limits the hydro-climatic analysis and modeling, especially for the ungauged or data-limited regions, while satellite and reanalysis products can provide potential data sources in these regions. In this study, three daily products, including two satellite products (Tropic Rainfall Measuring Mission Multi-Satellite Precipitation Analysis, TMPA 3B42 and 3B42RT) and one reanalysis product (China Meteorological Assimilation Driving Datasets for the SWAT Model, CMADS), were used to assess the capacity of hydro-climatic simulation based on the statistical method and hydrological model in Ganjiang River Basin (GRB), a humid basin of southern China. CAMDS, TMPA 3B42 and 3B42RT precipitation were evaluated against ground-based observation based on multiple statistical metrics at different temporal scales. The similar evaluation was carried out for CMADS temperature. Then, eight scenarios were constructed into calibrating the Soil and Water Assessment Tool (SWAT) model and simulating streamflow, to assess their capacity in hydrological simulation. The results showed that CMADS data performed better in precipitation estimation than TMPA 3B42 and 3B42RT at daily and monthly scales, while worse at the annual scale. In addition, CMADS can capture the spatial distribution of precipitation well. Moreover, the CMADS daily temperature data agreed well with observations at meteorological stations. For hydrological simulations, streamflow simulation results driven by eight input scenarios obtained acceptable performance according to model evaluation criteria. Compared with the simulation results, the models driven by ground-based observation precipitation obtained the most accurate streamflow simulation results, followed by CMADS, TMPA 3B42 and 3B42RT precipitation. Besides, CMADS temperature can capture the spatial distribution characteristics well and improve the streamflow simulations. This study provides valuable insights for hydro-climatic application of satellite and reanalysis meteorological products in the ungauged or data-limited regions.
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1. Introduction


Precipitation plays an important role in the hydrological cycle and is the main input to hydrological and eco-hydrological models [1,2,3]. Meanwhile, region temperature also has great potential to cause the runoff changes under a changing environment [4], and a large number of previous studies have stressed the influence of temperature on the hydrological cycle [5,6,7]. Therefore, accurate and reliable precipitation and temperature information (e.g., precipitation intensity, extreme temperature) are necessary to enable better water resources management and to guarantee decision-makers to formulate more reasonable plans in various aspects, such as agriculture, industries, living and ecology water consumption [8]. In addition, more detailed observations from dense monitoring networks are more helpful to deepen the understanding of natural hydrological processes (e.g., infiltration, evapotranspiration) and to reduce the uncertainty arising from inputs [9].



For the precipitation estimation, ground gauge observation is generally considered as the most reliable and accurate source of reference data because gauge-based observation provides a direct physical record of precipitation at a given single spot [10,11]. Despite this, the collection of reliable precipitation and temperature data from these ground-based monitoring networks has still been a big, challenging task [12,13]. In fact, there is quite a sparse monitoring network of climate stations in many regions, particularly in these difficult-to-access environments and developing countries in which inadequate funds are available for installation and maintenance of equipment related with precipitation and temperature monitoring [14]. Although these observations from sparse monitoring networks can provide accurate estimation of precipitation and temperature at a single spot in these regions, it may be inadequate to deal with hydrological and meteorological heterogeneity and complexity across the whole region [15].



In recent decades, the Gridded climate products (GCPs), mainly including the satellite datasets and global/regional reanalysis meteorological datasets, can provide a potential alternative of gauge observations for hydro-climatic analysis and simulation in these regions, where there is lack of conventional gauge observations [16,17,18]. The GCPs, usually with high temporal and spatial resolutions, can provide continuous meteorological variable series in time and space, and will avoid the uncertainty arising from interpolation [19]. A large number of GCPs have been developed from numerical models and remote sensing monitoring. For example, Tropical Rainfall Measuring Mission Multi-Satellite (TRMM) Precipitation Analysis (TMPA) can provide near globally at a sub-daily time-scale for periods from 1998 to now [20]. Joyce et al. [21] developed a new sub-daily precipitation dataset, called Climate Prediction Center (CPC) MORPHing technique (CMORPH) for hydrological application. Precipitation Estimation from Remotely Sensed Information using Artificial Neural Network-Climate Data Record (PERSIANN-CDR) with 0.25 degree and sub-daily resolution is freely available online [22]. Besides, the National Centers for Environmental Prediction Climate Forecast System Reanalysis (NCEP-CFSR) [23], the Global Precipitation Climatology Centre (GPCC) [24], the Global Precipitation Climatory Project (GPCP) [25], the WATCH Forcing Data (WFD) [26], the Climatic Research Unit (CRU) [27] and the China Meteorological Assimilation Driving Datasets for the SWAT (Soil and Water Assessment Tool) Model (CMADS) [28] can provide near global or regional meteorological variables at different spatial and temporal scales. With the development of remote sensing and numerical models, there will be more available products in the future. Although a large number of these products have been investigated in previous studies [10,11,29,30,31], it is still not well known which product would perform best for a given region. Moreover, the performance of a given product would vary dramatically from one region to another. For example, Salio et al. [8] pointed out the large overestimation of precipitation by CMORPH over southern South America, whereas Tan et al. [10] detected the significant underestimation of precipitation by using the same product in Malaysia. Therefore, it is necessary to evaluate the performances of GCPs with local gauge-observation data before these products can be used with high confidence for a specific study area. Additionally, most previous studies mainly focused on the assessment and simulation of precipitation data of satellite and reanalysis data, and few studies have also carried out the accuracy assessment of temperature data of GCPs [32,33].



In this study, we mainly focus on the performances of GCPs precipitation and temperature data in a humid region of southern China: Ganjiang River Basin (GRB). Three products, including Tropic Rainfall Measuring Mission Multi-Satellite Precipitation Analysis (TMPA 3B42 and 3B42RT) and China Meteorological Assimilation Driving Datasets for the SWAT Model (CMADS), were evaluated in this study. TMPA products with only precipitation information were taken as the representatives of remote sensing precipitation products, and CMADS, a newly constructed meteorological dataset, was selected as that of reanalysis products. In addition, CMADS can provide multiple meteorological elements for the East Asia region and has drawn attention from around the world because of its high spatiotemporal resolution and reliable quality for hydrological and meteorological application.



The main objectives of the present study were to assess the accuracy of the CMADS, TMPA 3B42 and 3B42RT data for precipitation and temperature data from 2008 to 2014, evaluate the performance of CMADS and TMPA precipitation in the driving distributed hydrological model for streamflow forecast and to analyze the applicability of CMADS temperature for forcing hydrological model and parameter sensitivity characteristics under different input scenarios. The remaining part of this paper is organized as follows. Section 2 introduces the information of the study area and data used in this study. Section 3 describes the statistical methods, hydrological model and its related input information. The detailed performance of CMADS, TMPA 3B42 and 3B42RT for statistical analysis and hydrological simulation is presented in Section 4. Some constructive discussions and perspectives are shown in Section 5. Finally, the conclusions are provided in Section 6.




2. Study Area


Ganjiang River, with total length of 766 km, is the seventh largest tributary of Yangtze River and also the longest river in Jiangxi province of China. The Ganjiang River Basin (GRB), located within 113°30′~116°40′ E and 24°29′~29°21′ N, covers a total drainage area of 80,948 km2 above Waizhou hydrological station and accounts for 51% of the area of Jiangxi province in the southeast of China (Figure 1). The topography of GRB varies from hills in the southern region to alluvial plains in the northeastern region, with elevation ranging from 105 m below the sea level to 2128 m above the sea level.



The GRB has a typical subtropical humid monsoon climate dominated by East Asian monsoon, and is one of the typical rainstorm regions in China [34]. Due to the comprehensive influences caused by climate and complex terrain, the annual precipitation of GRB is between 1400 and 1600 mm, and the mean annual air temperature is around 17.8 °C. The lowest and highest temperatures are about −5.9 and 39.5 °C, respectively. Because of the monsoon climate and local topography, the precipitation exhibits strongly seasonal and heterogeneous characteristics, with over 70% of the total rainfall concentrating in plum rain season (from April to June).




3. Data and Methodology


3.1. Data


3.1.1. China Meteorological Assimilation Driving Datasets for the SWAT Model (CMADS)


CMADS, developed by Meng et al. [35], is a newly developed meteorological dataset for driving distributed hydrological models such as SWAT [36], Variable Infiltration Capacity (VIC) [37] and Distributed Time-Variant Gain Model (DTVGM) [38,39]. CMADS is constructed by fusing muti-source data on the China Meteorological Administration Land Data Assimilation System (CLDAS). These datasets for constructing CMADS consist of ground-based observed data, satellite monitoring data and numerical products. Compared with satellite datasets such as TMPA or PRESIANN, CMADS can provide multiple meteorological elements, including daily maximum/minimum temperature, daily accumulative precipitation, daily average relative humidity, daily average wind speed and daily accumulative solar radiation. Among these meteorological elements, precipitation and temperature (maximum/minimum or average) play important roles in driving distributed hydrological models. Therefore, it is essential to evaluate the accuracy of precipitation and temperature for CMADS in a given region. The CMADS dataset can provide a high temporal resolution at the daily scale from 2008 to 2016, and cover the whole East Asian region (0°~65° N, 60°~160° E) at 0.333, 0.25, 0.125 and 0.0624 degrees in CMADS V1.0, CMADS V1.1, CMADS V1.2 and CMADS V1.3, respectively. Until now, the application of the CMADS dataset has gained attention from a number of researchers and studies when carrying out water resource modeling, evaluating non-point source pollution, analyzing meteorological data and so on. For example, Meng et al. [28] evaluated the accuracy of CMADS in the mainland of China and applied CMADS in the streamflow forecast of Heihe River Basin, China. The CMADS dataset was also applied in Manas River Basin [40], Yurungkax River Basin [41], Hunhe River Basin [42] and Longnan District [43] in China. In order to compare this dataset with widely used grid satellite products such as TMPA 3B42 or PERSIANN, the CMADS V1.1 with spatial resolution at 0.25 degrees and daily temporal resolution was selected in this study, and this dataset is freely available from Cold and Arid Regions Sciences Data Center at Lanzhou, China (http://westdc.westgis.ac.cn). The CMADS V1.1 with spatial range between 0°~65° N, 60°~160° E, consisting of 400 × 260 (total 10,400) grid points, provides high-quality and high-resolution meteorological data for the investigation of hydrology and meteorology in the East Asian region.




3.1.2. Tropical Rainfall Measuring Mission Multi-Satellite Precipitation Analysis (TMPA)


The Tropical Rainfall Measuring Mission (TRMM) Multi-Satellite Precipitation Analysis (TMPA) with the first space-borne precipitation radar has provided a range of precipitation products since 1997 [44]. TMPA precipitation data have been widely used in many applications, such as hydrological modeling [45], flood prediction [46], drought monitoring [47] and probable maximum precipitation estimation [11]. The latest version (Version 7) of the TMPA products was posted on public websites on 22 May 2012. The TMPA Version 7 has two datasets with daily precipitation estimation. The first is TMPA 3B42RT V7 (hereafter called 3B42RT), the real-time version, which can be obtained around 6–9 h after the observation, and the second is TMPA 3B42 V7 (hereafter called 3B42), the research version, which is freely available approximately two months after the observation. Previous studies have proven that the post-real-time version (3B42) has more accurate and better performance than the real-time version (3B42RT) when carrying out hydro-climate analysis and modeling [10,48]. The difference between these two products is due to the fact that the 3B42 product combines satellite and ground-observed data, including infrared GOES-W (Geostationary Operational Environmental Satellite-West), GOES-E (East), GMS (Geostationary Meteorological Satellite), Meteosat-5, Meteosat-7 and NOAA (National Oceanic and Atmospheric Administration)-12 geostationary satellites, as well as passive microwave radiometers from TMI/TRMM (TRMM Microwave Imager), SSMI/DMSP (Special Sensor Microwave Imager/Defense Meteorological Satellite Program), AMSU/NOAA (Advanced Microwave Sounding Unit/National Oceanic and Atmospheric Administration) and AMSR-E/Aqua (Advanced Microwave Scanning Radiometer-EOS) low-orbit satellites [49]. Therefore, in order to evaluate the performance of satellite products for hydro-climate application, the 3B42 and 3B42RT daily precipitation products were used in this study. The spatial boundary of 3B42 is between 50° S and 50° N with 0.25 degrees spatial resolution, and the temporal extent is from 1998 to now with daily precipitation. Whereas, 3B42RT with spatial extent between 60° S and 60° N can be obtained from March 2000 to now. For the purpose of comparing CMADS, 3B42 and 3B42RT, these two TMPA daily precipitation products ranging from 2008 to 2014 were selected in this study. The TMPA products can be obtained from Goddard Earth Sciences Data and Information Services Center (http://mirador.gsfc.nasa.gov).




3.1.3. Ground-Based Gauge Data


Daily precipitation data of the GRB from 2008 to 2014 were collected from rain gauges and meteorological stations, and daily maximum temperature and minimum temperature data in this region during the same time period were only provided by meteorological stations. The data from 36 rain gauges was obtained from the Hydrology Bureau of Jiangxi Province in China and the data from 9 meteorological gauges can be downloaded from the National Climate Center (NCC) of the China Meteorological Administration (CMA, http://data.cma.cn). The rainfall series of each rain gauge in the GRB has passed the quality control and homogeneity test, which is investigated by Xiao et al. [50]. In addition, daily streamflow data from 2008 to 2014 at the Waizhou hydrological station located in the GRB was also collected from the Hydrology Bureau of Jiangxi Province for calibration and validation of hydrological models. All these data used in this study have been confirmed to be reliable and applicable for driving hydrological models by previous studies [51].




3.1.4. Geospatial Data


In order to drive the distributed hydrological model, a digital elevation model (DEM), a land use map and a soil type map should be firstly prepared in advance. A 3 arc-second (90 m) DEM map of the GRB comes from the Shuttle Radar Topographic Mission (SRTM) Digital Elevation Database of USGS/NASA (United States Geological Survey/National Aeronautics and Space Administration) (http://srtm.csi.cgiar.org). The land use and soil type map with spatial resolution of 1 km were obtained from the Data Center Resources and Environment Sciences, Chinese Academy of Sciences (RESDC, http://www.resdc.cn). The associated soil database contains detailed information about physical soil attributes of different soil layers.





3.2. Statistical Metrics


A set of statistical metrics were selected to evaluate the performance of CMADS, 3B42 and 3B42RT against gauge observations at annual, monthly and daily scales in this study, and these metrics have been widely used for accuracy evaluation of GCPs in previous studies [11,17,33,52,53,54,55]. The continuous statistical metrics consist of the Correlation Coefficient (CC), Root-Mean-Square Error (RMSE), Mean Error (ME) and Relative Bias (BIAS), the categorical statistical metrics include the Probability of Detection (POD), False Alarm Ratio (FAR) and Critical Success Index (CSI), and the SPAtial EFficiency (SPAEF) [56] is used to evaluate the performance of GCPs in spatial pattern matching. Among these statistical metrics, CC was used to evaluate the agreement between CMADS, 3B42, 3B42RT and ground-based observation data, and RMSE, ME and BIAS were used to describe the error and bias of CMADS, 3B42 and 3B42RT [53,54]. POD, FAR and CSI can usually reflect the consistency between CMADS, 3B42, 3B42RT and gauge data. The POD represents the ratio of events correctly detected by satellite or reanalysis products, the FAR refers to the ratio of events falsely reported by these products and the CSI as a function of POD and FAR provides more balanced judgment of satellite or reanalysis products [33,55]. The SPAEF, a relatively new spatial efficiency metric, combines three independent components (correlation, variance and histogram overlap) into one metric and can be applied for spatial similarity evaluation [56,57]. These statistical metrics can be measured as follows:


  CC =     ∑  i = 1  n   (  S i  −  S ¯  ) × (  G i  −  G ¯  )         ∑  i = 1  n   (  S i  −  S ¯  )         ∑  i = 1  n   (  G i  −  G ¯  )        
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  SPAEF = 1 −      (  C C − 1  )   2  +    (  β − 1  )   2  +    (  γ − 1  )   2     
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where n is the number of samples, Si and Gi are the GCPs estimation and ground-based observation values for precipitation or temperature respectively,    S ¯    and    G ¯    are their mean values respectively, H is correct detection (the observed precipitation by gauge that is detected by GCPs correctly), M is missed detection (observed precipitation not detected), F is false alarm (precipitation is not observed in rain gauge, but detected falsely), β is the spatial variability and γ is the overlap between the histograms of GCPs estimation and ground-based observation values. A further description of SPAEF is provided by Demirel et al. [56].



According to Shen et al. [58], the accuracy assessment of these satellite or reanalysis products is largely influenced by the density and distribution of local station networks. Therefore, the point-to-pixel assessment was applied in this study, which means that only the grids with at least one ground-observed station are assessed. In addition, this point-to-pixel assessment approach could avoid adding any additional errors and uncertainties arising from the interpolation process of rain gauges [59].




3.3. Soil and Water Assessment Tools (SWAT)


The SWAT model, developed by the US Department of Agriculture—Agriculture Research Service (USDA-ARS), is a watershed-scale, distributed and physically based hydrological model for simulating the hydrological processes (e.g., runoff, sediment and nutrient transport) and evaluating the influence of different land management practices on these processes in large complex watersheds with various soil types, land use and management conditions over long time periods [36]. Until now, the SWAT model has been one of the most extensively used hydrological models, and lots of studies have proven the capacity of the SWAT model for hydrological simulation and water resources management. In SWAT, a watershed is firstly divided into multiple sub-watersheds based on the information of DEM. Then, each sub-watershed will be further delineated into hydrological response units (HRUs) according to the threshold vales of land use, soil and slope. These threshold values could be set by users to create the HRUs. Each HRU is assumed to be a smaller lumped computing unit with homogeneous land use, soil characteristics, slope and management conditions. In each HRU, most of the hydrological processes in SWAT are carried out at this level and water budget is also simulated at HRU before runoff routing. Then, discharge and pollutant exports of HRUs in a given sub-watershed are aggregated together into the stream network at the outlet of this sub-watershed, and finally routed into the watershed outlet. Further detailed information about the theory, input requirements and output options of SWAT are given in online documents (https://swat.tamu.edu/documentation/2012-io/).




3.4. Input Scenarios Setting and SWAT Model Calibration


This study chose the simulation period from 2008 to 2014, with the first year used for model warming-up. The calibration period was from 2009 to 2011, and years 2012 to 2014 were used to validate the calibrated model. In order to compare the performance of CMADS, 3B42, 3B42RT and gauge-observed data for streamflow simulation, eight input scenarios were set as input for the SWAT model, with detailed information shown in Table 1. The first four scenarios were constructed by combining different sources of precipitation with gauge-observation temperature data, while the remainder of these scenarios used CMADS as the temperature data source. After running the SWAT model with different input scenarios, the applicability of the CMADS, 3B42 and 3B42RT were assessed by comparing the performance of these scenarios.



The SWAT model is calibrated by using the Sequential Uncertainty Fitting algorithm (SUFI-2) within the SWAT Calibration and Uncertainty Programs (SWAT-CUP), which provides a flexible algorithm to calibrate the SWAT model with a large number of input parameters [60]. Based on local knowledge and the previous studies of the SWAT model, ten parameters were selected to calibrate the SWAT model [31,33]. These selected parameters are CN2 (initial SCS runoff curve number for moisture condition II), ESCO (soil evaporation compensation factor), SLSUBBSN (average slope length), CH_N2 (Manning’s n value for the main channel), CH_K2 (effective hydraulic conductivity in main channel alluvium), GWQMN (threshold depth of water in the shallow aquifer required for return flow to occur), REVAPMN (threshold depth of water in the shallow aquifer for “revap” or percolation to the deep aquifer to occur), GW_REVAP (groundwater “revap” coefficient), GW_DELAY (groundwater delay time) and ALPHA_BF (baseflow alpha factor). The sensitivity analysis was also carried out in the SWAT-CUP software to analyze which parameter or what kind of parameters was most sensitive under different input scenarios.





4. Results


4.1. Evaluation and Comparison for Precipitation


4.1.1. Basic Statistical Metrics of CMADS and TMPA against Gauged Precipitation


In order to analyze the effect of different precipitation inputs on hydrological simulation, the accuracy of satellite or reanalysis precipitation should be firstly evaluated against ground-based observations. The statistical assessment was computed at 36 pixels with rain gauges, which are considered as the most accurate estimated values of precipitation. The results of the statistical assessment for CMADS, 3B42 and 3B42RT from year 2008 to 2014 at daily, monthly and annual scales are listed in Table 2. In general, each of the three products showed different performances for precipitation estimation at different time scales. At the daily scale, the CMADS obtained the highest CC (0.83) and RMSE (6.35 mm) values among these three products, while 3B42RT had the worst performance with CC and RMSE values of 0.60 and 11.04 mm. However, the ME (−0.60 mm) and RB (−13.37%) of CMADS were obviously worse than those of 3B42 and 3B42RT. It is clear that the CMADS precipitation shows better linear correlation but also significantly underestimates the actual precipitation at the daily time scale. Similar results were obtained at the monthly time scale, but the difference between CMADS, 3B42 and 3B42RT was obviously reduced compared with the daily scale (Table 2). However, the statistical results of values with CC (0.85), RMSE (283.57 mm) and ME (−218.55 mm) for CMADS were worse than results of values with CC (0.90), RMSE (188.27 mm) and ME (58.13 mm) for 3B42 at the annual scale, which is contrary to the performance of these two products at daily and monthly scales. The RMSE and ME values of 3B42RT were obviously better than those of CMADS, although CC of 3B42RT was slightly lower than that of CMADS. In addition, the POD (0.90) and CSI (0.71) of CMADS were significantly higher than those of 3B42 and 3B42RT.



Comprehensively considering the statistical results of CC, RMSE, POD and FAR, the CMADS showed better performance at daily and monthly precipitation estimation, while the 3B42 showed the best performance at annual precipitation estimation. Besides, the same conclusion can be obtained according to ME and RB. It is clear that the 3B42 precipitation slightly overestimated the precipitation and 3B42RT obviously overestimated precipitation based on the respective positive and negative signs for the ME and RB statistical metrics, while the CMADS precipitation resulted in highly underestimated precipitation in the GRB. That is the potential cause of worst performance for CMADS precipitation estimations at the annual scale, at which the total amount of precipitation is more concerned than the seasonal distribution of precipitation.



The precipitation estimated by CMADS, 3B42 and 3B42RT were compared with gauged-based observations at pixels with rain gauges, as shown in Figure 2. This Figure showed that the best-fit line of CMADS (red line in Figure 2a,d,g) is obviously deviating from the diagonal line that we believe could be the best fitted results. Compared with the best-fit line of 3B42 (red line in Figure 2b, e, h) and 3B42RT (red line in Figure 2c,f,i), the CMADS significantly underestimated the precipitation, especially at the annual scale. However, the CMADS precipitation showed better consistency with gauge observations, while the 3B42 and 3B42RT precipitation was more scattered, which was the same with the analysis in Table 2.




4.1.2. Spatial Validation of CMADS and TMPA Precipitation


Actually, precipitation is characterized by highly temporal and spatial variability, which is influenced by climate processes and regional complex topology. Therefore, the spatial assessment of CMADS, 3B42 and 3B42RT should be carried out to analyze the accuracy of these three products. The SPAEF values between ground-based observation and GCPs estimated mean daily, monthly and annual precipitation in GRB are summarized in Table 3. The SPAEF can have a value ranging from −∞ to 1, where a value closer to 1 indicates higher spatial similarity between the ground-based observation and GCPs. The CMADS showed the highest spatial similarity with the highest SPAEF values at daily, monthly, and annual temporal scales, followed by 3B42, and 3B42RT showed the worst spatial similarity based on the SPAEF values. With the temporal resolution extending from daily to monthly and annual scales, the difference between CMADS, 3B42 and 3B42RT was reduced according to the SPAEF values in Table 3.



The CC, RMSE and RB values for CMADS, 3B42 and 3B42RT at the daily temporal scale over the whole basin are presented in Figure 3. Compared with 3B42 and 3B42RT, the CMADS showed best performance with highest CC value and lowest RMSE value, which is the same as the SPAEF results. The 3B42 and 3B42RT presented similar spatial characteristics of CC and RMSE, but 3B42 was better for most pixels. As for RB (Figure 3g,h,i), it is clear that the CMADS precipitation significantly underestimated the precipitation at almost all pixels with rain gauges, while the 3B42 and 3B42RT overestimated the precipitation at pixels with rain gauges.



Based on the comprehensive evaluation of CMADS, 3B42 and 3B42RT precipitation at different scales, these three products provided acceptable results in the GRB, but there are some differences between them. The CMADS precipitation can provide more accurate estimation at daily and monthly scales with higher CC, POD and CSI, while the 3B42 is more accurate at the annual time scale with the best CC and RB. This might be due to the difference of precipitation estimation algorithms between them. The satellite precipitation algorithms of 3B42 and 3B42RT can capture strong, extreme precipitation events, but tend to miss shallow precipitation events [30,61], which caused the relatively low POD and CSI values in Table 2. In addition, compared with 3B42RT, 3B42 precipitation data is corrected to reduce the bias by using the GPCC monthly gauge observation [20]. Therefore, 3B42 showed satisfied precipitation estimation at monthly and annual scales, while 3B42RT had a significant overestimation of precipitation.





4.2. Evaluation and Comparison for Temperature of CMADS Dataset


Table 4 lists the statistical assessment results of the CMADS daily maximum and minimum temperature against ground-observation temperature at nine meteorological stations (Figure 1) in the GRB. The comparisons were calculated at nine pixels with meteorological station, from which the most accurate and reliable temperature data can be observed. In general, the CMADS temperature presented highly linear correlation with ground-based observations, with CC values larger than 0.97 for both daily maximum and minimum temperature. In Table 4, the CC values of daily maximum temperature are larger than 0.99 at all meteorological stations, while CC values for most stations are approximately 0.98 when assessing daily minimum temperature. Therefore, the daily maximum temperature estimated by CMADS revealed a better correlation with ground-based observations compared with daily minimum temperature estimation. In addition, all stations except Suichuan and Xunniao stations obtained smaller RMSE for maximum temperature estimation compared with minimum temperature estimation, which showed better estimation for daily maximum temperature.



The box plots of temperature estimated by gauge observations and CMADS at nine meteorological stations in the GRB are shown in Figure 4a for daily maximum temperature and Figure 4b for daily minimum temperature. As shown in Figure 4, the CMADS temperature showed similar statistical characteristics (e.g., mean, median, interquartile range) with ground-based data for both daily maximum and minimum temperature. All stations except Jinggangshan station tended to underestimate the maximum and minimum temperature values, which could also be concluded by analyzing respective positive and negative signs for the ME and RB statistical metrics summarized in Table 3. The different performance for Jinggangshan station could be due to the complex terrains. The Jinggangshan station is located at a mountainous region, in which installation and management of the ground-based stations is difficult and expensive. Therefore, complex terrains and limited data observations in these mountainous regions might affect the performance of CMADS in temperature estimation.




4.3. Performance of SWAT Model Driven by Different Input Scenarios


Before the streamflow simulation results under different input scenarios are presented, the model evaluation criteria should be firstly determined to assess the performance of simulations. For hydrological simulations, the common goals are to maximize the accuracy and reliability of results [62]. For example, the shape and volume of the simulated streamflow hydrograph should be basically the same as those of the observed streamflow process for a given watershed [39]. Therefore, two evaluation criteria, Nash-Sutcliffe efficiency (NSE) [63] and regression coefficient of determination (R2), were selected to evaluate the model performance in this study [64]. NSE reflects fitting degree between simulated streamflow and observed data, while R2 is used to indicate the measured and observed variables [65]. Until now, the absolute criteria for judging model performance have not been established. However, the NSE values greater than 0.75 indicate very good performance, and the values between 0.75 and 0.36 show satisfactory results, while values lower than 0.36 indicate the model has failed to be applied [66].



Based on our local knowledge and a literature review of SWAT in the monsoon region, 10 sensitive parameters were selected for model calibration between 2009 and 2011 and validation between 2012 and 2014. The SWAT model driven by different input scenarios was calibrated with daily streamflow data by using the SUFI-2 algorithm in SWAT-CUP software. Table 5 lists the best fitted calibration parameters and their sensitive ranking under four input scenarios with different precipitation data sources. It is found that there is a difference between the best fitted model parameters driven by different input scenarios. Compared with the parameter sensitive ranking of models driven by observed precipitation (Obs + Obs), the models driven by CMADS (CMADS + Obs) and 3B42 (3B42 + Obs) presented similar sensitive ranking results. All three models identified ALPHA_BF and CN2 as the first two most sensitive parameters. However, the model with 3B42RT as input (3B42RT + Obs) recognized ALPHA_BF and ESCO as the first two most sensitive parameters. Moreover, the sensitive analysis results of the last model were obviously different than the former three models.



The streamflow simulation results were obtained by running the SWAT model with different input scenarios and corresponding parameter values. Generally, the SWAT simulation results based on the ground-observed data (Obs + Obs) agreed well with the observed streamflow during both the calibration and validation periods (Figure 5). As shown in Table 6, the NSE values of the SWAT model driven by observed data (Obs + Obs) were 0.918 and 0.851 for the calibration and validation periods, and the corresponding R2 were 0.919 and 0.867, respectively. The statistical results of NSE and R2 indicated that the SWAT model performed well for hydrological simulation in the GRB according to previously suggested criteria. The simulation results and corresponding statistical metrics of the SWAT model driven by CMADS, 3B42 and 3B42RT precipitation are also shown in Figure 5 and Table 6. For the SWAT simulations driven by CMADS, 3B42 precipitation tended to underestimate the high streamflow and overestimate the low streamflow. The most accurate model simulation results were obtained by driving ground-based precipitation, followed by driving CMADS, 3B42 and 3B42RT precipitation data.



According to the model evaluation criteria discussed above, all the SWAT simulation results driven by CMADS, 3B42 and 3B42RT precipitation data were acceptable, as reflected by the NSE values greater than 0.36 in calibration and validation periods. However, compared with the simulations driven by 3B42 (3B42 + Obs) and 3B42RT (3B42RT + Obs), the model driven by CMADS (CMADS + Obs) with NSE values of 0.873 and 0.778 in calibration and validation periods showed a better alternation for the ground-based observation data. Besides, the simulation results of the CMADS-driven model could capture the relationship between precipitation and streamflow and then obtain better streamflow simulation results, especially for the peak values. The model with 3B42 as input resulted in relatively high underestimation of peak streamflow and overestimation of low streamflow. However, the consistency between simulated streamflow driven by 3B42RT and observed streamflow was worse than results driven by other input scenarios. The R2 values of the CMADS-driven model were 0.875 and 0.837 during calibration and validation periods, which showed the simulation results tracked the observed streamflow better than simulation results with TMPA products as input (Figure 5).



The simulations with CMADS as a temperature data source were also executed for evaluating the influence of different temperature sources on hydrological simulations. Table 6 presents statistical indices (NSE and R2) of SWAT simulations based on different inputs by combing ground-based, CMADS, 3B42 and 3B42RT precipitation with CMADS temperature. Generally, the combination of CMADS temperature with different precipitation sources (Obs + CMADS, CMADS + CMADS, 3B42 + CMADS and 3B42RT + CMADS, in Table 1) as model inputs did not cause much significant difference for the hydrological simulations compared to the simulations driven by observed temperature data and different precipitation sources (Obs + Obs, CMADS + Obs, 3B42 + Obs and 3B42RT + Obs) as input. For example, the model parameters with ground-based precipitation and temperature (Obs + Obs) as input are almost the same with those parameters obtained by ground-based precipitation and CMADS temperature (Obs + CMADS) as input. Furthermore, the differences of calibration and validation NSE values between these two input scenarios are 0.003 and 0.001, respectively. Similar results can be obtained by comparing other input scenarios. It is obvious that the influence of precipitation on the local hydrological cycle is much more significant than that of temperature data in the GRB. This could be due to the high quality of CMADS temperature data and the climatic characteristics of GRB. As shown in Table 4 and Figure 4, the CMADS temperature data showed high consistency with gauge-based observation data, which indicated that CMADS can better capture the temporal and spatial characteristics of temperature. Therefore, the model simulation results with CMADS temperature as inputs showed slight improvement compared to the simulations with ground-based temperature as inputs. On the other hand, the changes of temperature could have a great influence on potential evapotranspiration (e.g., Penman-Monteith method [67]) and snow melts (e.g., degree-day model [68]) processes. However, the GRB is a typical monsoon climatic watershed in southern China, and the hydrological cycle in this region is mainly influenced by the relationship between rainfall and runoff.





5. Discussion


The simulation results of a given hydrological model are mainly dominated by inputs, model structure and model parameters. Inappropriate input data, wrong model structure and erroneous parameter values could obtain a seemingly good simulation [63]. Therefore, the statistical evaluation of CMADS, 3B42 and 3B42RT data was firstly carried out in this study before applying them in any hydrological models. CMADS, 3B42 and 3B42RT precipitation data were evaluated with ground-based data from multiple time scales by using the point-to-pixel method. CMADS temperature evaluation was performed at nine meteorological stations. Then, eight input scenarios by combining four precipitation data (ground-based, CMADS, 3B42 and 3B42RT) with two temperature data (ground-based and CMADS) were set to drive the SWAT model.



From the view of statistical evaluation and hydrological simulation results, the CMADS product has better performance than the 3B42 and 3B42RT products for hydro-climatic analysis. This is due to the differences between the three products’ development processes. The 3B42RT is a real-time precipitation estimation product without correcting by ground-based observation data. However, the precipitation gauge data are applied into the CMADS and 3B42 products. Although both CMADS and 3B42 products have been corrected by ground data, the used land surface observation stations for these two products are different in the mainland of China. The CMADS was developed by fusing satellite observation, numerical products, 40,000 area encryption stations and 2700 national automatic weather stations. In addition, Meng et al. [28,35] found that the CMADS can reflect the temporal and spatial distribution of land surface elements by comparing the CMADS dataset with meteorological elements from 2421 national automatic stations of China Meteorological Administration, which is consistent with the results obtained in this study. However, only about 500 stations in China are utilized to correct the TMPA datasets [69,70], which limits the performance of TMPA products for hydrological and meteorological application in China.



As shown in Table 4 and Figure 4, the temperature of CMADS showed high consistency with ground-based observation data, which provides a potential alternative for hydrological application, especially in ungauged or data-limited basins of China. The CMADS product could reflect the spatial distribution of temperature and improve the accuracy of hydrological simulation, which is significant for the mountainous basins and alpine regions with sparse monitoring networks. Several studies have been conducted in these regions by using the CMADS product, such as Heihe River Basin [35], Mannas River Basin [40], Yurungkax River Basin [41], Hunhe River Basin [42] and Longnan District [43] in China.



In the present study, the hydrological evaluation of GCPs was conducted only by one distributed hydrological model, SWAT. However, different hydrological models have their own model structures, complexities and process presentations. Therefore, choosing only one model would cause a relatively larger deviation than using multiple models in the hydrological evaluation of GCPs. Besides the datasets (CMADS, 3B42 and 3B42RT) used in this study, there are lots of satellite-based precipitation products and reanalysis products, such as Climate Hazards Group Infrared Precipitation with Station data (CHIRPS) [71], Integrated Multi-SatellitE Retrievals for the Global Precipitation Measurement (GPM) mission (IMERG) [72], PERSIANN-CDR, CMORPH, Asian Precipitation-Highly-Resolved Observational Data Integration Towards Evaluation (APHRODITE) [73], NCEP-CFSR, CMADS, ERA−5 [74], etc. For the future work, it will be better to compare these regional products with more global datasets, and to investigate how to merge these different products into one more reliable and accurate dataset.



In general, East Asia is a part of the largest continent in the world, with about 1.5 billion inhabitants. The complex monsoon climate and highly heterogeneous terrains result in large climate variations [28]. However, the lack of meteorological data from ground-based stations limits the hydro-climatic application and also brings more uncertainty for driving the complex distributed hydrological models when using these limited data. In this study, the CMADS, 3B42 and 3B42RT datasets provide a potential alternative for driving hydrological models or conducting basin water balance analysis.




6. Conclusions


This study evaluated the precipitation of CMADS, 3B42 and 3B42RT against the ground-based observation data in the Ganjiang River Basin, China. Daily maximum and minimum temperatures of CMADS were compared with these meteorological elements at nine meteorological stations. Then, eight input scenarios by combining four precipitation datasets (ground-based, CMADS, 3B42 and 3B42RT) with two temperature datasets (ground-based, CMADS) were applied to force the SWAT model. The SWAT simulation results driven by different input scenarios were compared and analyzed to estimate the influence of different inputs on hydrological simulation. The main conclusions are as follows.



The CMADS, 3B42 and 3B42RT datasets showed acceptable performance for precipitation estimation in the GRB. The CMADS precipitation presented best estimation with ground-based observation precipitation at daily and monthly scales, while 3B42 was better in estimating annual precipitation. The CMADS tended to underestimate precipitation, the 3B42 showed a slight overestimation of precipitation, while 3B42RT obviously overestimated precipitation. The CMADS precipitation with high accuracy has huge potentiality for watershed hydrological modeling, especially in the ungauged or data-limited regions. For the temperature, the CMADS showed highly linear correlation with ground-based observations, which provides a potential source of temperature data for hydrological modeling.



Eight input scenarios were set to force the distributed hydrological model, SWAT. Different input scenarios resulted in different best-fitted values of model parameters. The streamflow simulations driven by CMADS showed better replication of observed streamflow than that driven by 3B42 and 3B42RT. In addition, CMADS could capture the spatial distribution characteristics of temperature well. We recommend the integration of different precipitation data with CMADS temperature data for hydrological modeling in China, especially in the mountainous basins and alpine regions. In conclusion, CMADS, 3B42 and 3B42RT can capture the precipitation and temperature, and can be well applied in hydrological simulation. Satellite and reanalysis products provide valuable data for hydro-climatic analysis in ungauged or data-limited basins.
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Figure 1. Sketch map of the Ganjiang River Basin (GRB) and corresponding rain gauges, meteorological stations and streamflow gauge. 
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Figure 2. Scatterplots of precipitation comparison at selected pixels with rain gauges for CMADS (left column), 3B42 (middle column) and 3B42RT (right column) in the GRB: (a–c) at the daily time scale, (d–f) at the monthly time scale and (g–i) at the annual time scale. The diagonal line is blue, and the best-fit line estimated by the OLS (ordinary least square) method is red. 
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Figure 3. Spatial distribution of statistical metrics at selected pixels with rain gauges for CMADS (left column), 3B42 (middle column) and 3B42 RT (right column) in the GRB: (a–c) CC, (d–f) RMSE and (g–i) RB. 
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Figure 4. Box plots of temperature estimated from meteorological gauges and CMADS in the GRB for (a) daily maximum temperature and (b) daily minimum temperature (GC: Guangchang; GZ: Ganzhou; JA: Jian; JGS: Jianggangshan; NC: Nanchang; SC: Suichuan; XN: Xunnian; YC: Yichun; ZS: Zhangshu, shown in Figure 1). 
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Figure 5. Comparison of daily observed streamflow with SWAT-simulated streamflow driven by (a) Obs + Obs, (b) CMADS + Obs, (c) 3B42 + Obs and (d) 3B42RT + Obs input scenarios, respectively. 
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Table 1. Input Scenarios setting for the Soil and Water Assessment Tools (SWAT) model.
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	Input Scenario
	Precipitation
	Temperature





	Obs + Obs
	Gauge-observed precipitation data
	Gauge-observed temperature data



	3B42 + Obs
	3B42 precipitation data
	Gauge-observed temperature data



	3B42RT + Obs
	3B42RT precipitation data
	Gauge-observed temperature data



	CMADS + Obs
	CMADS precipitation data
	Gauge-observed temperature data



	Obs + CMADS
	Gauge-observed precipitation data
	CMADS temperature data



	3B42 + CMADS
	3B42 precipitation data
	CMADS temperature data



	3B42RT + CMADS
	3B42RT precipitation data
	CMADS temperature data



	CMADS + CMADS
	CMADS precipitation data
	CMADS temperature data







Note: CMADS = China Meteorological Assimilation Driving Datasets for the SWAT Model; 3B42 = Tropical Rainfall Measuring Mission Multi-Satellite Precipitation Analysis (TMPA) 3B42 V7; 3B42RT = TMPA 3B42RT V7.
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Table 2. Summary of statistical metrics for CMADS and TMPA daily, monthly and annual precipitation in the GRB. The metrics were calculated based on the grids with rain gauges.
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Time

	
Statistical

	
Products




	
Metrics

	
CMADS

	
3B42

	
3B42RT






	
Daily

	
CC

	
0.83 **

	
0.63 **

	
0.60 **




	
RMSE (mm)

	
6.35

	
10.3

	
11.04




	
ME (mm)

	
−0.60

	
0.16

	
0.35




	
Monthly

	
CC

	
0.94 **

	
0.91 **

	
0.82 **




	
RMSE (mm)

	
41.95

	
42.98

	
74.58




	
ME (mm)

	
−18.21

	
4.84

	
10.79




	
Annual

	
CC

	
0.85 **

	
0.90 **

	
0.82 **




	
RMSE (mm)

	
283.57

	
188.27

	
259.79




	
ME (mm)

	
−218.55

	
58.13

	
129.46




	

	
RB (%)

	
−13.37

	
4.19

	
8.63




	
POD

	
0.90

	
0.61

	
0.56




	
FAR

	
0.23

	
0.22

	
0.23




	
CSI

	
0.71

	
0.52

	
0.48








Note: ** Significant at p < 0.01. CC indicates Correlation Coefficient, RMSE indicates Root-Mean-Square Error, ME indicate Mean Error, RB indicates Relative Bias, POD indicates Probability of Detection, FAR indicates False Alarm Ratio and CSI indicates Critical Success Index.
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Table 3. Summary of SPAtial EFficiency (SPAEF) values for CMADS and TMPA daily, monthly and annual precipitation in the GRB. The metrics were calculated based on the mean precipitation at different temporal scales.
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Time

	
Products




	
CMADS (Rank)

	
3B42 (Rank)

	
3B42RT (Rank)






	
Daily

	
0.57 (1)

	
0.52 (2)

	
0.49 (3)




	
Monthly

	
0.55 (1)

	
0.54 (2)

	
0.51 (3)




	
Annual

	
0.55 (1)

	
0.54 (2)

	
0.51 (3)
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Table 4. Summary of statistical metrics for CMADS daily maximum and minimum temperature in the GRB. The metrics were calculated based on the grids with meteorological stations.
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Daily Temperature

	
Station

	
Statistical Metrics




	
CC

	
RMSE (°C)

	
ME (°C)

	
RB (%)






	
Maximum

	
Guangchang

	
0.99 **

	
1.62

	
−1.08

	
−4.46




	
Ganzhou

	
0.99 **

	
2.24

	
−1.93

	
−7.75




	
Jian

	
0.99 **

	
1.48

	
−0.99

	
−4.15




	
Jinggangshan

	
0.99 **

	
2.82

	
2.47

	
12.50




	
Nanchang

	
0.99 **

	
1.47

	
−1.03

	
−4.57




	
Suichuan

	
0.99 **

	
1.86

	
−1.36

	
−5.58




	
Xunnian

	
0.99 **

	
3.02

	
−2.81

	
−11.28




	
Yichun

	
0.99 **

	
1.30

	
−0.26

	
−1.14




	
Zhangshu

	
0.99 **

	
1.43

	
−0.96

	
−4.14




	
Minimum

	
Guangchang

	
0.98 **

	
1.91

	
−0.73

	
−4.82




	
Ganzhou

	
0.98 **

	
2.35

	
−1.69

	
−10.19




	
Jian

	
0.99 **

	
1.53

	
−0.31

	
−1.96




	
Jinggangshan

	
0.98 **

	
2.95

	
2.50

	
21.37




	
Nanchang

	
0.99 **

	
1.56

	
−0.34

	
−2.17




	
Suichuan

	
0.98 **

	
1.75

	
−0.72

	
−4.57




	
Xunnian

	
0.97 **

	
2.67

	
−1.89

	
−12.23




	
Yichun

	
0.98 **

	
1.71

	
−0.11

	
−0.74




	
Zhangshu

	
0.98 **

	
1.64

	
−0.15

	
−1.00








Note: ** Significant at p < 0.01.
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Table 5. Optimal calibration value and sensitive ranking of model parameters under different input scenarios in the Ganjiang River Basin (GRB).
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Parameter

	
Range

	
Obs + Obs

	
CMADS + Obs

	
3B42 + Obs

	
3B42RT + Obs




	
Min

	
Max

	
Value

	
Sensitive Ranking

	
Value

	
Sensitive Ranking

	
Value

	
Sensitive Ranking

	
Value

	
Sensitive Ranking






	
A__CN2

	
−20

	
20

	
0.74

	
2

	
18.62

	
2

	
17.22

	
2

	
−14.30

	
10




	
V__ESCO

	
0

	
1

	
0.96

	
4

	
0.81

	
3

	
0.06

	
3

	
0.91

	
2




	
A__SLSUBBSN

	
−9

	
130

	
11.92

	
10

	
−6.57

	
10

	
69.33

	
9

	
93.37

	
9




	
V__CH_N2

	
0

	
0.3

	
0.26

	
8

	
0.07

	
8

	
0.06

	
10

	
0.08

	
8




	
V__CH_K2

	
0

	
400

	
327.8

	
3

	
265.8

	
6

	
219.0

	
6

	
331.0

	
5




	
A__GWQMN

	
−500

	
500

	
−350.5

	
5

	
−369.5

	
4

	
−269.5

	
4

	
101.5

	
6




	
A__REVAPMN

	
−500

	
500

	
−396.5

	
7

	
−19.5

	
9

	
−76.5

	
7

	
−67.5

	
4




	
V__GW_REVAP

	
0.02

	
0.2

	
0.11

	
6

	
0.10

	
5

	
0.08

	
5

	
0.07

	
7




	
V__GW_DELAY

	
0

	
300

	
124.05

	
9

	
37.05

	
7

	
263.55

	
8

	
183.15

	
3




	
V__ALPHA_BF

	
0

	
1

	
0.83

	
1

	
0.50

	
1

	
0.47

	
1

	
0.80

	
1








Note: A means a given value is added to the existing parameter value, and V indicates the existing parameters value is to be replaced by a given value. CN2 = initial SCS runoff curve number for moisture condition II; ESCO = soil evaporation compensation factor); SLSUBBSN = average slope length; CH_N2 = Manning’s n value for the main channel; CH_K2 = effective hydraulic conductivity in main channel alluvium; GWQMN = threshold depth of water in the shallow aquifer required for return flow to occur; REVAPMN = threshold depth of water in the shallow aquifer for “revap” or percolation to the deep aquifer to occur; GW_REVAP = groundwater “revap” coefficient; GW_DELAY = groundwater delay time; ALPHA_BF = baseflow alpha factor.
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Table 6. Statistical results of the SWAT model during calibration and validation periods driven by different input scenarios in the GRB (input scenarios shown in Table 1).
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Input Scenario

	
Calibration

	
Validation




	
NSE

	
R2

	
NSE

	
R2






	
Obs + Obs

	
0.918

	
0.919

	
0.851

	
0.867




	
3B42 + Obs

	
0.762

	
0.797

	
0.685

	
0.742




	
3B42RT + Obs

	
0.755

	
0.770

	
0.449

	
0.568




	
CMADS + Obs

	
0.873

	
0.875

	
0.778

	
0.837




	
Obs + CMADS

	
0.921

	
0.921

	
0.852

	
0.868




	
3B42 + CMADS

	
0.764

	
0.797

	
0.681

	
0.742




	
3B42RT + CMADS

	
0.758

	
0.771

	
0.447

	
0.570




	
CMADS + CMADS

	
0.873

	
0.874

	
0.784

	
0.837
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