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Abstract

:

Adequate and high-quality precipitation estimates, from spaceborne precipitation radars, are necessary for a variety of applications in hydrology. In this study, we investigated the performance of two Integrated Multi-satellitE Retrievals for the Global Precipitation Measurement (GPM) mission (IMERG) products, against gauge observations over a small river basin, the Beibu Gulf—the Nanliu River basin, and evaluated their capability of streamflow simulation, based on a conceptual watershed model from April 2014 to December 2016. The results showed that both IMERG_Cal and IMERG_Uncal could roughly capture the spatial patterns of precipitation with slight over/underestimation (Relative Bias (RB) values of 6.5% and −5.5%, respectively) at a basin scale. At grid-cell scales, two IMERG products got an RB of −23.3% to 18.9%, Correlation Coefficient (CC) of 0.521 to 0.744, and Root Mean Square Error (RMSE) of 11.3 to 17.5 mm. There were some considerable errors in heavy precipitation events, and the IMERG significantly overestimated the amounts of these extreme events. The two IMERG products showed a higher accuracy and lower error rate, when detecting the light precipitation. IMERG-driven simulation had a better quality when the model was calibrated with satellite data rather than with rain gauge data. This analysis implied that IMERG products have potential in hydrological applications, in this region, and need further improvement in algorithms.
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1. Introduction


Precipitation is an important climate variable that provides critical information on global and regional water cycles [1,2]. The conventional approach to obtain precipitation information is by gauge observation networks, and it provides direct and reliable measurements of precipitation. Precipitation exhibits significant spatiotemporal variability that requires high-density observation networks for adequate data representation [3,4,5,6]. However, gauge networks are often unevenly distributed or sparse in the remote or developing regions of the world [7,8,9,10]. So, the availability of accurate and reliable precipitation data, with different spatial and temporal scales, remains a challenge.



Satellite-based estimates can provide continuous spatiotemporal precipitation information from space, and the precipitation products derived from satellites with different spatial and temporal resolutions, have been available in recent decades [11,12,13,14,15]. The Tropical Rainfall Measuring Mission (TRMM) is a joint-mission between the National Aeronautics and Space Administration (NASA) of the United States and the National Space Development Agency (NASDA) of Japan, and the TRMM satellite was launched in 1997 [16,17,18]. The objectives of TRMM were to measure rainfall and energy (i.e., latent heat of condensation) exchange, in tropical and subtropical regions of the world [17]. TRMM data are a valuable source of rainfall data, and scientists have used TRMM data to provide high-quality climatology of rainfall and other applications [19].



The TRMM satellite exhausted its fuel in July 2014, after orbiting the Earth for 17 years. On 28 February 2014, NASA and the Japan Aerospace Exploration Agency (JAXA) jointly launched the core satellite of the Global Precipitation Measurement (GPM) [2]. As the successor of TRMM, GPM has been designed to provide a new generation of precipitation products from space, with an improved accuracy and coverage at higher space–time resolutions [2]. The GPM mission consists of nine constellation satellites and one Core Observatory satellite. Compared to the TRMM coverage (37° N/S), the GPM Core Observatory has a greater global coverage (68° N/S), and this will allow better characterization of precipitation and development of more accurate precipitation products for the middle and high latitudes, with different climate regimes [2]. The spaceborne dual-frequency phased array precipitation radar (DPR), operating at the Ku (13 GHz) and the Ka (35 GHz) bands, was first carried on the Core Observatory satellite. In addition to the DPR, a multichannel (10–183 GHz) GPM Microwave Imager (GMI) was also carried on. The GPM sensors will extend the measurement range attained by the TRMM to include light-intensity precipitation (<0.5 mm/h), and can detect snowfall and light precipitation, more accurately, than TRMM sensors [2]. The newly-released Integrated Multi-satellitE Retrievals for GPM (IMERG) [20] products provide quasi-global coverage (60° N/S) and finer spatial and temporal resolution (0.1° × 0.1°, 30 min) than the TRMM products.



There have been some initial comparative evaluations of GPM products against precipitation gauges, under different climatic and topographic conditions [21,22,23,24,25,26,27,28], and also some hydrological validations, at basin scales [29,30,31,32]. These evaluation works of the GPM mentioned above, were conducted at large scales, including global, continental, and large-medium basins, but few have been conducted for the small basin areas. The study conducted by Yilmaz et al. [33] indicated that the overall performance of the model simulations, using satellite-based precipitation estimates depends on the size of the basins, as well as the bias in the precipitation estimates, with poorer performance in smaller basins and better performance in larger basins. Tan et al. [34] also found that both IMERG and TRMM Multi-satellite Precipitation Analysis (TMPA) products improved, when scaled up to larger areas and longer time periods, with better identification of rain occurrences and consistent improvements in systematic and random errors of rain rates. However, more reliable and precise rainfall data, at a small river-basin-scale, are critically important for water resources management, which very often operates locally.



In this study, we aimed to evaluate the performance of GPM precipitation products—the successor of TRMM—in a small basin and examine their utility in hydrological modeling. Specifically, we will compare two GPM products, with gauge observations at both grid and basin scales, for a thirty-three,-month period (from April 2014 to December 2016), over the Nanliu River basin, and use these two products to drive a model for hydrological simulation.




2. Study Region


The Nanliu River originates from the Darong mountains, and flows into the Beibu Gulf (Figure 1). The river basin (between latitudes 20°38′–23°07′ north and longitudes 109°30′–110°53′ east) is located in the Guangxi Zhuang Autonomous Region, the northern coast of the Beibu Gulf, with a total drainage area of about 9700 km2, and a river length of 287 km. The drainage area, up the Changle hydrological station, is 6592 km2, with an annual discharge of 5.61 × 109 m3. The basin elevation ranges from sea level to 1244 m, with an average of 620 m, and tends to decrease from the northeast towards the southwest. The Karst lithologic strata only account for 13.0% of the total drainage area, and the Karst landform is not obvious [35]. Soil types in this basin are silt loam and loam [36]. According to the Global Land Cover Classification Database [37], land cover is mainly composed of cropland, wooded grassland, and grassland covering 48.2%, 24.3%, and 22.6% of the basin area, respectively. The Nanliu River basin is influenced by a subtropical monsoon climate, with a rainy reason from May to October, and a dry season from the previous November to April. The mean annual rainfall in the Nanliu River catchment is between 1400 and 1760 mm, with average temperatures ranging from 21.5 °C to 22.4 °C [38].




3. Data and Method


3.1. Data


The GPM mission is specifically designed to unify and advance precipitation measurements from a constellation of research and operational microwave sensors [2]. Based on various algorithms, GPM provides three levels of products. The IMERG algorithm is designed to intercalibrate, merge, and interpolate precipitation estimates from microwave, microwave-calibrated infrared (IR), gauge analyses, and other precipitation estimators, at a fine time and space scale [39]. Since March 2014, the IMERG products have been released in two versions—real-time version (IMERG_Uncal) and post real-time research version (IMERG_Cal). In contrast with the IMERG_Uncal, IMERG_Cal is calibrated by Global Precipitation Climatology Centre (GPCC) monthly precipitation-gauge analyses [39]. In this study, we used the ‘Final’ run version 4 of both the IMERG_Cal and the IMERG_Uncal, with a spatial and temporal resolution of 0.1° × 0.1° and 30 min (https://pmm.nasa.gov/data-access/downloads/gpm). The 30 min satellite-based data were transformed from Universal Time Coordinated (UTC) to Local Standard Time (Beijing Time) and accumulated, on a daily scale.



Daily observational precipitation data were collected from Guangxi Meteorological Bureau, and there were six meteorological stations located in the basin and two in peripheral areas (Figure 1 and Table 1). The precipitation data from all eight stations have undergone quality control procedures to eliminate erroneous and homogenous assessment by the Guangxi Meteorological Bureau. Additional routines to identify potential outliers (e.g., daily precipitation values more than 999 mm or less than 0 mm) were manually checked. Daily streamflow data at the Changle hydrological station for 2014–2016 were collected and then used to calibrate the hydrological model.




3.2. Hydrological Model


The Xinanjiang model was used to evaluate the streamflow simulation capability of the satellite-based precipitation in the case basin. The Xinanjiang model is a conceptual watershed model and has been widely used in China since 1980 [40,41]. This model was developed on the basis of the concept that runoff is not generated until the soil moisture content of the aeration zone reaches the field capacity, and thereafter, runoff equals the rainfall excess without further loss [41]. Daily basin-average-precipitation and the measured pan evaporation were the model inputs, and streamflow at the basin outlet was the model output. There were fifteen model parameters, in all, and optimization of the parameters was achieved with different objective functions, according to the nature of each parameter [40,41]. Observed streamflow at the Changle hydrological station was used for model calibration.




3.3. Performance Indicators


Three statistical indices were used to assess the comparison between the precipitation from the satellite and the gauged precipitation data. They were Relative Bias (RB), Correlation Coefficient (CC), and the Root Mean Square Error (RMSE). In order to check the appearance possibility of rainfall events from satellite products, Probability of Detection (POD) and False Alarm Ratio (FAR) were calculated. POD gives the fraction of rain occurrences that were correctly detected, while FAR measures the fraction of false rain events. Nash–Sutcliffe efficiency (NSE) [42] was used to describe the consistency between the simulated streamflow from the hydrological model and the observed streamflow. The definitions of the indicators were as follows:


  RB =       ∑   i = 1  n   (  P  s i  − P  o i   )      ∑   i = 1  n  P  o i    * 100 %  



(1)






  CC =       ∑   i = 1  n   (  P  s i  −   P s  ¯   )   (  P  o i  −   P o  ¯   )        ∑   i = 1  n     (  P  s i  −   P s  ¯   )   2    ∑   i = 1  n     (  P  o i  −   P o  ¯   )   2         



(2)






  RMSE =         ∑   i = 1  n     (  P  s i  − P  o i   )   2   n       



(3)






  POD =    H  H + M      



(4)






  FAR =    F  H + F      



(5)






  NSE = 1 −     ∑   i = 1  n     (  Q  o i  − Q  s i   )   2      ∑   i = 1  n     (  Q  o i  −   Q o  ¯   )   2       



(6)




where n is the samples number,    P  o i    and     P  s i    denote the individual gauge and satellite-based precipitation, respectively;     P o  ¯    and     P s  ¯    denote the mean gauge and satellite-based precipitation, respectively;   Q  o i    and     Q  s i    denote the individually observed and simulated streamflow, respectively; and     Q o  ¯    denotes the mean observed streamflow. H represents the observed gauge rain correctly detected by the satellite, M means not detected, and F means falsely detected.





4. Results


Figure 2 shows the spatial precipitation over the Nanliu River basin from the gauge and IMERG, from April 2014 to December 2016. The gauged precipitation data, collected from eight stations, exhibit a northeast to southwest gradient, and range from 4.8 to 6.2 mm/day (Figure 2a). IMERG_Cal showed similar spatial variations with the gauge data (Figure 2b), but it slightly overestimated gauge precipitation for the entire basin. For example, precipitation reached 7 mm/day from the IMERG_Cal, in the southwest (Figure 2b). IMERG_Uncal could roughly capture the spatial patterns of precipitation, with slight underestimation (Figure 2c).



We also checked the specific location for each rain gauge station and corresponding satellite pixel, to ensure proper analysis at grid-cell scales. Figure 3 and Table 2 summarize the RB, CC, and the RMSE from the IMERG, against the gauge precipitation, during the study period, at pixel scales. The IMERG_Cal overestimated for the seven gauges out of the eight gauges; positive RB values prevailed in the entire basin, ranging from 1.1% to 18.9%, except for the Luchuan station located near the east boundary of the basin, with a negative RB of −11.4% (Figure 3a and Table 2). Overestimation and underestimation for the IMERG_Uncal were equal in the number of gauges, whereas, the amplitude of the negative RB (−23.3% to −7.3%) was much larger than that of the positive RB (0.8% to 5.9%) (Figure 3b). In general, negative RBs were detected midstream, whereas, the positive RBs were detected upstream. The CC values between the IMERG_Cal and the gauges, ranged between 0.557 and 0.744, on the daily scale. The agreement between the IMERG_Uncal and the gauge was slightly worse with CC values of 0.521 to 0.662. The IMERG_Cal and the IMERG_Uncal showed similar RMSE patterns in space, across the basin, with values ranging from 11.3 to 17.5 mm, at the grid-cell scales (Figure 3e,f and Table 2).



We obtained the basin precipitation time series from eight stations by the Thiessen polygon method [43]. The Thiessen polygon method has been commonly applied in hydrology to estimate areal averages of precipitation [44]. Figure 4 shows basin-average precipitation time series, at the daily and monthly scales, from the gauge and satellite estimates, from April 2014 to December 2016, over the Nanliu River basin. Both IMERG_Cal and IMERG_Uncal could follow the temporal variation patterns of the daily precipitation, during the study period (Figure 4a). In the scatter plots, both IMERG_Cal and IMERG_Uncal exhibited good correspondence with the gauge data, with CCs above 0.7 and RBs less than 10%, whereas, some dots lay on top of the 1:1 line (Figure 5). There were some considerable errors in heavy precipitation events, and the IMERG significantly overestimated the amounts of these extreme events. For example, it could be clearly seen in the figure, for the high-intensity rainfall events, like those on 24 July 2015 and 28 January 2016, with basin-average precipitation depths of 67.4 and 83.6 mm, respectively, while the IMERG_Cal and IMERG_Uncal estimates were 194.7/201.3 and 180.1/202.9 mm, respectively. A study conducted by He et al. [30] over the upper Mekong River basin also found that IMERG product significantly overestimated the amounts, in extreme events.



Figure 4b presents the cumulative gauge and satellite precipitation depths from April 2014 to December 2016. The total precipitation from the gauge was 5431.3 mm, for the study period. The variations of cumulative precipitation from the IMERG_Cal and the IMERG_Uncal were fairly close to that of the gauge, with totals of 5782.2 mm and 5133.5 mm (Figure 4b), and RBs of 6.5% and −5.5%, compared with the gauge, respectively (Figure 5a,b). The daily precipitation was accumulated to a monthly scale, and showed at the bottom panel of Figure 4 (Figure 4c). Overall, the IMERG_Cal followed the seasonal cycle of gauge precipitation very well. However, there were some differences between the two datasets in winter, e.g., in December 2014 and November 2015. Chen et al. [6] and Guo et al. [21] obtained a similar result, in that the IMERG product performed slightly poor in winter than at other seasons over China. The IMERG_Uncal showed a slightly worse performance than the IMERG_Cal, but still generally followed the variation patterns of gauge (Figure 4c).



Figure 6 shows the POD and FAR values of the IMERG_Cal and the IMERG_Uncal for daily precipitation thresholds, from April 2014 to December 2016, over the Nanliu River basin. Precipitation occurrences were best detected by the IMERG_Cal for thresholds of 0.1 mm (with POD scores of 0.851), while, with increasing precipitation thresholds, the skill dropped rapidly to as low as 0.600 at thresholds of 25 mm/day, and there was an inverse at the thresholds of 50 mm/day. There were very few precipitation events at the thresholds of 50 mm/day. For the IMERG_Cal, the observed gauge rain correctly detected by the satellite was nine times, and three times were not detected. The IMERG_Uncal, correctly detected eight times, and four times were not detected. And the POD values at the thresholds of 50 mm/day had randomness. The IMERG_Uncal showed lower POD scores than the IMERG_Cal, over all thresholds, with the highest POD scores of 0.848, at thresholds of 0.1 mm and the lowest of 0.527, at thresholds of 25 mm/day. IMERG_Cal and IMERG_Uncal had similar FAR performance at different thresholds. In contrast to the POD, the FAR raised rapidly, with increasing precipitation thresholds and reached the largest values of 0.606/0.619 for the two IMERG products, at thresholds of 50 mm/day, respectively. Generally, the two IMERG products showed a higher accuracy and lower error rate when detecting the light precipitation.



We further evaluated the utility of the IMERG products in streamflow simulation, over the Nanliu River basin (upstream of the Changle station, Figure 1), by driving the Xinanjiang hydrological model. The Xinanjiang model was first calibrated by comparing the observed and simulated streamflow, forced by gauge precipitation data, for the period of April 2014 to December 2015. Figure 7a shows observed and simulated streamflow, on the daily scale, for the calibration period, and the NSE and RB are also indicated in figure. When forced with gauge precipitation, the model output was able to follow the observed streamflow, well, in both magnitude and timing (NSE of 0.831 and RB of 1.7%, Figure 7a). The calibrated parameters are listed in Table 3.



Figure 7b shows the simulated streamflow from the calibrated Xinanjiang model, forced by gauge precipitation and satellite-based precipitation, for the period of January 2016–December 2016. The gauge-driven simulations for the validation period performed as well as that of the calibration period, with an NSE of 0.828 and an RB of −2.3%. The IMERG_Cal and the IMERG_Uncal performed worse than gauge precipitation in simulations. The model simulations forced by the IMERG tended to overestimate the peak flows, especially during January–February and early July, resulting in overall RBs of 15.2%/19.9% and negative NSEs of −0.782/−2.283, respectively. The errors in the IMERG-driven streamflow simulations could be mostly explained by the bias in the precipitation input. Due to the nonlinearities in the hydrological process, any positive/negative precipitation input bias could be transformed into a larger positive/negative bias in the simulated streamflow [45,46].



Studies conducted by Yilmaz et al. [33], Artan et al. [47], and Bitew et al. [48] showed that performance of the hydrological model could be considerably improved if the model was calibrated by a satellite-based precipitation. Therefore, we used the IMERG precipitation to calibrate the hydrological model, for the period of April 2014 to December 2015, by changing the model parameters. Figure 8a shows the observed and simulated streamflow driven by the IMERG_Cal, for the calibration period. Moderate simulation results were obtained (NSE of 0.648 and RB of −4.8%). Then, we used this new set of parameters (not shown) to simulate streamflow driven by the IMERG_Cal and the IMERG_Uncal precipitation, for the period of January 2016–December 2016 (Figure 8b). The IMERG_Cal got a moderate performance for the period of January 2016–December 2016, with an NSE of 0.529 and an RB of 9.0%. The IMERG_Uncal performed slightly worse, with an NSE of 0.280 and RB of 8.6%. The IMERG products exhibited an encouraging potential in the hydrological applications in these regions. Although, there were still some considerable differences between the observed and the simulated streamflow driven by the IMERG products, e.g., in the middle of January, the IMERG-driven simulation performed much better after the model was calibrated with satellite-based precipitation estimates.




5. Discussions


Adequate and high-quality precipitation estimates from spaceborne precipitation radars are necessary for a variety of applications in hydrology [49]. The GPM mission, as the upgraded successor of the TRMM, deployed the first spaceborne DPR. Zhao et al. [50] investigated the TRMM data over the Nanliu River basin, through statistical and hydrological validations, and the TRMM estimates performed well in terms of statistical precision and in streamflow simulation. This work is an extension of that of Zhao et al. [50] and focus on the GPM data—the successor of TRMM. The GPM Core Observatory sensors and new calibration algorithms were developed to improve the performance of GPM against the TRMM. Some studies have proven that GPM IMERG products are generally superior to TRMM, in different regions [6,29,34,51,52,53]. The results of this study showed that the IMERG_Cal and the IMERG_Uncal can roughly capture the spatial patterns of precipitation, with slight over/underestimations of RB of 6.5% and −5.5%, at the basin scale. At grid-cell scales, two IMERG products got an RB of −23.3% to 18.9%, CC of 0.521 to 0.744, and RMSE of 11.3 to 17.5 mm. Furthermore, there were some considerable errors in heavy precipitation events, and the IMERG significantly overestimated the amounts of these extreme events (Figure 4a and Figure 5). Compared with the performance of the TRMM, in this small basin conducted by Zhao et al. [50], the IMERG had no significant improvements, and this was different from the finding of previous studies that GPM IMERG products are generally superior to TRMM. Study in the Chindwin River basin in Myanmar found that the 3B42V7 dataset outperformed the IMERG, at both daily and monthly scales, and in heavy rain event detections, and this finding strengthened to further improve the GPM algorithms [54].



The Precipitation Radar (PR) carried on the TRMM satellite focused primarily on heavy to moderate rain [17]. The GPM sensors extend the measurement range attained by the TRMM to include light-intensity precipitation, and can detect snowfall and light precipitation more accurately than the TRMM sensors [2]. Gao et al. [49] investigated the similarities and improvements of the GPM DPR, upon the TRMM PR. Results showed that the DPR improved the detectability of the precipitation events, significantly, particularly for light precipitation, and the occurrences of light precipitation (rates < 1 mm/h), detected by GPM DPR was ~2.53 times more than that of the TRMM PR [49]. Hamada et al. [55] demonstrated the impact of the enhancement in detectability by the DPR on board the GPM, and the GPM DPR was found to be able to detect light precipitation. In this study, precipitation occurrences were best detected by the IMERG_Cal and the IMERG_Uncal, for thresholds of 0.1 mm (with POD scores of 0.851 and 0.848, respectively), and the skill dropped, rapidly, with increasing precipitation thresholds, to as low as 0.600 and 0.527, at thresholds of 25 mm, respectively (Figure 6). The FAR raised rapidly, with increasing precipitation thresholds, and reached the largest values of 0.606 and 0.619, for the two IMERG products at thresholds of 50 mm, respectively (Figure 6). Generally, the two IMERG products showed a higher accuracy and lower error rate, when detecting the light precipitation, and this might have been due to the DPR carried on the GPM satellite.



There were some limitations and uncertainties on the data in this study. We used gauge observations from eight meteorological stations (Figure 1) to evaluate the performance of both real-time version (IMERG_Uncal) and post real-time research version (IMERG_Cal) products, in the Nanliu River basin. In contrast to the IMERG_Uncal, the IMERG_Cal did not show obvious improvements, after being calibrated by the GPCC monthly precipitation-gauge analyses. GPCC collected data from nearly two hundred stations in China, and only eight in the Guangxi Zhuang Autonomous Region. However, all eight stations collected by the GPCC, in Guangxi, are located outside the Nanliu River basin. Limitations and uncertainties in the reference data might have arose from inadequate spatial representation and the low-density of the gauge observations. In addition, the results showed that streamflow simulations by the IMERG products could roughly capture the observed hydrograph when the model was calibrated with satellite data (Figure 8b), however, extension work should perform evaluations at a sub-daily scale; the use of sub-daily rainfall data can be potentially useful for hydrological simulation in this region, where short-duration convective rainfall episodes are more relevant for hydrological variability.




6. Conclusions


In this study, we investigated the performance of two GPM precipitation products against gauge observations, over the Nanliu River basin from April 2014 to December 2016, and evaluated their capability for streamflow simulation, based on the Xinanjiang model. The main findings are summarized as follows.



The IMERG_Cal and the IMERG_Uncal could roughly capture the spatial patterns of precipitation with slight over/underestimation with an RB of 6.5% and −5.5%, at a basin scale. Compared with gauge precipitation in the grid cell scales, the two IMERG products got an RB of −23.3% to 18.9%, CC of 0.521 to 0.744, and an RMSE of 11.3 to 17.5 mm. There were some considerable errors in the heavy precipitation events, and the IMERG significantly overestimated the amounts of these extreme events.



Precipitation occurrences were best detected by the IMERG_Cal and the IMERG_Uncal for thresholds of 0.1 mm, and the skill dropped rapidly with increasing precipitation thresholds. The FAR raised rapidly with increasing precipitation thresholds. The two IMERG products showed a higher accuracy and a lower error rate, when detecting light precipitation.



The IMERG-driven simulation had a better quality when the model was calibrated with satellite data, rather than rain gauge data. This analysis implied that the IMERG products have a potential for hydrological applications, in this region.
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Figure 1. Location and topography of the Nanliu River basin. 
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Figure 2. Spatial precipitation over the Nanliu River basin from the gauges and the IMERG, from April 2014 to December 2016 (mm/day). 
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Figure 3. RB (a,b), CC (c,d), and RMSE (e,f) from IMERG, against gauge precipitation, from April 2014 to December 2016. 
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Figure 4. Time series of the basin-average daily precipitation (a), cumulative precipitation depths (b), and monthly precipitation (c), over the Nanliu River basin from gauges and the IMERG, from April 2014 to December 2016. 
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Figure 5. Scatter plots of daily basin-average precipitation between gauges and the IMERG (IMERG_Cal (a) and IMERG_Uncal (b)) over the Nanliu River basin, from April 2014 to December 2016. 
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Figure 6. POD (a) and FAR (b) of the IMERG_Cal and the IMERG_Uncal for daily precipitation thresholds, from April 2014 to December 2016 over the Nanliu River basin. 
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Figure 7. Daily streamflow simulation of the Nanliu River basin (upstream of the Changle station), for calibration and validation. 
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Figure 8. Same as Figure 7 but the model was calibrated by the IMERG precipitation. 
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Table 1. List of the eight stations over the Nanliu River basin, including the station number, station name, latitude, longitude, and elevation (a.s.l.). * Changle is a hydrological station with precipitation measurement.






Table 1. List of the eight stations over the Nanliu River basin, including the station number, station name, latitude, longitude, and elevation (a.s.l.). * Changle is a hydrological station with precipitation measurement.












	Station Number
	Station Name
	Latitude (N)
	Longitude (E)
	Elevation (m)





	59,446
	Lingshan
	22°25′
	109°18′
	67



	59,448
	Pubei
	22°16′
	109°33′
	69



	59,449
	Bobai
	22°18′
	109°59′
	56



	59,451
	Beiliu
	22°42′
	110°21′
	105



	59,453
	Yulin
	22°39′
	110°10′
	82



	59,457
	Luchuan
	22°19′
	110°16′
	113



	59,640
	Hepu
	21°40′
	109°11′
	12



	
	Changle *
	21°50′
	109°25′
	32
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Table 2. Mean values of Relative Bias (RB) (%), Correlation Coefficients (CC), and Root Mean Square Error (RMSE) (mm), for the Integrated Multi-satellitE Retrievals for the Global Precipitation Measurement (GPM) mission (IMERG) and gauge precipitation, at the grid scale from April 2014 to December 2016.






Table 2. Mean values of Relative Bias (RB) (%), Correlation Coefficients (CC), and Root Mean Square Error (RMSE) (mm), for the Integrated Multi-satellitE Retrievals for the Global Precipitation Measurement (GPM) mission (IMERG) and gauge precipitation, at the grid scale from April 2014 to December 2016.





	
Stations

	
RB (%)

	
CC

	
RMSE (mm)




	
IMERG_Cal

	
IMERG _Uncal

	
IMERG_Cal

	
IMERG _Uncal

	
IMERG_Cal

	
IMERG _Uncal






	
Beiliu

	
16.1

	
4.5

	
0.744

	
0.662

	
11.3

	
12.6




	
Bobai

	
9.3

	
1.2

	
0.624

	
0.590

	
14.1

	
14.3




	
Changle

	
1.2

	
−12.6

	
0.557

	
0.521

	
16.7

	
16.9




	
Hepu

	
18.9

	
5.9

	
0.686

	
0.636

	
16.4

	
17.5




	
Lingshan

	
4.0

	
−7.3

	
0.679

	
0.599

	
12.2

	
13.5




	
Luchuan

	
−11.4

	
−23.3

	
0.637

	
0.550

	
14.7

	
16.2




	
Pubei

	
1.1

	
−9.0

	
0.696

	
0.643

	
12.9

	
13.8




	
Yulin

	
14.0

	
0.8

	
0.691

	
0.625

	
11.5

	
11.9
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Table 3. Calibrated parameters used in the Xinanjiang model for the Nanliu River basin.
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	No.
	Parameters/Units
	Definition
	Value





	1
	K
	Pan evaporation coefficient
	1.27



	2
	WUM (mm)
	Tension water capacity from upper layer
	20



	3
	WLM (mm)
	Tension water capacity from lower layer
	80



	4
	WDM (mm)
	Tension water capacity from deep layer
	20



	5
	C (dimensionless quantity)
	Evapotranspiration coefficient from deep layer
	0.15



	6
	B (dimensionless quantity)
	Exponential number of storage capacity distribution curve
	0.4



	7
	SM (mm)
	Areal mean free water storage capacity
	100



	8
	EX
	Parameter in the distribution of free water storage capacity
	1.0



	9
	KG
	Outflow coefficient of the ground water from free water
	0.3



	10
	KSS
	Outflow coefficient of the interflow from free water
	0.4



	11
	KKG
	Groundwater recession coefficient
	0.9972



	12
	KKSS
	Interflow recession coefficient
	0.8
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