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Abstract:



Satellite precipitation products (SPPs) are critical data sources for hydrological prediction and extreme event monitoring, especially for ungauged basins. This study conducted a comprehensive hydrological evaluation of six mainstream SPPs (i.e., TMPA 3B42RT, CMORPH-RT, PERSIANN-RT, TMPA 3B42V7, CMORPH-CRT, and PERSIANN-CDR) over humid Xixian basin in central eastern China for a period of 14 years (2000–2013). The evaluation specifically focused on the performance of the six SSPs in capturing precipitation and streamflow extremes. Results show that the two post-real-time research products of TMPA 3B42V7 and CMORPH-CRT exhibit much better performance than that of their corresponding real-time SPPs for precipitation estimation at daily and monthly time scales. By contrast, the newly released post-real-time research product PERSIANN-CDR insignificantly improves precipitation estimates compared with the real-time PERSIANN-RT does at daily time scale. The daily streamflow simulation of TMPA 3B42V7 fits best with the observed streamflow series among those of the six SPPs. The three month-to-month gauge-adjusted post-real-time research products can simulate acceptable monthly runoff series. TMPA 3B42V7 and CMORPH-CRT present good performance in capturing precipitation and streamflow extremes, although they still exhibit non-ignorable deviation and occurrence time inconsistency problems compared with gauge-based results. Caution should be observed when using the current TMPA, CMORPH, and PERSIANN products for monitoring and predicting extreme precipitation and flood at such medium-sized basin. This work will be valuable for the utilization of SPPs in extreme precipitation monitoring, streamflow forecasting, and water resource management in other regions with similar climate and topography characteristics.
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1. Introduction


Extreme precipitation and flood often exert serious impacts on human society and infrastructure [1]. According to Global Assessment Report on Disaster Risk Reduction, floods affect people worldwide more than any other natural hazards, with an estimated global annual average loss of $104 billion [2]. Accurate precipitation estimates and reliable flood modeling are critical to numbers of national and regional agencies for disaster monitoring, mitigation, and management [3,4,5,6]. In recent decades, satellite precipitation products (SPPs) have become new alternative precipitation datasets for global hydrometeorological research and applications [7,8,9]. For example, the Precipitation Estimation from Remote Sensing Information using Artificial Neural Network (PERSIANN) [10], the Climate Precipitation Center (CPC) Morphing Technique (CMORPH) by National Oceanic and Atmospheric Administration (NOAA) [11], the Tropical Rainfall Measuring Mission Multi-satellite Precipitation Analysis (TMPA) [12], and the Global Precipitation Measurement (GPM) [13], have recently been made operationally available. Among such SPPs, TMPA, CMORPH, and PERSIANN play important roles owing to their long-term series datasets and adequate retrieval experiences and techniques. Before and after the GPM mission implemented on 27 February 2014, the TMPA, CMORPH, and PERSIANN systems have been continuously upgrading their retrieval algorithms and releasing their latest satellite precipitation products [14,15,16].



In recent years, many works have been made to analyze the accuracy and hydrological utility of the latest SSPs over different topographic or climatic regions all over the world, and they found that the errors of different SPPs depend significantly on the precipitation retrieval algorithm, geographical location, topography condition (plain or mountainous), and seasonality [17,18,19,20,21,22,23,24]. For example, Yong et al. [17] compared the precipitation products of TMPA over two different latitude basins with independent gauge observations and concluded that TMPA exhibit much better performance over the low latitude Mishui basin than over the high latitude Laohahe basin. Zhu et al. [18] evaluated the hydrological utility of TRMM 3B42V7, PERSIANN-CDR, and NCEP-CFSR over two Chinese humid watersheds and found that TMPA 3B42V7 and PERSIANN-CDR present good performance for daily and monthly streamflow simulations. Hussain et al. [22] assessed six SPPs (real-time and bias-adjusted TMPA, CMORPH, and PERSIANN) over plain, mountainous, and glacial regions in Pakistan and concluded that TMPA 3B42V7 and CMORPH-CRT show the best agreement with in situ data over the entire study area.



Some efforts have also been made to evaluate the utility of these SPPs in capturing extreme precipitation and streamflow over different spatial scales [25,26,27,28,29,30,31,32,33,34]. Huang et al. [26] evaluated the utility of TMPA 3B42RT and 3B42V7 in capturing one typical extreme rainfall event in Beijing in 21 July 2012 and emphasized that both SPPs present large deviations from the temporal variation in rainfall and underestimate the storm. Miao et al. [27] evaluated PERSIANN-CDR in capturing the extreme precipitation over China and found that PERSIANN-CDR underestimates the values of extreme heavy precipitation. Shah and Mishra [29] analyzed uncertainty and bias in five SPPs over Indian sub-continental basins and highlighted that bias in SPPs affects the initial condition and precipitation forcing, thereby affecting flood peak timing and magnitudes. Mei et al. [31] analyzed error in SPPs-driven flood simulations in complex alpine terrain in Italy and found a dampening effect in both systematic and random error components of the satellite-driven hydrograph relative to the satellite-retrieved hyetograph. These previous researches provided important references for application on SPPs in flood hydrology. However, the further researches of uncertainties of these SPPs in capturing extreme precipitation in terms of rainfall amount deviation and occurrence time inconsistency in different regions and their error propagation characteristics in flood simulation are still needed.



This study focuses on comprehensive hydrological evaluation of six long-term series SPPs (i.e., TMPA 3B42RT, CMORPH-RT, PERSIANN-RT, TMPA 3B42V7, CMORPH-CRT, and PERSIANN-CDR) in humid Xixian basin in central eastern China. This study mainly aims to (1) evaluate the accuracy of six mainstream SPPs with rain gauge observations, (2) validate the hydrological simulation utility of the SSPs via hydrological modeling, and (3) analyze the uncertainties of the SSPs in capturing extreme precipitation and extreme streamflow. This work is valuable for the utilization of SPPs in extreme precipitation monitoring, streamflow forecasting, and water resource management in central eastern China and other regions with similar climate and topography characteristics.




2. Study Area and Data


2.1. Study Area


Xixian Basin, the upstream catchment of Huai River, was selected as our case study area (Figure 1). Extended from longitudes 113.25° E to 115° E and latitudes 31.5° N to 32.75° N, the Xixian basin has a drainage area of 10,191 km2 above the Xixian hydrologic station. The elevation within the basin ranges from 33 m to 1110 m. The land use and land coverage in Xixian basin is 54.4% forest and shrubs, 33.5% grassland, 11.8% cropland, and 0.3% urban and water. The basin lies in the transition zone of the mid-latitude humid climate and semi-arid climate. The long term mean annual precipitation and temperature are 1145 mm and 15.2 °C, respectively. The seasonal distribution of the precipitation in the basin is mainly affected by monsoon climate and the vast majority of the annual precipitation falls in the summer season. During these months, particularly in June and July, basin-wide heavy rains continuously occur, thereby resulting in floods. The long term mean annual cumulative flow rate is 3.58 × 109 m3 at Xixian hydrologic station.


Figure 1. Map of Xixian Basin in upstream of Huai River Basin.



[image: Water 10 00025 g001]







2.2. Data


2.2.1. Satellite Precipitation Products


The SPPs used in this study are three pure real-time SPPs, namely, TMPA 3B42RT, CMORPH-RT, and PERSIAN-RT, and three post-real-time research SPPs, namely, TMPA 3B42V7, CMORPH-CRT, and PERSIANN-CDR.



The TMPA combines the low-orbit satellite microwave (MW) data where available and the MW-calibrated geostationary infrared (IR) data elsewhere to produce quasi-global (50° N-S) precipitation dataset [12].The TMPA 3B42RT and TMPA 3B42V7 precipitation products were produced by the latest TMPA Version 7 algorithms upgraded on 28 January 2013 [14]. During the past years, hydrologists and meteorologists have widely evaluated and applied the TMPA products [17,18,20,21,22,23,24,25,26]. While, the utility of the latest version 7 TMPA products in capturing extreme precipitation and streamflow has not been fully evaluated at river basin scale.



The CMORPH is primarily based on low-orbit satellite MW observations, and the geostationary IR data are used only to derive the movement of precipitation systems [11]. At NOAA CPC, CMORPH reprocessed a new dataset named CMORPH Version 1.0 in 2014. CMORPH Version 1.0 includes the raw, satellite-only precipitation estimates (CMORPH-RT) and the new bias-corrected precipitation products (CMORPH-CRT). CMORPH-CRT adjusts precipitation estimate through matching the PDF of daily CMORPH-RT against that for the CPC unified daily gauge analysis at each month over land [15].



The PERSIANN derives the relationships between IR and MW data by a neural network approach and then apply the relationships to the IR data to generate real-time precipitation products (PERSIANN-RT) [10]. PERSIANN-CDR is a newly developed bias-adjusted satellite precipitation product that covers from 1 January 1983 to present [16]. In PERSIANN-CDR, the IR data are firstly applied in the PERSIANN model to produce historical rainfall estimates, then these estimates are bias adjusted by using the Global Precipitation Climatology Project 2.5° monthly data [16]. Currently, the available PERSIANN-CDR is daily temporal resolution and 0.25° spatial resolution for the 60° S–60° N latitude band.




2.2.2. Gauged Precipitation and Discharge Data


Daily precipitation data for the year of 2000–2013 were obtained from 22 rain gauge stations in Xixian Basin (Figure 1). The same long-term series daily streamflow and meteorological data were obtained from the Xixian hydrologic station and Xinyang evaporation station, respectively. The Penman–Monteith equation was used to calculate daily potential evapotranspiration as one forcing input data for the hydrological model [35]. The inverse distance weighting method was used to interpolate the rain gauge data into the spatial distribution [36]. The 30 arc-second global digital elevation model data was collected from the U.S. Geological Survey [37]. The vegetation-type data were collected from the Moderate Resolution Imaging Spectroradiometer land cover data using the International Geosphere–Biosphere Program classification system [38].






3. Methodology


3.1. Evaluation Statistics


In the present study, three statistical indices were adopted to qualitatively evaluate the precision of the six SPPs. The Person correlation coefficient (CC) assesses the correlation between satellite precipitation products and rain gauge observations. The root-mean-square error (RMSE) measures the average error magnitude of satellite precipitation. In addition, the relative bias (BIAS) demonstrates the systematic bias of satellite precipitation. Two categorical statistical indices, named probability of detection (POD) and false-alarm rate (FAR), represent the correspondence between SPPs and rain gauge data [39]. POD, also named hit rate, shows how often rain occurrences are correctly detected by satellite. FAR denotes the fraction of cases in which satellite records precipitation when rain gauge does not. A precipitation threshold of 1.0 mm was used to define rain or no-rain events in this study. The CC, BIAS, and Nash–Sutcliffe coefficient (NSE) comprehensively reflect the hydrologic model performance on the basis of the observed and simulated streamflow [40]. Formulas to calculate the indices mentioned above are listed in Table 1.



Table 1. Statistical evaluation indices for evaluating the SPPs and their hydrological utility.







	
Evaluation Indices

	
Unit

	
Formulas

	
Perfect Value






	
Correlation coefficient (CC)

	
NA

	
[image: ]

	
1




	
Root-mean-square error (RMSE)

	
mm

	
[image: ]

	
0




	
Relative bias (BIAS)

	
%

	
[image: ]

	
0




	
Probability of detection (POD)

	
NA

	
[image: ]

	
1




	
False-alarm rate (FAR)

	
NA

	
[image: ]

	
0




	
Nash–Sutcliffe coefficient (NSE)

	
NA

	
[image: ]

	
1








Notes: where n is the total amount of samples; [image: ] and [image: ] are the ith values of the evaluated data and reference data, respectively; [image: ] and [image: ] are the mean values of the [image: ] and [image: ], respectively. [image: ], [image: ], and [image: ] are different cases: [image: ], observed rain correctly detected; [image: ], observed rain not detected; [image: ], rain detected but not observed. [image: ], [image: ], and [image: ] are the times of occurrence of the corresponding case. The details of these parameters can be found in Ebert et al. [39].









3.2. Hydrological Model and Calibration


Xinanjiang model (XAJ model) is a famous physically-based conceptual rainfall-runoff model developed by Zhao [41]. It has been widely used in different humid river basins over China [42,43]. In the current study, a grid-based XAJ model was constructed. The model calculated the total runoff within each grid unit using the saturation excess runoff scheme. The total runoff was divided into surface runoff, soil runoff and underground runoff using an overflow reservoir with bottom and side holes. Then the linear reservoir was used to perform the slope runoff convergence and the Muskingum segmentation flood routing was used to perform the river network runoff convergence. The model contains 15 parameters (see Table 2), and they were automatically calibrated through the Shuffled Complex Evolution (SCE-UA) global optimization algorithm proposed by Duan et al. [44]. In the current study, the XAJ model was calibrated with rain gauge precipitation data at daily time scale and 0.25° × 0.25° spatial resolution. In addition, the model runs were then repeated with the six SPPs as inputs. We determined the January 2000 to December 2006 as calibration period and January 2007 to December 2013 as validation period.



Table 2. Parameters of the XAJ model and their prior ranges.







	
Parameter

	
Physical Meaning

	
Prior Range






	
Kc

	
ratio of potential evapotranspiration to pan evaporation

	
0.5–1.5




	
WUM

	
water capacity in the upper soil layer

	
10–40




	
WLM

	
water capacity in the lower soil layer

	
50–90




	
WDM

	
water capacity in the deeper soil layer

	
10–70




	
B

	
exponent of tension water capacity curve

	
0.1–0.5




	
C

	
coefficient of deep evapotranspiration

	
0.1–0.3




	
EX

	
exponent of free water capacity curve

	
1–1.5




	
SM

	
free water capacity of surface soil layer

	
10–60




	
KI0

	
outflow coefficients of free water storage to interflow

	
KI + KG = 0.7




	
KG0

	
outflow coefficients of free water storage to groundwater

	
0.1–0.5




	
CI0

	
recession constant of the lower interflow storage

	
0.1–0.9




	
CG0

	
daily recession constant of groundwater storage

	
0.9–0.999




	
CS0

	
recession constant for channel routing

	
0.1–0.5




	
KE

	
slot storage coefficient

	
20–24




	
XE

	
flow proportion factor

	
0.1–0.5












4. Results and Discussion


4.1. Evaluation of Satellite Precipitation Products


The selected six SPPs covering the entire Xixian Basin from 1 January 2000 to 31 December 2013 (in which TMPA 3B42RT and PERSIANN-RT were from 1 March 2000) were evaluated in terms of errors in daily precipitation, extreme precipitation, and monthly precipitation.



4.1.1. Daily Precipitation Evaluation


Scatterplots of the basin average daily precipitation estimates of six SPPs versus rain gauge observations are shown in Figure 2, and the statistical measures of six SPPs for the daily scale are summarized in Table 3. Among the three real-time SPPs, CMORPH-RT exhibits the best performance with the highest CC of 0.79 and CSI of 0.55 and lowest RMSE of 5.42 mm, BIAS of −12.60, and FAR of 0.26. TMPA 3B42RT presents a performance comparable to that of CMORPH-RT, except for a large overestimation of precipitation estimates, with BIAS of 23.75%. The performance of PERSIANN-RT is the worst among those of the three real-time SPPs. For the three post-real-time research SPPs, TMPA 3B42V7 and CMORPH-CRT present better performance than that of the latest PERSIANN-CDR. As documented in many prior studies, the two post-real-time research SPPs of TMPA and CMORPH exhibit much better performance than that of their corresponding real-time satellite precipitation [18,21]. With regard to PERSIANN products, the newly released post-real-time research version PERSIANN-CDR insignificantly improves precipitation estimates compared with the real-time PERSIANN-RT does at daily time scale. Therefore, caution should be exercised when applying the newly released PERSIANN-CDR for daily quantitative precipitation estimation at similar river basins. In general, TMPA and CMORPH (especially the two post-real-time research SPPs) show good performance for daily precipitation estimates over Xixian Basin.


Figure 2. Scatterplots of the basin average daily precipitation between SPPs and rain gauge observations for Xixian Basin: (a) TMPA 3B42RT; (b) CMORPH-RT; (c) PERSIANN-RT; (d) TMPA 3B42V7; (e) CMORPH-CRT; (f) PERSIANN-CDR.
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Table 3. Statistical measures of the SPPs for the daily precipitation estimates.







	
Products

	
CC

	
RMSE (mm)

	
BIAS (%)

	
POD

	
FAR






	
TMPA 3B42RT

	
0.76

	
6.17

	
25.25

	
0.75

	
0.36




	
CMORPH-RT

	
0.76

	
5.65

	
−11.87

	
0.67

	
0.28




	
PERSIANN-RT

	
0.59

	
7.06

	
−17.20

	
0.62

	
0.47




	
TMPA 3B42V7

	
0.78

	
5.71

	
15.10

	
0.76

	
0.30




	
CMORPH-CRT

	
0.77

	
5.84

	
9.20

	
0.73

	
0.31




	
PERSIANN-CDR

	
0.60

	
7.15

	
19.04

	
0.76

	
0.56











4.1.2. Extreme Precipitation Evaluation


Three extreme precipitation indices, namely, annual maximum 1-day precipitation (R × 1 d), 3-day precipitation (R × 3 d), and 5-day precipitation (R × 5 d) [27], were adopted to evaluate the performance of the six SPPs in capturing the behavior of precipitation extremes. The statistical measures of the SPPs for R × 1 d, R × 3 d, and R × 5 d are summarized in Table 4, and the box plots of the BIAS values of R × 1 d, R × 3 d, and R × 5 d of the six SPPs are shown in Figure 3. Among the three real-time SPPs, TMPA 3B42RT exhibits the best performance in capturing the behavior of precipitation extremes with comparable CC and the lowest RMSE, and BIAS, whereas TMPA 3B42RT still shows serious overestimation of R × 1 d, R × 3 d, and R × 5 d for some years (Figure 3). Notably, the BIAS values of the three near-real-time products, as shown in the box plots of Figure 3, are distributed in a wider range than that of their corresponding post-real-time products. This result indicates the great uncertainty of the near-real-time SPPs in capturing the behavior of precipitation extremes. For the three post-real-time research SPPs, TMPA 3B42V7 and CMORPH-CRT present much better performance than that of the latest PERSIANN-CDR which seriously underestimates precipitation extremes precipitation extremes. With regard to the multiple indicators, TMPA 3B42V7 and CMORPH-CRT exhibit good performance in capturing the behavior of precipitation extremes over Xixian Basin, whereas they still present certain underestimations of precipitation extremes. This finding is consistent with that of a few previous works [18,32]. Other time consistency uncertainties are observed in the performance of SPPs in capturing precipitation extremes. Table 5 shows the occurrence date of R × 1 d detection by rain gauge observations and six SPPs for the period of 2000–2013. Among the six SPPs, TMPA 3B42RT and CMORPH-RT show the best performance in time consistency for detecting the occurrence date of R × 1 d. The two SPPs are followed by TMPA 3B42V7 and CMORPH-CRT. The PERSIANN products exhibit the worst performance. In general, most occurrence dates of R × 1 d detection by SPPs are still inconsistent with the date detected by gauge observations. Thus, owing to the underestimation in precipitation extremes and the inconsistency of occurrence time with rain gauge observations, caution should be exercised when applying the current TMPA, CMORPH, and PERSIANN products in predicting extreme precipitation at such medium-sized humid basin.


Figure 3. Box plots of the BIAS index of the annual maximum (a) 1-day precipitation; (b) 3-day precipitation and (c) 5-day precipitation for the six SPPs versus rain gauge observations over 14 years. The upper and lower edges of the box mark the upper and lower quartiles (75% and 25%, respectively); the solid line in the box marks the median value; the upper and lower horizontal lines out of the box mark the 90% and 10% quartiles, respectively; the points mark the maximum and minimum values.
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Table 4. Statistical measures of the SPPs for annual maximum 1-, 3-, and 5-day precipitation.







	
Extreme Precipitation Indices

	
Products

	
CC

	
RMSE (mm)

	
BIAS (%)






	
R × 1 d

	
TMPA 3B42RT

	
0.74

	
22.05

	
−5.90




	
CMORPH-RT

	
0.73

	
26.06

	
−15.36




	
PERSIANN-RT

	
0.76

	
29.34

	
−23.70




	
TMPA 3B42V7

	
0.88

	
19.99

	
−14.54




	
CMORPH-CRT

	
0.84

	
18.99

	
−3.64




	
PERSIANN-CDR

	
0.74

	
34.21

	
−30.29




	
R × 3 d

	
TMPA 3B42RT

	
0.67

	
44.76

	
4.82




	
CMORPH-RT

	
0.71

	
46.06

	
−16.55




	
PERSIANN-RT

	
0.67

	
59.76

	
−31.52




	
TMPA 3B42V7

	
0.87

	
30.41

	
−8.92




	
CMORPH-CRT

	
0.79

	
35.55

	
−1.42




	
PERSIANN-CDR

	
0.87

	
49.89

	
−27.91




	
R × 5 d

	
TMPA 3B42RT

	
0.71

	
47.31

	
4.91




	
CMORPH-RT

	
0.75

	
50.87

	
−20.35




	
PERSIANN-RT

	
0.56

	
67.00

	
−28.52




	
TMPA 3B42V7

	
0.88

	
31.24

	
−7.27




	
CMORPH-CRT

	
0.85

	
34.11

	
−7.53




	
PERSIANN-CDR

	
0.78

	
47.95

	
−18.27










Table 5. Occurrence date of annual maximum 1-day precipitation (R × 1 d) detection by rain gauge observations and six SPPs for the period of 2000–2013. Gray boxes indicate the date of R × 1 d detected by SSPs is consistent with the date detected by rain gauge observations.







	
Year

	
Gauge

	
TMPA 3B42RT

	
CMORPH-RT

	
PERSIANN-RT

	
TMPA 3B42V7

	
CMORPH-CRT

	
PERSIANN-CDR






	
2000

	
8/18

	
6/1

	
6/1

	
6/1

	
6/1

	
6/1

	
6/1




	
2001

	
6/17

	
7/29

	
8/7

	
7/21

	
10/25

	
10/25

	
7/26




	
2002

	
6/22

	

	

	

	

	

	




	
2003

	
6/29

	
7/20

	
4/17

	
4/17

	
10/10

	
8/24

	
8/28




	
2004

	
8/4

	

	

	

	

	

	
7/16




	
2005

	
7/9

	

	
6/25

	
6/25

	
6/25

	
8/28

	
6/25




	
2006

	
9/4

	
6/29

	
5/4

	
7/21

	
5/4

	
5/4

	
7/21




	
2007

	
7/13

	
5/30

	
5/30

	
5/30

	
7/8

	
7/8

	
7/4




	
2008

	
7/22

	
8/13

	
8/13

	
7/17

	
8/13

	
8/13

	
7/17




	
2009

	
8/28

	
6/27

	
6/27

	
7/21

	
5/27

	
8/17

	
5/27




	
2010

	
7/16

	

	

	
5/3

	

	

	
9/6




	
2011

	
7/26

	

	

	

	

	

	
6/13




	
2012

	
9/7

	
8/26

	

	
7/7

	
8/26

	
8/26

	
8/18




	
2013

	
8/22

	

	

	

	

	

	











4.1.3. Monthly Precipitation Evaluation


The daily precipitation estimates from the six SPPs were aggregated to monthly time series and were then compared with the rain gauge-observed monthly precipitation. Figure 4 depicts the scatterplots of the basin average monthly precipitation from SPPs and rain gauge observations. Similar to the daily results, among the three real-time SPPs, CMORPH-RT presents the best performance with the highest CC of 0.91 and the lowest RMSE of 39.78 mm, and BIAS of −12.60%. TMPA 3B42RT exhibits a performance comparable to that of CMORPH-RT except for a large overestimation of precipitation estimates. PERSIANN-RT takes the last place because of the lowest CC of 0.82 and the largest RMSE of 57.51 mm. For the three post-real-time research SPPs, TMPA 3B42V7 and CMORPH-CRT show much better performance than that of the newly released PERSIANN-CDR. At monthly time scale, all three post-real-time research products of TMPA 3B42V7, CMORPH-CRT, and PERSIANN-CDR outperform their corresponding real-time estimates (Figure 4), suggesting that the monthly time scale gauge adjustments applied to the TMPA, CMORPH, and PERSIANN systems substantially improve the monthly data accuracy of retrievals. The month-to-month gauge-adjusted post-real-time research products are suggested as ideal SPPs for monthly water resource condition analysis.


Figure 4. Scatterplots of the basin average monthly precipitation between SPPs and rain gauge observations for Xixian Basin: (a) TMPA 3B42RT; (b) CMORPH-RT; (c) PERSIANN-RT; (d) TMPA 3B42V7; (e) CMORPH-CRT; (f) PERSIANN-CDR.
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4.2. Evaluation of Streamflow Simulations


The streamflow simulation accuracy when the model was calibrated on the basis of rain gauge data was analyzed to evaluate the streamflow simulation utility of the six SPPs. The simulated streamflow using the six SPPs as inputs were compared with the observed streamflow in the following three aspects.



4.2.1. Daily Streamflow Evaluation


Figure 5a compares the rain gauge data-simulated daily hydrograph with that observed streamflow and summarizes the statistical measures of the rain gauge data-simulated results. There are good agreements between the observed and simulated daily streamflow series. The statistical indices, with daily CC of 0.92 and 0.90, NSE of 0.85 and 0.81, and BIAS of −2.54% and 9.71% for the calibration and validation periods, respectively, demonstrate that the XAJ model can have good simulations of the streamflow.


Figure 5. Observed and XAJ model-simulated daily streamflows from the rain gauge observations and the three real-time SPPs for (a) rain gauge precipitation; (b) TMPA 3B42RT; (c) CMORPH-RT and (d) PERSIANN-RT.
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The calibrated XAJ model was then forced by the six SPPs as inputs in the period of 2000–2013. Figure 5b–d show the XAJ model-simulated daily streamflows from the three real-time SPPs, and Figure 6a–c depicts the XAJ model-simulated daily streamflows from the three post-real-time research SPPs. For the three real-time SPPs, the simulations of TMPA 3B42RT have significant overestimation of most streamflow series for its systematic overestimation of precipitation. On the contrary, the simulations of CMORPH-RT and PERSIANN-RT significant underestimation of most streamflow series for their systematic underestimation of precipitation. The streamflow simulation of TMPA 3B42RT presents daily CC of 0.74, daily NSE of 0.44, and BIAS of 32.68% for the entire simulation period. The streamflow simulation of CMORPH-RT exhibits daily CC of 0.70, daily NSE of 0.46, and BIAS of −29.90% for the entire simulation period. The streamflow simulation of PERSIANN-RT shows daily CC of 0.57, daily NSE of 0.26, and BIAS of −54.41% for the entire simulation period. Generally, the three near-real-time SPPs produce much worse hydrologic predictions with increased error propagation from input to streamflow at daily time scale, which implies the necessity of bias adjustment or uncertainty analysis for the three near- real-time SPPs in hydrological application [45].


Figure 6. Observed and XAJ model-simulated daily streamflows from the three bias-adjusted SPPs for (a) TMPA 3B42V7; (b) CMORPH-CRT and (c) PERSIANN-CDR.
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The simulations of the three post-real-time research products clearly outperform those from their corresponding real-time estimates. The streamflow simulation of TMPA 3B42V7, which presents daily CC of 0.80, daily NSE of 0.62, and BIAS of 15.07% for the entire simulation period, fits best with the observed streamflow series among those of the six SPPs (Figure 5 and Figure 6). This SPP-based simulation is followed by the CMORPH-CRT-based simulation, which exhibits daily CC of 0.73, daily NSE of 0.51, and BIAS of 3.26%. The simulation from PERSIANN-CDR performs worse, with daily CC of 0.63, daily NSE of 0.39, and BIAS of −10.22%. However, all the SPP-based streamflow simulations observably underestimate a few high peak flows in the rainy seasons. This result is mainly attributed to the precipitation estimate uncertainty of SPPs at the daily time scale and the model parameterization uncertainties when calibrated it on the basis of rain gauge data [17,45].




4.2.2. Extreme Streamflow Evaluation


Three extreme streamflow indices, namely, annual maximum 1-day streamflow (Q × 1 d), 3-day streamflow (Q × 3 d), and 5-day streamflow (Q × 5 d) [18], were adopted to evaluate the performance of the six SPPs in simulating streamflow extremes. Table 6 provides the statistical measures of the SPPs-simulated Q × 1 d, Q × 3 d, and Q × 5 d. Figure 7 shows the box plots of the BIAS index of Q × 1 d, Q × 3 d, and Q × 5 d for the SPP-based simulations versus hydrological gauge observations. Among the six SPPs, the Q × 1 d, Q × 3 d, and Q × 5 d simulated from CMORPH-RT, PERSIANN-RT, and PERSIANN-CDR seriously underestimate the observed extreme streamflow. The TMPA 3B42RT-based simulation exhibits the smallest BIAS values but presents wider range of distribution of the BIAS box plot than its corresponding post-real-time product, indicating the great uncertainty in TMPA 3B42RT-simulated streamflow extremes (Figure 7). TMPA 3B42V7 and CMORPH-CRT present good performance in simulating Q × 1 d, Q × 3 d, and Q × 5 d, with acceptable CC, RMSE, and BIAS values compared with those of the rain gauge simulations (Table 6). For further analysis of the time consistency uncertainty of the SPPs in simulating streamflow extremes, Table 7 shows the occurrence date of Q × 1 d simulated by gauge observations and six SPPs for the period of 2000–2013. Compared with the extreme precipitation analysis results, the consistencies in the occurrence dates of Q × 1 d simulated by SPPs improved (Table 5 and Table 7). The Q × 1 d simulated by TMPA 3B42RT and CMORPH-RT are consistent for 9 and 8 years with the Q × 1 d observed by hydrological station during the 14 years. This finding is comparable to the rain gauge data-simulated results. The consistencies in occurrence dates of Q × 1 d for TMPA 3B42V7 and CMORPH-CRT, which are 6 and 7 years, respectively, are slightly worse than those of their corresponding real-time data. The PERSIANN products show the worst consistencies in occurrence dates compared with TMPA and CMORPH products. Although the near-real-time TMPA and CMORPH products present acceptable consistencies in occurrence dates of Q × 1 d, their simulation biases are non-ignorable. In general, the month-to-month gauge-adjusted TMPA 3B42V7 and CMORPH-CRT exhibit good utility in simulating streamflow extremes, although they still show non-ignorable deviation and occurrence time inconsistency problems compared with gauge-based results. Thus, uncertainties should be considered when applying the current TMPA, CMORPH, and PERSIANN products in simulating extreme streamflow at such medium-sized humid basin.


Figure 7. Box plots of the BIAS index of the annual maximum (a) 1-day streamflow; (b) 3-day streamflow and (c) 5-day streamflow for the six SPPs-based simulations versus the hydrological station observations over 14 years.
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Table 6. Statistical measures of the SPPs simulated annual maximum 1-, 3-, and 5-day streamflow.







	
Extreme Streamflow Indices

	
Products

	
CC

	
RMSE (m3/s)

	
BIAS (%)






	
Q × 1 d

	
Gauge Simulation

	
0.95

	
622.24

	
−9.36




	
TMPA 3B42RT

	
0.72

	
1271.30

	
−6.87




	
CMORPH-RT

	
0.68

	
1880.36

	
−48.23




	
PERSIANN-RT

	
0.55

	
2337.10

	
−64.04




	
TMPA 3B42V7

	
0.84

	
1219.34

	
−24.92




	
CMORPH-CRT

	
0.87

	
1034.61

	
−18.83




	
PERSIANN-CDR

	
0.78

	
1828.34

	
−48.75




	
Q × 3 d

	
Gauge Simulation

	
0.94

	
1245.83

	
1.72




	
TMPA 3B42RT

	
0.68

	
2874.90

	
13.22




	
CMORPH-RT

	
0.61

	
3539.83

	
−39.75




	
PERSIANN-RT

	
0.48

	
4574.23

	
−57.37




	
TMPA 3B42V7

	
0.78

	
2259.33

	
−10.01




	
CMORPH-CRT

	
0.82

	
2336.19

	
−6.98




	
PERSIANN-CDR

	
0.69

	
3241.86

	
−37.03




	
Q × 5 d

	
Gauge Simulation

	
0.95

	
1455.22

	
3.54




	
TMPA 3B42RT

	
0.69

	
3636.28

	
17.25




	
CMORPH-RT

	
0.64

	
4233.58

	
−38.22




	
PERSIANN-RT

	
0.50

	
5581.75

	
−56.42




	
TMPA 3B42V7

	
0.79

	
2719.15

	
−5.50




	
CMORPH-CRT

	
0.79

	
3017.57

	
−7.34




	
PERSIANN-CDR

	
0.70

	
3814.52

	
−33.47










Table 7. Occurrence date of annual maximum 1-day streamflow (Q × 1 d) simulated by rain gauge observations and six SPPs for the period of 2000–2013. Gray boxes indicate the date of Q × 1 d simulated by each precipitation product is consistent with the date detected by gauge observations.







	
Year

	
Observation

	
Gauge

	
TMPA 3B42RT

	
CMORPH-RT

	
PERSIANN-RT

	
TMPA 3B42V7

	
CMORPH-CRT

	
PERSIANN-CDR






	
2000

	
8/20

	

	
6/30

	

	
6/29

	
6/30

	

	
6/27




	
2001

	
2/1

	
7/26

	
7/31

	
8/1

	
7/28

	
1/28

	
10/27

	
2/2




	
2002

	
6/24

	

	

	

	

	

	

	




	
2003

	
7/22

	
7/1

	

	
8/26

	
6/23

	
10/12

	
8/26

	
8/30




	
2004

	
8/6

	

	

	

	

	

	

	




	
2005

	
7/11

	

	

	
8/30

	

	
8/30

	
8/30

	
8/4




	
2006

	
7/30

	
9/6

	
7/2

	
7/2

	
7/23

	
9/10

	
9/10

	
7/23




	
2007

	
7/15

	

	
7/9

	
7/10

	
7/4

	
7/10

	
7/10

	
7/10




	
2008

	
7/24

	

	

	

	
7/19

	

	
8/31

	
7/24




	
2009

	
8/30

	

	

	

	
7/23

	

	

	
5/29




	
2010

	
7/19

	

	

	

	

	

	

	
7/26




	
2011

	
8/4

	
8/11

	
7/28

	
8/18

	
7/28

	
10/3

	
8/18

	
8/18




	
2012

	
9/10

	

	

	

	
7/9

	

	

	
8/22




	
2013

	
8/26

	

	

	

	

	
7/21

	

	
7/21











4.2.3. Monthly Runoff Evaluation


Figure 8 shows the observed and XAJ model-simulated monthly runoffs from the six SPPs. The statistical measures of the SPP-simulated runoffs were calculated for the period of 2000–2013. Similar to the daily results, for the three real-time SPPs, the simulations of TMPA 3B42RT significantly overestimate most of the streamflow series, whereas the simulations of CMORPH-RT and PERSIANN-RT significantly underestimate most of the runoff series. The simulations of the three post-real-time research products obviously outperform those from their corresponding real-time estimates. The simulation from TMPA 3B42V7 shows monthly CC of 0.93, monthly NSE of 0.86, and BIAS of 15.07% for the period of 2000–2013. The simulation from CMORPH-CRT presents monthly CC of 0.88, monthly NSE of 0.78, and BIAS of 3.26%. The simulation from PERSIANN-CDR shows monthly CC of 0.81, monthly NSE of 0.62, and BIAS of −10.22%. In general, the three month-to-month gauge-adjusted post-real-time research products can simulate acceptable monthly runoff series over Xixian Basin.


Figure 8. Observed and XAJ model-simulated monthly runoffs from the six SPPs for (a) TMPA 3B42RT; (b) CMORPH-RT; (c) PERSIANN-RT; (d) TMPA 3B42V7; (e) CMORPH-CRT and (f) PERSIANN-CDR. The statistical measures of the SPPs-simulated streamflows were calculated for the period of 2000–2013.
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5. Conclusions


This study evaluated the hydrological performance of six mainstream SSPs (i.e., TMPA 3B42RT, CMORPH-RT, PERSIANN-RT, TMPA 3B42V7, CMORPH-CRT, and PERSIANN-CDR) via direct comparison of rain gauge observations and hydrological model streamflow simulations over a medium-sized humid basin in central eastern China. The evaluation specifically focused on the performance of the six SSPs in capturing extreme precipitation and extreme streamflow. The conclusions were summarized as follows.



Among the three real-time SPPs, the CMORPH-RT exhibits the best performance, while the TMPA 3B42RT and PERSIANN-RT reveal non-ignorable system errors. The bias adjustment or uncertainty analysis are suggested for practical application of the current real-time SPPs. The two post-real-time research products of TMPA 3B42V7 and CMORPH-CRT exhibit much better performance than that of their corresponding real-time SPPs for daily precipitation estimation. By contrast, the newly released post-real-time research product PERSIANN-CDR insignificantly improves daily precipitation estimate compared with the real-time PERSIANN-RT does. Caution should be exercised when applying the newly released PERSIANN-CDR for daily quantitative precipitation estimation at similar river basins. Moreover, all three post-real-time research products of TMPA 3B42V7, CMORPH-CRT, and PERSIANN-CDR obviously outperform those of real-time estimates at monthly time scale. The month-to-month gauge-adjusted post-real-time research products are suggested as ideal SSPs for monthly water resource condition analysis.



The daily streamflow simulations of the three post-real-time research products clearly outperform those from their corresponding real-time estimates. The streamflow simulation of TMPA 3B42V7 fits best with the observed streamflow series among those of the six SPPs. In general, all six SPP-based streamflow simulations observably underestimate a few high peak flows in the rainy seasons. This finding is mainly attributed to the SPP data uncertainty at the daily time scale and the model parameterization uncertainties when calibrated it on the basis of rain gauge data. Meanwhile, the three month-to-month gauge-adjusted post-real-time research products can simulate acceptable monthly runoff series. This result shows that the three post-real-time research products present good application potentiality in monthly water resources monitoring and management.



For extreme precipitation detection, TMPA 3B42V7 and CMORPH-CRT exhibit much better performance than those of other SPPs in capturing the behavior of precipitation extremes over Xixian Basin, but they still underestimate the precipitation extremes. Most occurrence dates of R × 1 d detection by SPPs are inconsistent with the date detection by gauge observations. For extreme streamflow simulation, TMPA 3B42V7 and CMORPH-CRT present good performance, although they still show non-ignorable deviation and occurrence time inconsistency problems compared with rain gauge observed results. Caution should be exercised when applying the current TMPA, CMORPH, and PERSIANN products for monitoring and predicting extreme precipitation and flood at such medium-sized basin.
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