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Abstract

:

The availability of the new generation Integrated Multi-satellitE Retrievals for Global Precipitation Measurement (IMERG) V06 products facilitates the utility of long-term higher spatial and temporal resolution precipitation data (0.1° × 0.1° and half-hourly) for monitoring and modeling extreme hydrological events in data-sparse watersheds. This study aims to evaluate the utility of IMERG Final run (IMERG-F), Late run (IMERG-L) and Early run (IMERG-E) products, in flood simulations and frequency analyses over the Mishui basin in Southern China during 2000–2017, in comparison with their predecessors, the Tropical Rainfall Measuring Mission Multi-satellite Precipitation Analysis (TMPA) products (3B42RT and 3B42V7). First, the accuracy of the five satellite precipitation products (SPPs) for daily precipitation and extreme precipitation events estimation was systematically compared by using high-density gauge station observations. Once completed, the modeling capability of the SPPs in daily streamflow simulations and flood event simulations, using a grid-based Xinanjiang model, was assessed. Finally, the flood frequency analysis utility of the SPPs was evaluated. The assessment of the daily precipitation accuracy shows that IMERG-F has the optimum statistical performance, with the highest CC (0.71) and the lowest RMSE (8.7 mm), respectively. In evaluating extreme precipitation events, among the IMERG series, IMERG-E exhibits the most noticeable variation while IMERG-L and IMERG-F display a relatively low variation. The 3B42RT exhibits a severe inaccuracy and the improvement of 3B42V7 over 3B42RT is comparatively limited. Concerning the daily streamflow simulations, IMERG-F demonstrates a superior performance while 3B42V7 tends to seriously underestimate the streamflow. With regards to the simulations of flood events, IMERG-F has performed optimally, with an average DC of 0.83. Among the near-real-time SPPs, IMERG-L outperforms IMERG-E and 3B42RT over most floods, attaining a mean DC of 0.81. Furthermore, IMERG-L performs the best in the flood frequency analyses, where bias is within 15% for return periods ranging from 2–100 years. This study is expected to contribute practical guidance to the new generation of SPPs for extreme precipitation monitoring and flood simulations as well as promoting the hydro-meteorological applications.
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1. Introduction


Precipitation is a fundamental feature of terrestrial hydrology and contributes to the control of floods in an indispensable way [1,2,3]. Owing to the pronounced variability of precipitation in spatial and temporal patterns, timely and reliable acquisition of regional precipitation information is still at a bottleneck in terms of hydrological modeling and flood forecasting, particularly with regards to data-scarce and mountainous regions [4,5,6]. The maintenance of conventional rain gauges and ground-based radar is costly and restricted by the topography. The new generation of multi-satellite inversion systems has facilitated the rapid acquisition of larger-scale precipitation information, which can enable the generation of instantaneous, continuous, and high-resolution three-dimensional precipitation data sets globally [7,8,9]. Thus, high-resolution open-access satellite precipitation products (SPPs) bring a completely new alternative data source for hydrological modeling and flood forecasting [10].



With the flourishing advancement of remote sensing technology and inversion algorithms, both spatial and temporal resolutions, as well as inversion accuracy of the new generation of SPPs have been further improved [11,12,13]. Among the numerous SPPs, the products of the Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) and the Integrated Multi-satellitE Retrievals for Global Precipitation Measurement (IMERG) are the representative mainstream SPPs in recent decades. The TMPA yields reliable precipitation data in both the tropics and subtropics at a spatial resolution of 0.25° × 0.25° and a temporal resolution of 3 h in TRMM-era [1,12]. Designed as a descendant of the TRMM, the Global Precipitation Measurement (GPM) mission is a satellite constellation mission that moves global precipitation products into a new era. The IMERG algorithm aims to produce global precipitation estimates at a spatial resolution of 0.1° × 0.1° and at a temporal resolution of 30 min covering the full range of sensors in the TRMM and GPM eras [11]. IMERG provides three different state-of-the-art treatment modes in order to estimate precipitation, first with the 4 h latency IMERG Early Run product (IMERG-E) and followed by the 14-h latency IMERG Late Run product (IMERG-L). The final phase utilizes monthly gauge data in order to construct the research-level IMERG Final Run product with a latent duration of 3.5 months (IMERG-F). The major distinction between IMERG-E and IMERG-L is that IMERG-E contains only forward propagation (which basically amounts to extrapolation), while IMERG-L features both forward and backward propagation (allowing interpolation). The additional 10h of latency allows for lagging data transmissions to reach IMERG-L. In 2019, the IMERG V06 retrospectively created a homogeneous account of the TRMM era from 2000 (and eventually from 1998) and expanded its coverage towards both poles [14]. It is worth noting that the long-term period near real-time IMERG-E and IMERG-L products suggests their greater application utility in the hydrometeorological fields, including mesoscale and large-scale near real-time flood forecasting and drought monitoring [15,16,17,18].



Many scholars have conducted in-depth research on the performance of TMPA and IMERG products, extending from precipitation accuracy assessment to various other aspects, including hydrological simulation applications and flood forecasting [19,20,21,22,23,24,25,26]. Generally, the majority of previous studies found that TMPA and IMERG products have good potential for hydrological simulations, and that IMERG products generally perform better than TMPA products [6,17]. Wu et al. [4] established the global flood simulation monitoring system using TMPA 3B42V7 and 3B42RT as model-driven data in order to evaluate their performance in runoff simulations globally, and presented that the modeling accuracy was inferior at higher latitudes. Yuan et al. [27] evaluated the applications of multiple TRMM- and GPM-era SPPs for flood simulations at sub-daily scales in a sparsely gauged watershed in Myanmar and found that IMERG-F is a credible substitute for 3B42V7. Jiang and Bauer-Gottwein [22] examined the hydrological simulation utility of IMERG and TRMM 3B42 over 300 catchments across mainland China and concluded that IMERG outperformed TRMM 3B42 in hydrological model forcing. Zhu et al. [25] evaluated the applicability of high-temporal SPPs in flood simulations over a humid region of China and found that IMERG and TRMM were suitable for hydrological simulations at an hourly scale. However, compared with largescale research conducted on the accuracy assessment of satellite precipitation data and streamflow simulations, research on the application of SPPs in flood predictions and flood frequency analyses remains scarce. Pradhan et al. [17] reported that studies of SPPs at daily and longer time scales surpassed sub-daily ones, and highlighted the requirement for further research at a fine time resolution. Thus, there is an urgent need to estimate and evaluate the utility of near real-time IMERG SPPs for flood simulations and frequency analyses in sub-daily resolutions.



In this context, this investigation aims to integrate a comprehensive evaluation of the hydrological utility of five sets of SPPs, TMPA 3B42RT, TMPA 3B42V7, IMERG-E, IMERG-L, and IMERG-F, in flood simulations and frequency analyses over the humid Mishui basin in South China during the period of 2000–2017. In addition to previous daily-scale precipitation evaluations and runoff simulations, the primary objectives of this study are as follows: (1) to methodically and statistically compare the accuracy of the five SPPs for the daily precipitation and heavy precipitation events estimation by using high-density station observations as benchmark data; (2) to comprehensively investigate the hydrological utility of SPPs in flood event simulations and flood frequency analyses. The outcomes of this study will contribute useful guidance for the monitoring of extreme precipitation and the simulations of flooding using new generation GPM-era SPPs , as well as promoting their hydrometeorological applications.




2. Study Area and Data


2.1. Study Area


The Mishui basin is located in the south-eastern part of Hunan Province, China, at 112°52′~113°56′E and 26°01′~27°10′N (Figure 1). The drainage area above the Ganxi hydrological station is approximately 9977 km2. The Mishui is the first-class tributary in the Xiangjiang River basin, with a length of about 296 km and an average slope drop of 1.01%. The topography of the Mishui basin is high in the southeast and low in the northwest. The basin belongs to the subtropical monsoonal humid climate, with four distinct seasons and abundant rainfall. The average annual temperature is 18.0 °C and the annual average relative humidity is 80%. Furthermore, the average wind speed is 1.8 m/s and the average annual precipitation is 1561.2 mm. The basin is known to be a high flash flood hazard area. It is a suitable typical region for exploring the potential of multiple SPPs in flood simulations and frequency analyses.




2.2. Satellite Precipitation Products


Five SPPs, namely TMPA 3B42RT (hereafter 3B42RT), TMPA 3B42V7 (hereafter 3B42V7), IMERG-E, IMERG-L, and IMERG-F were evaluated. The TRMM is the tropical rainfall observation program of the National Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency (JAXA), whose primary objective is to monitor and investigate the distribution of precipitation in the tropics [12]. The TRMM satellite precipitation data are available in four stages. The TMPA series products used in this study belong to the third stage, including the near real-time 3B42RT and the post real-time 3B42V7. The post real-time 3B42V7 integrates measured precipitation data from the Global Precipitation Climatology Centre (GPCC) ground stations for bias correction [12]. At the same time, 3B42RT has not been corrected but the errors were eliminated using the climate correction algorithm.



The GPM classifies precipitation products into four levels. The IMERG precipitation products belong to level 3; thus, all satellite microwave precipitation estimates are merged with microwave-calibrated infrared (IR) satellite estimates and precipitation gauge analyses in order to produce high resolution global SPPs [11]. Compared with the previous generation of TRMM precipitation products, the GPM delivers precipitation data with higher temporal and spatial resolution. The temporal resolution is half an hour. The spatial resolution was increased to 0.1°, implying a new era in satellite precipitation research driven by highly accurate data. The IMERG SPPs can be differentiated into three sub-products (IMERG-E (near real-time), IMERG-L (near real-time), and IMERG-F (post real-time)) based on the application of ground calibration data and their release time. IMERG-E uses only forward morphing with a latency of about 4 h while IMERG-L uses both forward and backward morphing with a latency of about 14 h. The near real-time IMERG-E and IMERG-L have no concluding calibration. In addition, IMERG-F has a latency of about 3.5 months using both forward and backward morphing and was calibrated by the GPCC. For this study, the precipitation data from June 2000 to December 2017 were used and are available for download at the official NASA website.




2.3. Gauged Precipitation and Discharge Data


The observed daily precipitation data for 2000 to 2017 were derived from 35 rain gauge stations in the Mishui basin. For the same period, the daily streamflow and potential evapotranspiration data were obtained from the Ganxi hydrological station and the Wulipai evaporation station, respectively. All data were derived from the Hydrological Bureau of the Ministry of Water Resources of China.





3. Methodology


3.1. Xinanjiang Model


The Xinanjiang Model is a conceptual model proposed by Zhao [28], which has been widely used and is particularly well-applied in the humid regions of China. In this study, a grid-based Xinanjiang (hereafter XAJ) model is proposed for daily streamflow and flood simulations. The XAJ model is mainly composed of four basic modules, namely: evapotranspiration, runoff generation, runoff delineation and flow confluence. Supported by the theory of saturation-excess runoff, the salient features of the XAJ model are the division of units, division of runoff, and division of confluence stages. Unit division refers to dividing the watershed into multiple sub-basins so as to fully reflect the spatial distribution of rainfall and the characteristics of the underlying surface of the watershed. In addition, the runoff is divided into surface runoff, soil flow, and underground runoff, according to the speed of confluence. Moreover, the division of stages means that the confluence is divided into three stages: slope confluence, river-network confluence, and channel confluence. Among them, slope confluence is calculated using the linear reservoir method, river-network confluence is calculated using the lag and route algorithm, and channel confluence is calculated using the Muskingum method. A total of 15 parameters are included in the XAJ model, which are automatically calibrated using the global optimization algorithm (SCE-UA) developed by Duan et al. [29].




3.2. Flood Frequency Analysis


The flood frequency analysis (FFA) is crucial in statistical hydrology, which is of great significance for accurately evaluating flood risk. Although two-parameter distributions have been well developed, such as the Normal and Gumbel distributions, a number of hydrological variables are preferably characterized by three-parameter distributions, such as the Pearson type III [30]. Based on an L-moments goodness-of-fit statistic, the Pearson type III distribution was identified as a suitable distribution, which was confirmed in previous studies [31,32,33]. Furthermore, many studies have performed fitting analyses on the hydrological series in China, and it is believed that the P-III distribution curve provides a better fit for the rainstorm and flood series. In 2006, “Regulation for Calculating Design flood of Water Resources and Hydropower Projects” which stipulates that the P-III distribution curve is recommended for the selection of the hydrological frequency distribution (except in special cases), was published in China [34]. There are two approaches typically used for regional flood frequency analyses: annual maximum serried (AMS) and peak-over threshold (POT). The AMS uses one maximum event per year, while the POT uses every peak above the selected threshold level [35]. The AMS method is commonly adopted for reoccurrence intervals that are longer than 10 years since it provides statistical independence of data and focuses on small exceedance probability events [33]. Therefore, the P-III distribution was selected for the FFA in this study and the AMS model was used. The observed and modelled annual maximum peak flood discharges from 2000 to 2017 were used as input for the flood frequency analysis.




3.3. Evaluation Metrics


Five statistical indicators were identified in order to evaluate the accuracy of SPPs: correlation coefficient (CC), relative bias (Bias), root mean square error (RMSE), probability of detection (POD), and false alarm rate (FAR). The CC describes the degree of linear correlation between the satellite data and the observed data, and it ranges from 0 to 1, the closer the value is to 1, the more consistent they are. Bias shows the systematic deviation between the benchmark and satellite precipitation data. The RMSE indicates the average margin of error within the data, where a smaller value for the same benchmark reflects a higher accuracy for the data. The perfect value for the RMSE and Bias is 0. The POD and FAR are used to track the detection of precipitation events, where the POD reflects the hit rate of correctly detected rainfall events and the FAR shows the false and missing rate.
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where,  n  is the length of the timeseries,    S i    is the value of the target at time  i ,    G i    is the value of the reference data at time  i ,    G ¯    and    S ¯    are the mean values.


  P O D =  H  H + M    
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where H is the frequency of precipitation observed by both satellite and gauge, and M is the frequency of precipitation observed by gauge but not by satellite. The POD and FAR are all in the range of [0, 1] and the perfect values for the POD and FAR are 1 and 0, respectively.



In order to evaluate the accuracy of flood event simulations, GB22482-2008-T was adopted; it comprised four indicators (cumulative runoff error (REv), flood flow error (REp), error of flood time (ΔT), and determination coefficient (DC)), according to the relevant provisions of the “Hydrological Information Forecasting Standard of the People’s Republic of China”. The allowable error of REv and REp was 20% of the corresponding measured flow and flood flow variation; the allowable error of ΔT was 30% of the interval between the forecast time and the measured peak present time; and ±3 h was the upper limit. DC characterizes the degree of agreement or dispersion between the flood forecast results and the measured flow with a range of [0, 1] and a perfect value of 1:


  D C = 1 −     ∑  i = 1  n     [  y c  ( i ) −  y o  ( i ) ]  2        ∑  i = 1  n     [  y o  ( i ) −    y o   ¯  ]  2       
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where    y c  ( i )   refers to the flood forecast value, m3/s,    y o  ( i )   refers to the observed flow value, m3/s,      y o   ¯    is the observed flow mean value, m3/s.





4. Result


4.1. Evaluation of Precipitation Estimations


4.1.1. Evaluation of the Daily Precipitation Estimations


Figure 2 shows the scatterplots of the daily precipitation by comparing five SPPs and rain-gauge observed precipitation. As can be noted, 3B42RT in the TMPA series of products was more divergent in the precipitation estimates, with both significant overestimation and underestimation of precipitation. Although overestimation was improved in 3B42V7, its enhancement in the underestimation of rainfall remained relatively limited. The near real-time products IMERG-E and IMERG-L performed more similarly and were also skewed in their precipitation estimates, with an apparent divergence in regions of heavy precipitation. In addition, the performance of the post real-time product IMERG-F was significantly better than that of the previous two, with further convergence of the scatter and superior agreement with station precipitation. In summary, the post-real time precipitation products (3B42V7 and IMERG-F), which were corrected based on monthly data, outperformed the near real-time products (3B42RT, IMERG-E, and IMERG-L) at the daily time scale.



Five metrics (CC, RMSE, bias, POD, and FAR) were used in order to assess the accuracy of five SPPs in the Mishui basin between June 2000 and December 2017. The statistical results are shown in Table 1, which show that IMERG-F had the best accuracy, the highest CC (0.71), the lowest RMSE (8.7), and the most elevated POD (0.87). The CC of the post real-time product 3B42V7 (0.64) was slightly higher than that of the near real-time product 3B42RT (0.61). Moreover, the CC of the post real-time product IMERG-F (0.71) was also higher than that of the near real-time product IMERG-E (0.68) and that of IMERG-L (0.66). It is worth noting that all precipitation products suffered from underestimating precipitation, except for IMERG-L, which overestimated precipitation (0.6%). In particular, 3B42V7 had a maximum negative deviation of 5.3%. The RMSE of 3B42V7 (9.2 mm) was lower than that of 3B42RT (10.2 mm), and the RMSE of IMERG-F (8.7 mm) was also lower than that of IMERG-E (9.9 mm) and IMERG-L (9.9 mm). Notably, the RMSE of 3B42RT reached 10.2 mm. Both 3B42V7 and IMERG-F also outperformed their counterparts in the POD and FAR. In general, the accuracy of the post real-time product was better than that of the near real-time product. Furthermore, the accuracy of the IMERG series product was superior to that of the TMPA product, which was reflected in the improvement of the CC, bias, RMSE, and the POD.



A box and whisker plot of the difference between the five SPPs and the observed precipitation for different rainfall intensities under-hit conditions is provided in Figure 3. It can be seen that all five sets of SPPs exhibited an overestimation of weak precipitation events and an underestimation of heavy precipitation events. In addition, the bias towards the underestimation of precipitation worsened as the intensity of precipitation increased. When the rainfall intensity was over 100 mm/day, the underestimated deviation of precipitation was more than 50 mm. Grossly overestimated anomalies were observed above the box line plots for each precipitation product, indicating that while the SPPs presented an underestimation of precipitation overall, a gross overestimation of specific precipitation persisted. For light precipitation events (1–10 mm/day), slight overestimations existed for all precipitation products, and the deviations were relatively close. For the higher precipitation events (>25 mm/day), the variation in the deviation of the SPPs was more pronounced. In particular, for precipitation intensities above 100 mm/day, the underestimation of IMERG-L was 46.1 mm, while that of 3B42V7 was as high as 76.5 mm. In general, the devaluation of the TMPA series was more pronounced than that of the IMERG series. The post real-time products of the same series showed a more significant underestimation than the near real-time products. Considering the significant underestimation of heavy precipitation events, improving the inversion accuracy of extreme rainfall events could serve as a direction for further improving the reliability of IMERG [36].




4.1.2. Evaluation of Heavy Precipitation Events


In order to evaluate the capability of the five SPPs in monitoring extreme precipitation events more thoroughly, eight long series of heavy precipitation events were selected. The 3-hourly precipitation data from the station-observed precipitation and the TMPA series precipitation products were interpolated to 1 h. The 0.5-hourly IMERG precipitation data were accumulated to the 1-hourly scale in order to compare the precipitation variability of the different SPPs. The performance accuracy was evaluated by the CC, bias, and the RMSE.



The performance of the eight precipitation events is shown in Figure 4. It is clear that 3B42RT was not satisfactory for heavy the precipitation events estimation. The improvement in accuracy of the post real-time product 3B42V7 over 3B42RT was limited. This may be because an underestimation of heavy precipitation is more likely to occur with satellite monitoring of the precipitation. For the IMERG series, with the most significant errors and mostly negative biases, IMERG-E showed a severe underestimation of precipitation. In comparison, the deviations of IMERG-L and IMERG-F were minor. It is worth noting that the average CC of the eight heavy precipitation events in the IMERG series all reached 0.5, and the average CC of IMERG-E, IMERG-L, and IMERG-F were 0.50, 0.58, and 0.56, respectively.



Figure 5 depicts a time series plot of the observations and the five SPPs in cumulative precipitation for different precipitation events (precipitation and flood events are named according to the corresponding dates), which shows that the trends of the SPPs were consistent with the observations, and that the SPPs could successfully capture the main precipitation process. In addition, the slopes of the precipitation accumulation lines of the different SPPs and the station were also consistent, as in the case of the two short-duration extreme precipitation events during Event 2 (20060616), indicating that the SPPs were credible in capturing extreme precipitation events. 3B42RT had the largest uncertainty and exhibited a significant overestimation of precipitation, with half overestimated and half underestimated in the eight precipitation events. In addition, the underestimation of precipitation by IMERG-E was prominent when the cumulative precipitation was high, with only one precipitation (Event 20150630), showing no significant underestimation.



In contrast, the XAJ model with the IMERG-L precipitation input effectively replicated the eight flood events, except for the events 20130514 and 20140525, which had a lower accumulative precipitation. Being a post real-time product, the performance of 3B42V7 was acceptable but inferior to IMERG-F for most flood events. The performances of IMERG-F and IMERG-L were comparable. For events 20000901 and 20070819, IMERG-F deviated more from the observed cumulative precipitation curve, while for event 20140525, IMERG-F was more consistent.





4.2. Evaluation of the Hydrological Utility


4.2.1. Evaluation of the Daily Streamflow Simulations


The XAJ model was applied in order to simulate the daily streamflow in the Mishui basin from June 2000 to December 2017, with 2000–2011 as the model calibration period and 2011–2017 as the model validation period. Firstly, the applicability of the XAJ model for simulating daily runoff was evaluated using rain-gauge precipitation as the model driver. The statistical results are shown in Table 2. The DC for the calibration and validation periods achieved 0.84 and 0.64, respectively, indicating the suitability of the XAJ model in the Mishui basin.



Next, the model was run from June 2000 to December 2017 using the IMERG and 3B42 products with rain gauge-calibrated model parameters. Synthetically, the post-real time IMERG-F showed the highest precision, with a DC of 0.63 and 0.55 in the calibration and validation periods, respectively. The near real-time products IMERG-E and IMERG-L had the same DC for the calibration and validation periods in the daily runoff simulations (0.53 and 0.50, respectively). The post-real time product 3B42V7 tended to underestimate the runoff, showing a negative bias, with a deviation of no more than 3% in both the calibration and validation periods. The near real-time 3B42RT product had a CC of 0.51 for the calibration period and 0.29 for the validation period, representing the worst modeling accuracy among the five SPPs.



Figure 6 shows the annual maximum flow series and scatterplots of the observed and simulated runoff from 2000 to 2017. Regardless of whether the precipitation observed by the rain-gauge or the precipitation from the SPPs was used as the model-driven data, the annual maximum flood peak of the runoff simulation results was found to be lower than the observed flow, which may be limited by the time scale of the precipitation data. This indicates that the SPPs estimated for extreme flood events remained imprecise on a daily scale. In addition, the underestimation of heavy precipitation by SPPs may also be the reason for the low simulated flood peak flow. Compared with the post real-time precipitation products, the three sets of near real-time precipitation products showed improvement in terms of the annual maximum runoff; however, severe overestimation and underestimation persisted.




4.2.2. Evaluation of the Hourly Flood Event Simulations


The precipitation data were interpolated to a one-hour scale in order to simulate eight flood events since 2000. Five floods (20000901, 20030515, 20060616, 20060715, and 20070819) were used for calibration, and three floods (20130514, 20140525, and 20150630) were used for validation. Figure 7 depicts the comparison of the observed and simulated hourly hydrographs by gauge precipitation and the five SPPs. The detailed statistical results are provided in Table 3. The hydrological performance was quantified by the REv, REp, ΔT, and the DC.



As shown in Table 3 and Figure 7, the accuracy of each flood event simulated based on the rain-gauge was high. The DC in the calibration period reached 0.90 and the REp were all within ±20%. The REv was within ±20%, except for 20070819, where the REv reached 22%. Furthermore, Figure 7 indicates that the streamflow forced by the rain-gauge data matches well with the observations. Thus, there is strong support for the applicability of the XAJ model in the Mishui Basin. The results show that 3B42RT performed poorly in event 20060715 (DC = 0.25), 20070819 (DC = 0.25), and 20130514 (DC = 0.08), implying the infeasibility of the use of 3B42RT in hourly flood event simulations. In contrast, 3B42V7 outperformed 3B42RT, with an improved DC for most events, and an average DC of 0.68. For the evaluation of the IMERG series, IMERG-E demonstrated a poor hydrological simulation, markedly underestimating the total runoff and peak flows for most events, which is inseparable from underestimating the precipitation for seven out of the eight flood events, except for event 20150630. By contrast, the accuracy of IMERG-L and IMERG-F was excellent, with a comparable performance between the two. Whereas the average DC for IMERG-L was 0.81, non-negligible deviations were observed in the simulations of runoff and flood flow in three flood events (20070819, 20130514, and 20140525), showing variations of over ±20% in flood flow, while three floods (20060715, 20070819, and 20130514) showed deviations of more than ±20% in runoff depth. The performance of IMERG-F was slightly superior to that of IMERG-L, with only one showing a REv of more than ±20% and all REps not exceeding ±20%, achieving an average DC of 0.83. These results indicate that IMERG-L and IMERG-F can be utilized as an hourly scale hydrological simulation benefiting from its robustness and reliability.



The bias on the precipitation estimates may be exaggerated in the flood simulations. For instance, the IMERG-E product for event 20060616 was negatively biased by 21.7% for precipitation and negatively biased by 31.8% for runoff depth and 35.8% for peak flow in the corresponding flood simulation. Considering the flood simulations for five SPPs, it was concluded that the post real-time products outperformed the near real-time products of the same series. Overall, the hourly precipitation estimates from IMERG were better correlated with the ground observations than TMPA.





4.3. Evaluation of the Flood Frequency Analysis


The flood frequency analysis can provide insights into the potential of the SPPs for extreme flood event forecasting applications. The P-III distribution curve was chosen in order to calculate the design flood for the Mishui basin using the L-moment method. In Table 4, the statistical parameters of the annual maximum peak flow and design floods for different return periods based on observations and simulations of the five SPPs are presented. It is worth noting that the values of   x ¯   and Cv generated by the five SPP simulations declined in comparison with the values derived from the observations, while the Cs/Cv ratio increased. The value of   x ¯   based on the observed data is 3071.7 m3/s. Among all of the SPPs and the gauge station data, the value of   x ¯   for IMERG-L turns out to be the closest at 2848.2 m3/s. When the return period is 100, the streamflow calculated based on the observed data is 7490. The near real-time SPPs of IMERG-L, IMERG-E, and 3B42RT showed a calculated streamflow of 6811, 6133, and 5449 respectively, showing an improved performance compared with the post real-time SPPs but still exhibiting a significant underestimation.



As shown in Figure 8, the design floods for the runoff simulated based on the rain-gauge data are consistent with the observations. The results for the near real-time products are superior to those of the same series of post real-time products (e.g., IMERG-L had a minor error in extreme floods and was close to the observed values). In contrast, the post-real time products were found to significantly underrate the design floods compared with the observation-based ones. Further, all five SPPs showed an underestimation of extreme floods, with the mean flood peak flow being lower than those observed. Concerning the relative error, the SPPs tend to overestimate floods with shorter return periods, gradually overestimating floods as the return period increased, most likely due to an overestimation of low flows and an underestimation of high flows in the runoff simulations. Among the five SPPs, IMERG-L achieved the best results, based on the determination that it fit well with the P-III distribution curve of the observed flow and was within the 15% error for return periods ranging from two to 100 years.





5. Discussion


5.1. Comparison of the Accuracy of the SPPs


This study evaluated the reliability of five SPPs, namely IMERG-E, IMERG-L, IMERG-F, 3B42RT, and 3B42V7. Corrected based on the GPCC monthly data, IMERG-F was found to be most consistent with the rain-gauge precipitation. 3B42V7 was found to outperform 3B42RT. Overall, the accuracy of the post real-time product slightly outperformed the near real-time product, and the accuracy of the IMERG series product was superior to the TMPA product, with higher CC and RMSE values. Many studies have previously conducted the same comparative analysis in different regions and reached the same conclusions [37,38,39,40,41]. The detection capability at various rainfall intensities was explored in under-hit conditions. All five SPPs revealed an overestimation of minor precipitation events and an underestimation of heavy precipitation events. With the increase in the precipitation intensity, the precipitation was underestimated in the evaluation of IMERG over mainland China [42]. It is worth noting that the underestimation of precipitation by TMPA is more severe than that of IMERG. This suggests that the underestimation of the post real-time product was greater than the near real-time product because the precipitation product was subject to both misreporting and omission errors, while the improvement in the detection probability of precipitation events was not achieved by the correction using the GPCC monthly precipitation data. As a result, in order to balance the overestimation of the rainfall due to misreporting, the correction algorithm uniformly reduced the precipitation estimate, resulting in a further underestimation under the hit scenario. In general, compared with the previous generation of TMPA precipitation products, IMERG was found to be significantly superior in all evaluation metrics.



Furthermore, the inversion evaluation of the heavy precipitation events showed distinct variations. Among the eight heavy precipitation events evaluated, 3B42RT was found to be the least effective in capturing heavy precipitation events, wherein 3B42V7 showed a similar accuracy to 3B42RT. Except for 3B42RT, all SPPs underestimated extreme precipitation events, consistent with the conclusion of the assessment in China conducted by Fang et al. [36]. Moreover, IMERG-E exhibited a severe underestimation of heavy precipitation, while IMERG-L and IMERG-F exhibited lower systematic biases and performed better. On the other hand, the IMERG family of products was found to reflect trends more accurately in heavy precipitation than TMPA, especially in the near real-time products, with IMERG-L achieving a higher CC and a lower RMSE. Moreover, for the detection capability of extreme precipitation events, the CSI indicator is proposed to be used in order to conduct a more comprehensive assessment in future studies. The near real-time precipitation products are more valuable for real-time hydrological warnings and forecasting due to their short time lag and high timeliness. The IMERG-E product was found to be less effective than the IMERG-L product, most likely because IMERG-L incorporates more passive microwave data in order to ensure more accurate precipitation estimates. Additionally, the forward projection algorithm for cloud vector motion is used in the IMERG-E product due to the differences in data algorithms, while the bi-directional algorithm formed by the increased backward algorithm is used in the IMERG-L product, which is more efficient in using microwave data. The results confirmed the higher accuracy of IMERG-F and the superior extreme precipitation detection capability of IMERG-L at the hourly scale, confirming a new basis towards the hydrological utilization of GPM-era SPPs for the Mishui Basin.




5.2. Analysis of the Hydrological Utility of SPPs


The IMERG series outperformed the TMPA series in the daily runoff simulations, with higher CC and DC values. Although IMERG-F showed the best performance, it remained inferior to those driven by the benchmark precipitation. As such, replacing gauge observations completely with the SPPs remains difficult [43]. Furthermore, the SPPs were evaluated on a 1-hourly temporal scale in this study. Yuan et al. [41] conducted an early 3-hourly flood event simulation of the IMERG and 3B42V7 using the XAJ hydrological model. They found that both the IMERG- and 3B42V7-based model runs could reproduce historical flood events in two scenarios, wherein IMERG was superior to 3B42V7. Over a humid region of China, Zhu et al. [25] found that IMERG-E, IMERG-L, and 3B42RT showed comparable performances in flood event simulations, while IMERG-E and IMERG-L performed slightly better than TRMM. Furthermore, they found that IMERG-F was more feasible for flood event simulations, with the highest NSE in most events. This study found that 3B42RT exhibited substantial uncertainties and significant over- and underestimations of precipitation, ascribing to its poor detection of precipitation, which was further amplified in the implementation of model simulations, giving rise to marked deviations in the flood simulations. The advantages of the post real-time product IMERG-F over 3B42V7 were more prominent in most flood simulations, showing that its hydrographs were more consistent with observed data. The IMERG series performed more satisfactorily in the daily runoff simulations than the TMPA series and the simulations of flood events, both in post real-time and near real-time. These results fully illustrate and prove that the IMERG products were most suitable and effective for various hydrological research applications.



The outcomes of this study may serve as a guideline for the monitoring of extreme precipitation and the simulations of flooding using the new generation of GPM-era SPPs, as well as promoting hydrometeorological applications. However, the limitation of this study is that more intense precipitation and consequent flooding events were not identified for systematic consideration. Thus, it is recommended that more adequate extreme precipitation and flood data should be used in order to conduct extensive analyses on the hydrological utility of SPPs with a higher temporal resolution in order to obtain more representative conclusions in future studies.





6. Conclusions


This study thoroughly evaluated the utility of near- and post-real-time SPPs from TMPA and IMERG in flood simulations and frequency analyses over the Mishui basin in South China during 2000–2017. In addition to the evaluation and model application of daily precipitations, investigations of extreme precipitation events as well as flood simulations and flood frequency analyses are conducted in this study. The main conclusions are as follows:




	
IMERG-F achieved the highest daily precipitation accuracy among the five SPPs, with the highest CC (0.71), the lowest RMSE (8.7), and the best POD (0.87). Thus, when evaluating heavy precipitation events, IMERG products can more accurately reflect the precipitation process than TMPA products, especially for near real-time products. IMERG-L achieved a higher CC and a smaller RMSE and deviation. 3B42RT showed a significant error in rainfall estimation. The improvement of 3B42V7 compared with 3B42RT was limited, and the error in some events was even more unsatisfactory than 3B42RT;



	
The errors of the five SPPs evaluated under different precipitation intensities showed an overestimation of light precipitation and an underestimation of heavy precipitation. The underestimation increased with an increasing rain intensity. When the rainfall intensity was greater than 100 mm/day, all the five SPPs underestimated the precipitation from 46.1 mm to 76.5 mm, indicating a severe underestimation of the satellite products during heavy rainfall events. IMERG-L performed the best, with the least amount of devaluation. In contrast, after correction for monthly precipitation data, the post real-time products 3B42V7 and IMERG-F showed a greater deviation than their near real-time counterparts;



	
For the daily runoff simulations, the DC values of the IMERG-F product in the calibration and validation periods were 0.63 and 0.55, respectively, with a CC of 0.79 and 0.76, respectively, and a deviation of 0.4%, which was the best among the five sets of precipitation products. 3B42V7 tended to underestimate the runoff, and both the calibration period and the validation period were negatively biased. The DC of the 3B42RT product was 0.51 in the calibration period and 0.29 in the validation period, achieving the poorest accuracy;



	
For the evaluation of the flood simulations, among the post real-time products, IMERG-F performed better than 3B42V7 in most flood simulations and was more consistent with the hydrographs of the measured flow. Furthermore, the peak flow was also closer to the measured value, with an average DC of 0.83. Among the near real-time SPPs, IMERG-L performed better than IMERG-E and 3B42RT in most flood events, with an average DC of 0.81;



	
Regarding the flood frequency analysis, the five sets of SPPs all underestimated extreme floods, and the average flood peaks were lower than the observed values. The SPPs tended to overestimate floods with shorter return periods, and gradually shifted to overestimating floods as the return periods increased. Among them, IMERG-L achieved the best performance. Compared with the measured flow design flood results, the bias in the return period of 2–100 years was within 15%.
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Figure 1. Digital elevation model (DEM) and spatial distribution of the rain gauge of the Mishui basin in south China. 
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Figure 2. Scatterplots of daily precipitation comparison between five SPPs and rain-gauge observed precipitation. 
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Figure 3. Boxplots of the five SPPs and the observed precipitation at different precipitation intensities. 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 outside of the box mark the range in 1.5 IQR; the square point marks the average value; and the circular points mark the outliers. 
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Figure 4. Boxplots of statistical metrics of eight precipitation events for the five SPPs over the Mishui basin. 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 outside of the box mark the range in 1.5 IQR; and the square point marks the average value. 
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Figure 5. Comparison of the cumulative precipitation between gauge precipitation and the five SPPs of the eight historical flood events in 2000–2015 at the Ganxi hydrological station. 
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Figure 6. Selected annual peaks from the observed records and the different simulations for the period 2000–2017. 
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Figure 7. Comparison of the observed and simulated hourly hydrographs by gauge precipitation and the five satellite remote sensing precipitation products of the eight historical flood events in 2000–2015 at the Ganxi hydrological station. 
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Figure 8. Comparison of the flood-frequency curves based on the observed and simulated peak flows and the bias of design floods. 
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Table 1. Accuracy of the evaluation metrics for the five SPPs in the Mishui Basin.
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	Precipitation Product
	CC
	Bias (%)
	RMSE (mm)
	POD
	FAR





	3B42RT
	0.61
	−5.2
	10.2
	0.57
	0.23



	3B42V7
	0.64
	−5.3
	9.2
	0.58
	0.22



	IMERG-E
	0.66
	−0.3
	9.9
	0.85
	0.38



	IMERG-L
	0.68
	0.6
	9.9
	0.87
	0.38



	IMERG-F
	0.71
	−1.1
	8.7
	0.87
	0.38










[image: Table] 





Table 2. Statistical results of the daily runoff during the calibration and validation periods driven by rain gauge observations and the five SPPs.
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Precipitation Data

	
Calibration Period

	
Validation Period




	
CC

	
DC

	
Bias (%)

	
CC

	
DC

	
Bias (%)






	
Gauge

	
0.92

	
0.84

	
5.5

	
0.78

	
0.64

	
9.6




	
3B42RT

	
0.71

	
0.51

	
−6.0

	
0.70

	
0.29

	
7.8




	
3B42V7

	
0.75

	
0.54

	
−2.1

	
0.66

	
0.45

	
−0.8




	
IMERG-E

	
0.74

	
0.53

	
−0.1

	
0.62

	
0.50

	
5.7




	
IMERG-L

	
0.75

	
0.53

	
2.1

	
0.61

	
0.50

	
6.7




	
IMERG-F

	
0.79

	
0.63

	
0.4

	
0.76

	
0.55

	
0.4
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Table 3. Performance of flood event simulations at the Ganxi streamflow station using the rain-gauge and the SPPs data sets.
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Gauge

	
3B42RT

	
3B42V7

	
IMERG-E

	
IMERG-L

	
IMERG-F




	
REv (%)

	
REp (%)

	
ΔT

	
DC

	
REv (%)

	
REp (%)

	
ΔT

	
DC

	
REv (%)

	
REp (%)

	
ΔT

	
DC

	
REv (%)

	
REp (%)

	
ΔT

	
DC

	
REv (%)

	
REp (%)

	
ΔT

	
DC

	
REv (%)

	
REp (%)

	
ΔT

	
DC






	
20000901

	
11.2

	
13.5

	
−2

	
0.94

	
20.9

	
29.1

	
0

	
0.85

	
−30.8

	
−25.8

	
1

	
0.81

	
−42.4

	
−43.2

	
0

	
0.6

	
−7.8

	
−1.5

	
−1

	
0.94

	
−11.6

	
−8.5

	
0

	
0.87




	
20030515

	
5.8

	
18.2

	
−1

	
0.9

	
35.2

	
36.5

	
−1

	
0.85

	
−36

	
−31.4

	
0

	
0.64

	
−18.7

	
−12.1

	
0

	
0.81

	
−16.7

	
−2.5

	
−2

	
0.87

	
−15.2

	
−2.7

	
0

	
0.85




	
20060616

	
4.4

	
6.6

	
−3

	
0.95

	
8.1

	
26.9

	
−5

	
0.83

	
−19.5

	
−22.8

	
−9

	
0.86

	
−31.8

	
−35.8

	
−1

	
0.65

	
−11.3

	
−4.8

	
−1

	
0.84

	
−12.7

	
−10.7

	
−2

	
0.83




	
20060715

	
−7.7

	
6.9

	
−8

	
0.9

	
−50.1

	
−55.9

	
14

	
0.25

	
−59.2

	
−55.2

	
2

	
0.31

	
−41.5

	
−22.2

	
−2

	
0.5

	
−30.7

	
−1.3

	
−2

	
0.56

	
−38.3

	
−14.2

	
0

	
0.52




	
20070819

	
19.3

	
20.9

	
−3

	
0.92

	
−37.8

	
−72.6

	
−19

	
0.21

	
−3.1

	
−33

	
−19

	
0.4

	
16.7

	
13.9

	
−3

	
0.96

	
20.9

	
21.1

	
−7

	
0.89

	
−4.2

	
−14.8

	
−7

	
0.89




	
20130514

	
7.9

	
15.6

	
2

	
0.93

	
24.5

	
58.6

	
9

	
0.08

	
9.5

	
27.2

	
3

	
0.78

	
−35.5

	
−30.1

	
3

	
0.61

	
−26.2

	
−28

	
9

	
0.79

	
−14.4

	
−19.4

	
2

	
0.88




	
20140525

	
9.8

	
17.6

	
−4

	
0.86

	
6.5

	
30.7

	
−4

	
0.77

	
−0.8

	
1.3

	
−7

	
0.87

	
−52.3

	
−52.9

	
−6

	
0.45

	
12.4

	
20

	
−6

	
0.82

	
−5.2

	
3.3

	
−3

	
0.91




	
20150630

	
20.2

	
19.4

	
−3

	
0.68

	
15.6

	
28.5

	
−1

	
0.61

	
19.3

	
25.8

	
−1

	
0.74

	
18.6

	
29.7

	
−3

	
0.66

	
14.8

	
19.7

	
−2

	
0.79

	
3.2

	
5.5

	
−2

	
0.89
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Table 4. Comparison of the statistical parameters and design floods between the observed and the five Satellite remote sensing precipitation products.
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Data

	
Parameter

	
Return Period




	
   x ¯    (m3/s)

	
Cv

	
Cs/Cv

	
2

	
5

	
10

	
50

	
100






	
Observed

	
3071.7

	
0.48

	
2.0

	
2839

	
4196

	
5047

	
6794

	
7490




	
Gauge

	
2372.6

	
0.61

	
2.0

	
2086

	
3429

	
4312

	
6185

	
6949




	
TMPART

	
2319.1

	
0.41

	
3.0

	
2100

	
2985

	
3589

	
4904

	
5449




	
TMPAV7

	
2048.9

	
0.35

	
4.0

	
1887

	
2555

	
3007

	
3989

	
4395




	
IMERG-E

	
2656.6

	
0.40

	
3.5

	
2417

	
3406

	
4077

	
5532

	
6133




	
IMERG-L

	
2848.2

	
0.42

	
3.5

	
2566

	
3680

	
4445

	
6116

	
6811




	
IMERG-F

	
2151.9

	
0.38

	
4.0

	
1953

	
2714

	
3242

	
4401

	
4885
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