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Abstract

:

The rapid development of Satellite Precipitation Products (SPPs) has heightened the need for a hydro-meteorological assessment of the Integrated Multi-satellite Retrievals for Global Precipitation Measurement (IMERG) products in different climate and geographical regions. Reliability of the IMERG early (IMERG_E), late (IMERG_L) and final (IMERG_F) run products in precipitation estimations was evaluated over the Kelantan River Basin, Malaysia from 12 March 2014 to 31 December 2016. The three IMERG products were then incorporated into a calibrated Soil and Water Assessment Tool (SWAT) model to assess their reliability in streamflow simulations. Overall, monthly precipitation variability is well captured by the three SPPs. The IMERG_F exhibited a smaller systematic bias (RB = 7.14%) compared to the IMERG_E (RB = −10.42%) and IMERG_L (RB = −17.92%) in daily precipitation measurement. All the three SPPs (NSE = 0.66~0.71 and R2 = 0.73~0.75) performed comparably well as precipitation gauges (NSE = 0.74 and R2 = 0.79) in the daily streamflow simulation. However, the IMERG_E and IMERG_L showed a significant underestimation of daily streamflow by 27.6% and 36.3%, respectively. The IMERG_E and IMERG_F performed satisfactory in streamflow simulation during the 2014–2015 flood period, with NSE and R2 values of 0.5~0.51 and 0.62~0.65, respectively. With a better peak flow capture ability, the IMERG_F outperformed the near real-time products in cumulative streamflow measurement. The study has also shown that the point-to-pixel or pixel-to-pixel comparison schemes gave comparable conclusions. Future work should focus on the development of a standardized GPM hydro-meteorological assessment framework, so that a fair comparison among IMERG validation studies can be conducted.
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1. Introduction


Humans cannot survive without water. Precipitation replenishes the water resources on Earth via the hydrological cycle, which are essential for agricultural, industrial, domestic, and drinking purposes. An understanding of precipitation patterns is obviously important in water resources management. Apart from this, reliable precipitation information is also vital in monitoring and forecasting water-related hazards such as flood and drought. Therefore, sustainable development of the economic, agricultural, ecological, and social fields requires accurate precipitation data.



A precipitation gauge is regarded as one of the most reliable approaches of collecting precipitation information, but it is in point form. Various interpolation techniques such as Kringing, Inverse Distance Weighting (IDW), multiquadric-biharmonic (MQB), and Spline have been developed to study the spatial pattern of precipitation [1,2]. In general, a high density of precipitation gauges is essential to produce a good interpolated precipitation pattern. Unfortunately, lack of adequate precipitation gauges is a major issue in many parts of the world, particularly in developing countries, mountains, ocean, and less discovered area (i.e., Amazon rain forest).



In recent decades, satellite precipitation products (SPPs) have been increasingly applied in monitoring precipitation patterns. Continuous measurement, extensive coverage, free of charge, and near real-time are among their advantages [3]. The launch of the Global Precipitation Measurement (GPM) mission began a new generation of SPPs [4]. GPM is a satellite constellation with the core observatory satellite (GPM-CO) launched on 14 February 2014 and equipped with a Dual-frequency Precipitation Radar (DPR) and GPM Microwave Imager (GMI) [4]. Spatial (0.1° × 0.1°) and temporal (30 min) resolutions of GPM are better than the Tropical Rainfall Measurement Mission (TRMM) products (spatial: 0.25° × 0.25°, temporal: three hourly). A prior assessment of GPM products is essential to understand their reliability in a specific region before applying them in any operational system. The findings could also be used for improving the IMERG algorithms and sensors development. For instance, numerous GPM product validation studies have been carried out in China [5], Iran [6], Malaysia [7], Singapore [3], and southern Canada [8]. Most of the studies found that GPM products are applicable to study regional precipitation patterns, but the reliability varies with region, season, elevation, and latitude.



Inaccurate precipitation data might lead to false hydrological model outputs and inappropriate decisions [9]. Therefore, assessment of SPPs in hydrological modelling is essential to understand and reduce these errors. However, a hydrological assessment of the Integrated Multi-Satellite Retrievals for GPM (IMERG) product is still limited because these SPPs are only recently available. Also, a more complicated validation scheme is required as compared to the meteorological assessment. Yuan et al. [10] compared the IMERG final run (IMERG_F) product with the TRMM 3B42V7 product in streamflow simulations of the Chindwin River Basin, Myanmar. They found that both SPPs underestimated the total runoff and high flows of the basin. In Thailand, Pakoksung and Takagi [11] studied the capability of six different SPPs in runoff simulations of the 2014 flood event in the Nan River Basin. Similar studies have also been conducted in the Beijing River Basin [12] and Ganjiang River Basin [13,14] in China, and the Amazon Basin of Peru and Ecuador [15]. These studies reported that the GPM IMERG products have satisfactory performance in hydrology and flood applications. Nevertheless, such evaluation studies should be conducted on different types of basins, such as tropical basins and complex topography basins.



The Kelantan River Basin (KRB) is a tropical basin in the north-eastern part of Peninsular Malaysia. The basin is frequently affected by flood and drought, with a huge loss of infrastructure, property, and human life. For instance, the 2014–2015 flood affected more than 200,000 people, caused multi-million dollar losses and 21 deaths. Meanwhile, a prolonged drought in 2014 reduced the paddy productivity in Kelantan, and led to about 22 million dollars of agricultural losses [16]. Application of the IMERG products undoubtedly provides a better view of climatic conditions for understanding these natural disasters. This study is aims (1) to validate three IMERG products with precipitation gauges, and (2) to assess the reliability of the IMERG products in hydrological modelling.




2. Study Area


The KRB is located between latitudes 4° to 6° and longitudes 101° to 103° (Figure 1). The basin covers about 85% of the Kelantan state, with a basin area of 12,134 km2 [9]. In 2008, there are three main land uses/land covers in KRB: forest (76%), oil palm (11%) and rubber (11%). Based on the 30 m resolution Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM), elevation of the KRB ranges from −6 to 2181 m a.s.l., with mountains in the western and south-western regions. The Kelantan River originates from the Tahan and Titiwangsa mountain ranges and is the main river of the basin (~248 km). It flows into the South China Sea through Kota Bharu city, which is the most developed area in Kelantan. The KRB has an average annual precipitation and average annual temperature of 2500 mm/year and 27.5 °C, respectively. The northeast monsoon (NEM) season brings heavy precipitation to the basin from November to January. While, the basin receives lesser precipitation during the southwest monsoon (SWM) season between May and August. There are two inter-monsoon seasons between the NEM and SWM seasons, where precipitation forms by the strong surface heating and sea breeze circulation [7].




3. Materials and Methods


3.1. GPM IMERG


The GPM-CO was launched on 14 February 2014 by the United States National Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency (JAXA). The mission was anticipated to succeed and improve the TRMM, which had ended its 17 years of service on 8 April 2015. The GPM-CO covers a wider region (68°N–68°S) compared to the TRMM (37°N–37°S) [4]. In addition, the sensors of GPM (DPR and GMI) are superior to TRMM. For example, the GMI has 13 channels of frequency ranges, while the TRMM Microwave Imager was only equipped with 9 channels.



The physical retrieval of precipitation rates is made by the DPR data, then a complete suite of algorithms provides other products with increased coverage by using GMI and other microwave radiometers on board other constellation satellites. IMERG also makes use of Infrared (IR) data, and rain gauges. There are three main GPM SPPs: (1) IMERG Early Run (IMERG_E)—near real-time with latency of 6 h; (2) IMERG Late Run (IMERG_L)—reprocessed near real-time with latency of 18 h; and (3) IMERG Final Run (IMERG_F)—gauged-adjusted with latency of four months. The temporal scales of these products are divided into 30 min, daily, and monthly. According to Huffman et al. [17], the IMERG_F is more accurate compared to other IMERG products as it is bias corrected using the Global Precipitation Climatology Centre (GPCC) precipitation gauges. In this study, the IMERG_E, IMERG_L and IMERG_F daily version 5 products that are available from 12 March 2014 were evaluated. These products are freely available on the Precipitation Measurement Missions website [18]. We only considered daily precipitation assessments due to a lack of 30 min observed precipitation and streamflow data.




3.2. Soil and Water Assessment Tool (SWAT) Model


The SWAT semi-distributed hydrological model is developed under the collaboration of the U.S. Department of Agriculture and the Texas A&M University [19]. Based on a web-based popularity comparison of modelling tools in water, soil, and waste applications conducted by Mannschatz et al. [20], the SWAT model is selected as the most popular model. This is because the model can be executed at different time-scales (i.e., sub-daily, daily, monthly, and annual), with extensive hydrology and pollutant transport applications. More information of the SWAT model is available in on-line documentation [21,22].



The model has been successfully applied in several basins of Malaysia; i.e., the Johor River Basin [23,24], Bernam River Basin [25], Bukit Merah Reservoir Catchment [26], and Hulu Langat Basin [27]. To date, the only SWAT modelling of the KRB is conducted by Tan et al. [28] to study the climate change impact on water resources. However, most of the Malaysian SWAT studies validated the model using monthly streamflow data, so the SWAT capability in daily streamflow simulation is less understood. Therefore, this study also intended to understand its reliability in a daily streamflow simulation of the KRB. In this study, we used SWAT version 2012 (Revision 635) with the ArcSWAT interface version 2012.10_2.16.




3.3. Ground Data


Observed precipitation is used to validate the IMERG products and to act as an input into the SWAT model. In this study, 31 precipitation gauges from 2010 to 2016 were collected from the Malaysian Meteorological Department (MMD) and Department of Irrigation and Drainage (DID) Malaysia. Distribution of these precipitation gauges is shown in Figure 1. Daily precipitation data of MMD was collected at 08:00 a.m. local time [29], which is similar to the daily IMERG products collection time at 00:00 Coordinated Universal Time (UTC). Meanwhile, DID’s daily precipitation data were reproduced by summing the hourly precipitation data at 00:00 UTC to match with the IMERG products. In January 2015, Malaysia only supplied precipitation data from 24 gauges for the GPCC product development [7]. Out of these precipitation gauges, only one station is located in the northern region of the Kelantan state. This precipitation gauge is located outside of the KRB, so we assumed that all of the 31 precipitation gauges are independent from the gauge-adjusted IMERG_F product.



Daily maximum and minimum temperature data are available at the Kuala Krai station (longitude: 102.2°E and latitude: 5.53°N). Daily precipitation, maximum, and minimum temperature are the main climate inputs to the SWAT model. In addition, SWAT modelling also requires a DEM, a land use map, and a soil map as geospatial inputs. Tan et al. [30] reported that the SRTM DEM is suitable to be used in SWAT modelling for Malaysian river basins, so the latest SRTM DEM with a spatial resolution of 30 m was used. The land use and soil maps were collected from the Ministry of Agriculture and Agro-based Industry Malaysia (MOA). In addition, the river network data of KRB was digitized from the topographic map collected from the Department of Survey and Mapping Malaysia (JUPEM). The digitized river network was burned into the DEM during the basin delineation to improve the delineation process and river network formation in low elevation regions. Streamflow data at Jambatan Guillermard (Figure 1) was collected from DID for SWAT calibration and validation purposes. Averaging of daily streamflow data at 00:00 UTC was performed to match with the daily precipitation gauges and the IMERG products.




3.4. Hydro-Meteorological Assessment


The reliability assessment of the IMERG products is divided into two main parts: (1) meteorological assessment—comparison with precipitation gauges; and (2) hydrological assessment—validation of the SWAT model simulations with observed streamflow. The assessment was conducted in monthly and daily time-scales. The precipitation evaluation periods were focused for the entire period (12 March 2014 to 31 December 2016) and the 2014–2015 flood period (14 December 2014 to 3 January 2015). Four continuous statistical metrics including Correlation Coefficient (CC), Root Mean Square Error (RMSE), Relative Bias (RB), and Mean Absolute Difference (MAD) were used to evaluate the reliability of the three IMERG products. The main function of CC is to test the degree of linear correlation between the IMERG products and precipitation gauges. The CC value varies between −1 (perfect negative correlation) and 1 (perfect positive correlation), while a value of 0 shows no correlation. The average absolute error magnitude of the IMERG products was tested using RMSE and MAD, where a smaller value indicated a better performance. RB measures the systematic bias of the IMERG products, with positive and negative values showing an overestimation and underestimation, respectively. Generally, the IMERG products can be regarded as a reliable source, if a CC value is greater than 0.7 and a RB value ranges from −10% to 10% [31].



Five categorical statistical metrics including Probability of Detection (POD), False Alarm Rate (FAR), Critical Success Index (CSI), Equitable Threat Score (ETS), and Accuracy (ACC) were used to evaluate the precipitation detection ability of the IMERG products. A threshold of 1 mm/day was used to differentiate precipitation and non-precipitation days in KRB. POD measures the fraction of the SPPs correctly detected precipitation observed in the precipitation gauges. FAR indicates what the fraction of the SPPs detected precipitation did not observe in the precipitation gauges. ACC represents the fraction of the SPPs that correctly detected precipitation and non-precipitation days. CSI and ETS describe how well the precipitation days detected from SPPs correspond to the gauges, and the latter approach considers the hits due to chance. For the perfect score, POD = 1, CSI = 1, ETS = 1, ACC = 1, and FAR = 0. Detailed calculations of the continuous and categorical statistical metrics can be found in several SPPs validation studies [9,32,33].



Hydrological assessment of the IMERG products was conducted using the SWAT model. Initially, the baseline testing period of the SWAT model was set up from 2010 to 2016. The 2010 year was used as the initialization year, while the following three years (2011–2013) were considered as the calibration period. The Sequential Uncertainty Fitting algorithm (SUFI-2) in the SWAT Calibration and Uncertainty (SWAT-CUP) tool was used to calibrate the SWAT model. For an iteration, the SWAT model was calibrated with 500 different parameter combinations. At the same time, the global sensitivity analysis approach was integrated to identify the sensitivity of each parameter. The best parameter combination was obtained after running several iterations. Once the model calibration was completed, the three IMERG products were incorporated into the calibrated SWAT model to validate the daily streamflow for the entire period (12 March 2014 to 31 December 2016) and the 2014–2015 flood period (14 December 2014 to 3 January 2015). For the IMERG products, we only considered the pixels over precipitation gauges (Figure 1) to reduce the uncertainty in this assessment. We incorporated the IMERG products into the SWAT model by replacing the gauges’ precipitation data with the IMERG precipitation data for the period of 12 March 2014 to 31 December 2016.



To evaluate the reliability of SWAT simulations, the Nash-Sutcliffe Coefficient (NSE), Coefficient of Determination (R2), and RB were used. Tan et al. [28] identified that the NSE is the best objective function to be used in the SWAT calibration of the KRB, so it was selected as an optimal objective in this study. In addition, the NSE is commonly used in the SWAT model assessment for measuring the “goodness-of-fit” between simulated and observed streamflows. NSE values range from −∞ to 1, while negative values are known as an unacceptable SWAT performance. On the other hand, the R2 was used to evaluate the collinearity between simulated and observed streamflow, with values ranging from 0 to 1 (perfect). According to Moriasi et al. [34], the performance of the SWAT model can be classified into four different categories: (1) not satisfactory (NSE ≤ 0.5, R2 ≤ 0.6 and RB ≥ ±15%); (2) satisfactory (NSE > 0.5, R2 > 0.6 and RB < ±15%); (3) good (NSE > 0.7, R2 > 0.75 and RB < ±10%); and (4) very good (NSE > 0.8, R2 > 0.85 and RB < ±5%).





4. Results


4.1. Meteorological Assessment


Point-to-pixel approach was used to compare the precipitation between gauges and SPPs. As shown in Figure 1, most of the IMERG pixels are covered by only one precipitation gauge, so the point-to-pixel is an optimal choice in this case. This is because the pixel-to-pixel approach commonly requires a high density of precipitation gauges or ground-based precipitation radar. Figure 2 shows that the three IMERG products well captured the temporal variability of monthly precipitation. For example, a high precipitation amount was found in December 2014, while a low precipitation amount was found in February 2015 and March 2016. Table 1 indicates that all the IMERG products had a good correlation with precipitation gauges in monthly precipitation measurement. Only the IMERG_F was classified as a reliable source, as the CC (0.86) and RB (7.14%) values are beyond the good performance thresholds [31]. The IMERG_E and IMERG_L underestimated the monthly precipitation, with RB values of 10.42% and 17.92%, respectively. The results showed the gauge-corrected IMERG_F performed slightly better than the near real-time products in term of systematic bias.



For the daily scale assessment, the three IMERG products had a moderate correlation with precipitation gauges, with CC values ranging between 0.6 and 0.63. The IMERG_L presents a slightly smaller RMSE and MAD values compared to the other two products. Similarly, the IMERG_F presents a slightly better performance than the IMERG_E and IMERG_L in term of systematic bias, with a lower RB (Figure 3 and Table 1). These results are consistent with Wang et al. [12], who also found that the IMERG_E and IMERG_L underestimated daily precipitation, but the IMERG_F showed an overestimation over the Beijing River Basin, China. The GPM IMERG products accurately detected the precipitation days and non-precipitation days as the ACC values varying from 0.7 to 0.71, indicating about 70% of correct detections.




4.2. SWAT Model Calibration and Validation


Table 2 shows that the most sensitive parameter of the SWAT daily streamflow calibration in the KRB was manning’s value for the main channel (CH_N2), followed by the baseflow alpha factor (ALPHA_BF), groundwater “revap” coefficient (GW_REVAP), channel effective hydraulic conductivity (CH_K2), initial SCS CN II value (CN2), threshold water depth in the shallow aquifer for flow (GWQWN), groundwater delay (GW_DELAY), available water capacity (SOL_AWC), threshold depth of water in the shallow aquifer for “revap” to occur (REVAPMN), deep aquifer percolation faction (RCHRG_DP), surface runoff lag time (SURLAG), and soil evaporation compensation factor (ESCO). The result is in agreement with a SWAT monthly streamflow sensitivity analysis of the KRB conducted by Tan et al. [28], where the GW_REVAP, ALPHA_BF, CN2, and CH_K2 are among the sensitive parameters in the basin. In KRB, groundwater related parameters are sensitive because groundwater is being used as one of the main freshwater sources for domestic, agricultural, and industrial uses. However, SWAT is unable to simulate groundwater flow accurately due to its simplified groundwater concept [35]. Hence, continuous improvement of the SWAT groundwater module and amore groundwater parameters for calibration are required to improve SWAT modelling in high groundwater withdrawal regions.



The original and final iterations of the SWAT calibration parameter ranges are listed in Table 2. All the original parameter ranges follow the recommended ranges available in the SWAT-CUP tool, except the GW_REVAP parameter. We slightly increased the GW_REVAP original range from 0.02–0.2 to 0.02–0.4. This is because the SWAT model tends to underestimate the evapotranspiration processes in tropical regions [36], so the range of the GW_REVAP parameter was modified to allow more evapotranspiration process in the KRB. The calibration and validation of the SWAT daily streamflow simulation are illustrated in Figure 4. Based on the NSE and R2 performance rating recommended by Moriasi et al. [34], the SWAT model showed very good and good performances for the calibration (NSE = 0.84 and R2 = 0.85) and validation (NSE = 0.74 and R2 = 0.79) periods, respectively. On top of that, the SWAT model underestimated the daily streamflow of calibration and validation periods by 12.8% and 16.4%, respectively. Figure 4 presents an underestimation of the peak flow during the big yellow flood event in the end of December 2014. These findings further support the results reported in the Johor River Basin [23] and KRB [28] where the SWAT model was unable to match the peak flows.




4.3. Hydrological Assessment


The statistical metrics validation of the IMERG products as shown in Figure 5 indicate that they have great potential for hydrological modelling in the KRB. Generally, the IMERG_F performed the best among the evaluated products in daily streamflow simulation, as indicated by the high NSE (0.71) and R2 (0.73) values and a low RB (−5.3%) value. Meanwhile, the IMERG_E (NSE = 0.7 and R2 = 0.75) showed a slightly better performance than the IMERG_L (NSE = 0.66 and R2 = 0.75). However, both IMERG_E and IMERG_L dramatically underestimated the SWAT daily streamflow by 27.6% and 36.3%, respectively. Therefore, a systematic bias correction scheme will be required before applying the near real-time IMERG products in any operational hydrology applications in this basin.



Figure 6 shows the temporal variability and statistical analysis of the SWAT monthly streamflow using the gauge and the three IMERG products. The results show that all the precipitation products had a better performance in the monthly streamflow simulation compared to the daily streamflow simulation. The IMERG_F is the only product that categorized a “very good” performance, with NSE, R2 and RB values of 0.86, 0.9 and −7.1%, respectively. In addition, the IMERG_E outperformed the IMERG_L in the monthly streamflow simulation, indicating the reprocess scheme within the IMERG_L is less beneficial in this tropical basin. Similarly, the IMERG_E and IMERG_L showed a significant underestimation of SWAT monthly streamflow by 28.3% and 36.6%, respectively. Monthly applications of the GPM products will be more useful and widely applicable when a longer GPM measurement period (currently only 4 years) is available. For example, the TRMM monthly precipitation products are recently widely applied in a drought assessment [16,37] that requires long term monthly precipitation information.



A comparison of the cumulative streamflow as a function of time simulated by the three GPM products at the Jambatan Guillermard was conducted to understand how the streamflow cumulative errors propagate with time. As shown in Figure 7, cumulative streamflow increased dramatically in December 2014 due to the big yellow flood event. The three GPM IMERG products and precipitation gauges overestimated the observed accumulative streamflow from March to December 2014. Meanwhile, a significant underestimation of accumulative streamflow was simulated by the IMERG_E and IMERG_L from January 2015 to December 2016. The IMERG_F had a lower streamflow cumulative error compared to the near real-time products because it captured the peak flows better (Figure 5). This finding, while preliminary, suggests that the gauge-adjustment scheme within IMERG_F improves the peak flows simulations and cumulative streamflow measurements in KRB.




4.4. The 2014–2015 Flood Assessment


The final aspect of the GPM IMERG products hydro-meteorological assessment was to evaluate their reliability during the 2014–2015 flood event from 14 December 2014 to 3 January 2015. Table 1 illustrates that the overall statistical metric values of the daily precipitation measurement during the 2014–2015 flood period are better than the entire period, except for the RMSE and MAD values. For example, the CC and POD values of the IMERG_E for the flood period improved 0.17 and 0.14, respectively, compared to the entire period. As shown in the box plots of Figure 8, the statistical metric values distribution of all three GPM IMERG products are similar, showing that the IMERG_F displays no advantage in daily precipitation measurement during the 2014–2015 flood events. The precipitation detection ability of the IMERG products increased dramatically during the flood period because better score values were found in most of the categorical statistical metrics. For instance, FAR values of the IMERG products decreased from 0.39–0.41 to 0.05–0.06, showing only about 5% of the SPPs detected precipitation events were not observed in the precipitation gauges. CSI and ACC values indicated that about 90% of the precipitation and non-precipitation days were successfully detected by the IMERG products during the 2014–2015 flood period.



The statistical metrics and temporal variability of the SWAT daily streamflow executed by the three IMERG products are summarized in Figure 9. Interestingly, hydrological assessment showed a contradictory result compared to meteorology assessment, where the performance of all three GPM IMERG products performed comparatively poorer in the 2014–2015 flood period compared to the entire period. A possible explanation for these results may be the NSE and R2 statistical metrics are oversensitive to high extreme values [34,38]. However, the SWAT performance of the IMERG_E and IMERG_F was still regarded as a satisfactory performance based on the NSE and R2 values. In addition, Figure 9 shows that IMERG_E and IMERG_F accurately simulated the peak flow day on 24 December 2014. Meanwhile the peak flow simulated by the IMERG_L was found a day earlier. These findings indicate that the IMERG_E and IMERG_F can be alternative precipitation sources to monitor the flood event of the basin. One thing that needs to be considered is the peak flow rate, as all the IMERG products as well as the precipitation gauges underestimated the peak flow from 23 to 28 December 2014.





5. Discussion


One unanticipated finding was that the gauge-adjusted IMERG_F did not show significant improvement compared to the near real-time products in hydro-meteorological assessment. These results agree with the findings reported in the Beijing River Basin [12] and Malaysia [7]. In the current study, the IMERG_F only shows improvement in term of the bias systematic error for the entire period, while its reliability during the 2014–2015 flood period is similar to those near real-time products. This situation can be explained in part by the usage of the monthly precipitation gauges in the IMERG_F bias correction cannot capture the rapidly-changing daily precipitation. Moreover, only 24~37 precipitation gauges (different every year) distributed over Malaysia were supplied for the GPCC product development [7], and these gauges are insufficient to improve the IMERG_F effectively for a basin-scale application. To increase the reliability of the IMERG_F in hydro-meteorological applications, a comprehensive bias correction scheme with more daily observed precipitation data is needed.



As shown in the hydrological assessment section, the IMERG products could be used to study the hydrological cycle in the KRB. The reason for this is the IMERG products show comparable SWAT daily and monthly simulations with the precipitation gauges. However, improvement of the SWAT modelling in tropical regions is needed as it was initially constructed based on the climate and environmental conditions in the United States. For example, in recent years, some studies have been conducted to improve the paddy module within the SWAT model [39,40]. As oil palm plantation is a major crop in tropical countries including Malaysia, Indonesia, and some African countries, so modification of the oil palm module might be able to increase the reliability of the SWAT model in the tropical regions.



Another suggestion for improving the IMERG products hydro-meteorological assessment is the development of a unification GPM hydro-meteorological reliability assessment framework. For instance, through the application of the same hydrological model and statistical metrics in the assessment. To date, numerous hydrological models were applied in the GPM hydrological assessment, including Xinanjiang model [10], Variable Infiltration Capacity (VIC) model [12], Coupled Routing and Excess Storage (CREST) model [13,14], and SWAT model (this study). Each hydrological model has its own characteristics and computational mechanisms, causing a hydrological model uncertainty. Therefore, it is quite difficult to make a fair comparison among GPM hydro-meteorological assessment studies.



A major issue of SPPs assessment studies is the mismatch between the spatial between gauge (point) and the SPPs (pixel) [3]. Also, satellite measures precipitation from the sky, but gauge collects precipitation on the ground. It is interesting to contemplate whether the comparison approach would influence to the results of SPPs assessment. We compared the point-to-pixel and pixel-to-pixel approaches in the IMERG products validation over KRB. The latter approach was conducted by averaging the precipitation data of two or more gauges within a pixel first before the comparison. Figure 10 shows that the selection of comparison approach did not have much influence on the conclusions of the study. Overall, statistical metric values among the three IMERG products as calculated by the point-to-pixel and pixel-to-pixel approaches are quite similar. Such a comparison should be conducted in other regions as well to identify the uncertainty of the point-to-pixel and pixel-to-pixel approaches in the SPPs validation studies.




6. Conclusions


The purpose of the current study was to assess the reliability of the IMERG products (IMERG_E, IMERG_L and IMERG_F) in hydro-meteorological applications in the KRB, Malaysia. First, a meteorological assessment was conducted using the continuous (CC, RMSE, RB, and MAD) and categorical (POD, FAR, CSI, ETS, and ACC) statistical metrics from 12 March 2014 to 31 December 2016. Second, SWAT model development, a parameters sensitivity analysis, calibration, and validation were conducted. Three statistical metrics (NSE, R2 and RB) were used to validate the SWAT-simulated streamflow. Third, the IMERG products were incorporated into the calibrated SWAT to evaluate their capability in daily, monthly, and cumulative streamflow simulations. The final part involved the hydro-meteorological assessment of the IMERG products in the 2014–2015 flood period from 14 December 2014 to 3 January 2015. The main conclusions are summarized as follows:




	-

	
The temporal variability of monthly precipitation was well captured by the IMERG products, with low precipitation amounts in February 2015 and March 2016, and high precipitation amounts in December 2014. The IMERG_F slightly outperformed the IMERG_E and IMERG_L in terms of systematic bias, with a RB value of 7.14%.




	-

	
The SWAT model performed “good” in daily streamflow simulations, with NSE and R2 values of 0.74 and 0.79, respectively. However, the model underestimated the daily streamflow by 16.4%, particularly during the peak flows. Because SWAT daily streamflow validation is relatively low in Malaysia, this study could act as a reference to those would like to study the daily scale of the Malaysian hydrological cycle. A modification of the oil palm module within the SWAT module is essential to improve the model’s capability in tropical regions.




	-

	
The IMERG products performed comparable with precipitation gauges in streamflow simulations, indicating a great potential in tropical hydrology applications. Overall, the IMERG_F (NSE = 0.71~0.86, R2 = 0.73~0.9 and RB = −5.3%~−7.1%) performed the best in both daily and monthly streamflow simulations, followed by the IMERG_E (NSE = 0.7~0.81, R2 = 0.75~0.91 and RB = −27.6%~−28.3%), and IMERG_L (NSE = 0.66~0.73 and R2 = 0.75~0.91 and RB = −36.3%~−36.6%). The near real-time products underestimated the daily and monthly streamflow significantly, so a systematic bias correction is essential prior to applying them in any operational applications.




	-

	
Similar to the findings reported by Tan and Santo [7], the IMERG products have better meteorological performance in the 2014–2015 flood period than the entire period. In contrast to the meteorological assessment, all three products have a poorer hydrological performance in the 2014–2015 flood period compared to the entire period. Nevertheless, the performance of the IMERG_E and IMERG_F was still regarded as “satisfactory” in the flood streamflow simulations based on the NSE and R2 values of 0.5~0.51 and 0.62~0.65, respectively. One thing to be considered is that the IMERG products underestimated the peak flow rate from 23 to 28 December 2014.









Overall, the GPM IMERG products show a great potential for hydro-meteorological applications in the KRB. A further study on the development of a standardized GPM hydro-meteorological assessment framework (i.e., same hydrological model, statistical metrics, and same GPM IMERG products) is essential to make a fair comparison among studies from different climate and geographical conditions. Finally, the assessment of the IMERG products in other applications such as agricultural, ecological, and fish habitat monitoring is also required in the future.
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Figure 1. Maps of (a) Peninsular Malaysia and (b) Kelantan River Basin. 
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Figure 2. Temporal pattern of monthly precipitation estimated by gauge and the Global Precipitation Measurement Integrated Multi-Satellite Retrievals (GPM IMERG) products from March 2014 to December 2016. 
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Figure 3. Box plots of (a) Correlation Coefficient (CC); (b) Root Mean Square Error (RMSE) (c) Relative Bias (RB) and (d) Mean Absolute Difference (MAD) of the GPM IMERG products against gauge for daily precipitation assessment from 12 March 2014 to 31 December 2016. 
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Figure 4. Calibration (1 January 2011–31 December 2013) and validation (12 March 2014–31 December 2016) of the SWAT-simulated daily streamflow with observed streamflow at the Jambatan Guillermard. 
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Figure 5. Hydrological reliability assessment of the GPM IMERG products in simulating daily streamflow at the Jambatan Guillermard using the SWAT model from 12 March 2014 to 31 December 2016. 
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Figure 6. Statistical analysis of the GPM IMERG products in SWAT-simulated monthly at the Jambatan Guillermard from March 2014 to December 2016. 
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Figure 7. Comparison of cumulative streamflow simulated by the IMERG products and gauge at the Jambatan Guillermard from 12 March 2014 to 31 December 2016. 
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Figure 8. Box plots of (a) CC; (b) RMSE; (c) RB and (d) MAD statistical metrics of the GPM IMERG products against gauge during the 2014–2015 flood period. 
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Figure 9. Daily SWAT streamflow simulations during the 2014–2015 flood by gauge and three GPM IMERG products at the Jambatan Guillermard. 
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Figure 10. Comparison of point-to-pixel and pixel-to-pixel approaches in measuring statistical metrics from 12 March 2014 to 31 December 2016 over Kelantan River Basin. 
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Table 1. Statistical analysis of the IMERG products.






Table 1. Statistical analysis of the IMERG products.





	

	
IMERG_E

	
IMERG_L

	
IMERG_F






	
Daily (1 January 2010–31 December 2016)




	
CC

	
0.60

	
0.63

	
0.61




	
RMSE (mm/day)

	
13.41

	
12.93

	
13.69




	
RB (%)

	
−10.42

	
−17.92

	
7.14




	
MAD (mm/day)

	
6.38

	
6.02

	
6.64




	
POD

	
0.81

	
0.82

	
0.84




	
FAR

	
0.4

	
0.39

	
0.41




	
CSI

	
0.52

	
0.53

	
0.53




	
ETS

	
0.27

	
0.28

	
0.26




	
ACC

	
0.70

	
0.71

	
0.70




	
Monthly (January 2010–December 2016)




	
CC

	
0.86

	
0.87

	
0.86




	
RMSE (mm/month)

	
106.26

	
108.81

	
103.54




	
RB (%)

	
−10.42

	
−17.92

	
7.14




	
MAD (mm/month)

	
76.31

	
75.62

	
74.08




	
The 2014–2015 flood (14 December 2014–3 January 2015)




	
CC

	
0.77

	
0.79

	
0.79




	
RMSE (mm/day)

	
38.71

	
37.73

	
37.41




	
RB (%)

	
−4.02

	
−12.39

	
−8.46




	
MAD (mm/day)

	
24.89

	
23.73

	
23.69




	
POD

	
0.95

	
0.94

	
0.95




	
FAR

	
0.06

	
0.05

	
0.06




	
CSI

	
0.89

	
0.90

	
0.89




	
ETS

	
0.64

	
0.67

	
0.65




	
ACC

	
0.91

	
0.92

	
0.91
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Table 2. Soil and Water Assessment Tool (SWAT) parameters (*1 most sensitive based on final range).
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No

	
Parameter Name

	
Parameter

	
Original

	
Final

	
Fitted






	
1

	
manning’s value for main channel

	
CH_N2

	
0.00

	
0.30

	
0.00

	
0.16

	
0.01




	
2

	
baseflow alpha factor

	
ALPHA_BF

	
0.00

	
1.00

	
0.46

	
1.00

	
0.97




	
3

	
groundwater “revap” coefficient

	
GW_REVAP

	
0.02

	
0.40

	
0.10

	
0.40

	
0.37




	
4

	
channel effective hydraulic conductivity

	
CH_K2

	
0.00

	
500.00

	
234.00

	
500.00

	
483.77




	
5

	
initial SCS CN II value

	
CN2

	
35.00

	
98.00

	
57.00

	
98.00

	
86.73




	
6

	
threshold water depth in the shallow aquifer for flow

	
GWQMN

	
0.00

	
5000.00

	
2276.00

	
5000.00

	
4757.56




	
7

	
groundwater delay

	
GW_DELAY

	
0.00

	
500.00

	
0.00

	
308.00

	
71.15




	
8

	
available water capacity

	
SOL_AWC

	
0.00

	
1.00

	
0.00

	
0.64

	
0.17




	
9

	
threshold depth of water in the shallow aquifer for “revap” to occur

	
REVAPMN

	
0.00

	
500.00

	
0.00

	
296.00

	
54.17




	
10

	
deep aquifer percolation faction

	
RCHRG_DP

	
0.00

	
1.00

	
0.00

	
0.65

	
0.19




	
11

	
surface runoff lag time

	
SURLAG

	
0.05

	
24.00

	
0.05

	
13.00

	
0.56




	
12

	
soil evaporation compensation factor

	
ESCO

	
0.00

	
1.00

	
0.43

	
1.00

	
0.92
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