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Abstract

:

Satellite Rainfall Products (SRPs) are now in widespread use around the world as a better alternative for scarce observed rain gauge data. Upon proper analysis of the SRPs and observed rainfall data, SRP data can be used in many hydrological applications. This evaluation is very much necessary since, it had been found that their performances vary with different areas of interest. This research looks at the three prominent river basins; Malwathu, Deduru, and Kalu of Sri Lanka and evaluates six selected SRPs, namely, IMERG, TRMM 3B42, TRMM 3B42-RT, PERSIANN, PERSIANN-CCS, PERSIANN-CDR against 15+ years of observed rainfall data with the use of several indices. Four Continuous Evaluation Indices (CEI) such as Root Mean Square Error (RMSE), Percentage Bias (PBIAS), Pearson’s Correlation Coefficient (r), and Nash Sutcliffe Efficiency (NSE) were used to evaluate the accuracy of SRPs and four Categorical Indices (CI) namely, Probability of Detection (POD), Critical Success Index (CSI), False Alarm Ratio (FAR) and Proportion Correct (PC) was used to evaluate the detection and prediction accuracy of the SRPs. Then, the Mann–Kendall Test (MK test) was used to identify trends in the datasets and Theil’s and Sens Slope Estimator to quantify the trends observed. The study of categorical indicators yielded varying findings, with TRMM-3B42 performing well in the dry zone and IMERG doing well in the wet zone and intermediate zone of Sri Lanka. Regarding the CIs in the three basins, overall, IMERG was the most reliable. In general, all three basins had similar POD and PC findings. The SRPs, however, underperformed in the dry zone in terms of CSI and FAR. Similar findings were found in the CEI analysis, as IMERG gave top performance across the board for all four CEIs in the three basins. The three basins’ overall weakest performer was PERSIANN-CCS. The trend analysis revealed that there were very few significant trends in the observed data. Even when significant trends were apparent, the SRP projections seldom captured them. TRMM-3B42 RT had the best trend prediction performance. However, Sen’s slope analysis revealed that while the sense of the trend was properly anticipated, the amplitude of the prediction significantly differed from that of the observed data.
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1. Introduction


Water assets in heterogeneous terrains, especially for the mountainous river basins, provides decision-makers and hydrologists with a critical and demanding situation due to the shortage of intensive in-situ rainfall tracking stations [1]. Traditional rain gauge stations provide the most accurate rainfall data on a point basis. In addition, rainfall is one of the most important hydrologic parameters for many studies related to water resources and climate analysis. However, due to the high spatial variability of rainfall, it is difficult to capture the spatial and temporal variation of rainfall systems based on randomly distributed rain gauges, which do not meet the requirements of aquifer models and other related research [2]. Therefore, now the focus is directed mainly toward Satellite Rainfall Products (SRPs) as an alternative to address all the shortcomings of ground rain gauge stations. Several SRPs are available, but not all the available types of SRPs can be used for one area of interest. This is mainly because the methods by which they are processed and extracted are different from each other [3].



Several SRPs, such as the Integrated Multi-satellite Retrievals for GPM (IMERG), the Tropical Rainfall Measuring Mission (TRMM), and the Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks (PERSIANN) group, are widely used he past studies as an alternative to the ground measured rainfall [4,5,6]. The GPM_IMERG product by the National Aeronautics and Space Association (NASA) was produced by using algorithms that intercalibrate, merge and interpolate the data from satellite microwave estimates, microwave-calibrated infrared satellite estimates, precipitation gauge analysis, and several other precipitation estimators. Thus, the product is considered a strong and better product then extracting rainfall data by some researchers [7,8]. However, the TRMM 3B42 version 7 product was generated by a combined mission between NASA and Japan Aerospace Exploration Agency (JAXA), but the production was based on estimates obtained from TRMM Microwave Imager (TMI), and Precipitation Radar (PR) sources through the TRMM Satellite [9,10]. In addition, the PERSIANN group of SRPs was produced using the Artificial Neural Network (ANN) [11]. Likewise, different SRPs were produced in different methods, and thereby it is very important to assess their applicability to different catchment areas before using them in practical situations.



As stated in the preceding paragraphs, research is being carried out for different areas of interest around the world to check the applicability of the selected SRPs. It has been proved by many researchers that the performance of SRPs varies with factors such as elevation, rainfall intensity, topography, etc. [12,13,14,15]. However, most of the river basins in Sri Lanka are not tested for these SRPs (except for a couple of river basins, such as the Mahaweli and Kelani River basins [16,17]).



Evaluation of SRPs for the Mahaweli River basin, which is the longest river in Sri Lanka, had already been carried out by Perera et al. [16]. A similar study was carried out due to the importance of the Kelani River basin, as a frequently flooding river basin [17]. Nevertheless, Sri Lanka geographically has a radial pattern of river basins covering most of its land and therefore, the river basins are the heart of the country [18]. Sri Lanka has a dense rain gauge network (more than 500 rain gauges for a total of 65,610 km2 area); however, some areas are not comprehensively covered and represent the spatial distribution of rainfall. In addition, some of the rain gauges were not functioned well in the past due to the war environment in northern and eastern Sri Lanka. In addition, some of the rain gauges were not maintained well due to various other reasons, such as financial restrictions and a lack of human resources.



Therefore, this study investigates the applicability of SRPs to three of the important river basins in Sri Lanka named Malwathu, Deduru, and Kalu river basins. Due to their significant contributions to society, these rivers are of utmost importance to the country. Thus, it is crucial to assess the applicability of such SRPs to be used in places of scarce rain gauge coverage in the Malwathu, Deduru, and Kalu catchments.



This research study focuses on evaluating IMERG V6, TRMM 3B42, TRMM 3B42RT, PERSIANN, PERSIANN-CCS, and PERSIANN-CDR precipitation products for the earlier stated river basins. Malwathu river basin is the second largest river basin in Sri Lanka. After originating in the Ritigala Hills and Inamaluwa Hills in the north-central province of Sri Lanka, the Malwathu River drifts through the Mannar region and exits into the Indian Ocean [18]. The Kalu river basin is the third longest river in Sri Lanka. Starting from the Central Hills, it falls into the Indian ocean at Kalutara District, with a major part of the catchment in the highest rainfall area of the country [19]. Deduru river basin is the sixth longest river in Sri Lanka, with major parts of the river basin in Kurunegala and Puttalam districts in the Northwestern Province through which it enters the sea at Chilaw while the other parts lie in the Kandy and Matale districts in the Central Province [20]. This clearly shows the importance these river basins carry for the country in terms of agricultural use, drinking water supply, and many other economic benefits as well. The scarcity of rain gauge stations makes it of utmost importance to find an alternative method to obtain rainfall data for these river basins since rainfall data plays an important role in all of the hydrological applications associated with these basins. This is the first study to evaluate the selected SRPs for three major river basins, which fall into three different zones in the country. The previous studies carried out by Perera et al. [16,17] is not focusing on the dry and inter-mediate zones separately. Therefore, this particular study focuses on all three climatic zones of the country, thus marking the novelty and the great importance this study has to society.




2. Study Area and Data Sets


2.1. River Basins


The Malwathu River spans 164 km, with its basin being Sri Lanka’s second-largest river basin at 3284 km2. The lower river basin of the Malwathu River lies in the Vavuniya and Mannar districts, while the upper river basin lies in the Anuradhapura district. Nuwara Wewa and Tissa Wewa reservoirs of this basin are already used as drinking water sources for public water supply. The upper part of the catchment is in the dry zone receiving less than 1500 mm; however, the bottom part of the catchment is very dry as it is in a semi-arid area receiving an average rainfall of 1000 mm (refer to Figure 1) [19].



Deduru River is the sixth longest river in Sri Lanka covering about 2600 km2 in total, with 3% in the central province and the rest in the northwestern province of the country. It is about 115 km long, and it consists of 9 tributaries. This basin water mostly contributes to the irrigational purposes in the areas of Northwestern Province. The river basin mostly falls into the intermediate zone of the country, as shown in Figure 1 [21]. However, it receives a monthly rainfall of 108 mm to 280 mm from September to December, which is the rainy season for the river basin.



Kalu River is the third longest river in Sri Lanka, starting from the central hills and falling into the Indian Ocean in the Kalutara district covering 2766 km2 with a large part of the catchment in the highest rainfall area of the country. The average annual rainfall of the basin is 4000 mm and leads to 4000 million m3 of annual flow, thus, it falls in the wet zone of the country (refer to Figure 1). Kalu River basin is home to a large population and facilitates the area with many valuable services, such as the provision of water for drinking, agriculture, etc. [20].



The mixed land use pattern for three river basins can be seen in Figure 2 (a—Deduru, b—Kalu, and c—Malwathu). These land use types vary from agricultural to buildup areas. The diversity of land uses showcases the importance of assessing the hydrological behavior of the river basins. Irrigated areas can be clearly seen in all three river basins. Thus, water availability is essential to the success of agriculture. In addition, water resources management is significant in the events of floods as the river basins have many populated (urbanized) areas.




2.2. Rain Gauge Data


Rainfall data from 23 stations with 15+ years of daily rainfall data were used for this study (6 stations to cover Malwathu, 7 stations to cover Deduru, and 10 stations to cover the Kalu river basins). These data were purchased from the Department of Meteorology, Sri Lanka. However, it was well noted that the availability of these data is not uniform. Some stations have daily data since January 1990, but some others have after 1990. This observation again verifies the importance of this research work; the suitability of SRPs in the absence of ground-measured rainfall data. Nevertheless, the available data were tested for homogeneity tests and found to be homogeneous. The spatial distribution of rain gauges in three river basins is given in Figure 3 with their elevation maps. In addition, the details of the rain gauge stations of each river basin are tabulated in Table 1 with the identification number for clarity.



Malwathu River basin has a rain gauge density of 1.8 gauges per 1000 km2, whereas the Deduru River basin has a rain gauge density of 2.7 gauges per 1000 km2. However, the Kalu River basin is denser in rain gauges and has a density of 3.6 gauges per 1000 km2 which is higher than the rain gauge density for most of the research studies that incorporate evaluating SRPs for different areas of interest [16,22,23,24]. However, these densities clearly showcased their non-homogeneous spatial distribution in a particular river basin. Missing data for each basin were less than 10%, and the missing data were filled either by using rainfall data from nearby stations or by obtaining APHRODITE data which contain rainfall data for the whole of Asia [25].




2.3. Satellite Rainfall Products


To evaluate the effectiveness of SRPs with respect to rain gauge data, six SRPs were considered, namely, PERSIANN, Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks–Cloud Classification System (PERSIANN-CCS), Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks–Climate Data Record (PERSIANN-CDR) from the Center for Hydrometeorology and Remote Sensing, IMERG Version 6, TRMM Multisatellite Precipitation Analysis (TMPA) 3B42 (Version 7), and TRMM Multisatellite Precipitation Analysis (TMPA) 3B42RT (Version 7) from National Aeronautics and Space Administration, USA, NASA GESDISC data provider. These SRPs were extracted under the daily accumulates as per their availability and matched with the ground-measured rainfall data to have the same period in order to do the evaluation. The details of SRPs are as given in Table 2.



The precipitation products were extracted for each station to the closest grid (center points) depending on the resolution of each SRP. Therefore, it is noted that the SRPs do not clearly present the exact locations of ground-measured rainfall locations. Different methods and techniques were used to extract the precipitation products. The CHRS data portal was used to extract the PERSIANN group of products as CSV files. IMERG and TRMM products were extracted as NetCDF (Network Common Data Form) files from NASA GESDISC portal. R codes in RStudio were used to merge the files in Climate Data Operator (CDO) for IMERG data. A similar approach was followed for TRMM products; however, they were run in the MATLAB environment.



Figure 4 presents the annual cumulative precipitation variation of three rain gauges in the three catchments (Kurunegala for Deduru Oya, Eheliyagoda for Kalu River, and Anuradhapura for Malwathu Oya). The annual precipitations were presented for observed rainfalls and six precipitation products. The precipitation products were used without performing the bias correction. Thus, the real comparison can be made. Even though these annual cumulative rainfalls are not connected from one year to another, dashed lines were drawn to showcase the temporal variation. In addition, the observed (ground-measured) rainfalls were drawn in straight lines for observable comparison; only the years 2000 to 2015 are shown here to make the plots uniform due to availability. It can be clearly seen that some of the precipitation products have underestimated the real rainfall while others have overestimated the observed rainfall. Therefore, there is a clear discrepancy in precipitation products. Therefore, it is necessary to investigate the suitability of these precipitation products to be used in real-world scenarios.



The underestimations and overestimations can be clearly seen in Table 3. It presents the annual means and standard deviations for tested precipitation products against the observed rainfall. Table 3 only presents the three selected stations to explain the importance of analyzing comparative studies among precipitation products thus assessing the suitability of using them in many hydrological applications in the absence of ground-measured rainfall data.





3. Methodology


3.1. Evaluation Indices


The four continuous evaluation indices; Pearson’s correlation coefficient (r), Root Mean Square Error (RMSE), Percentage Bias (PBIAS), and Nash Sutcliffe Efficiency (NSE), as described in Table 4 were used to evaluate the accuracy of SRPs against the gauge rainfall data [16,26].



Furthermore, four categorical indices; False Alarm Ratio (FAR), Critical Success Index (CSI), Probability of Detection (POD), and Proportion Correct (PC), as described in Table 5 was used with a threshold of 1 mm/day to evaluate the detection and prediction accuracy of SRPs when compared with gauge rainfall data [16,27,28]. The contingency table used for the analysis using these indices was obtained from Perera et al. [16].




3.2. Non-Parametric Tests for Rainfall Trends


Mann–Kendall trend test (MK test) [29], along with Thiel’s and Sen’s Slope Estimator were used to identify trends and magnitude of the trends between the rain gauge and SRP rainfall data. MK Test compares the data between the two datasets and identifies any trends that may be present within them. It uses two hypotheses (H0 for no trend and H1 when a trend is present). Initially, the Mann–Kendall Statistic (S) finds out whether the trend is increasing or decreasing or whether there is no significant trend. Then to find the probability of obtaining a significant trend, a normalized test statistic, Z, was computed which incorporates the computed S value as given in Equation (1) below [30]. A 95% significance level was used to determine whether the trend observed is increasing, decreasing, or no trend [16].


    Z c  =         S − 1     Var  S      , S > 0       0 , S = 0         S + 1     Var  S      , S < 0           where ,   Var  S  =   n   n − 1     2 n + 5   −   ∑   i = 1  t   t i   i    i − 1     2 i + 5     18     



(1)







Theil’s and Sens Slope Estimator [31] were used to obtain a magnitude for the observed trends. The test sets the data in ascending order and then calculates the slope for each time series data pair. Finally, the median value, Qi was calculated using Equation (2) below.


   Q i  =        Q    n + 1  2    , i f   N   i s   o d d        1 2     Q   n 2    +  Q    n + 2  2      , i f   N   i s   e v e n        



(2)








3.3. Overall Methodology


The Kalu Ganga, Deduru Oya and, Malwathu Oya basins fall under the three wet, intermediate climatic zones. The wet zone, intermediate zone, and dry zone have annual mean rainfall ranges >2500 mm/year, 2500–1500 mm/year, and <1500 mm/year, respectively. The performance of the six SRPs considered herein was evaluated using four categorical indices (CI) and four continuous evaluation indices (CEI) for SRPs and ground-measured daily rainfall data. The CIs evaluated the detection accuracy of the SRPs while the CEIs were used to evaluate the continuous performance of the SRPs with respect to the rain gauge data. Therefore, the comparisons were made for SRPs against the ground measured rainfalls. Finally, a trend analysis was conducted using a combination of the Mann–Kendall Test (MK test) and Sen’s Slope Estimator considering a confidence level of 95% for annual, seasonal, and monthly estimates. The summary of overall analysis is given in Figure 5.





4. Results and Discussion


4.1. Accuracy of SRPs with Respect to Rain Gauge Data


Figure 6 presents the station-wise evaluation indices (r, RMSE, PBias, and NSE) results for the three river basins. The results of the correlation coefficient between observed rain gauge data and the SRPs are mixed with none of the basins having standout results (refer to Figure 6a). However, all the products have shown positive correlations across all rain gauges except Mediya Wewa (which has the lowest correlation coefficients). This suggests that observed rainfall is not a good match to the SRPs of Mediya Wewa. The Malwathu Oya basin has given a basin-wide mean correlation of 0.48, while the Deduru Oya basin and Kalu Ganga basin have showcased basin-wide mean correlation values of 0.38 and 0.43, respectively. The IMERG proves to be the best performer in terms of correlation with means of 0.57, 0.42, and 0.50. In addition, the strongest correlation (0.65) was given by IMERG to Vavuniya, whereas the worst performer in terms of correlation was PERSIANN-CDR with a mean correlation of just 0.37 across the three basins. Researchers have different views on the correlation coefficient from its numerical value. Some researchers believe the coefficient has to be above 0.9 to be a better match; however, some others believe that it can be acceptable even at 0.5–0.6. However, this can be varied based on the considered context [32,33,34,35,36]. Accordingly, in the context of climate analysis, many researchers suggested that a 0.5–0.6 correlation is somewhat acceptable [37,38].



As evident in Figure 6b, the highest RMSE across all three basins of 23.92 was given by PERSIANN-CCS in the Usk Valley rain gauge. The PERSIANN-CCS performs the poorest across the three basins with exceptions at Halwathura, Mediyaya Wewa, and Chilaw. IMERG has proven to be a clear best performer overall with regard to RMSE as well with a mean of 13.0 compared to the overall mean of all SRPs of 15.07. The variation of the RMSE values of the IMERG SRP across the three basins is 6.87 to 22.15. Similar results were reported by Perera, 2022 [16], where IMERG performed the best in terms of RMSE in the Mahaweli basin as well. Overall, the RMSE results of the Kalu Ganga basin (Wet zone) are worse than that of the other two basins with a basin-wide mean across all the SRPs of 18.65 while Deduru Oya and Malwathu Oya gave basin-wide means across all SRPs of 12.37 and 12.24 respectively. Similar results were documented in a study in Pakistan [39] where RMSE tended to be higher in regions with higher average annual rainfall.



Results of PBias present significant bias (refer to Figure 6c) of Malwathu (dry zone) and Deduru (intermediate zone) to the Kalu River basin (wet zone). PBias values are positive throughout the Malwathu River basin with the exception of IMERG and TRMM-3B42 SRPs in the Vavuniya rain gauge. However, they are even, minor biases at −0.22 and −2.42, respectively. The highest positive bias across all rain gauges in the dry zone was found for the PERSIANN-CCS SRP with a maximum of +122.21 at Pawatakulam. Apart from IMERG SRPs in Wariyapola, Ridibendi Ela, Chilaw, Kurunegala, and Mediyaya Wewa, all other SRPs had positive biases in the Deduru River basin, which is in the intermediate zone. The highest positive bias in the intermediate zone of 78.53 was shown by TRMM-3B42 in Chilaw. However, the situation for the wet zone is contrasting. In the Wet zone, apart from the very minor positive biases exhibited by PERSIANN and PERSIANN-CCS in St. Vincent’s Group region, all other SRPs have negative biases with the highest negative bias (−55.71) recorded for TRMM-3B42_RT at Usk Valley. Therefore, based on the PBias, the best performer for the dry zone is the TRMM-3B42, with a mean of 15.0, while the second best performer is IMERG (with a mean of 15.84). However, IMERG showcased the best performance in the intermediate zone and wet zone with basin means of −4.09 and −30.59, respectively.



It is apparent that IMERG is the best performer across the three basins with respect to the NSE with basin means of 0.20, 0.58, and 0.16 for Malwathu Oya, Deduru Oya, and Kalu Ganga basins respectively (refer to Figure 6d). However, PERSIANN-CCS which has recorded sub-zero NSE values in all regions apart from Geekiyan Kanda and Eheliyagoda is the least performer. Overall, the Malwathu Oya (dry zone) and the Kalu Ganga (wet zone) have yielded positive mean all-SRP-NSE values of 0.02 and 0.07 while the Deduru Oya (intermediate zone) has given a negative mean all-SRP-NSE value of −0.08. Additionally, the Malwathu Oya and the Kalu Ganga basin have yielded more consistent NSE results with respective variations of −0.83 to 0.38 and −0.28 to 0.35 respectively while the Deduru Oya has given an NSE variation of−0.99 to 0.70. However, the closest to ideal results were given by the IMERG SRP in the Deduru Oya basin with a mean of 0.58 and a variation of 0.5 to 0.7.




4.2. Detection Accuracy of SRPs


The CI performance of the SRPs was initially investigated separately for three river basins. A threshold of 1 mm/day was considered for rainy days. Therefore, if the rainfall is less than 1 mm/day, that particular day is considered a non-rainy day [40,41]. Figure 7 illustrates the results of the CI analyses.



All SRPs performed somewhat similarly for the categorical indices of the Kalu Ganga Basin (blue-coloured sectors in Figure 6a–d). IMERG SRP has outperformed in terms of CSI and PC with basin-wide means of 0.56 and 0.73, respectively. The best FAR was found in TRMM-3B42 and TRMM-3B42_RT SRPs with a basin-wide mean of 0.27 while PERSIANN-CDR SRP shows a significantly better POD value compared to the other products. However, PERSIANN was outperformed by the others with regard to POD, CSI, and PC giving mean values of 0.63, 0.48, and 0.66 respectively. Therefore, the station-to-station variation of CI performance is similar in all the SRPs.



In the Deduru Oya Basin (green-coloured sectors in Figure 7), the IMERG SRP shows the best performance across all four categorical indices with basin mean values of 0.84, 0.64, 0.27, and 0.86 for POD, CSI, FAR, and PC, respectively. However, in terms of CSI, FAR, and PC, the IMERG SRP has a significant advantage over all the other SRPs. Nevertheless, in terms of POD, the PERSIANN-CDR SRPs have also given good results but with less consistency compared to IMERG. In addition, PERSIANN-CDR falls short in all the other indices performing the poorest in terms of both CSI and FAR. In general, all the SRPs except IMERG show similar station-wise variations. However, a significant drop in the PC for PERSIANN-CCS can be seen in the Ridibendi Ela SRP signifying that the PERSIANN-CCS prediction accuracy of detected rainfall events in the region is low.



Similar overall results can be seen for the Malwathu Oya Basin (red-coloured sectors in Figure 7). There is no clear best performer across all the categorical indices. TRMM-3B42 shows the best performance in terms of CSI, FAR, and PC, with basin-wide means of 0.44, 0.47, and 0.84, respectively. TRMM-3B42_RT has nearly matched the performance of TRMM-3B42 in CSI, FAR, and PC, but they both have fallen short of the other SRPs when it comes to POD with basin-wide means of around 0.75. PERSIANN-CDR and PERSIANN-CCS jointly were the best performers in terms of POD with a mean of 0.82 across the basin. In addition to this, noticeably superior values of CSI and FAR can be seen in all the SRPs at Vavuniya and Anuradhapura compared to the other gauge stations in the basin.



Looking at all three basins as a whole, TRMM-3B42 and TRMM-3B42_RT have showcased nearly identical results across all CIs. The POD performance of the SRPs is best in terms of mean and consistency in the Malwathu Oya (dry zone) with a mean of 0.79 and variation of 0.70 to 0.86 across all SRPs. The best-performing basin in terms of CSI is the Kalu Ganga (wet zone) basin with a mean of 0.53 across the SRPs. The variation of CSI from station to station is consistent across all three basins with the exception being IMERG SRP in the Deduru Oya (intermediate zone) basin which performs significantly better than the other SRPs. Considering the variation of FAR across the basins, all the SRPs have performed considerably better in the Kalu Ganga basin (wet zone) compared to the other two basins with a mean of 0.32 across all six SRPs. The variation of PC is most consistent between stations in the Kalu Ganga basin with a mean of 0.69 and a variation of 0.59 to 0.76 among all six SRPs. However, the mean PC performance is better in the Deduru Oya and Malwathu Oya basins (0.71 and 0.77, respectively).



The summary of best performing SRPs is given in Table 6. Overall, none of the SRPs has been dominant across all the basins. The performance seems to vary significantly with the climatic zone. In a similar study incorporating the same six SRPs conducted in the Mahaweli basin of Sri Lanka, Perera et al. [16] concluded that IMERG performed the best in the dry zone in terms of all four CIs considered in this study. However, that observation is not consistent with the results obtained in this study.




4.3. Trend Analysis


Table 7 presents the results of the trend analysis carried out for observed rainfall and SRPs. The results herein indicate only the significant trends.



Positive significant trends were seen in Nachchaduwa, Vavuniya, Usk Valley, and Geekiyan Kanda regions for annual scale rainfalls. In the dry zone, trends tallying with the observed data were only shown by PERSIANN-CDR, while in the wet zone, tallying trends were shown by TRMM-3B42 and TRMM-3B42_RT.



Interestingly, monthly trends were only seen in the wet zone. Positive trends tallying with the observed data were shown by TRMM-3B42_RT at Depedena in December and at Usk Valley in both February and December. In the seasonal analysis, tallying positive trends were observed at Depedena for the NEM (IMERG and TRMM-3B42_RT) and at Usk Valley for both NEM (TRMM-3B42_RT) and SWM (IMERG and TRMM-3B42_RT). The only negative trend was seen at Murungan for the SWM (PERSIANN-CDR), which is a comparatively dry area. Overall, no tallying trends were seen between the observed data for the intermediate zone and the SRPs.



Therefore, overall, TRMM-3B42_RT seems to be the best performer in terms of predicting trends in the observed data. However, the results are not consistent. Sen’s slope analysis shows that the gradients of SRP trends deviate heavily from that of the observed data even when the direction of the trend matches. IMERG, which performed well in terms of CI and CEI did not perform well in the trend analysis. This is somewhat contrary to the findings of Perera et al. [16] in the Mahaweli basin where IMERG was the best in the annual and monthly trend analyses. However, the inconsistent nature of the SRPs in trend prediction was noted in that study as well. Therefore, basin-wise studies are important compared to zonal studies.





5. Summary and Conclusions


Rainfall data of the three important river basins namely, Malwathu, Deduru, and Kalu of Sri Lanka were used to evaluate six selected SRPs namely, PERSIANN, PERSIANN-CCS, PERSIANN-CDR, IMERG, TRMM-3B42, and TRMM-3B42RT. Four continuous evaluation indices, r, RMSE, PBIAS, and NSE, and four categorical indices, POD, FAR, CSI, and PC were used to evaluate the accuracy and prediction/detection accuracy of SRPs, respectively. Additionally, trend analysis was done in annual, seasonal, and monthly time scales to verify whether the trends predicted by SRPs match trends in observed data using the MK test and Sen’s Slope Estimation.



Mixed results were seen in the evaluation of categorical indices TRMM-3B42 performing well in the dry zone while IMERG performed well in the wet zone and intermediate zone. Overall, IMERG was the most consistent in terms of the CIs in the three basins. A clear worst performer cannot be identified as any of the SRPs consistently underperformed in all the CIs. The POD and PC results were fairly consistent among the three basins. However, the SRPs performed better in the wet zone in terms of CSI and FAR. A similar situation can be seen in the results of the CEIs with IMERG coming through as the overall best performer in terms of all four CEIs in the three basins. PERSIANN-CCS was the overall worst performer across the three basins. Once again, all the SRPs seemed to produce better results in the wet compared to the intermediate zone and dry zone. Despite the IMERG SRP performing better overall compared to the other SRPs, it was also not consistent enough.



The trend analysis showed that significant trends in the observed data from rain gauges were few and far between. Even when significant trends were present, they were very rarely reflected in the SRP predictions. TRMM-3B42_RT was the best performer in terms of trend prediction with two annual trend predictions, three monthly trend predictions, and four seasonal trend predictions. However, Sen’s slope analysis showed that even though the direction of the trend was predicted accurately, the magnitude of the trend prediction varied heavily from those of the observed data. Therefore, in conclusion, the SRPs tested in this study exhibit significant inaccuracies and cannot be recommended as a complete substitute for rain gauge measurements. Nevertheless, for regions with insufficient rain gauge data, SRPs such as IMERG could be used to obtain an overall idea about the rainfall in the region. However, basin-wise studies are recommended instead of zonal studies (wet, intermediate, and dry) for such studies. This concludes that the basin-wise recognition may not be valid overall for the zone to which that basin belongs. Therefore, more river basins in each climatic zone are recommended for future studies.
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Figure 1. Climate zone of Sri Lanka. 
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Figure 2. Land use of the three catchments: (a) Deduru basin; (b) Kalu basin; (c) Malwathu basin. 
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Figure 3. Elevation maps with rain gauges: (a) Deduru; (b) Kalu; (c) Malwathu. 
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Figure 4. Elevation maps with rain gauges: (a) For Kurunegala; (b) For Eheliyagoda; (c) For Anuradhapura. 
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Figure 5. Flowchart of the analysis. 
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Figure 6. Variation of evaluation indices across the river basins (units are mm/day): (a) r; (b) RMSE; (c) PBias; (d) NSE. 
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Figure 7. Variations of categorical indices across the basins: (a) POD; (b) CSI; (c) FAR; (d) PC. 
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Table 1. Rain gauge information.
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River Basin

	
Identification Number

	
Station Name

	
Latitude

	
Longitude






	
Deduru

	
1

	
Chilaw

	
7.575

	
79.787




	
2

	
Polontalawa

	
7.72

	
80




	
3

	
Nikaweratiya

	
7.75

	
80.12




	
4

	
Mediyaya Wewa

	
7.88

	
80.28




	
5

	
Ridibendi ela

	
7.729

	
80.262




	
6

	
Wariyapola

	
7.62

	
80.24




	
7

	
Kurunegala

	
7.48

	
80.36




	
Kalu

	
8

	
St. Vincents Group

	
6.52

	
80




	
9

	
Bombuwala

	
6.57

	
80.02




	
10

	
Geekiyan Kanda

	
6.6

	
80.12




	
11

	
Usk Valley

	
6.57

	
80.23




	
12

	
Halwathura

	
6.72

	
80.2




	
13

	
Galathura

	
6.7

	
80.28




	
14

	
Eheliyagoda

	
6.85

	
80.27




	
15

	
Rathnapura

	
6.68

	
80.4




	
16

	
Hapugasthenna

	
6.72

	
80.52




	
17

	
Depedena

	
6.47

	
80.55




	
Malwathu

	
18

	
Mannar

	
8.98

	
79.92




	
19

	
Murungan

	
8.83

	
80.05




	
20

	
Vavuniya

	
8.75

	
80.5




	
21

	
Pawatakulam

	
8.68

	
80.43




	
22

	
Anuradhapura

	
8.335

	
80.415




	
23

	
Nachchaduwa

	
8.25

	
80.47
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Table 2. Details of SRPs.
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	Product
	Finest Time Resolution
	Data Extracted
	Spatial Resolution
	Spatial Coverage





	PERSIANN
	1 h
	March 2000–December/2019
	0.25° × 0.25°
	60° N–60° S



	PERSIANN-CSS
	1 h
	January 2003–December 2019
	0.04° × 0.04°
	60° N–60° S



	PERSIANN-CDR
	1 day
	January 1990–December 2019
	0.25° × 0.25°
	60° N–60° S



	TRMM-3B42 V7
	3 h
	January 1998–December 2019
	0.25° × 0.25°
	50° N–50° S



	TRMM-3B42RT V7
	3 h
	March 2000–December 2019
	0.25° × 0.25°
	60° N–560° S



	IMERG V06
	30 min
	March 2000–December 2019
	0.10° × 0.10°
	90° N–90° S
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Table 3. Statistical information for selected stations.
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Precipitation Product

	
Station




	

	
Kurunegala

	
Eheliyagoda

	
Anuradhapura






	
Mean/(Standard deviation) (mm/year)

	
Observed

	
1987.4/(363.8)

	
4106.0/(590.9)

	
1396.4/(352.2)




	
PERSIANN

	
2331.1/(371.6)

	
2549.7/(328.1)

	
1940.9/(362.9)




	
PERSIANN-CCS

	
2579.5/(301.0)

	
3031.5/(345.3)

	
2347.5/(510.1)




	
PERSIANN-CDR

	
2038.8/(305.0)

	
2381.3/(288.0)

	
1488.6/(211.7)




	
IMERG

	
1880.7/(338.4)

	
2478.7/(381.2)

	
1511.1/(289.5)




	
TRMM_3B42

	
2037.6/(305.5)

	
2673.5/(318.0)

	
1568.0/(253.6)




	
TRMM_3B42-RT

	
2054.5/(358.4)

	
2420.4/(356.8)

	
1734.4/(320.7)
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Table 4. Continuous Evaluation Indices.
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	Statistical Indicators
	Equation
	Use of Indicator





	r
	   r =     ∑   i = 1  N     O i  −  O ^       S i  −  O ^          ∑   i = 1  N       O i  −  O ^     2        ∑   i = 1  N       S i  −  O ^     2        
	Degree of correlation



	RMSE
	   RMSE =    1 N    ∑   i = 1  n  (  S  i −    O i  ) 2     
	The absolute average magnitude of error



	PBias
	   PBias =     ∑   i = 1  N  (  S  i −    O i  )     ∑   i = 1  N   O i      
	Degree of deviation



	NSE
	   NSE = 1 −       ∑   i = 1  n    (  S i  −      O   i  )  2      ∑   i = 1  n    (  O i  −    O   ^  )  2        
	The relative magnitude of variance







where,    S i    and    S ¯   , are the ith station and mean values of SRP data, respectively,    O i    and    O ¯   , are the ith station and mean values of gauge data, respectively,  n  represents the total number of data considered.
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Table 5. Categorical indices.
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	Categorical Statistics
	Calculation Formula
	Optimal Value [0, 1]





	POD
	   POD =      correct   hits         correct   hits  + misses       
	1



	FAR
	   F AR =      false   alarms         correct   hits  +  false   alarms        
	0



	CSI
	   C SI =      correct   hits         correct   hits  + misses +  false   alarms        
	1



	PC
	   PC =      correct   hits  +  correct   negatives         correct   hits  + misses +  false   alarms  +  correct   negatives        
	1
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Table 6. Best performing SRPs in terms of Cis.
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Climatic Zone

	
Best Performer




	
POD

	
CSI

	
FAR

	
PC






	
Wet zone

	
PERSIANN-CDR

	
IMERG

	
TRMM-3B42_RT

	
IMERG




	
Intermediate zone

	
IMERG

	
IMERG

	
IMERG

	
IMERG




	
Dry zone

	
PERSIANN-CDR

	
TRMM-3B42

	
TRMM-3B42

	
TRMM-3B42
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Table 7. Significant trends.






Table 7. Significant trends.





	
Station

	
p Value

	
Sen’s Slope (mm)




	
Annual






	
Nachchaduwa

	
Observed

	
0.003

	
26.9




	
PERSIANN-CDR

	
0.032

	
20.1




	
Vavuniya

	
Observed

	
0.001

	
14.2




	
PERSIANN-CDR

	
0.013

	
9.8




	
Usk Valley

	
Observed

	
0.001

	
65.8




	
TRMM-3B42

	
0.005

	
42.3




	
TRMM-3B42_RT

	
0

	
79.7




	
Geekiyan Kanda

	
Observed

	
0.028

	
20.1




	
TRMM-3B42

	
0.015

	
37.1




	
TRMM-3B42_RT

	
0.001

	
65.9




	
Monthly




	
Depedena (December)

	
Observed

	
0.032

	
3.7




	
TRMM-3B42_RT

	
0.027

	
11.5




	
Usk Valley (February)

	
Observed

	
0.004

	
5.8




	
TRMM-3B42_RT

	
0.048

	
6.6




	
Usk Valley (December)

	
Observed

	
0.040

	
6.5




	
PERSIANN-CCS

	
0.033

	
21.0




	
TRMM-3B42_RT

	
0.013

	
11.8




	
Seasonal




	
Murungan (SWM)

	
Observed

	
0.016

	
−10.6




	
PERSIANN-CDR

	
0.025

	
−35.3




	
Depedena (NEM)

	
Observed

	
0.039

	
18.3




	
IMERG

	
0.029

	
26.9




	
TRMM-3B42_RT

	
0.008

	
52.4




	
Usk Valley (NEM)

	
Observed

	
0.014

	
34.9




	
TRMM-3B42_RT

	
0.023

	
48.5




	
Usk Valley (SWM)

	
Observed

	
0.025

	
54.2




	
IMERG

	
0.047

	
50.4




	
TRMM-3B42_RT

	
0.045

	
74.3
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