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Abstract

:

Spatial and temporal precipitation data acquisition is highly important for hydro-meteorological applications. Gridded precipitation products (GPPs) offer an opportunity to estimate precipitation at different time and resolution. Though, the products have numerous discrepancies that need to be evaluated against in-situ records. The present study is the first of its kind to highlight the performance evaluation of gauge based (GB) and satellite based (SB) GPPs at annual, winter, and summer monsoon scale by using multiple statistical approach during the period of 1979–2017 and 2003–2017, respectively. The result revealed that the temporal magnitude of all the GPPs was different and deviate up to 100–200 mm with overall spatial pattern of underestimation (GB product) and overestimation (SB product) from north to south gradient. The degree of accuracy of GB products with observed precipitation decreases with the increase in the magnitude of precipitation and vice versa for SB precipitation products. Furthermore, the observed precipitation revealed the positive trend with multiple turning points during the period 1979–2005. However, the gentle increase with no obvious break point has been detected during the period of 2005–2017. The large inter-annual variability and trends slope of the reference data series were well captured by Global Precipitation Climatology Centre (GPCC) and Tropical Rainfall Measuring Mission (TRMM) products and outperformed the relative GPPs in terms of higher R2 values of ≥ 0.90 and lower values of estimated RME ≤ 25% at annual and summer monsoon season. However, Climate Research Unit (CRU) performed better during winter estimates as compared with in-situ records. In view of significant error and discrepancies, regional correction factors for each GPPs were introduced that can be useful for future concerned projects over the study region. The study highlights the importance of evaluation by the careful selection of potential GPPs for the future hydro-climate studies over the similar regions like Punjab Province.
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1. Introduction


Accurate and reliable estimates of global climate patterns are directly associated with the regional variation in precipitation [1]. The changes in amount and pattern of precipitation could directly influence the water resources and agriculture of the concerned regions [2]. Therefore, understanding the spatiotemporal variation in precipitation on the regional scales is of great importance in climate monitoring and in hydro-climate studies [3]. Several researchers have reported the spatiotemporal variations of precipitation for different regions of the world [4,5,6,7]. There is a growing agreement that long term changes in precipitation could alter the ecological and hydrological processes [8] and underpin our knowledge of global and regional climate change [9]. These accurate and reliable precipitation records underpin our knowledge of regional and global climate change, as well as their possible impacts on water resources [10,11].



In general, gauge measurements are the basic and reliable way of precipitation data acquisition [12]. Unfortunately, scarce gauge records, irregular distribution, limited data access, and poor spatial coverage hinder their use in conducting hydro-meteorological studies and climate change assessments [13,14]. In recent decades, with the advancement in remote sensing and geo-information technology, the gridded precipitation products (hereafter GPPs) has proven to be a reliable and cost-effective way of retrieving gridded precipitation data at various spatial and temporal scales across the globe [15]. These precipitation data either derived from satellite products or from the nationwide meteorological stations by using different interpolated algorithms and computational techniques by considering the physical characteristics (slope and elevation) of different regions. These multi-source data products are often applied as climatological input for hydro-climate simulation studies in data scarce extents to bridge the gap at regional scale [16] and there has been a considerable increase in the use of these products, owing to their easy accessibility, spatiotemporal coverage, and fine resolutions [17].



The evaluation of GPPs has also proved useful for different hydro-climate applications. The precipitation variability in different Gridded Data Products (GDPs) has been quantified for different regions across the globe [18,19,20]. Various studies were carried out in recent years to assess the performance of GDPs, revealing considerable differences between the products at the regional scale [21]. Furthermore, there are uncertainties that are associated with GPPs, because of the variability in spatial and temporal coverage, lack of in-situ observations, relocation of gauges, and data processing practices [22]. Thus, the reliability and accuracy of GPPs varies with time and regional climate [23]. Therefore, it is highly important to assess and evaluate the performance and capability of the GPPs at regional scales, especially the arid and semi-arid regions that are more sensitive to insignificant changes in climatic characteristics due to its fragile ecosystems [24]. Such regions are characterized by very complex hydrological systems that often exhibit extreme behaviors, such as extended droughts due to prolonged dry spell and floods due to high-intensity precipitation [25]. The predominantly arid and semi-arid climate and geographical location in the fast temperature rising region have made Pakistan one of the most vulnerable countries in the world to climate change [1]. Moreover, the natives of the country are mostly engaged in agriculture, a highly susceptible sector to climate change, with limited resources to adapt to changing circumstances [26].



Few studies were carried out in order to evaluate the performance of different GPPs against the reference data, which mainly focused on the basin level or higher altitude sites of the country and ignored the important segment of spatiotemporal precipitation variations in agricultural region of the country. For instance, [27] assessed the precipitation distribution in the high altitude region of Hindu-Kush-Himalaya basins by using different precipitation products. The study reported the better performance of ECMWF Re-Analysis (ERA-Interim) product at high catchments as compared with WATCH Forcing Data Methodology (WFDEI) and APHRODITE products. Using different gridded precipitation products, [28,29] reported the significant errors in different gridded product; however, Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) product performed better in the high catchments of the Indus basin. On the contrary, [30] reported the overestimation of TMPA products against reference data using the simple statistical metric approach over the complex topography of Pakistan. The present study is first of its kind, which aims to bridge the gap of knowledge with a detailed multiple-scale assessment of the spatiotemporal uncertainties of selected global precipitation products that are generated by different sources by using different statistical metrics, trends evaluation and comparison approach over the Punjab province, Pakistan. It is worth mentioning that Punjab province is highly important in the perspective of agriculture and irrigated farming as it produces major agriculture commodities of the country and it is highly vulnerable to changes in most of meteorological parameters with high frequency events and, hence. is highly prone to climate change [31]. In this study, we aim to assess the quality and differences of the different GPPs generated from multiple sources, i.e., Gauge Based (GB) products, Global Precipitation Climatology Centre (GPCC), Center for Climatic Research, University of Delaware (UDel), Asian Precipitation—Highly-Resolved Observational Data Integration Towards Evaluation (APHRODITE), Climate Prediction Centre (CPC), Climatic Research Unit, University of East Angelia (CRU) and Satellite Based (SB) products, Tropical Rainfall Measuring Mission (TRMM, Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks-Climate Data Record (PERSIANN-CDR), Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks- Cloud Classification System (PERSIANN-CCS), Global Satellite Mapping of Precipitation (GSMap) and Climate Hazard Group Infrared Precipitation with Station Data(CHIRPS) during the period of 1979–2017 and 2003–2017, respectively, over the Punjab province in Pakistan. Secondly, to evaluate and compare the changes in temporal trends and abrupt turning points in selected GPPs against the reference data for the study region. We perceive the usefulness of this study as multi-directional, because the findings of the study could be used as baseline for the selection of potential GB and SB GPPs over multiple time scales for different hydro-meteorological studies.




2. Study Area


Pakistan is geographically located in southwest Asia with an area of 8 × 106 km2 between latitude and longitude range of 24–37° N and 60–75° E (Figure 1). The country has diverse topography that ranges from Karakoram and Himalayan mountains in the north and northwest to the agriculture plains in the center and south of the Indus basin along the southern cost of the Arabian sea [32]. Pakistan is an agrarian country and Punjab is the second largest Province with geographical coordinates of 31.17° N and 72.70° E. The Province has the largest population and producing more than 50% of the country’s agricultural commodities [33]. The regional mean temperature varies from 23 to 26 °C, with a Tmin of 16–19 °C and a Tmax of 29–33 °C. The northern part of the Province receiving more precipitation than southern part with overall annual mean precipitation ranges from < 300 mm in the southern part to > 800 mm in the northern part [34]. The two major seasons that dominates the overall hydrology of the region, i.e., the summer monsoon (June–September) and winter monsoon seasons (December–April) [35]. The maximum precipitation occurs during the summer monsoon due to the monsoon system that originates from Bay of Bengal and enters in the country from east and northeast [35]. The winter precipitation instigates from the Mediterranean Sea due to western disturbances and enters in the country from southwest and northeast direction [35]. There is great variation and extreme events during summer and winter monsoon precipitation seasons that make this region a highly susceptible to climate change [36]. Due to highly vulnerable in precipitation changes, the spatial and temporal evaluation of the GPPs is highly important for further application of these products, including hydro-meteorological studies over the study region.




3. Materials and Methods


3.1. In-Situ Records


The long term monthly precipitation data that were collected from 20 meteorological stations over the Punjab region were acquired from Pakistan Meteorological Department (PMD) (Figure 1). The in-situ records were investigated during the study periods from 1979 to 2017 and from 2003 to 2017 as reference data for the assessment of GB and SB precipitation products, respectively. The selection of the gauges depends on their maximum availability and completeness of data series. The GPPs were evaluated against the in-situ records on an annual, winter, and summer monsoon season. The winter and summer monsoon seasons are the primary drivers of the annual hydrological cycle with major influence of Asian monsoon (summer monsoon season) over the study region [28]. The GB and SB GPPs were developed while using quality-controlled procedures and algorithms. However, the stations data are generally considered as standard measurements for the evaluation of GPPs [37,38]. Moreover, the standard quality-controlled procedures were adopted for the better accuracy assessment of GB and SB GPPs. For quality assurance, station data series were thoroughly checked and outliers were fixed with neighboring gauge records [39]. Gaps were filled using a time-based interpolation approach [40]. Several post-processing techniques have been developed to identify the consistency and homogeneity’s in the station records [41]. The double-mass curve was applied to observe the inhomogeneity in the station records [42]. The curve of all the stations showed a straight line with no evident break points, which confirms a temporal consistency and uniformity in the time series records.



After quality control process in the reference data series, the thin-plate splines (TPS) interpolation method was introduced to convert the station data into products relative spatial grid sizes for the assessment of GB and SB GPPs on spatial scale. The original TPS method is defined by [43], whereas [44] provides a detailed description of its application for different climate indicators. The TPS scheme is applicable and robust in regions where stations density is low and prior estimation of the spatial auto-covariance is not required [44]. The time series autocorrelation method was applied prior to estimate the trend significance, magnitude, and abrupt turning point to ensure the occurrence of significant autocorrelation in the reference data series [1]. The presence of significant autocorrelation in the reference data series could influence the outcome of Mann–Kendall (MK), Sen’s Slope (SS), and Mann–Kendall abrupt change analysis [45]. Therefore, the significance of autocorrelation should be checked before applying the trend tests [46]. The analysis revealed no significant autocorrelation in the reference data series of annual, winter, and summer monsoon seasons. Therefore, the in-situ records are completely independent, and the MK test is applicable to the original gauge records. The detailed description for autocorrelation method is reported by [47].




3.2. Gridded Precipitation Products (GPPs)


In this study, GB and SB GPPs (GPCC, UDel, APHRODITE, CPC, CRU, TRMM, PERSIANN-CDR, PERSIANN-CCS, and CHIRPS, GSMap) were evaluated against the reference data (Table 1). Details of the datasets are described below.



3.2.1. Gauge-Based GPPs


The Global Precipitation Climatology Centre (GPCC) obtained the primary data from meteorological agencies at National level (NMAs), Food and Agriculture Organization (FAO), Climate Research Unit, University of East Angelia (CRU), and Global historical climatology network (GHCN) at the National Centers for Environmental Information [48]. The product covers the period from 1891 to 2018. In this research, the monthly product of 0.5° spatial resolution is used from the period 1979–2017. The product from University of Delaware, USA (UDel) acquired the primary data from GHCN2, daily GHCN from National Centers for Environmental Information, National Center Atmospheric Research (NCAR), Project Greenland of automatic meteorological stations, Data archives of Nicholson for African continent, records of daily summary at the global level [49]. The product covers the period from 1900 to 2017. The monthly precipitation data of 0.5° spatial resolution from the period 1979–2017 is utilized in the study. The monthly product Climate Research Unit (CRU) acquired the primary data from the World Meteorological Organization (WMO), Food and Agriculture Organization (FAO), and National meteorological departments. The CRU product covers the period from 1901 to 2019. The monthly precipitation data of 0.5° spatial resolution from the period 1979–2017 is used in the present study [50].



The daily Asian Precipitation-Highly Resolved Observational Data Integration towards Evaluation of Water Resources (APHRODITE) product that was obtained the primary source data from multiple Asian agencies including Global Telecommunication System (GTS), National weather agencies, International Centre for Integrated Mountain Development (ICIMOD), International Water Management Institute (IWMI) and other national and international projects on climate [51]. The product covers the period from 1961 to 2015. The daily precipitation product of 0.5° spatial resolution was accumulated into monthly time scale from the period 1979–2015 in the present study. The CPC is the first product of Unified Precipitation Project at the National Oceanic and Atmospheric Administration (NOAA). The product acquired the primary data from National weather agencies, quality controlled station data from GTS, and Cooperative Observer Network [52]. The CPC product covers the period from 1948 to 2018. The daily precipitation product of 0.5° spatial resolution was accumulated into monthly time scale from the period 1979–2017 in the present study.




3.2.2. Satellite-Based GPPs


The TRMM satellite provides the continuous precipitation data (1998–present) which covers the range from 50° N to 50° S over tropical to subtropical regions at 0.25° spatial resolution [53]. The TRMM Multi-satellite Precipitation Analysis (TMPA) used three basic instruments to record the data, including Visible Infrared Scanner, Microwave Image and Radar Precipitation [30]. The TMPA provides real time and post real time products. The post real time version 7 products have adjusted with gauge data and proved higher accuracy than TMPA real time product [54]. The present study utilized the higher accurate version 7 products with monthly temporal and 0.25° × 0.25° spatial resolution during the study period 2003–2017.



The Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks-Climate Data Record (PERSIANN-CDR) provides longer gridded data (1983–present) with spatial resolution of 0.25° × 0.25° at the daily timescale. The PERSIANN-CDR estimates the rainfall rate from geostationary satellites by using infrared brightness temperature [55]. The stage IV radar data from the National Centers for Environmental Prediction (NCEP) is used to train the Artificial Neural Network (ANN) model. The high resolution precipitation estimates then attuned by Global Precipitation Climatology project (GPCP) for bias correction [56]. The daily data aggregated into monthly time scale for evaluation against reference data for the study period 2003–2017.



The Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks- Cloud Classification System (PERSIANN-CCS) provides the gridded precipitation data (2003–present) at spatial resolution of (0.04° and 30 min.) by using Infrared brightness temperature derived from geostationary satellites and continuously updating its parameter using Passive Microwave (PMW) measurements from low earth orbit satellites. The regression and histogram matching are used to draw fit curve plot between temperature brightness of pixel and rainfall rate to achieve rainfall mapping of each classified cloud cluster [57]. The daily data aggregated into monthly time scale for evaluation against reference data for the current study period 2003–2017. The CHIRPS precipitation dataset is quasi land product belongs to Climate Hazard Group with a spatial resolution of 0.05 °s and temporal daily scale derived from TRMM satellite, and several observed products such as NOAA, CPC, National Climatic Data Center (NCDC) and Climate Forecast System version 2 (CFSv2). The product algorithm is based on the concept of cold cloud duration (CCD), which is the duration of time of pixel covered by IR brightness temperature. Precipitation estimates by using CCDs procedure by incorporating TMPA3B42 product and merged with observed measurements using the Inverse Distance Weighting (IDW) method to produce final product [58]. For the current study, the daily data aggregated into monthly time scale during the study period 2003–2017. The recent GSMap project is launched by Japan Aerospace Exploration Agency (JAXA) to monitor precipitation at higher spatial resolution of 0.1° and one-hour temporal scale. The product input is based on multiple polar orbiting satellites with adjusted accuracy of Kalman smoothing approach [59]. The product covers the range of latitude and longitude from 60° N to 60° S and from 180° W to 180° E, respectively. For the present study, the hourly data converted into monthly time series during the period 2003–2017.





[image: Table] 





Table 1. Information of gauge based (GB) and satellite based gridded data products (SB GPPs) used in the study.
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	Datasets
	Resolution
	Frequency
	Coverage
	Study Period
	Reference





	APHRODITE
	0.5°
	Monthly
	Global land
	1979–2015
	[51]



	CRU
	0.5°
	Monthly
	Global land
	1979–2015
	[50]



	CPC
	0.5°
	Monthly
	Global land
	1979–2015
	[52]



	GPCC
	0.5°
	Monthly
	Global land
	1979–2013
	[48]



	UDel
	0.5°
	Monthly
	Global land
	1979–2015
	[49]



	TRMM
	0.25°
	Monthly
	Global land
	2003–2017
	[53]



	GSMap
	0.1°
	Monthly
	Global land
	2003–2017
	[59]



	CHIRPS
	0.05°
	Monthly
	Global land
	2003–2017
	[58]



	PERSIANN-CDR
	0.25°
	Monthly
	Global land
	2003–2017
	[55]



	PERSIANN-CCS
	0.04°
	Monthly
	Global land
	2003–2017
	[57]










3.3. Descriptive Methods


Here, we assess the spatial and temporal performance of each GPP against the in-situ records using different statistical techniques. The quantitative statistical indicators, including the root mean square error (RMSE), Pearson correlation coefficient (CC), and standard deviation were applied while using a Taylor diagram, which is a precise technique of measuring the degree of accuracy between GPPs and reference data [60]. The mean error (ME) and relative mean error (RME) were calculated in order to indicate the systematic bias which determines the level of over-or under-estimation of GPPs against in-situ data. Furthermore, the scatter plots were also used to determine the quantitative linear relationship between each GPP against the reference data. Furthermore, the detection and comparison of trends in different GPPs data series were evaluated against the reference data using the non-parametric Mann–Kendall (MK) test. The MK trend test is simple and it has been widely used for the detection of significant trends in hydro-meteorological time series data [61,62]. The trend test is robust against normal distribution, missing values, outliers and is less susceptible to the abrupt change point [63].



Similarly, the Theil and Sen’s Slope (TSS) is non-parametric test, which can be used to quantify the slope magnitude in linear trends [64]. The TSS has been widely acceptable and used by many researchers to detect the significant trends in different climate indicators [19]. The test is based on least square regression technique, which is commonly used to estimate the rate of slope in a given time series data [65,66]. Moreover, the abrupt change analysis was performed using the Sequential Mann Kendall (SQMK) test. The SQMK test was proposed by [67] and it has been widely used to identify the abrupt change point in hydro-meteorological time series data [49]. The test sets up two temporal series based on forward and backward process i.e., progressive series (PS) and retrograde series (RS). In this test, the progressive series is a standardized variable with zero mean and unit standard deviation. The nature of the progressive series is same as that of Z values, which range from the initial to last data point. Similarly, the value of the retrograde series is computed backwards, starting from the end point and finishing at the first point of the temporal series. The positive and negative change in time series data indicate increasing and decreasing trends, respectively [67]. Details of the descriptive statistical methods are discussed and reported by many research papers [68,69,70,71]





4. Results


4.1. Evaluation of Temporal and Spatial Dynamics


Annual and Seasonal Scale


The annual averages of precipitation, as estimated from reference and gridded data products (GPPs) over Punjab region, are shown in Figure 2. The temporal trends indicated that the annual precipitation amounts that were underestimated by the GPPs with the exception of TRMM and PERSIANN-CDR products, which overestimated the magnitude as compared with the reference data. The temporal magnitude in all the precipitation products was different and deviate up to 100–200 mm as compared with in-situ measurements. However, the most identical temporal fluctuation pattern of precipitation was observed in GPCC and TRMM products with the relative mean error of −16.59% and 2.88%, respectively. Figure 3 illustrates the spatial distribution of GPPs and observed annual average precipitation. The results indicated that, the spatial configuration of GPPs exhibited the similar pattern of precipitation as compared with observed estimates. Across all of the GPPs, the northern part of study area received more amount of precipitation than southern part and exhibited the precipitation pattern towards south to north gradient with the range of 15–1500 mm. In all GPPs, the spatial consistency was observed with a major deviation in northern Punjab. However, the most accurate and consistent spatial pattern was observed in GPCC and TRMM product and the lowest spatial accuracy was observed in CPC following by UDel and PERSIANN-CCS products particularly in northern Punjab. These products were relatively less accurate to capture the higher amount of precipitation distribution over the northern part of the study region. In contrast, the APHRODITE product showed less precipitation magnitude in the central and southern Punjab as compared with observed precipitation. The spatial distribution of the APHRODITE product showed better results at high catchments of the study region as compared with plain areas. These results are consistent with the findings of [27], who reported the better performance of APHRODITE product as compared with reference data at high-altitude catchments in Pakistan.



The descriptive statistical measures divulge the characteristics of GPPs when compared with the reference data. Figure 4, Figure 5 and Figure 6 indicates the plots as A (GB) and B (SB) precipitation products against the reference data during annual, winter, and summer monsoon, respectively. The result showed that, all the selected GPPs underestimated the annual precipitation amount, except TRMM and PERSIANN-CDR product, which indicates the overestimation of precipitation over the study region. The highest accuracy was observed in the GPCC and TRMM products with lowest mean error and higher R-squared value with the magnitude of −76.35 (0.90) and 14.26 mm (0.90) respectively. These products are comparatively better to capture the annual precipitation variability over the study region. However, the lowest accuracy was observed in CPC and PERSIANN-CCS products with the magnitude of mean error −163.57 (−34.71%) and −16.08 mm (−3.23%), respectively. These datasets are relatively less accurate for capturing the annual variability amount of precipitation during the whole study period. Moreover, the GSMap and PERSIANN-CCS products overestimated the precipitation magnitude ≤ 500 mm and underestimated the precipitation amounts, which are ≥ 500 mm. The inter-comparison of gridded products indicated a similar consistency, except TRMM and PERSIANN-CDR products, which showed positive bias. The underestimation was more conspicuous in GB products as compared with SB products. The SB products showed lower bias and higher accuracy as compared with GB products, which could be due to higher pixel resolution of SB products over the study region [28]. Overall, TRMM product indicated better quantitative performance and showed reasonable consistency against reference precipitation over the study region.



The GB and SB precipitation products were further evaluated during winter monsoon season. All of the GB products underestimated the winter precipitation with the highest and lowest accuracy being observed in CRU and CPC product with the estimated mean error of −25.08 (−20.49%) and 37.99 mm (−31.04%), respectively. In contrast, the SB products overestimated the precipitation magnitude except CHIRPS product, which indicates the underestimation of precipitation amount over the study region. The highest and lowest accuracy was observed in TRMM and GSMap products with the estimated mean error of 24.06 (19.39%) and 80.66 mm (65.03%) respectively. The rest of the precipitation products also showed better quantitative agreement with a higher range of deviation from the mean observed precipitation. Overall, the performance of CRU and TRMM were consistent and show relatively less error during the winter monsoon season.



Furthermore, the evaluation of precipitation products during the summer monsoon season indicated the similar pattern of statistical metrics as assessed during annual time scale. The summer monsoon precipitation dominated the regional water balance and plays a significant role in annual precipitation variability. All of the GB and SB products underestimated the observed precipitation. The highest and lowest accuracy in GB products was observed in GPCC and CPC with the estimated mean error of −50.03 (−16.17%) and −114.50 (−36.48%), respectively. Moreover, the TRMM and GSMap showed the highest and lowest accuracy as compared with in-situ with the estimated mean error of −15.18 (−4.48%) and −136.06 mm (−40.16%), respectively. The products underestimation was more conspicuous during winter monsoon period as compared with annual and summer monsoon season. Moreover, all of the SB products showed less range of mean error during annual scale following by summer and winter monsoon seasons. However, the GB products exhibited lower mean error in winter following by annual and summer scale. Overall, the performance of GPCC and TRMM products showed the best agreement with in-situ in terms of higher R2 values of ≥ 0.90 and lower values of RME ≤ 25% during annual, winter, and summer monsoon seasons.



In order to evaluate the temporal pattern variability of different GPPs against observation data, Taylor diagrams were plotted [62] to quantify the precise agreement between the observation and GPPs in terms of correlation coefficients (CC), standard deviation (SD), and root mean square deviation (RMSD), which are shown in Figure 7 as A (GB) and B (SB) precipitation products during annual, winter, and summer seasons. In the diagram, correlation coefficient (CC) is denoted by blue lines adjoining perpendicular to the parabolic scale, standard deviation (SD) is denoted by radii of the black cycles and root mean square deviation (RMSD) donated by the radii of the green cycles. In the diagram, if the value of the GPPs is closer to the observation data, then it is considered to be a better product. The diagram statistics provide the evaluation of the temporal pattern of the GPPs against observed data.



The results indicated that the GPCC and TRMM precipitation products outperformed the other products during the annual scale in terms of higher CC of around 95% and less value of the RMSD. The GPCC and TRMM points marked closer to the reference point indicated that the products relatively performed better and they are suitable for the study region. The rest of the precipitation products also depicted good agreement with observed data over the study region, with notable mean error all the way. These results are in agreement with the findings of [27,72] who reported the better performances of TRMM and GPCC products. The range of agreement is different, which could be due to a difference in region, study period and statistical metrics. Moreover, the Taylor analysis during winter precipitation indicated the better performance of CRU and TRMM products as marked closer to the reference data with relatively higher CC of around 97% and lower values of RMSD. The GPCC, APHRODITE, and CHIRPS products also showed better efficiency in terms of high CC and lower RMSD values. On the other hand, the evaluation of precipitation products during summer monsoon revealed the better performance of GPCC and TRMM products, as indicated by a higher CC of around 98% and lower RMSD values. These results are consistent with the outcomes of products evaluation during the annual time scale over the study region. The efficiency of GPCC and TRMM precipitation products during annual and summer season was found to be similar and consistent. The major influence of annual precipitation variability depends upon the summer monsoon season, as it receives the major amount of precipitation and main driver of annual hydrological cycle [73]. Overall, the performance of GPCC and TRMM products were best during the annual and summer time scale over the study region. However, CRU product shows relatively better performance during the winter monsoon period.



Figure 8 shows the spatial distribution of GB and SB precipitation products against reference data in terms of spatial pattern of statistical indices (ME, RMSD and CC) over the Punjab region during the whole study periods. The results indicated that all of the GB products underestimated the precipitation amounts as compared with observed precipitation. The range of deviation was more conspicuous in northern Punjab with the dominated pattern of underestimation from north to south gradient. In the entire study period, the GPCC product exhibited best agreement, as indicated by the distribution of higher CC and lower values of ME and RMSD. However, the accuracy of GPCC product was more precise over northeast and southern part of Punjab. The inter-comparison of GB products indicated the similar pattern of underestimation, except the UDel and CPC product, which indicated the higher range of underestimation over the whole study region. Both of the products showed the lowest agreement following by APHRODITE product as compared with the observed pattern of precipitation. On the other hand, the SB precipitation products showed the visible pattern of overestimation over the whole study region. However, the pattern was more conspicuous over the northern and eastern part of the study region. Moreover, all of the products showed a similar pattern of underestimation over south-west part of the study region. However, the pattern of underestimation was more noticeable in PERSIANN products over south to south west gradient as compared with observed precipitation. The statistical pattern of all the SB products pointed out the better performance of TRMM product in terms of higher CC and lower ME and RMSD values. The TRMM product outperformed the rest of the product by showing the lowest error and highest accuracy. However, the pattern of overestimation was more noticeable over the northern region of the study area. The overestimation in these areas could be related to the higher rate of evaporation. These results are consistent with the findings of [27], who reported the higher overestimation of satellite products in the foothills of northern mountain range of Hindukush, Karakoram and Himalaya (HKH in Pakistan. Generally, the GPCC and TRMM products showed the better accuracy and consistency in terms of spatial distribution of statistical metrics with higher values of CC and lower values of ME and RMSD.



Overall, the extent of under/over estimation of precipitation by GB and SB products suggests the significance of data correction before their reliable utilization in climate and hydrological studies. For the correction of precipitation products, we analyzed the estimated mean error in different data products and introduce a correction factor of each GB and SB product for annual, winter, and summer monsoon season over the Punjab region. The regional correction factor of each product for annual, winter, and summer monsoon during the period of 1979–2017 and 2003–2017 for GB and SB precipitation products are summarized in Table 2. The correction factor needs to be multiplied with the respective data products in order to minimize the percentage of error over the target region. The corrected product data could be directly used in climate modelling and other relevant studies [27].





4.2. Evaluation of Changing Trends and Abrupt Transition:


Figure 9 presents the annual trends of precipitation products and observed data for Punjab region obtained by the MK and Theil–Sen approach. The trend plots are arranged as A and B with respect to GB and SB products during the study periods 1979–2017 and 2003–2017, respectively. The results indicated that, the annual observed precipitation revealed the insignificant positive trend during the periods 1979–2017 and 2003–2017 with the rate of 1.12 and 5.5 mm/decade, respectively. All of the GB and SB products exhibited the non-significant positive trend with the different scale of overestimation, except for CRU, CPC, and UDel products, which indicates the insignificant trend with the magnitude of 0.05, −1.38, and −0.06 mm/decade, respectively. These products are relatively less accurate to detect the observed precipitation trend. Though, GPCC and TRMM products outperformed other datasets in terms of trends magnitude with the rate of 1.29 and 5.53 mm/decade, which is quite close to the magnitude of observed precipitation. The range of overestimation was higher in SB products, which could be due to the shorter time period. The highest increasing trend was indicated by APHRODITE product followed by GSMap and PERSIANN products as compared with the observed precipitation trend. Overall, the performance of GPCC and TRMM precipitation products showed better agreement in terms of trend detection when compared with the observed precipitation.



The abrupt changes in climate data series revealed the transition of climate from one state to another due to some external factors, which activates a change to new state at a rate determined by the climate system [74,75]. The Sequential Mann-Kendall (SQMK) test was applied for the evaluation and comparison of different precipitation products with observed data over the Punjab region. The retrograde and progressive series were attained at 0.05 significance level. The comparative evaluation of GB and SB precipitation products with reference data using the SQMK test with the confidence interval of 95% during the study periods 1979–2017 and 2003–2017 over the Punjab region are shown in Figure 10. The results indicate that the GPCC and TRMM products exhibited a similar pattern and mutation points as compared with reference data series. However, the other products also showed the similar fluctuated pattern in progressive series as compared with the reference data, yet they failed to capture the exact temporal mutation changes. The major fluctuations in the reference data series were detected during the period of 1984–1985 (negative), 1988–1989 (positive), 1998–1999 (negative), and 2005–2006 (positive). Moreover, the reference data showed the multiple turning points in progressive data series during the whole study Period. However, the gentle increase in the precipitation trend has been observed with no significant breakpoint during the period 2005–2017. All of the GB and SB products indicated the similar pattern of variability in progressive series. However, the TRMM product showed the best agreement as compared with the reference data series during this period over the Punjab region. The inter-annual and multi-decadal temporal abrupt changes in precipitation data series depicted a large fluctuation in precipitation over the targeted region during the whole study period. The major variabilities in the observed data series are well covenant with the findings of [71,76], who reported the similar variability in precipitation over India and Pakistan, respectively. Overall, the GPCC and TRMM precipitation products outperformed the other products and revealed the best agreement when compared with reference data to capture the temporal pattern and mutation points in the precipitation data series over the target region.





5. Discussion


Spatial and temporal precipitation data acquisition is highly important for the regional climate studies as well as for the management of water resources and agriculture of the concerned regions. With the advancement in geo-information and remote sensing technologies, this paves the way to acquire gridded data free of cost on a different time and scale. However, the reliability and accuracy of the data must be quantified against the in-situ records at the regional scale [77]. The current study provides a comprehensive assessment of GB and SB precipitation products against the reference records over the Punjab province during annual, winter, and summer monsoon from the period of 1979–2017 and 2003–2017, respectively. Moreover, the changes in trends and detection of abrupt turning point in temporal data series of products were evaluated and compared with the reference data series. In addition, the correction factor for each product was introduced to minimize the percentage of error in the respective products.



The results indicate that the spatial and temporal performance of GPCC and TRMM precipitation product outperformed the other corresponding products in terms of statistical measurements (high value of CC and R2 with lower value of ME and RMSD) during the annual and summer monsoon season during 1979–2017 and 2003–2017, respectively. However, CRU performed better during winter estimates when compared with reference data during the whole study period. Moreover, the range of deviation among different precipitation products underestimated with different magnitude as compared with the reference data. We found large uncertainties in the magnitude and temporal variability among different products. The magnitude range of deviation was up 100–200 mm among different products within the same category and with reference data. The results of deviation are associated with the findings of [48], who reviewed the 22 global precipitation products and was reported the magnitude of deviation up to 300 mm. All of the selected products estimated the higher amount of annual precipitation in the northern Punjab and exhibited the similar pattern from north to south gradient with the range of 1500–15 mm. However, the spatial deviation was more pronounced in the northern side as compared with the central and southern part of the study region. Moreover, the pattern of underestimation was more pronounced in the GB products as compared with SB products. One of the possible explanations of underestimation is due to lower pixel resolution of GB products over the study region [28].



Furthermore, the results showed that all of the GB products performed better in terms of lower values of ME during winter following by annual and summer monsoon season. However, the SB products showed better performance during annual scale following by summer and winter monsoon period. Overall, the agreement of GB products with observed precipitation decreases with the increase in the amount of precipitation and vice versa for SB precipitation products. The performance of SB precipitation products is well concomitant with the findings of [28,78], who reported the better performance of SB products to capture the higher magnitude of precipitation and less accurate for low precipitation events over different regions of Pakistan. In contrast, [79] revealed the better performance of SB products with less rainfall events over northwest Himalaya regions. The extent of deviation in product similarity can possibly be attributed to multiple factors, which include difference in study region, elevation, land use and land cover change [28]. The pattern similarity by using Taylor diagram indicates the better performance of GPCC and TRMM products during annual and summer monsoon seasons in terms of higher CC of around 95% during the whole study period. The results are well associated with the findings of [27], who reported the better pattern similarity performance of TRMM product in terms of higher CC of around 80% against other datasets during annual time scale over the upper Indus basin. The spatial distribution of statistical metrics (ME, RMSD, and CC) indicates the better performance of GPCC and TRMM products. However, the range of deviation in GB and SB products were more obvious in the northern Punjab with the overall pattern of underestimation (GB products) and overestimation (SB products) from the north to south gradient. The possible explanation of estimated deviation in GB and SB products over the northern Punjab could be due to wind induced errors and the presence of higher amount of aerosols in the atmosphere. The higher amount of aerosols in the atmosphere intercepts with the precipitation that reduces the efficiency of ground based meteorological stations [80]. Moreover, the wind induced errors can be attributed to the efficacy of ground based stations [81] Similarly, the pattern of overestimation in SB products particularly over northern Punjab could be associated with the higher rate of evaporation in the lower reaches of the mountains. These results are well associated with the findings of [82], who indicated the overestimation of SB products in the foothills of Himalaya mountain ranges over northern Pakistan. Moreover, the deviation in accuracy of GB products over northern Punjab could be due to inter-annual variability in weather, orographic effects and fewer gauges over the mountainous region. Many studies reported such effects in different climate studies over the northern belt of Pakistan [27,28,79]. Moreover, the fewer pixels of precipitation products also showed a weaker ability to capture the accurate spatial pattern in the central and southern parts of the study area. The possible explanation of accuracy deviation in these areas could be due the rapid extent of urban areas. Most of the meteorological station installed in the non-urban domain which could not represent the exact situation of climate variability in urban areas. Several studies documented the effect of urbanization on climate variability at a spatial scale [83].



The MK trends of observed precipitation indicate insignificant increasing trends during the period 1979–2017 and 2003–2017 with the rate of 1.12 and 5.5 mm/decade, respectively. The increasing trend was faster during period 2003–17 as compared with the period 1979–2017. The MK trend of GB and SB products showed the increasing trend with different magnitude of overestimation, except UDel and CPC products, which indicates decreasing trend as compared with observed precipitation. Furthermore, the abrupt transition analysis indicates the multiple turning points in precipitation data series during the period 1980–2005 with major abrupt changes in progressive series were detected during the period of 1984–1985 (negative), 1988–1989 (positive), 1998–1999 (negative), and 2005–2006 (positive). Many studies over the Asian and Indian monsoon system exhibited similar kind of precipitation trends over different timescales. [84,85,86]. The negative precipitation trend detected during the period of 1984–1985 and 1998–1999 could be due to major drought period over the whole country. The results are consistent with the findings of [87,88], who reported the severe drought conditions in the country during the mid-80s and late 90s. Moreover, the gentle increase with no obvious break point has been detected in progressive data series during the period of 2005–2017. The large inter-annual variability in reference data series were well captured by GPCC and TRMM products during the period 1979–2017 and 2003–2017, respectively.



In spite of the fact that the spatial and temporal performance of GPCC and TRMM products outperformed the respective products in terms of lower values of ME, RMSD, and higher range of CC against in-situ records during the period 1979–2017 and 2003–2017, respectively. However, it is still uncertain to estimate the accurate amount of precipitation, as witnessed by the estimated mean error in the precipitation products over the whole study region. In view of significant extent of biases in the products, we determined the factor of correction of each product for their reliable utilization in hydro-climate projects on annual, winter, and summer monsoon periods over the Punjab region. The results of estimated correction factors of different precipitation products are well covenant with the findings of [27,89], who estimated the adjustment factors of precipitation products for Upper Indus Basin (UIB). However, the magnitude of the estimated correction factors is different due to different study period and region.



The spatial and temporal performance of the products depend on a multiple factors, which are intricate in the data algorithms of the products, e.g., sources of data, spatial and temporal resolution, interpolation techniques, missing gaps in data and topography, etc. [50,90]. Similarly, the number of stations, quality, and time scale of in-situ records used for the evaluation of global products are also very important for the identification of potential product for the specific regions [72]. The detection of autocorrelation in the datasets is also important for the accuracy of trends detection and abrupt changes in the climate data series. However, the presence of autocorrelation was more significant for precipitation products, particularly for high altitude regions above 4000 m [27]. The superior performance of GPCC and TRMM precipitation products over the Punjab region might be due to their better data processing procedures, number of gauge station into account, and interpolation techniques.



The precipitation products, even with their intrinsic biases and limitations, are still important for providing valuable source of information related to precipitation variability on spatial and temporal scale. The global precipitation products are also important for climate studies when there is a lack of funding or resources to go into the field and record these types of observations. Caution must also be exercised when comparing and using the GPPs; large uncertainty exists where gauge density is low [91]. The present study highlights the potential products for precipitation over the Punjab province. The evaluation results are beneficial for improving our understanding towards the use of products in arid and semi-arid regions, like Punjab province. However, the spatial and temporal discrepancies were also identified, which will be useful for the further use of these products in hydro-meteorological applications. In view of large discrepancies among the products, future studies should focus on the new methods for the better comparative accuracy and evaluation procedure of global climate products. For instance, [92] introduce a new method of evaluation and decision making by using the fuzzy logic procedure based on the integrated linguistic operated weighted average (ILOWA) method. The main advantage of this technique is to provide sustainable products by using different linguistic terms that are primarily an easy approach for decision making. The products assessments based on integrated models could increase the level of accuracy for the appropriate selection of potential products by considering the statistical indicators.




6. Conclusions


In this study, the gridded precipitation products (GB and SB products) were evaluated against the reference data during 1979–2017 and 2003–2017 periods on annual, winter, and summer monsoon scale by using multiple statistical methods in order to gain an understanding for the potential of Gauge and satellite based precipitation products over the Punjab province, Pakistan. The major outcomes of the study can be summarized as follows.



The result indicated that the temporal magnitude in all of the precipitation products was different and deviated up to 100–200 mm with overall spatial pattern of underestimation (GB products) and overestimation (SB products) from north to south gradient as compared with in-situ measurements. Though, the GPCC and TRMM products outperformed the relative GPPs and showed the best agreement against the reference data in terms of higher R2 values of ≥ 0.90 and lower values of estimated RME ≤ 25% at annual and summer monsoon seasons. However, CRU performed better during winter monsoon season with the estimated ME of −25.08 (−20.49%) and R-squared value of 0.91 as compared with the reference data during the period 1979–2017. All of the GB products performed better in terms of lower values of estimated ME during winter following by annual and summer monsoon season. However, SB products showed better performance during annual scale following by summer and winter monsoon period. Overall, the degree of accuracy of GB products with observed precipitation decreases with the increase in the magnitude of precipitation and vice versa for SB precipitation products



The Mann–Kendall results indicated that, the annual observed precipitation revealed the insignificant positive trend during the periods 1979–2017 and 2003–2017 with the rate of 1.12 and 5.5 mm/decade, respectively. However, the abrupt transition analysis indicates the multiple turning points in the reference data series during the period 1980–2005 with major abrupt changes were detected during the period of 1984–1985 (negative), 1988–1989 (positive), 1998–1999 (negative), and 2005–2006 (positive). The large inter-annual variability in the reference data series were well captured by GPCC and TRMM products during the period 1979–2017 and 2003–2017, respectively. In view of significant extent of biases in the GPPs, the estimated correction factor during annual, winter and summer monsoon seasons for each GPP can be useful for future hydro-climate projects over the Punjab region. The range of discrepancies in precipitation products pointed out the further improvement of GPPs for the enhancement of its accuracy over the arid and semi-arid regions, like Punjab Province. Moreover, the degree of accuracy in precipitation products varies with time and resolution; therefore, products should be assessed at different spatio-temporal scale.
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Figure 1. Study area and meteorological stations. 
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Figure 2. Mean annual variation in GPPs and reference data. 
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Figure 3. Spatial distribution of annual average of (A) GB and (B) SB precipitation products during the whole study periods. 
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Figure 4. Statistical indicators for the assessment of (A) (GB) and (B) (SB) precipitation products against reference data (Annual timescale). 






Figure 4. Statistical indicators for the assessment of (A) (GB) and (B) (SB) precipitation products against reference data (Annual timescale).



[image: Remotesensing 12 03650 g004]







[image: Remotesensing 12 03650 g005 550] 





Figure 5. Statistical indicators for the assessment of (A) (GB) and (B) (SB) precipitation products against reference data (winter monsoon). 
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Figure 6. Statistical indicators for the assessment of (A) (GB) and (B) (SB) precipitation products against reference data (summer monsoon). 
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Figure 7. Statistical evaluation of (A) (GB) and (B) (SB) precipitation products against reference data by using Taylor diagram. 
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Figure 8. Spatial statistical indicators for the assessment of (A) (GB) and (B) (SB) precipitation products against reference data. 
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Figure 9. Comparative trend assessment of (A) (GB) and (B) (SB) precipitation products and reference data by using MK test (95% confidence Interval). 
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Figure 10. Comparison of Abrupt change detection in (A) (GB) and (B) (SB) precipitation products and reference data by using SQMK test (95% confidence Interval). 
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Table 2. Annual and seasonal correction factors for each GPPs over Punjab region.
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	GPPs
	Annual
	Winter-Monsoon
	Summer-Monsoon





	CRU
	1.19
	1.24
	1.17



	GPCC
	1.18
	1.31
	1.15



	APHRODITE
	1.61
	1.48
	1.71



	CPC
	1.53
	1.47
	1.57



	UDel
	1.20
	1.33
	1.38



	TRMM
	0.99
	0.84
	1.06



	CHIRPS
	1.34
	1.37
	1.3



	GSMap
	1.05
	0.61
	2.33



	PERSIANN-CDR
	1.01
	0.92
	1.08



	PERSIANN-CCS
	1.01
	0.72
	1.79
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