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Abstract

:

Water crises are becoming severe in recent times, further fueled by population increase and climate change. They result in complex and unsustainable water management. Spatial estimation of consumptive water use is vital for performance assessment of the irrigation system using Remote Sensing (RS). For this study, its estimation is done using the Soil Energy Balance Algorithm for Land (SEBAL) approach. Performance indicators including equity, adequacy, and reliability were worked out at various spatiotemporal scales. Moreover, optimization and sustainable use of water resources are not possible without knowing the factors mainly influencing consumptive water use of major crops. For that purpose, random forest regression modelling was employed using various sets of factors for site-specific, proximity, and cropping system. The results show that the system is underperforming both for Kharif (i.e., summer) and Rabi (i.e., winter) seasons. Performance indicators highlight poor water distribution in the system, a shortage of water supply, and unreliability. The results are relatively good for Rabi as compared to Kharif, with an overall poor situation for both seasons. Factors importance varies for different crops. Overall, distance from canal, road density, canal density, and farm approachability are the most important factors for explaining consumptive water use. Auditing of consumptive water use shows the potential for resource optimization through on-farm water management by the targeted approach. The results are based on the present situation without considering future changes in canal water supply and consumptive water use under climate change.
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1. Introduction


According to the Global Risk Report published by the World Economic Forum in 2019, water crises are becoming a grave concern in recent times, along with climate change, natural disasters, and biodiversity loss and ecosystem collapses [1]. The greatest burden on freshwater availability and utilization is rapid human development that causes the management of water resources to be very complex and environmentally unsustainable [2]. The world population is expected to be 9 billion by the end of 2050, which means humans of the entire world would need more food than that was required during the last 8000 years of mankind [3]. This situation forecasts exponential demands and a rift between water for energy and water for agriculture, thus making a very complex situation for achieving Sustainable Development Goals (SDG) 2, 6, and 7 by the United Nations.



Agriculture is a major consumer of the world’s freshwater resources that is central to any food and water security policy. An increase in either land or water resources could be potential solutions to address agricultural water scarcity [4], however, 93% of the land suitable for agricultural production has already been utilized in the South Asian countries [5]. Moreover, the scope for further extension of water resources is very limited in the region including Pakistan [4,6]. Many recently published literatures identify irrigation efficiency improvement as an alternative potential solution to water shortage [7,8], however, critics of this approach argue that it is only possible if the freed water is not wasted in boosting current crop water consumptions, expanding irrigated areas, switching from deficit to flood irrigation, and growing of high delta crops [9,10,11]. Moreover, the irrigation efficiency improvements at a local scale (i.e., on-farm) usually result in shifting water use patterns, as this saved water could be used at some other part of the same watershed [12].



The aforementioned concerns pose a greater challenge for water and food security achievement through irrigation efficiency improvement at a local scale. Nevertheless, nowadays, all water policies incentivize farmers to restrict water withdrawals for crop water consumption, which could improve the performance of irrigation systems at various scales. This point could only be justified by evaluating irrigation system performance at multiple spatial scales that would gauge the success or failure of any water-saving policy [13]. However, such analysis usually demands the estimation of spatial crop water consumption [4,14]. Despite many successes for retrieval of this data in recent years, its spatial calculation is still a major limiting factor for many regions of the world [15]. Reference [16] has shown how large scale studies could benefit from the availability of such data. Additionally, such data are of utmost importance considering the variabilities of biophysical parameters for a particular watershed in evaluating external indicators of irrigation system performance. These performance indicators are necessary for policymaking and long-term strategic decision making [17]. Furthermore, such assessments would ensure the implementation of water rights and policies [15] at various levels.



Many agricultural, social, economic, and environmental performance indicators have been developed during the last decade of the previous century [17], but their application was suppressed until the end of the last few years due to a lack of approaches available to estimate consumptive water use at wider spatial scales [18]. Using Remote Sensing (RS) data in conjunction with point information for water accounting and productivity made it possible to explore irrigation systems from field to basin scales [19,20]. Now it has become a reality to assess equity, adequacy, and reliability of irrigation schemes using energy balance (EB) approaches [4,18,20,21,22]. These EB approaches can be classified into single-source models including the surface energy balance algorithm for land (SEBAL), the surface energy balance index (SEBI), the simplified surface energy balance index (S-SEBI), the surface energy balance system (SEBS), and the internalized calibration (METRIC) [23,24,25,26] and dual-source models, including Atmospheric Land Exchange Inverse Model (ALEXI) and two source model (TSM) [27,28,29]. The SEBAL model was developed for the heterogeneous surfaces based on surface energy balance for actual evapotranspiration estimation on a daily basis, which decreases the dependencies on point-based weather data, crop information, and application of efficiency assessment indicators to small areas [30].



Estimation of consumptive water use is vital for water resources planning, management, and regulations [31] through irrigation efficiency assessments [18]. Strategies to increase in irrigation efficiencies are therefore the prime focus of numerous efforts to water scarcity. Nevertheless, its achievement solely depends on the understanding of factors affecting patterns of water use across a river basin. These factors could be site-specific, proximal, and cropping system related (i.e., crop diversity) [32,33,34]. The effects of these driving factors (i.e., indicators) could be different for various seasons and different land covers due to various anthropogenic activities, which need to be explored. In the best knowledge of the authors, no study is reported in the published literature, particularly for the study region, where effects of such indicators that could influence the water availability and utilization by agriculture, are being investigated. The current manuscript presents the novel approaches where RS data were utilized in conjunction with modelling approaches for profiling of consumptive water use, assessing its driving factors, for improved decision making. The rest of this article is organized as follows. Section 2 describes the study site, whereas Section 3 reveals the datasets. Section 4 reports the methods, and Section 5 and Section 6 present the results and discussion from our findings, respectively.




2. Study Region


2.1. Irrigation System


A century old Indus Basin Irrigation System (IBIS) of Pakistan is the largest contiguous irrigation system in the world, which is serving an area of 16 million hectares (Mha) with some 172 billion m3 of river water flowing per year [35]. Originally, the IBIS was designed for an annual cropping intensity of about 75%, but that has grown up to 200% [36]. The major reason is rising food demands due to accelerated population growth and better nutrition requirements. This has put tremendous pressure on the irrigation demands and resultantly serious consequences to the ecosystem balance. However, the canal supplies have either remained stagnant or decreased over time, and many canals have lost their design capacity due to siltation and erosion of their banks [37]. The result is over-dependence on groundwater resources.



Rechna Doab, one of the largest irrigation schemes of the IBIS, that lies between Ravi and Chenab rivers, has been selected for the current study (Figure 1). The gross command area of this irrigation system is about 2.98 Mha, out of which 2.3 Mha is cultivated and irrigated land. Rechna Doab is categorized on various spatial scales including irrigation circles (i.e., 4 in total), irrigation divisions (i.e., 11 in total), and irrigation subdivisions (i.e., 28 in total). Irrigation subdivisions are considered to be the smallest irrigation management units whose structuring is performed for equitable distribution of canal water among various users.




2.2. Agriculture and Climate


The study area is categorized as agricultural land where various crops are grown throughout the cropping year including rice, wheat, sugarcane, fodder, cotton, and vegetables, etc. The cropping year can be sub-divided into two seasons, namely Kharif and Rabi, where the Kharif season generally starts from May and ends in October, whereas the Rabi season extends from November to April. Rice and wheat are the two major crops during the Kharif and Rabi seasons, respectively. The other major crops cultivated during the Rabi season are Rabi fodders (mainly berseem and oat), while cotton and Kharif fodders (mainly sorghum, maize, and millet) are grown in the Kharif season. Sugarcane is another major crop in the region that is an annual crop, which is cultivated in September and February [38].



The climate of the area is arid to semi-arid. The climate conditions fluctuate in terms of temperature and rainfall. Four types of weather seasons prevail that include summer, winter, spring, and autumn. The summers are hot and long-lasting, with temperatures ranging between 21 and 50 °C. Daytime temperature ranges between 10 and 27 °C during winter, whereas it may drop to zero at night. The average annual rainfall in Rechna Doab varies from 290 mm in the southwest to 1046 mm in the northeast. The highest rainfalls occur during monsoon months from July to September, and that accounts for about 60% of total annual rainfall [38].





3. Datasets


3.1. Remote Sensing Data


The use of various types of RS data is central to achieve various objectives of this study. Such data were used for land use land cover mapping and estimation of consumptive water use. For land-use-land-cover mapping, MODIS Normalized Difference Vegetation Index (NDVI) data, both from Aqua and Terra sensors at a spatial resolution of 250 m, were downloaded that correspond to 8 days’ temporal resolution for a period from 2005 to 2016. Estimation of consumptive water use using SEBAL involves multiple processing steps that utilize various RS data including Digital Elevation Model (DEM), Land Surface Temperature (LST), Emissivity, Albedo, and NDVI. DEM data are used to incorporate the elevation effects on LST, which are available cost-free with global coverage of 30 arc-seconds (i.e., GTOPO30) from https://earthexplorer.usgs.gov/, whereas other RS data were downloaded from MODIS at a spatial resolution of 1km cost-free from https://modis.gsfc.nasa.gov/. All MODIS products were downloaded on daily temporal resolutions, except NDVI, which were downloaded at 8 days’ temporal scale.




3.2. Geographical Information System (GIS) Data


Various types of GIS data were utilized for the exploration of irrigation system performance and estimating indicator/variable importance for consumptive water use. For instance, the percentage of the land slope was worked out using DEM data, and canal densities were estimated from the canal shape files taken from the Punjab Irrigation Department (PID), Pakistan. Similarly, vector data of water bodies, canal outlets (i.e., moghas), and soil texture were also gathered from PID. Information on road distances, road densities, and city distances was processed from the Open Street Maps. Population density data were collected from https://sedac.ciesin.columbia.edu/data/set/gpw-v3-population-density/data-download.




3.3. Field Data


Field data is mandatory for checking the quality of results from the RS techniques and also for performing various geographical analyses. Field data collection campaigns were conducted in 2012, 2017, and 2018 for ensuring the quality of results from land use land cover mapping. During the campaigns, GPS data of various major crops including wheat, cotton, sugarcane, rice, fodders, etc., were collected from more than 800 locations per each year. During summer 2018, field equipment including net radiation sensor (NR Lite2), soil heat flux plate (HFP01SC), and soil moisture and heat sensors (CS655) were installed to track the data on net radiation, soil heat, and sensible heat fluxes. Such data are very useful for validating the results of consumptive water use estimated from RS techniques.




3.4. Secondary Data


These data include crop inventory taken from Directorate of Agriculture Punjab, Pakistan http://www.amis.pk/Agristatistics/Statistics.aspx. Daily data of canal flows were gathered from PID and rainfall information at three locations (i.e., Sialkot, Lahore, and Faisalabad) inside/near Rechna Doab from Pakistan Meteorological Department (PMD). Daily data of other climatic parameters including maximum and minimum temperatures, wind speed, relative humidity, and sunshine hours were collected from the meteorological site located at the University of Agriculture Faisalabad, Pakistan (UAF).





4. Methods


4.1. Land Use Land Cover Mapping


The steps of pre-processing and geo-referencing of NDVI data were followed by temporal linear interpolation of bad quality pixels based on their pre and post time corresponding pixels. Once reliable NDVI data were attained, then mosaicking, subsetting, and stacking functions were run, followed by unsupervised classification for a period from 2005 to 2018, employing k-means clustering algorithm [39] in the R environment. Followed by clustering, the refinement of results was done by expert opinion (i.e., agronomists’ opinion) considering the cropping calendar of the study area. For this purpose, temporal profiles of NDVI data were utilized to identify crop growth stages and for the merging of some classes. A significant increase in NDVI was represented as the initial crop growth stages, while declining trends were identified as the end of a cropping season. Separate land use land cover classes were attained for Rabi and Kharif cropping seasons [4]. The quality of results was evaluated using a well-known confusion matrix approach using ground-truthing data [39], and also comparing results with the crop inventory maintained by the government for each administrative district of Punjab.




4.2. SEBAL for Estimating Consumptive Water Use


Actual evapotranspiration (ETa)/consumptive water use was estimated using MODIS data products employing the SEBAL algorithm [24]. The application of SEBAL is well tested in various agroecosystems of the world, including Pakistan [4,22,40].



The estimation of consumptive water use using SEBAL involves several modelling steps to work out the energy exchanges between the land surface and atmosphere (Figure 2). The algorithm works on the assumption that if the energy needed for photosynthesis and heat stored in vegetation is neglected, then the land surface energy balance can be expressed as:


   R n  =    G o  + H + L E  



(1)




where Rn is absorbed net radiation (W·m−2), Go is soil heat flux (W·m−2), H is sensible heat flux to warm or cool the atmosphere (W·m−2), and LE is the latent heat of vaporization of water from the soil, water, and vegetation (W·m−2). The explanation of each component of Equation (1) can be found from [24,40] in more detail.




4.3. Validation/Plausibility Analysis of SEBAL ETa Results


SEBAL based ETa results were compared and validated with actual ET from the advective-aridity (AA) method [4,41] and with data from field sensors installed at the experimental site of UAF. The AA based ETa was calculated using the meteorological data from the weather station of UAF. Additionally, Penman–Monteith based ETo was calculated, which serves as an upper boundary for SEBAL ETa for the water-limited irrigated region Rechna Doab. Moreover, the results of net radiation and soil heat flux from the SEBAL algorithm were compared with the sensor data.




4.4. Calculation of Performance Indicators


The performance of the irrigation system was explored, using various indicators, for equity, sufficiency (i.e., adequacy), and reliability of irrigation water delivery [21] under actual field conditions [22]. Such indicators are mainly estimated using parameters of ETo and spatially distributed ETa for water distribution improvement, and the description of each performance indicator utilized in this study can be found below:



4.4.1. Equity of Irrigation Distribution


Equity of irrigation systems is generally measured from the irrigation supply side of the system. In the current study, it was worked out, on irrigation subdivision spatial scales, from the farmer’s side (i.e., water utilization for crops) considering the fact of canal water shortage for agriculture in Rechna Doab [4,22]. The estimation of equity does not only give the impression about the status of water distribution in different parts of the system, but also its distribution within an individual irrigation subdivision. It was calculated from the data on the depth of water utilized by agriculture by relating the annual consumptive water use maps with irrigation subdivision polygons. The results were evaluated using standard deviation (SD) and coefficient of variation (CV) for the duration from 2005 to 2016.




4.4.2. Adequacy of Irrigation System


Adequacy is the most explored parameter for any irrigation scheme to check whether sufficient water was delivered or not to a command area. It assesses the reduction in consumptive water use and for evaluating the irrigation water delivery sufficiency [42]. In the current study, it is estimated by three different ways, described below:



Overall Consumed Ratio (ep)


It quantifies the degree to which crop irrigation requirements are met by irrigation water supply in the irrigated area [43]. The ratio is defined as below:


   e p  =     E  T o  −  P e     V c     



(2)




where   E  T o    is potential evapotranspiration,    P e    is effective rainfall, and    V c    is the volume of irrigation water diverted from resources and/or groundwater.



A target ep value should be set within an existing irrigated area and compared to the actual ratio on a monthly and seasonal basis [21]. Assuming the values of irrigation water application efficiency (0.60–0.70) and conveyance efficiency (0.85) in Rechna Doab, the acceptable value should be between ≤0.51–0.59.




Relative Water Supply (RWS)


It is an indicator of the adequacy of irrigation water delivery from the irrigation supply side. It compares supplied irrigation water with that of irrigation demanded [42]. A target RWS value of ≥2.0 is recommended by [17] as a benchmark. The ratio can be depicted as follows:


  R W S =      V c  +  P g    E  T o     



(3)




where   E  T o    is potential evapotranspiration,    P g    is total rainfall, and    V c    is the volume of irrigation water diverted from resources and/or groundwater.




Relative Evapotranspiration


Ref. [21] documented different approaches based on relative evapotranspiration (also known as evaporation fraction, EF), which mainly cover the key aspects of equity, adequacy, and reliability. Adequacy of irrigation systems was explored based on average seasonal evaporation fraction (EF) that was measured for a particular cropping season based on series of EF maps, which was then plotted for assessing the irrigation water availability [44]. According to [44], a relative evapotranspiration value ≥0.75 is considered acceptable for agriculture, although they never remain constant over time. For the current study, the Kharif and Rabi seasons are considered separately for assessing the availability of water using relative evapotranspiration.





4.4.3. Reliability of Irrigation System


Reliability is a measure of sufficiency of water for the entire cropping season (i.e., time dimension), which can be assessed using seasonal EF values. For the current study, irrigation system reliability was assessed in two ways, (i) temporal coefficient of variation of EF, as suggested by [45], and (ii) by using a crop water deficit (CWD) indicator [46]. Concerning relative evapotranspiration, a higher coefficient of variation values represents less reliable water supplies and vice versa. CWD is defined as the difference between potential and actual evapotranspiration (  C W D = E  T o  − E  T a  )   of the cropping pattern. A common period of one month is considered for CWD analysis and, according to [46], an average CWD value of ≤30 mm· month−1 is considered acceptable.





4.5. Spatio-Temporal Scales for Assessment


Estimation of consumptive water use and irrigation system performance was performed on various spatiotemporal scales, the details of which can be found in Figure 2. Both Kharif and Rabi cropping seasons from 2005 to 2016 were considered for the majority of the analyses. Moreover, the reliability was also explored on monthly time scales, and equity was explored yearly.




4.6. Factors/Variables Importance Analysis


4.6.1. Set of Factors


The utilization of crop water (i.e., consumptive water use) is influenced by natural and anthropogenic factors. They can be divided into various classes including site-specific conditions (i.e., physical factors), proximity to irrigation infrastructure, and factors based on characteristics of the cropping system. The following set of variables are screened to see their relationships with water use in the Rechna Doab (Table 1).




	
Physical factors influence the cropping system in various ways that drive the water utilization and its supply [47,48,49,50]. The major variables include slope, canal density, road density, soil texture, elevation, and population density. Land slope influences consumptive water use, as some slopes create hindrance in reachability and flow of water, and therefore result in increased efforts for irrigation [51]. Higher canal densities would enable easy access to irrigation water and resultantly higher cropping intensities. Moreover, better soil moisture can be maintained in such regions due to low soil temperatures [51]. Road density does not have a direct impact, but could influence crop water use indirectly by facilitating better extension services. This could help in adopting better technologies and informed decision making, in time [51]. Moreover, crop husbandry could be improved due to easy and frequent access to the field by the farmers. Soil texture is a variable that influences water demands directly due to varying crop rotations, crop inputs, and due to different water holding capacities [52]. The elevation is another vital variable, which influences consumptive water use in multiple ways. Higher elevation usually results in fewer irrigation demands due to lower temperatures and higher precipitation, however, it increases the energy demands for pumping irrigation water and land leveling efforts. Population density could affect crop water utilization as better technical services for irrigation could be available in the vicinity of larger cities. However, it could influence adversely because of the lowering of farming interest due to fragmented and small landholdings among larger populations. Additionally, increased population leads to tough competition for water availability among various sectors competing for water, for instance, water diversion for agriculture, industry, and domestic needs [53].



	
Proximity factors are another class of variables influencing crop water use/availability. Such variables include distances of farms from water bodies, from irrigation canals, from roads, from cities, and from canal outlets (i.e., mogha) [54]. Distances from water bodies help to maintain ecosystem balance, ground surface cooling, and a better supply of irrigation water, however, there are very few water bodies located in the Rechna Doab. Distances from canal infrastructures could be very vital, as longer distances result in more loss of canal water through seepage and resultantly less flows in the remote regions [55]. Distances from road and cities could affect better access to fields to adopt diversified cropping practices and to perform various advanced cropping activities. It influences the farmer’s interest in diversified agriculture and therefore making adjustments within their irrigation resources for resource optimization [33,56]. Canal outlets are the exit points of irrigation canals from where water is distributed among various farms. Farms near to canal outlet receive generally more water, as longer distances could lead to more water loss during the channel flow. This might not always be true, considering soil texture and lining of water distribution channels [48,57,58].



	
The third set of variables are related to the cropping system, as it includes Simpson cropping diversity that takes care of spatial heterogeneity, and rotation diversity that caters to the multi-temporal pattern of cropping practices. According to [59], cropping and rotation diversity could influence crop conditions and water utilization due to improved soil conditions. Healthier soils result in better soil moisture-holding and improved irrigation water delivery at farms. The Simpson Diversity Index (SDI; [60]) reflects the probability of the next crop species being another species, thus indicates the spatial pattern of cropping diversity in a certain region [52,61]. It can be measured as below:


  S D I = 1 −     ∑   m = 1  M  n  (  n − 1  )    N  (  N − 1  )     



(4)




where n is the number of fields in a particular class m (i.e., covered area of a class). M is the total number of crop classes, and N is the total amount of fields under consideration.








Circular buffer zones of 5 km were developed around each field to investigate crop diversity locally [52]. The SDI value near 1 indicates a more diversified cropping system and vice versa. SDI was estimated for each land use land cover map from 2010 to 2016 and aggregated at local scales before adding a temporal dimension by estimating rotation diversity [59].




4.6.2. Implementation of Random Forest Regression modelling


A Random Forest (RF) regression model was used to explore the relationships between consumptive water use with the above-described variables/factors. Non-linear interactions between variables cannot be handled by linear regression modelling [62], therefore a non-parametric regression tree RF model was employed, developed by [63]. RF approaches result in better regression accuracies in comparison to linear regression approaches [64]. However, it may result in less reliable variable importance if variables have high mutual correlations [65]. Moreover, if variables are of different types, then using the “cforest” function in the “party” package of R with the default option “controls = cforest_unbiased” would be helpful, as it measures variable importance conditionally that preserves the correlation structure between variables [66,67]. Otherwise, the use of the “randomForest” package of R would also be fine, nevertheless, don’t fall for z-score (i.e., set scale = FALSE) of Gini importance.



For the current case, as variables of different types are used, therefore, to avoid mutual correlation among variables, the “cforest” package was utilized with conditional importance, and stabilized results were reached by setting the number of trees equal to 500. The number of samples was selected separately for each crop type considering its acreage, and about 65% of pixels under each major crop class (i.e., rice, cotton, wheat, and sugarcane) were considered for processing. Simulations were performed for agriculture as a class and also for each major crop independently from 2010 to 2015 (i.e., separately for Kharif and Rabi seasons). Each model was run 10 times, resulting in a total of 360 model simulations. An average conditional variable importance was calculated for the ranking of each variable to explain its association with consumptive water use (i.e., crop water utilization). The spatial representation of variables that are utilized for the importance assessment can be seen from Figure 3.





4.7. Statistical Analyses


The Theissen Polygon method was used for the spatial distribution of point rainfall data collected at three meteorological stations located in/near Rechna Doab. This is achieved by drawing perpendicular bisectors to the lines joining each station with those immediately in its surrounding. These bisectors form a network of polygons, and each polygon houses one station (Figure 4).



In the final step, the precipitation depth measured at a particular station, was assigned to the whole polygon. The following formula can be used to estimate the average rainfall of the entire region:


   P ¯  =    P 1   A 1  +    P 2   A 2  +  P 3   A 3  + … +  P n   A n     A 1  +  A 2  +  A 3  + … +  A n     



(5)




where    P 1  ,    P 1  ,    P 1  ,   …  P n    are rainfall values of each meteorological stations, and    A 1  ,    A 2  ,    A 3  , … ,    A n    are the areas of each respective polygons.   P ¯   is average rainfall over the entire region.



Effective rainfall is considered to be a direct portion of total rainfall for consumptive water use that was estimated using USDA Soil Conservation Services (SCS) method.



The time-series analyses were performed using the Mann-Kendall (M-K) test to check the seasonal trends [68,69,70] in precipitation and canal flow datasets. The other statistical tests employed for this study include the Welch t-test for comparing two datasets (t-test), coefficient of variation (CV), standard deviation (SD), and coefficient of determination (R2) [4,71,72].





5. Results


5.1. The Status of Canal Water Supply and Rainfall


Analysis of canal flow data shows that an average of 311,040 ha m volume of water is delivered to Rechna Doab during the whole cropping year from the river Chenab that irrigates an area of about 2,464,891 ha. An average irrigation depth of 201.2 mm takes place during the Rabi seasons, and 303.6 mm during the Kharif seasons. The M-K test results of canal water supply for the period from 2005 to 2013 showed significantly decreasing seasonal flow (i.e., tau-value of −0.101 and p-value of 7.78e−12). In Faisalabad, average rainfall depth is much higher during the Kharif seasons (i.e., 312 mm) as compared to the Rabi seasons (i.e., 73 mm). This is mainly attributed to monsoon during the summer months from mid-July to mid-September [4]. M-K trend analysis of rainfall data showed invariable differences at various stations including Sialkot, Lahore, and Faisalabad. Nevertheless, the results are significantly variable for Faisalabad during Kharif seasons as rainfall depths have significantly decreased here (i.e., tau value of −0.582 and p-value of 0.0044). For Rabi, the results are insignificantly variable, with positive trends for the whole period. Results of Lahore station are insignificant both for the Kharif and Rabi seasons (i.e., p-values of 0.2284 and 0.1272, respectively). For Sialkot, rainfall trends are positive both for Kharif and Rabi seasons, however, changes are insignificant for the entire duration as p-values of 0.1253 and 0.2001 are observed, respectively.




5.2. Land Use Land Cover Mapping


Accuracy assessment was performed by comparing the crop acreage results from RS and state-owned statistics that can be seen from Figure 5 for all major crops including wheat, rice, cotton, and sugarcane. The comparisons for other classes are not made due to the unavailability of statistics data. Moreover, only the agricultural classes are dominant and therefore should need to be taken care of in Rechna Doab. The results are quite good for rice and cotton being cropped in their specific regions during the Kharif seasons. Wheat also showed very good results because of its cultivation in vast areas during Rabi seasons (i.e., winter wheat), so it’s mapping at 250 m spatial resolution is quite good (Figure 5). Sugarcane is a perennial crop that showed overall poor results. Nevertheless, its results are also satisfactory in the majority of districts of Punjab, but the overall results are poor due to its poor performance in remote southern Punjab. This unanticipated outcome could either be due to poor results from RS or the poor quality of state-owned crop statistics data. Another reason could be the mixing of sugarcane with cotton and fodders, particularly in the mixed cropping zone of Punjab.



The user’s and producer’s accuracies for all classes were recorded between 60–80% (Figure 6). Wheat showed overall the highest accuracies for the entire study period. The values of rice are also very consistent throughout the study period; however, the accuracies of cotton are relatively unstable as compared to rice and wheat. Sugarcane showed comparatively lower accuracies than other crops, as stated earlier.




5.3. Plausibility Analysis of SEBAL Results


Figure 7 shows the comparison of SEBAL based ETa with advective aridity (AA) based ETa and Penman-Monteith (PM) based ETo for Faisalabad. The correspondence between SEBAL and AA could be considered strong during winter as compared to spring and summer. Normally, the data scatter ability increases with the rising temperature (i.e., Kharif). A few previous studies on such a comparison by [4,41] report similar trends.



For a more robust comparison of SEBAL based heat fluxes, the results are compared with sensors data (i.e., net radiations and soil heat fluxes) (Figure 7c). The results of both net radiation and soil heat flux are very relating and consistent as R2 is 0.86, NSE is 0.82, RMSE is 55.28, with only an over-estimation of 4.8% in the case of SEBAL net radiations. For soil heat flux, the value of R2 is 0.96, NSE is 0.81, and RMSE is 9.21, with an over-estimation of 13.8% for SEBAL soil heat flux.




5.4. Analysis of Consumptive Water Use


Assessment of crop water consumption was done both for Kharif and Rabi seasons on various spatial scales i.e., over Rechna Doab, irrigation circles, irrigation divisions, and irrigation subdivisions.



5.4.1. Crop Water Consumption in Rechna Doab


Figure 8 shows the monthly and cumulative consumptive water use in Rechna Doab. The total amount of water consumption during the Kharif seasons is about 2.01 million hectares meter (M ha-m). Monthly values increase from October to May, with the highest crop water consumption in May with an average volume of 0.38 M ha-m (i.e., 18.94%). October shows the least water consumption in the Kharif seasons, with an average amount of 0.26 M ha-m (i.e., 12.82%). The water consumptions from June to September are 0.36 M ha-m (i.e., 17.81%), 0.37 M ha-m (i.e., 18.19%), 0.34 M ha-m (i.e.,16.88%), and 0.31 M ha-m (i.e., 15.35%), respectively. For Kharif cropping seasons, little more than 800 mm of water is utilized by the crops. The standard deviation (i.e., ET SD) is relatively higher for the months from July to September due to monsoon rainfalls. Variable rainfalls during monsoon make crop water availability and its utilization heterogeneous in Rechna Doab.



An individual month water consumption is highest in April with an average value of 0.35 M ha-m (i.e.,27.96%), followed by March with 0.27 M ha-m (i.e., 21.49%), February with 0.19 M ha-m (i.e., 15.26%), November with 0.16 M ha-m (i.e., 13.27%), January with 0.14 M ha-m (i.e., 11.27%), and December with 0.13 M ha-m (i.e., 10.75%) for the Rabi cropping seasons (Figure 8). The crop water consumption is higher in November as compared to December and January mainly due to the comparatively warm weather and due to high irrigation demands for the first irrigation of the wheat crop. The average total crop water consumption for the Rabi seasons is about 1.24 M ha-m, which is about 60% of the Kharif seasons. Higher ET SD is observed for February and March, mainly attributed to winter rainfalls and also due to temperature hike, especially in March. The average cumulative depth of crop water consumption for the Rabi seasons is about 500 mm.




5.4.2. Crop Water Consumption in Irrigation Circles


For the Kharif seasons, the results of the t-test indicate a significant difference of consumptive water use between the upper Chenab irrigation circle and the remaining irrigation circles i.e., Lower Chenab Canal (LCC) east, LCC west, and Multan circles at a significance level of 95%. The highest crop water consumption was found in the upper Chenab circle, amounting to nearly equal to 775 mm for the entire season. For the rest of the irrigation circles, the values are near to 700 mm. The patterns of monthly crop water consumption and SD are similar, as earlier explained for the entire Rechna Doab. For Rabi seasons, the comparative results are non-significant as per the t-test at a significant level of 95%. The crop water consumption in all regions is varying between 360 to 375 mm.




5.4.3. Crop Water Consumption in Irrigation Divisions


The results of the t-test show that upper irrigation divisions show significantly different behaviors of consumptive water use than middle and lower ones at a confidence level of 95%. The upper irrigation divisions including Murala, Khanki, Gujranwala, and one middle irrigation division named Sheikhupura show comparable results. The possible reason could be more availability of canal water in the upper regions due to better canal networking and rice cultivation. The remaining middle irrigation divisions including upper Gugera, Hafizabad, and Faisalabad resemble. The lower irrigation divisions including lower Gugera, Burala, and Jhang perform similarly, except Multan, which shows significantly different behavior from other lower regions. The water consumption in Multan is similar to some middle irrigation divisions, for instance, Faisalabad and Hafizabad, etc. The probable reason could be its vicinity to both of the rivers surrounding Rechna Doab. Additionally, the Trimu-Sidhnai link canal passes from this region that could greatly influence the ecosystem of the region. The crop water consumption is highest in the upper irrigation divisions, amounting to nearly equal to 900 mm. This amount is nearly 800 mm in the middle irrigation divisions and about 750 mm in the lower irrigation divisions of Rechna Doab. For the Rabi seasons, not surprisingly, the results are fairly similar in all irrigation divisions (i.e., crop water consumption range between 495 to 525 mm) that are mainly attributed to extensive wheat cultivation in the Rabi seasons. It is also due to similarities in canal water supplies everywhere in Rechna.




5.4.4. Crop Water Consumption in Irrigation Subdivisions


Investigating the patterns of crop water consumption was extended to the smallest irrigation administrative unit of Rechna Doab (i.e., irrigation subdivisions). The upper irrigation subdivisions show very consistent results even at this scale as patterns of crop water consumption are insignificantly different at 95% confidence level (i.e., t-test). Increased heterogeneity is observed in the middle and lower irrigation subdivisions of Rechna Doab. The middle irrigation subdivisions including Sangla, Kot Khuda Yar, and Mohlan show similar results, while Paccadala and Uqbana show analogous crop water consumption patterns. Three middle irrigation subdivisions including Sheikhupura, Sikhanwala, and Magtanwala react similarly to upper irrigation subdivisions. The possible reason for higher crop water consumption in these middle irrigation subdivisions could be their proximity to river Ravi. Wer, Tandlianwala, Aminpur, and Buchiana are among lower middle irrigation subdivisions that show similar patterns, which are completely different than other middle irrigation subdivisions. The results for lower irrigation subdivisions are more heterogeneous, for instance, Veryam and Bhagat irrigation subdivisions show similar trends. Similarly, Tarkhani and Kanya behave in similar ways. Daular and Sultanpur are the lower irrigation subdivisions that resemble the middle irrigation subdivisions of Uqbana, Paccadala, and Sangla, etc., respectively. The behavior of the Haveli irrigation subdivision matches with some irrigation subdivisions in the middle of Rechna Doab (i.e., Aminpur, etc.). From the crop water consumption perspective, the irrigation subdivisions of Malhi, Nokhar, Sagar, Sadhoke, Gujranwala, Shahdara, Chuharkana, Naushera, Muridke, Sheikhupura, Sikhanwala, and Mangtanwala could be grouped together (i.e., value around 900 mm). The irrigation subdivisions of Sangla, Kot Khuda Yar, Mohlan, and Sultanpur could be grouped into a separate class with values ranging between 715–730 mm. The Paccadala, Uqbana, and Dhaular irrigation subdivisions could be placed into one group with crop water consumption range between 735–745 mm. The Aminpur, Wer, Buchiana, Tandlianwala, and Haveli irrigation subdivisions could be another group, having values around 700 mm. Veryam and Bhagat could sort together with values around 755 mm. The Tarkhani and Kanya irrigation subdivisions could be the last group, with values around 800 mm. For the Rabi seasons, the results are simple and quite straightforward to explain due to non-significant differences in crop water consumption, with a few exceptions of some upper and lower irrigation subdivisions. The highest and lowest crop water consumption rates range between ~410 mm to ~530 mm for some upper and lower irrigation subdivisions.




5.4.5. Water Consumption by Major Crops of Rechna Doab


Crop-specific water consumption analyses were performed for all major crops including rice, cotton, fodder, wheat, and sugarcane. The multi-seasonal data analysis shows that rice is the major water consumer in the Kharif seasons with a value of 857 (±64.3) mm, followed by sugarcane with a value of 821.1 (±59.3) mm, Kharif fodder with a value of 777.4 (±45.3) mm, and cotton with a value of 768.3 (±51.4) mm. For the Rabi seasons, the difference is very small among various crops, as sugarcane consumes 520.0 (±36.0) mm, followed by wheat and Rabi fodder with values of about 512.3 (±32.0) mm and 503.1 (±29.9) mm, respectively. As cultivation areas for each crop are largely variable, thus the consumed volume of crop water is enormously different, for instance, during the Kharif seasons, the highest volume of water is consumed by the Kharif fodder with an amount of 0.94 (±0.12) M ha-m, followed by rice with an amount equal to 0.74 (±0.06) M ha-m, sugarcane with a value of 0.11 (±0.05) M.ha-m, and cotton with a value of 0.07 (±0.02) M ha-m. For Rabi, wheat is predominantly the largest water consumer amounting equal to 0.74 (±0.04) M ha-m, followed by Rabi fodder with a value of 0.36 (±0.07) M.ha-m, and sugarcane with a value of 0.07 (±0.03) M ha-m. Results of the t-test for the Kharif seasons show that the crop water consumption between rice and cotton and between rice and Kharif fodder is significantly different, whereas the rest of the crop combinations show non-significant results. For the Rabi seasons, all crops show non-significant results at a significant level of 95%.





5.5. Performance Assessment Results


5.5.1. Equity


The equity of irrigation systems was calculated from intra-irrigation subdivision consumptive water use, and the results are presented in the form of CV values (Figure 9). There is a mixed trend of results from upper to lower Rechna Doab. However, relatively lower CV values in the upper irrigation subdivisions indicate equitable water distribution there. The relatively cooler climate and better availability of canal water could be influencing factors to keep CV values lower in the upper regions (i.e., also mono-cropping, rice cultivation). According to [22], the groundwater quality in most of the upper Rechna Doab regions is very good, and that could also cause equitable water distribution in these areas. For Rechna Doab, generally, the irrigation subdivisions located near rivers have more heterogonous crop water utilization (i.e., variable CV) that make some areas more favorable for canal water supply than others. The lower and middle regions show more inconsistent CV values that are an indication of variable canal water supplies. Additionally, the groundwater quality deteriorates from the upper to lower Rechna regions that suppress the groundwater usage in some lower regions compared to upper regions. Shahdara, Muridke, and Sagar irrigation subdivisions are located in the upper Rechna Doab that shows a higher CV, which could be attributed to variable water supply due to their proximity to rivers Ravi and Chenab. Some regions of these irrigation subdivisions could receive less water than others, and thus influence the cultivation of crops other than rice. The middle irrigation subdivisions including Sangla and Paccadala also show relatively higher CV values that could be due to their transition from rice–wheat zone to mix cropping zone. Moreover, the availability of canal water could be variable in certain regions due to their increased distances from the LCC canal feeder. The explanation of higher CV values for Uqbana and Veryam despite their inner locations inside Rechna Doab could be due to the cultivation of sugarcane. Moreover, the groundwater quality in both of the irrigation subdivisions is poor to marginal, and that also restricts its usage in fragmented parts [22]. Among the lower irrigation subdivisions, comparatively higher CV values were observed for Dhaular, Bhagat, and Haveli irrigation subdivisions. The possible reason for the higher CV in the case of Dhaular and Haveli is their proximity to the river and the flowing of a link canal in Haveli irrigation subdivisions. These geographical features influence canal water availability for certain parts of each irrigation subdivision, which promotes diverse cropping in these regions. Bhagat irrigation subdivision is located in an inner-location of Rechna Doab, yet exhibits higher CV values that could be attributed to poor soil and water quality. Additionally, the irrigation network is not dense in this part of Rechna Doab.




5.5.2. Adequacy


Overall Consumed Ratio (ep)


ep would be the first indicator of any irrigation system due to the availability of data on water supply [73]. Stacked area charts (Figure 10a,b) depict ep variations both on seasonal and monthly time scales for Kharif and Rabi seasons. The average monthly values of ep for Kharif seasons show that overall crop water requirements are not met in any irrigation subdivision. The bandwidths of each month are greater than the benchmark value (i.e., average value of ≤0.54) and are growing from upper to lower irrigation subdivisions. This shows that water shortage is more pronounced in the lower regions as compared to upper regions. Individual monthly average consumptive water use indicates relatively larger insufficiency for July and August as compared to other months of the season. Similarly, from the seasonal ep values, it is clear that water supply is insufficient for the entire region, and the magnitude increases from the upper to lower irrigation subdivisions. The results are in agreement with findings from [4,22], who have reported relatively better water supply in the upper Rechna Doab.



Figure 10b shows the ep values for Rabi seasons, according to which water supply is not sufficient in any month of the season. Contrary to Kharif seasons, no increasing differences were observed for the lower irrigation subdivisions. Instead, slightly higher ep values were found in some upper irrigation subdivisions. Nevertheless, for the entire Rechna Doab, the ep values were not significantly different. It is also observed that slightly higher insufficiency was observed for January, which could be attributed to canal closures during these times. Overall, the sufficiency of water supply is better for Rabi as compared to the Kharif seasons.




Relative Water Supply (RWS)


From Figure 10c, it is evident that the water supply is never sufficient for any month of the Kharif seasons (i.e., optimal value ≥2.0). Relatively smaller values of RWS during May, July, and August were observed that are in agreement with results calculated from ep values. Higher values were observed for June and September, which is an indication of a relatively better water supply. Additionally, from the trend lines, it is clear that overall insufficiency is relatively higher in the lower Rechna regions as compared to upper regions.



For Rabi seasons, the difference among various monthly values is smaller than in Kharif seasons. Relatively smaller values of RWS were observed for February and March, whereas for the rest of the season, RWS values are nearly similar. Overall, the irrigation water supply is insufficient for the entire Rabi season, and this insufficiency is virtually analogous for the entire Rechna Doab.




Relative ET


Adequacy of an irrigation system using relative ET was explored at three spatial scales, i.e., irrigation circle, irrigation division, and irrigation subdivision. According to the findings, all irrigation circles exhibit a shortage of water availability, i.e., inadequacy. Inadequacy is relatively higher during Kharif as compared to the Rabi seasons. An EF value of 0.80 or above indicates adequate or sufficient water for agriculture [45]. The results of the t-test show that during the Kharif seasons, there is a significant difference between the upper Chenab irrigation circle and the rest of the regions. For the Rabi seasons, the upper Chenab and LCC west irrigation circles show analogous patterns, which are significantly different than other irrigation circles of Rechna Doab.



At the scale of irrigation division, all areas show water shortage (i.e., inadequacy) as average EF is smaller than 0.80. The inadequacy is relatively higher in the lower divisions as compared to upper ones, as EF values decrease from the upper to lower regions. Inadequacy is higher in Kharif compared to Rabi. Additionally, from year to year, variation is higher in Kharif as compared to Rabi seasons. There is a significant difference between upper irrigation divisions and middle and lower divisions during Kharif. The significance test results show that the difference is substantial between upper and various middle irrigation divisions, and between upper and lower irrigation divisions. For Rabi, there is still a significant difference between some upper and lower divisions (i.e., Gujranwala and Marala with lower irrigation divisions), however, results are insignificant, most of the time, for different regions.



Comparison results at the irrigation subdivision scales show a significant difference between upper and middle irrigation subdivisions, and between upper and lower irrigation subdivisions, especially for Kharif seasons. Although the canal water availability is relatively higher in the upper regions as compared to middle and lower regions, the major difference is because of rice and mix cropping between the two regions. This means additional water is supplied from groundwater sources, causing more pumping in the upper regions during the Kharif seasons [55,74]. The difference is heterogeneous and complex between middle and lower irrigation subdivisions. For the Rabi seasons, regional variation both at the middle and lower irrigation subdivisions was less.





5.5.3. Reliability


Temporal Variation of EF


For the current study, the temporal CV of EF was used to describe reliability [4,20,45] both for the Kharif and Rabi seasons (Figure 11). Apart from seasonal analysis, reliability was also explored for the Kharif and Rabi months by plotting the CV of monthly EF. Higher CV values represent less reliable irrigation water supplies and vice versa. The results for the entire Rechna Doab show that reliability is low for Kharif (i.e., CV is higher) as compared to the Rabi seasons. Within the season, less reliability is observed for Kharif that is mainly associated with higher temperatures and more scattered rainfall (i.e., July–September) in Rechna Doab. The trend line is generally flat in various Rabi seasons. Similarly, for irrigation circles, higher CV values were observed for the Kharif seasons as compared to the Rabi seasons, which represents the low reliability of water supplies. For both seasons, the CV is relatively less in the upper regions, showing relatively higher reliability as compared to lower regions. The significance test (i.e., t-test) results for Kharif show that the upper Chenab was significantly different than the LCC west and Multan regions. For Rabi, the Multan irrigation circle is showing significantly different results than all other irrigation circles. However, the rest of the regions show comparable outcomes in terms of reliability. At the irrigation division scales, the results are alike irrigation circles where the upper regions show comparatively lower CV values and resultantly higher reliability than the lower regions. The variability among various irrigation divisions is also higher for Kharif as compared to the Rabi seasons, which shows a more heterogeneous water supply during the season. At the smallest spatial scale (i.e., irrigation subdivision), mixed results of reliability were observed. Specifically, there is a significant difference between some upper and lower irrigation subdivisions (Figure 11g,h). Nevertheless, there are various regions in the middle and lower reaches of Rechna Doab that show non-significant results. The results for both Kharif and Rabi seasons are similar and completely random, overall showing less reliability of the irrigation system.




Crop Water Deficit (CWD)


The average monthly CWD values were found higher than the targeted value of ≤30 mm. month−1 both for the Kharif and Rabi seasons (Figure 12). For the Kharif seasons, the period from May to June is observed with the largest CWD values, whereas October is a month with the lowest CWD values. This indicates that the reliability of the irrigation system is lowest during May and June, and highest in October. For a particular irrigation subdivision, lack of month-to-month homogeneity is observed that is also an indication of poor reliability of the irrigation system. The overall seasonal values of CWD are fluctuating between 80–90 mm month−1, which is certainly on a higher side. For the Rabi seasons, April and March showed the highest CWD values, whereas November, December, and January resulted in CWD values around 40 mm month−1, which are quite close to the benchmark value. Overall, the system reliability is poor both for the Kharif and Rabi seasons. The spatial analysis results of CWD showed the unreliability of the irrigation system for the entire Rechna Doab.






5.6. Indicators/Variables Importance Assessment


5.6.1. Importance Assessment by Different Seasons


Figure 13 shows the indicator assessment results of consumptive water use for the Kharif and Rabi seasons. Three different sets of indicators are represented i.e., site-specific variables, proximity variables, and cropping system indicators. Multi-seasonal crop data (i.e., agriculture) analyses show that for the Kharif seasons, consumptive water use was majorly influenced by the site-specific indicators followed by proximity and cropping system indicators. Overall, canal distance is the most influential variable that explains consumptive water use in Rechna Doab. From the list of site-specific indicators, the slope was found to be the most important indicator, followed by soil texture, road density, and canal density. However, the uncertainty was highest in the case of soil texture. From proximity indicators, road distance was placed at a second-place, followed by water area distances and distances from the settlements (i.e., city). However, the uncertainties were highest for distances from roads and cities. Most definite results were observed for distances from the water areas, as the least uncertainty was found in this case. Cropping system indicators influence consumptive water usage least, which could be attributed to an analogous diversity for the entire Rechna Doab. For the Rabi seasons, canal distances are no more the most influential indicator for consumptive water use. Various indicators show similar patterns with comparable higher uncertainties. The potential reason could be the lower water demand by crops in winter, and also wheat and Rabi fodders are cultivated on extensive lands in Rechna Doab. Overall, the site-specific and cropping system indicators better explain the patterns of consumptive water usage.




5.6.2. Importance Assessment by Crop Types


The crop-wise indicator importance assessment results are shown in Figure 14. According to that, elevation was the most influential variable for rice. The other important indicators are canal density and canal distances from the fields. Since rice is a heavily irrigated crop, therefore its proximity to the irrigation system would be advantageous. Nevertheless, the results of mogha distances show that rice cultivation was not entirely influenced by canal irrigation, and also heavily dependent on groundwater (i.e., low rank and higher deviations). This could also be realized by the distances from the settlements (i.e., cities). Short distances from settlements are advantageous for easy farm access in performing various irrigation and farming related practices. For cotton, the population density was found to be the most influential variable because it is an extensively labor-intensive crop, right from cultivation to harvesting, for spraying, fertilizing, and cotton picking. The elevation is also influential for cotton due to its cultivation in specific agro-ecological conditions. Cotton is mainly cultivated in the lower reaches of Rechna Doab and cannot be grown in the upper regions due to more rainfall and humid conditions compared to the lower regions. Canal density and field distances from canals are not influential for cotton due to its less intensified irrigation demands. Results of sugarcane bear a resemblance to rice. Sugarcane cultivation is mainly influenced by elevation (i.e., majorly cultivated in the middle regions of the Rechna Doab). Moreover, distances from the cities and road density were also important due to the fact of its transportation to sugar mills after harvesting. Most of the sugar mills are constructed near to cities due to better infrastructure. Mogha distances, canal density, and canal distances are also vital due to its higher water requirements. Sugarcane is a perennial crop, so the maximum utility of canal water is advantageous for optimal utilization of resources. For wheat, elevation and canal density were considered the most influential variables. This does not prove its higher dependence on canal irrigation, but the fact is that in the upper Rechna regions, farmers practice mainly rice–wheat rotation. Wheat is cultivated extensively throughout the Rechna Doab during the Rabi seasons.




5.6.3. Importance Assessment by Overall Consumptive Water Use


The top two indicators could be identified for each crop that belongs to either indicator class “proximity” or “site-specific”. These indicators are the distance from canal, distance from canal outlet, elevation, and canal density. It is obvious that consumptive water use is highest for rice and sugarcane crops, and with the increase in distance from the canal, the water consumption decreases. Regarding the effects of site-specific variables, rice was planted under a wide range of canal densities ranging up to 10 km·km−2 in comparison to 4–5 km·km−2 for sugarcane. One explanation of this phenomenon could be its vast cultivation in upper Rechna Doab and equivalent dependency on canal and groundwater (i.e., intensive irrigations are required for rice throughout the season).



Sugarcane is mainly cultivated near riversides of the middle Rechna regions. Though water demand for sugarcane is high especially during the Kharif seasons, however, it does not require frequent irrigations like rice, so flexible irrigation planning using both canal and groundwater is possible. Cotton is cultivated mainly in the lower to middle reaches of Rechna (i.e., 130–180 m above MSL) whereas wheat is cultivated in the entire Rechna Doab (i.e., elevation from 130–240 m above MSL). From the results, it is clear that the scatter ability of pixels for cotton consumptive water use is similar for near and far distances, which is an indication of its low dependency on canal irrigation. For wheat, water consumption is fairly uniform (i.e., less variability of values along the y-axis compared to rice or sugarcane) along with the distances from the canal, which could be explained by the limited canal water availability due to canal closures and decreased flows in the upper Rechna Doab regions.






6. Discussion


6.1. Validation & Plausibility Assessment


Overall, SEBAL under-estimates ETa as compared to AA, which could be because actual irrigation conditions cannot fully be reflected by the AA approach. Water-limited conditions indeed prevail in Rechna Doab, and the overall crop water demands are not fully met. This could also be reflected from the difference between ETo (i.e., PM method) and actual ETa (i.e., SEBAL).



Overall, the results are very acceptable considering the difference of scale on which both data were compared. In the case of SEBAL, there is a fair chance of mixing of pure agricultural regions with urban regions within a spatial scale of 1 km2 that could result in the overestimation of fluxes (i.e., positive BIAS values).




6.2. Irrigation Source and Consumptive Water Usage


From the historical data analyses, it is clear that canal water supply is on the decline in Rechna Doab, along with significantly decreasing rainfall, especially in the middle and lower regions. On the other hand, according to [75], crop irrigation requirements would significantly increase in the coming years. The major reasons are elevated temperatures and decreasing air humidity. Moreover, the rainfall would also significantly decrease in Rechna Doab in the future. This sets back in two ways; first it cuts canal water supply share of rainfall and increasing crop water demands, and secondly it increases the load on groundwater resources. According to the study findings of [4,55], monthly potential evapotranspiration is much higher throughout the year as compared to monthly average rainfall, particularly in the middle and lower regions of Rechna Doab. Reference [76] confirmed that groundwater utilization is already on the rise in Punjab, including Rechna Doab. The consequences include lower crop yields, increasing energy costs, and land abandonment due to increasing secondary soil salinity [77,78].




6.3. Canal Water Supplies and Irrigation System Performance


Canal water supply is larger during Kharif, however, the canal water shortage is also higher mainly due to more crop water demands in the hot summer months. Like rainfall in the Rechna Doab, the canal water availability is heterogeneous in various regions that can be observed at closer canal distances through more variation of consumptive water use. This could be attributed to more flexible irrigation plans there. As we move farther from the canals, the distribution limb of consumptive water use values becomes narrow, which indicates more dependence on groundwater and alike irrigation practices. For the Rabi seasons, consumptive water use is about 60% of the Kharif seasons. Irrigation water availability in November is vital for the vast irrigation of the wheat crop. Any shortage during this time could delay the cultivation of wheat and thus adversely affect its yields [79]. According to [80], water availability for wheat in the country is about 26 MAF (million-acre feet), which is 28.6% lower than the requirement. Nevertheless, soil moisture storage in rice cultivated regions along with some early season rainfall could safeguard against early-season water stress and resultantly yield losses [81,82]. Comparatively higher consumptive water use in the upper Rechna Doab is an indication of this phenomenon.



The natural imbalance of irrigation demand and supply is further extravagated due to the poor performance of the irrigation system in the region. Differences in water distribution can be observed between upper and lower irrigation subdivisions. The major reasons are comparably more canal water availability in the upper irrigation subdivisions [4] and good groundwater quality [22]. Higher water availability encourages mono-cropping (i.e., Rice) in the upper regions. However, for lower regions, marginal to poor groundwater quality and limited canal water availability is a hindrance in accomplishing irrigation equity. It would further result in elevated differences in energy demands between the two regions.



Likewise, both spatial and temporal inequalities are observed for the irrigation system adequacy. It is more pronounced for Kharif as compared to the Rabi seasons, profoundly not due to less canal water supply, but due to elevated crop water demands as a result of harsh climatic conditions. Adequacy is highest in July–August and January during the Kharif and Rabi seasons, respectively. During Kharif, canal closures due to river flooding could be a major reason, which puts an extra burden on groundwater during these times. Similarly, canal closure in January is the major reason. Rainfalls during January and February are very beneficial for avoiding early water and heat stresses to wheat.



The irrigation system reliability is another challenge in the region, as it is low both for the Kharif and Rabi seasons. Comparatively, reliability is better in the upper Rechna regions due to better canal water availability and higher rainfall. For Kharif seasons, reliability could not be achieved in any month and it is highest in May and June. The reasons are higher competition for irrigation of various newly cultivated crops, low rainfall, and decreased river flows. For the Rabi seasons, reliability is maximum from November to January, mainly due to the low demand for water by crops due to the cool environment. Reliability is lowest in March and April due to dry and hot weather at the end of the wheat cropping season. However, such climatic conditions, particularly in April, are advantageous to avoid lodging of wheat.




6.4. The Current Balance of Crop Water Usage and Required Actions


The audit results of water usage for various crops can be seen from Figure 15. The results are based on data analysis from the last five cropping seasons for all major crops including rice, sugarcane, cotton, and wheat. These results are based on the number of cumulative years ranging from one year to a maximum of five years of consumptive water use data. The pixels of each crop are selected based on the crop map for a particular season and the histogram analysis was performed. The data follows the normal distribution, so average (~median) consumptive water use value was selected as a benchmark to estimate its difference from the 5th and 95th percentile values that would represent the so-called under and over irrigated pixels of a particular crop.



The outcome indicates a considerably positive equilibrium for all crops. The reason could be its strong perseverance against water and salinity stress [83] in comparison to the other crops. These results are an indication of the optimization of resources through on-farm management practices. In recent years, a lot of efforts have been put on the lining of irrigation channels and laser land leveling in Rechna Doab [84,85]. On-farm water management is a continuous process and cannot be halted. Moreover, further actions are required through a targeted and well-thought policy formulation. For example, the consumptive water use (i.e., water availability) of all crops is greatly influenced by the distance from the canals that give a clue to revise the water allowance for near and remote canal regions. Similarly, the canal lining at its secondary or tertiary levels could save considerable water by cutting seepage losses that would improve water availability in far regions.





7. Conclusions


Satellite remote sensing has played a major role in estimating consumptive water use and its workability for resource optimization in recent years. The results of the present study indicate that remote sensing successfully helps to overcome issues of inherent spatial and temporal scaling associated with field-based approaches. The barriers of availability of remote sensing data for capturing field-scale heterogeneity and high temporal coverage are diminishing quickly. The rapid improvement in the algorithms for estimating spatial consumptive water use has increased its utility and confidence for the successful evaluation of the irrigation systems all around the world. The current study has successfully employed remote sensing data and techniques to estimate consumptive water use for demand–supply gaps and performance assessment of irrigation system efficiencies at various spatiotemporal scales. Various indicators utilized to assess efficiencies show that the system is underperforming in all aspects including equity, adequacy, and reliability. The situation is relatively intense during the Kharif seasons mainly due to harsh weather conditions and thus higher competition for canal water. Additionally, the result disparities exist between some upper and lower regions of Rechna Doab, according to which the lower regions are relatively bad performing. The modelling results indicate that specific consumptive water use is affected by various indicators comprised of distance from canal, elevation, canal density, and distances from cities. These results emphasize the importance of crop specifically targeted on-farm water management policies. The net crop-specific differences of average consumptive water use from the 5th and 95th percentile are largely positive. This insight is needed for on-farm water management strategies for water resource optimization. Important steps for future work include further exploration of multi-source high-resolution remote sensing data for various agricultural systems, which could be done by further development of algorithms. Current results are based on the assessment of current data without considering the changes in canal water supplies and crop demands under climate change conditions.
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Figure 1. A detailed description of the irrigation system at various spatial scales in Rechna Doab. 
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Figure 2. Workflow diagram depicting Soil Energy Balance Algorithm (SEBAL) methodology, irrigation system performance assessment mechanisms, and spatial–temporal scales of processing. 
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Figure 3. Maps of the independent variables used for the Random Forest regression modelling. (1st row) = Site-specific variables; (2nd row) = Proximity variables; (3rd row) = Cropping system variables. 
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Figure 4. Theissen Polygons for estimating average rainfall in various irrigation subdivisions. 
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Figure 5. Comparison of results between RS based crop acreage and state-owned statistics data. 
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Figure 6. Percentage values of user’s (odd bars) and producer’s accuracies (even bars) for major crops of Rechna Doab. 
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Figure 7. Plausibility analysis and validation of SEBAL based ETa and energy fluxes. (a) Evapotranspiration and rainfall over the study years (b) relationship between Penman Monteith and SEBAL ET with Advective Aridity ET and (c) variation of different fluxes throughout the season at experimental site of the University of Agriculture, Faisalabad, Pakistan. 
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Figure 8. Crop water consumption in Rechna Doab during the Kharif (a) and Rabi (b)seasons. 
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Figure 9. Irrigation subdivision level variabilities of crop water consumption (i.e., equity). 
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Figure 10. (a,b) Monthly and seasonal average values of the consumed ratio, (c,d) monthly and seasonal average values of relative water supply for different irrigation subdivisions. Please note down the different scale of the y-axis for different graphs. 
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Figure 11. Reliability results for (a,b) Rechna Doab (c,d) irrigation circle (e,f) irrigation division and (g,h) irrigation subdivision spatial scales for the Kharif and Rabi seasons. 
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Figure 12. Monthly and seasonal average crop water deficit values for different irrigation subdivisions during the (a) Kharif and (b) Rabi seasons. 
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Figure 13. Indicators/variables importance ranking for consumptive water use during the (a) Kharif and (b) Rabi seasons. 
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Figure 14. Indicators/variables importance ranking for (a) rice (b) cotton (c) sugarcane and (d) wheat crops in Rechna Doab. 
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Figure 15. Crop specific consumptive water use difference of average value with 5th and 95th percentile for (a) rice (b) sugarcane (c) cotton and (d) wheat. The blue color shows a positive deviation from the average value and the red color shows the negative deviation from the average value. 






Figure 15. Crop specific consumptive water use difference of average value with 5th and 95th percentile for (a) rice (b) sugarcane (c) cotton and (d) wheat. The blue color shows a positive deviation from the average value and the red color shows the negative deviation from the average value.



[image: Sustainability 12 09535 g015]







[image: Table] 





Table 1. Factors (predictor variables) including their description and preparation steps used in the random forest (RF) regression modelling.
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	Predictor Variable Name
	Type
	Description
	Unit/Source





	Slope (X1)
	Site specific
	Land suitability for irrigation: Higher slopes increase the irrigation efforts.
	Percent slope as derived from Digital Elevation Model (DEM).



	Canal density (X2)
	Site specific
	Better access and availability to canal water. Short distances enable more crop diversity and facilitate the growth of higher delta crops (e.g., Rice, Cotton).
	Km/km2, waterway layers were analyzed using the density function of the spatial analyst tool (ArcGIS).



	Road density (X3)
	Site specific
	Strong connectivity means better extension services from research and academia about the latest technologies.
	Km/km2, polylines of open street map were analyzed using the density function of the spatial analyst tool (ArcGIS).



	Soil texture (X4)
	Site specific
	Categorical information about soil distribution: A variable that influences water demand, varying crop rotation, and other crop inputs.
	Zones of major soil types were extracted from spatial data collected from IWMI, Pakistan



	Elevation (X5)
	Site specific
	Terrain elevation from GTOPO at 1km resolution. A higher elevation means higher energy demands for pumping irrigation water and decreased irrigation demands due to more precipitation.
	GTOPO30 global Digital Elevation Model (DEM), https://earthexplorer.usgs.gov/.



	Water bodies distance (X6)
	Proximity
	Fewer distances mean better environmental conditions and better irrigation water availability in the vicinity regions.
	Meter, Euclidean distance measured with geospatial data collected from Punjab Irrigation Department, GOVT of Punjab, Pakistan.



	Canal distance (X7)
	Proximity
	Long distances imply a reduced amount of irrigation water availability and vice versa due to decrease flow and higher transmission losses.
	Meter, Euclidean distance measured with geospatial data collected from Punjab Irrigation Department, GOVT of Punjab, Pakistan.



	Road distance (X8)
	Proximity
	Better access to field and irrigation systems for improved management of the agricultural system.
	Meter, Euclidean distance measured with open street map.



	City distance (X9)
	Proximity
	Near infrastructure is assumed to increase management skills due to advisory services, and also easy and economical access to the latest technologies, along with more demand for water for human needs, etc.
	Meters, Euclidean distance measured with open street map.



	Population density (X10)
	Site specific
	Better services availability with bigger cities. Adversely affecting agricultural inputs due to small landholdings, resulting in lower farming interest. More population density leads to more demand for domestic human consumption.
	Density/arc-second, https://sedac.ciesin.columbia.edu/data/set/gpw-v3-population-density/data-download.



	Mogha (outlet) distance (X11)
	Proximity
	Similar to canal distances, but at a higher level. Lower distances mean better availability of irrigation water to crops
	Meter, Euclidean distance measured with geospatial data collected from Punjab Irrigation Department, GOVT of Punjab, Pakistan.



	Cropping diversity (Simpson) (X12)
	Cropping system
	Simpson index of cropping diversity.
	Dimensionless.



	Rotation diversity (multi-temporal) (x13)
	Cropping system
	Simpson index of the diversity of crop types from 2010–2015.
	Dimensionless.
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