


ASSESSMENT OF BLUE AND GREEN WATER FOOTPRINT OF RICE CROP FOR PRAYAGRAJ REGION


Abstract
The rising demand for water in agriculture, combined with increasing concerns over freshwater scarcity, necessitates the adoption of efficient water use assessment frameworks. The water footprint concept serves as a comprehensive indicator of water use by distinguishing between green water (rainwater) and blue water (irrigation water) components. This study evaluates the green and blue water footprints associated with rice cultivation in the Prayagraj region of Uttar Pradesh, India—a key kharif season crop characterized by high water demand. Utilizing climatic data, soil characteristics, and crop parameters, the CROPWAT 8.0 model was applied to determine crop water requirements, effective rainfall, and irrigation demand. The analysis revealed that the total water footprint of rice ranged from 2332.05 to 4931.14 m³/ton, with green water accounting for 1208.97 to 2724.19 m³/ton and blue water for 697.98 to 3100.39 m³/ton over the study period. On average, green water contributed approximately 71%, while blue water contributed around 29% to the total water footprint, underscoring the region’s dependence on monsoonal rainfall during the cropping season. Nevertheless, the considerable blue water contribution highlights the critical role of supplemental irrigation during dry spells and sensitive crop growth stages. These findings emphasize the need to integrate water footprint metrics into agricultural planning and water resource management to enhance sustainability and ensure resilient rice production under variable climatic conditions.	Comment by Victory Akosubo: However
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1. Introduction
The pursuit of sustainable rice production in hydrologically vulnerable regions such as Prayagraj, Uttar Pradesh, necessitates rigorous quantification of water usage components. The water footprint framework, delineating green water (precipitation stored in the root zone and utilized via evapotranspiration) and blue water (withdrawals from surface and subsurface hydrological sources for irrigation), offers a comprehensive metric for analyzing consumptive water use in agriculture (Ma et al., 2024). In the face of increasingly erratic monsoonal behavior, the intensification of blue water reliance for paddy cultivation has heightened concerns over aquifer depletion and unsustainable hydrological extraction. Such imbalances underscore the need for adaptive water governance. Emerging technologies—including remote sensing platforms, GIS-based spatial analysis, and hydrological modeling systems—enable refined estimation of crop water dynamics, informing the deployment of conservation strategies such as alternate wetting and drying (AWD) and micro-irrigation systems (Stewart-Koster et al., 2024). Concurrently, stakeholder engagement through farmer outreach and policy realignment remains critical to promoting judicious water resource utilization across the rice sector.	Comment by Victory Akosubo: Remove and replace “With”	Comment by Victory Akosubo: These
Differentiating between green and blue water inputs is fundamental for optimizing hydrological efficiency in crop production systems. Green water—naturally infiltrated rainfall retained in the unsaturated zone—offers a low-externality input for rainfed farming, yet remains underutilized in conventional irrigated paddy systems due to pervasive flooding practices, which exacerbate non-beneficial losses via surface runoff and deep percolation (Amini Horri & Ozcan, 2024). Conversely, blue water, often critical in regions experiencing temporal precipitation deficits, is indispensable for yield stability in water-intensive crops such as rice; however, its unsustainable abstraction is linked to hydro-ecological degradation, including groundwater depletion, salinization, and alteration of streamflow regimes (Wang et al., 2025). In Prayagraj’s agrarian landscape, despite favorable monsoonal input, limited infrastructural and technological adaptation compels persistent irrigation dependency. Enhancing green water productivity through conservation agriculture, mulching, and direct-seeded rice (DSR) methods can significantly reduce supplemental irrigation demand. Moreover, sensor-based precision irrigation and soil moisture monitoring can align water application with real-time crop evapotranspiration needs, thereby attenuating the overall blue water footprint.
Situated in a region characterized by fertile alluvial soils, monsoon-driven precipitation, and access to major river systems, the Prayagraj district offers conducive conditions for intensive rice cultivation. Nevertheless, climatic fluctuations, unsystematic irrigation, and overreliance on groundwater have raised pressing concerns about the long-term sustainability of local water resources (Mishra et al., 2022). Within this context, the current study seeks to evaluate the biophysical demands of rice cropping under site-specific agroclimatic conditions using the CROPWAT 8.0 simulation model to estimate crop evapotranspiration and effective rainfall. Simultaneously, it endeavors to quantify the relative contributions of green and blue water to the overall water footprint of rice production, thereby capturing the dynamics of water use efficiency across temporal scales. These insights are intended to support the formulation of regionally tailored irrigation strategies and contribute to integrated water resource management frameworks that promote both agricultural productivity and ecological resilience.
2. MATERIALS AND METHODS
2.1 Study area and Weather Data collection
The study was carried out in Prayagraj district, located in southeastern Uttar Pradesh, India, between 24°47′N to 25°47′N latitude and 81°19′E to 82°21′E longitude. The region, characterized by hot summers, monsoonal rainfall, and dry winters. Weather data for the period 1997–2023 were sourced from the NASA POWER database Yield of Rice crop from DACNET from 1997-2023. The dataset included daily maximum and minimum temperatures (°C), relative humidity (%), and rainfall (mm), which served as essential inputs for the CROPWAT 8.0 model to estimate reference evapotranspiration and crop water requirements.
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CROPWAT 8.0 is a decision support tool developed by the Land and Water Development Division of the Food and Agriculture Organization (FAO) of the United Nations. It is designed to assist in the estimation of key parameters necessary for effective irrigation planning and water resource management. The model facilitates the computation of:
· Reference evapotranspiration (ET₀)
· Crop water requirement (CWR)
· Crop irrigation requirement (IWR)
These estimations enable the development of irrigation schedules under various management scenarios (FAO, 1992). In addition to irrigation planning, CROPWAT is also employed for:
· Designing irrigation schedules tailored to different management practices
· Assessing scheme water supply
· Evaluating rainfed production potential and the impacts of drought
· Analysing the efficiency of irrigation systems and estimating crop performance under rainfed or deficit irrigation conditions 
The computational procedures implemented in CROPWAT 8.0 are based on the standard methodologies outlined in the FAO Irrigation and Drainage Papers, particularly those related to the estimation of crop evapotranspiration and irrigation scheduling using the FAO Penman-Monteith approach.

2.3 Crop coefficients data
Table 1. Crop coefficients of Rice crop
	Crop
	Crop Coefficients

	
	Initial (Kc1)
	Development (Kc2)
	Late Season (Kc3)

	Rice
	1.0
	1.15
	0.90


Source: FAO Irrigation and drainage, paper no.56, FAO
2.4 Soil data
Table 2. Different types of Soil data

	S. No
	Soil description
	 Red Sandy Loamy soil

	1
	Total available soil moisture (FC-WP), mm/m
	100

	2
	Maximum rain infiltration rate, mm/day
	30

	3
	Maximum rooting depth, cm
	90

	4
	Initial soil moisture depletion (as % TAM), %
	0

	5
	Initial available soil moisture, mm/m
	100


Source: FAO Irrigation and drainage, paper no.24, FAO

2.5 Total Available Moisture (TAM)
The Total Available Moisture (TAM) for a crop during its growing season is determined by calculating the difference between the soil's field capacity and wilting point within the effective rooting depth. The soil moisture status is dynamically updated with each new water input, whether through natural precipitation events or scheduled irrigation applications, reflecting the soil’s capacity to retain and supply moisture for plant uptake.
2.6 Calculation of Reference Evapotranspiration (ET₀)
Reference evapotranspiration (ET₀) represents the rate of evapotranspiration from a hypothetical, well-watered grass surface with standardized characteristics. Unlike the ambiguous term "potential ET," ET₀ provides a consistent measure of atmospheric evaporative demand, independent of specific crop types or management practices. In this study, ET₀ was computed using the FAO Penman-Monteith equation, as recommended by (Allen et al., 1998). This method integrates key climatic parameters—temperature, humidity, wind speed, and solar radiation—allowing accurate estimation of ET₀. Since the reference surface is assumed to have unlimited water availability, ET₀ serves as a benchmark for comparing crop water use across locations and time periods (FAO 56, 1998).	Comment by Victory Akosubo: Allen et al. (1998).

2.7 Effective Rainfall (ER)
Effective rainfall refers to the portion of total precipitation that is actually available for crop use after accounting for losses due to surface runoff, deep percolation, and other inefficiencies (Babu et al., 2015). According to (Dastane, 1974), effective rainfall includes all rainfall that contributes either directly or indirectly to crop growth at the site of occurrence. Accurate estimation of effective rainfall is crucial for improving the precision of crop water requirement calculations. Several factors influence effective rainfall, including the amount and intensity of precipitation, evapotranspiration rates, soil infiltration capacity, and crop and irrigation management practices. In this study, the USDA Soil Conservation Service method, as described by (Smith, 1991), was employed to estimate effective rainfall. This method, commonly integrated into the CROPWAT model, provides a reliable approach for determining rainfall contributions to crop water supply under varying agroclimatic conditions.

2.8 Estimation of Crop Water Requirement (ETc)
Crop Water Requirement (CWR) represents the total quantity of water needed to offset losses from evapotranspiration and to ensure optimal crop growth and development. It is estimated as the product of reference evapotranspiration (ET₀) and the crop coefficient (Kc), which reflects the specific water needs of the crop at different growth stages. In this study, ET₀ was calculated using the FAO Penman-Monteith method, based on long-term climatic data, as recommended by (FAO, 1998). This method ensures standardized and accurate estimation of water demand across varying agroecological conditions.

2.9 Calculation of The Green Blue Water Footprint Of A Crop
Green water evapotranspiration (ETgreen)is the ET of the rainfall. It is the minimum of total ETc and Peff. Blue water evapotranspiration (ETblue), in other words, field ET of irrigation water, is equal to the total ETc minus Peff, but zero when Peff exceeds ETc: 
         ETgreen= min (ETc, Peff)

ETblue= max (0, ETc – Peff)

Both the WFblue and WFgreen are indicators of the consumptive amount of water by the rice crop.
The accumulation of daily ET (mm day-1) over the entire growing period was used to calculate the green and blue components in crop water use (CWU, m3ha-1)
                       lgp
[bookmark: _Hlk175150779]CWUgreen= 10×∑ETgreen [volume/area]
                      d=1

                       lgp
CWUblue= 10×∑ETblue [volume/area]
                      d=1
Where ETgreen and ETblue represent green water evapotranspiration, and the blue water evapotranspiration respectively. Factor 10 is for the conversion of water depths in millimetres into water volumes per land surface in m3ha-1, lgp stands for the length of the growing period in days. The summation is done over the entire growing period. i.e. from the day of planting (day 1) to the day of harvest.
The green water footprint of a crop (WFgreen, m3/ton or l/kg) is calculated as the green component in crop water use (CWUgreen, m3/ha) divided by the crop yield (Y, ton/ha or kg/ha). The blue component (WFblue, m3/ton or l/kg) is calculated in a similar way:

WFgreen = CWUgreen /Y


WFblue= CWUblue/Y 


3. RESULTS AND DISCUSSION
3.1 Estimation of Crop water requirement for rice crop
The crop water requirement (CWR) for rice cultivation in the Prayagraj region was quantified using the CROPWAT 8.0 model for the period 1997 to 2023. Based on long-term climatic data and standard crop parameters, the average seasonal water demand for rice was estimated at 799.22 mm, representing the total volume of water necessary to support optimal physiological development and biomass accumulation under field conditions. According to published agronomic literature, the sowing window for rice in this region typically spans from mid-June to early July. In this study, June 18 was selected as the representative planting date for simulation purposes.

Analysis of seasonal water demand (as illustrated in Figure 2) revealed that the peak water requirement occurs during the mid-season growth phase, which corresponds to the critical phenological stages from panicle initiation to early grain filling. During this stage, rice exhibited the highest water demand, averaging 372.44 mm, reflecting its heightened transpiration rate and physiological activity. This was followed by the late-season stage (typically November to December), where the crop required approximately 150.22 mm. The initial and terminal phases, including land preparation and harvesting, showed the lowest water demands, indicating minimal evapotranspiration during these periods.

Furthermore, at the crop establishment phase, rice can germinate effectively if at least 19.49 mm of moisture is available within the effective rooting zone. In the early vegetative stage (July), the water requirement was recorded at 145.39 mm, supporting active leaf and tiller development. Overall, the temporal distribution of water demand highlights the importance of stage-specific irrigation scheduling to enhance water use efficiency and ensure optimal crop performance under regional agroclimatic conditions.

3.2 Effective Rainfall (ER) for Prayagraj
In the Prayagraj region, analysis of Table 4 indicates that maximum effective rainfall is concentrated during the monsoon season, while minimum values are recorded during the winter months, over the assessment period of 1997 to 2023. As illustrated in Figure 3, the month-wise distribution of effective rainfall reveals that July registers the highest contribution with 140.38 mm, followed by August with 132.32 mm, September with 102.17 mm, and June with 80.15 mm. These findings underscore the dominant role of monsoonal precipitation in fulfilling crop water requirements in this agro-climatic zone, while also highlighting the seasonal disparity in rainfall availability that necessitates strategic irrigation planning during low-rainfall periods.	Comment by Victory Akosubo: Remove and replace with “-“

3.3 Estimation of Crop Water Requirement and Irrigation Water Requirement for Rice in Prayagraj Region
The irrigation water requirement (IWR) for rice cultivation in the Prayagraj region was estimated to be 377.35 mm. As presented in Table 5, the necessity for supplemental irrigation becomes particularly critical during the mid-growth phase, specifically from panicle initiation to early grain filling, when the crop exhibits heightened transpiration and physiological activity. While irrigation is also relevant during the early vegetative (developmental) phase, it becomes indispensable during the reproductive stage, when water stress can significantly impair grain formation and yield potential. These findings highlight the importance of targeted irrigation strategies during key phenological stages to optimize water use efficiency and sustain productive performance.

Table 3 Crop water requirements(mm/dec) of rice crop for Prayagraj region
	Months
	Stage
	Phenological Stages
	CWR(mm/dec)

	Jun
	

Init
	Land Preparation
	19.49

	
	
	Nursery raising
	59.11

	


Jul
	
	Transplanting
	52.57

	
	
	
	131.17

	
	

Deve
	Early Tillering
	46.94

	
	
	Late Tillering
	51.46

	


Aug
	
	Stem elongation
	46.99

	
	
	
	145.39

	
	




 Mid
	Panicle initiation
	46.29

	
	
	Booting
	50.44

	

Sep
	
	Heading
	45.05

	
	
	Flowering
	44.16

	
	
	Anthesis
	44.88

	

Oct
	
	Milky stage
	45.99

	
	
	Dough stage
	46.80

	
	
	Early grain filling
	48.83

	
	
	
	372.44

	

Nov
	



Late
	Late grain filling
	41.31

	
	
	Beginning of maturity
	37.06

	
	
	Physiological maturity
	32.87

	
Dec

	
	Senescence
	28.77

	
	
	Harvesting
	10.21

	
	
	
	150.22

	
	
	
	799.22




Fig.2 Crop Water Requirement

Fig.3 Effective rainfall

	Months
	Effective rainfall

	January
	13.35

	February
	12.81

	March
	10.25

	April
	10.41

	May
	19.39

	June
	80.15

	July
	140.38

	August
	132.32

	September
	102.17

	October
	30.91

	November
	3.78

	December
	7.57

	Total
	563.49


Table 4. Effective rainfall(mm/month) estimated by CROPWAT


















Fig.4 Irrigation water requirement

	Months
	Stage
	Phenological Stages
	Iwr(mm/dec)

	Jun
	

Init
	Land Preparation
	19.48

	
	
	Nursery raising
	27.33

	


Jul
	
	Transplanting
	11.08

	
	
	
	57.89

	
	

Deve
	Early Tillering
	3.82

	
	
	Late Tillering
	5.52

	


Aug
	
	Stem elongation
	4.15

	
	
	
	13.49

	
	




 Mid
	Panicle initiation
	4.89

	
	
	Booting
	9.52

	

Sep
	
	Heading
	8.84

	
	
	Flowering
	11.1

	
	
	Anthesis
	17.18

	

Oct
	
	Milky stage
	30.93

	
	
	Dough stage
	38.28

	
	
	Early grain filling
	42.27

	
	
	
	163.01

	

Nov
	



Late
	Late grain filling
	39.41

	
	
	Beginning of maturity
	36.14

	
	
	Physiological maturity
	31.85

	
Dec

	
	Senescence
	26.62

	
	
	Harvesting
	8.94

	
	
	
	142.96

	
	
	
	377.35


Table 5 Irrigation water requirements(mm/dec) of rice crop


3.4 Analysis of Green and Blue Water Footprints in Rice Cultivation
An assessment of water footprint components and rice yield data across a 27-year timeframe (1997–2023) in the Prayagraj region reveals a progressive enhancement in water use efficiency within the rice production system. The mean rice yield over the period was approximately 2397.03 kg/ha, with a notable upward trend emerging after 2005. Initial yield levels in the late 1990s and early 2000s ranged between 1780 and 2000 kg/ha, gradually increasing to around 3000 kg/ha during the 2018–2023 interval. The maximum recorded yield was 3640 kg/ha in 2013, while the minimum was 1780 kg/ha in 1998. These yield improvements can be attributed to advancements in irrigation scheduling, adoption of high-yielding cultivars, and enhanced agronomic management practices.

The mean green water footprint (WF<sub>green</sub>), representing the effective utilization of rainfall stored in the root zone and consumed via evapotranspiration, was 1844.41 m³/ton. This parameter exhibited a declining trend over the study period, with significantly higher values recorded in the earlier years—2724.19 m³/ton in 1997 and 2348.31 m³/ton in 1998—indicating lower rainwater productivity. In parallel, the blue water footprint (WF<sub>blue</sub>), denoting the volume of irrigation water applied from surface and groundwater sources, averaged 1716.49 m³/ton across the years. The peak blue water footprint occurred in 2015, reaching 3036.06 m³/ton, which coincided with one of the lowest yields (1830 kg/ha), illustrating inefficient irrigation utilization. In contrast, a substantial reduction in WF<sub>blue</sub> was observed in later years, with values as low as 697.98 m³/ton in 2021 and 847.43 m³/ton in 2019, reflecting improved irrigation efficiency.

The total water footprint (WF<sub>total</sub>), comprising both green and blue components, averaged 3560.90 m³/ton over the assessment period. The highest WF<sub>total</sub> was recorded in 2015 at 4931.14 m³/ton, corresponding with poor yield performance, while the lowest was observed in 2019 at 2332.05 m³/ton—a year marked by significantly better productivity. The post-2017 period is characterized by a consistent rise in yield coupled with a decline in WF<sub>total</sub>, indicative of a transition toward more sustainable water use practices as Illustrated in Fig 5 and Table 6. Overall, the downward trajectory in both WF<sub>green</sub> and WF<sub>blue</sub>, alongside yield enhancement, underscores the advancement in water resource optimization for rice cultivation in Prayagraj, emphasizing a shift toward climate-resilient and resource-efficient agriculture.
Fig 5. Water footprint

Table 6. Analysis of Green and Blue Water footprint for rice crop
	Year
	Yield(kg/hectare)
	Wfgreen(l/kg)
	Wfblue(l/kg
	Total(l/kg)

	1997
	1860
	2724.19
	1426.34
	4150.53

	1998
	1780
	2348.31
	1974.71
	4323.03

	1999
	2100
	2190
	1580.95
	3770.95

	2000
	1830
	2006.01
	2778.68
	4784.69

	2001
	2000
	2350
	1516.5
	3866.5

	2002
	1900
	2321.05
	2221.05
	4542.10

	2003
	2330
	1781.11
	1534.33
	3315.45

	2004
	1790
	2191.62
	2557.54
	4749.16

	2005
	2020
	2172.77
	1744.05
	3916.83

	2006
	2120
	1466.50
	2646.69
	4113.20

	2007
	2150
	1940.46
	1897.68
	3838.13

	2008
	2440
	1597.13
	1309.83
	2906.96

	2009
	2170
	1955.76
	2101.38
	4057.14

	2010
	2330
	1607.29
	2023.60
	3630.90

	2011
	2560
	1812.5
	3100.39
	4912.89

	2012
	2870
	1485.36
	1269.68
	2755.05

	2013
	3640
	1945.45
	832.19
	2777.65

	2014
	2100
	2098.57
	2082.38
	4180.95

	2015
	1830
	1895.08
	3036.06
	4931.14

	2016
	2760
	1529.71
	1147.10
	2676.81

	2017
	2740
	1290.14
	1603.28
	2893.43

	2018
	3120
	1208.97
	1393.91
	2602.88

	2019
	3120
	1484.61
	847.43
	2332.05

	2020
	3140
	1429.29
	960.82
	2390.12

	2021
	2980
	1732.21
	697.98
	2430.20

	2022
	3020
	1680.46
	913.90
	2594.37

	2023
	3020
	1554.63
	1146.68
	2701.32

	Mean
	2397.03
	1844.41
	1716.49
	3560.90



Conclusion

The evaluation of green and blue water footprints associated with rice cultivation in the Prayagraj region from 1997 to 2023 offers valuable insights into hydrological resource management and crop performance dynamics. The findings indicate that green water, predominantly derived from precipitation, constitutes the dominant component of the total water footprint in the majority of years. However, during meteorological deficits, the reliance on blue water—comprising irrigation from surface and groundwater sources—rises markedly, highlighting the crop's sensitivity to climatic fluctuations. A consistent downward trend in both water footprint components over the study period is observed, which correlates strongly with enhanced agricultural productivity and more strategic utilization of water inputs. This inverse relationship between yield levels and per unit water footprint demonstrates the critical role of productivity in improving water use efficiency. In particular, the diminished irrigation demand during seasons characterized by higher effective rainfall accentuates the importance of integrated rainwater harvesting and soil moisture conservation practices. The results advocate for the widespread adoption of high-yielding rice cultivars, precision irrigation systems, and climate-smart agronomic interventions to curtail water use and fortify production sustainability. Consequently, maximizing green water efficiency while concurrently reducing dependence on blue water emerges as a pivotal strategy for fostering resilient and sustainable rice farming under evolving climatic conditions in the Prayagraj agroecosystem.
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