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Crop water footprint assessment is an emerging area for selecting cropping pattern and best management practices, but the uncertainties surrounding it have not been fully explored.  This study explored the sensitivity of crop water footprint estimates to  uncertainties in key input variables. Crop water footprint which included  estimation of  the green, and blue water footprints of major crops at the district level in the middle Indo-Gangetic plains (MIGP) of India, encompassing Bihar and eastern Uttar Pradesh. Water footprints were estimated for major crops namely  rice, wheat, rabi maize, potato, lentil, and mustard.  Sensitivity analyses assessed the impacts of shifting planting dates by ±30 days and temperature variations on crop water use, yield, and water footprints. The results showed that earlier planting enhances rainfall utilization and yield by up to 21.1% in rainfed rice, whereas delayed planting improves water use efficiency by reducing irrigation demand in irrigated crops such as wheat and maize, with total water footprint reductions up to 5.2%. Temperature increases generally boost productivity and water use efficiency but elevate blue water (irrigation) requirements, particularly for maize and potato. These findings underscore the importance of crop-specific, climate-informed management of planting schedules and irrigation practices to optimize sustainable water use and agricultural productivity in MIGP.
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Introduction
The Middle Indo-Gangetic Plains of India, encompassing the state of Bihar and 21 districts of eastern Uttar Pradesh, constitute a critical agro-ecological zone. This region is characterized by intensive rice-wheat cropping systems, which account for nearly 40% of the agricultural area in the Indo-Gangetic Plains (Panigrahy et al., 2010). Despite being endowed with fertile soils and substantial water resources, the MIGP faces a paradox of low agricultural productivity; for instance, the RW system productivity in Bihar is approximately 4.8 t ha⁻¹, significantly below the national average of 6.8 t ha⁻¹ (Jha et al., 2023).
Water resource management in the Middle Indo-Gangetic Plain (MIGP) is challenged by the pronounced spatial and temporal variability of monsoon rainfall, coupled with a heavy dependence on irrigation. Despite the region’s overall water abundance, groundwater remains significantly underutilized, with only 36% of the available resources currently being extracted for agricultural purposes in eastern Uttar Pradesh and Bihar, respectively (Ballabh & Choudhary, 2002). This underutilization is partly attributable to concerns related to groundwater depletion and water quality degradation. Furthermore, the irregular distribution of rainfall results in seasonal water scarcity, thereby complicating irrigation practices. 
To address these inefficiencies, water footprint accounting is a vital tool for understanding and managing water resources sustainably by providing a detailed and integrated assessment of water consumption. It divides water use into three key components: green water, which refers to the precipitation stored in the soil and used by plants; blue water, which includes surface and groundwater resources utilized primarily for irrigation and other human activities; and grey water, defined as the volume of freshwater required to dilute pollutants to meet specific water quality standards (Mekonnen Hoekstra, 2011; Mali et al., 2018; Kumari et al., 2021). This tripartite categorization allows for a comprehensive evaluation of both the quantity and quality aspects of water use, highlighting not only how much water is consumed but also the environmental impact of water pollution. Understanding these components is crucial for identifying inefficiencies in water use across various sectors, especially agriculture, which is the largest consumer of freshwater globally. Additionally, assessing water footprints helps policymakers and resource managers create effective strategies to optimise water use, decrease waste, and limit pollution. These efforts support sustainable water management, which is vital for preserving ecosystem health and sustaining human livelihoods in regions with limited water resources.
The sensitivity of the water footprint in agricultural systems, especially in the Middle Indo-Gangetic Plains (MIGP), is closely linked to changes in agronomic practices and climatic conditions. Critical factors such as planting dates, temperature variations, and evapotranspiration rates significantly affect the amount of water used per unit of crop yield.  Sensitivity analysis is crucial for understanding the relationship between climatic conditions and the variability of crop water usage, as well as the correlation between data availability and the accuracy of water footprint estimations. Typically, sensitivity analysis is conducted by plotting the relative changes in the dependent variable against the relative changes in the independent variable. Additionally, sensitivity analysis can be performed by calculating the sensitivity coefficient, which is generally defined as the increase or decrease in the dependent variable per unit increase in the independent variable. A primary challenge in the MIGP is the delay in wheat sowing—often caused by late rice harvests—which exposes the crop to terminal heat stress during the grain-filling period and negatively impacts yield potential (McDonald et al., 2022). The ETo was more affected by maximum temperature which leads to affect the crop water footprint (Patle & Singh, 2015).  Synchronizing planting dates with climatic windows and managing temperature-induced shifts in evapotranspiration are essential for enhancing water-use efficiency and system resilience (Jha et al., 2023; Kingra et al., 2021). 
In this study, an attempt was made to analyze the sensitivity of crop water uses and water footprint to the temperature change as well as planting date changes for rice, wheat, maize, potato, lentil and mustard crop in middle Indo-Gangetic plain  of India. The CROPWAT 8.0 software was used which is based on FAO Penman-Monteith method to calculate the sensitivity of computed water uses and water footprint to temperature and planting date change. A comprehensive understanding of water footprint sensitivity is essential for developing adaptive agronomic management strategies aimed at sustainable water resource use under evolving climate conditions in the MIGP. Such strategies include optimizing irrigation scheduling, selecting heat-tolerant crop cultivars, and adjusting sowing dates to minimize water stress.

2. Material and methods
2.1. Study area
This study was done to identify the parameters to which crop water footprint was noticeable sensitive in middle Indo-Gangetic plains of India. The middle Indo-Gangetic Plain comprises the entire state of Bihar  and 21 districts of the eastern part of Uttar Pradesh (Erenstein, 2007). It has a total area of 159833.8 km2. It is situated between 23°51'50'' to 28°23'27'' N latitude and 81°03'18'' to 88°17'31'' E longitude (Fig. 1). The altitude of MIGP ranges from 34 m to 301 m above sea level. The predominant cropping system in this region is characterized by rice and wheat, with a substantial portion of the area also dedicated to pulses and vegetables.
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Fig. 1 Study area location
2.2. Methodology
Water footprint 
The water footprint of crop production consists of two key components: green & blue water footprints, which vary depending on  the crop type, production system, and climatic conditions (Hoekstra, 2011). It can be quantified per unit of crop yield (m³/ton) or per unit of cultivated area (m³/ha).
The total water footprint of crop production (WFCrop ) is the sum of the green (WFgreen) & blue (WFblue) components:
WFcrop = WFgreen +WFblue                          [volume/mass]
Green Water Footprint (WFgreen): This represents water derived from precipitation stored in the soil and consumed by crops (Bocchiola et al., 2013). It is calculated as the green component of crop water use (CWUgreen, m³/ha) divided by  crop yield (Y, ton/ha).
                               WFgreen = CWUgreen/Y  [volume/mass]


Blue Water Footprint (WFblue) refers to the surface or groundwater volume supplied to the field through irrigation (i.e., evaporated water, product-incorporated water, and flow that does not return to the same water source) or that is pumped into the system during the processing phases (Lovarelli et al., 2016). It is calculated as the blue component in crop water use (CWUblue, m³/ha) divided by the crop yield (Y, ton/ha).

                              
The green and blue components of crop water use (CWUgreen and CWUblue; m³/ha) were calculated by summing the respective daily evapotranspiration (ETgreen and ETblue; mm/day) over the growing period, from the day of planting (day 1) to the day of harvest (lgp, length of growing period in days): (Hoekstra, 2011)


The assessment of crop water footprint was done for  both rain-fed and irrigated area  for six different crops within the MIGP. In rain-fed agriculture, the blue crop water use (CWU) is non-existent, whereas the green CWU (m3 ha−1) was computed by aggregating daily evapotranspiration (ET) values throughout the crop's growth period. For irrigated agriculture, the green CWU was equated to the ET observed in the absence of irrigation. The blue CWU was derived by subtracting the green CWU from the actual ET recorded under conditions of adequate irrigation (Mekonnen and Hoekstra, 2010, 2011).

The actual harvested yield (Y, t ha-1) at the end of crop-growing period for each grid cell was estimated using the equation proposed by Doorebos and Kassam (1979):

Where, Ym is the maximum yield (t ha-1), obtained by multiplying the corresponding provincial average yield values by a factor of 1.2 (Reynolds et al., 2000). Ky is the yield response factor obtained from Doorenbos and Kassam (1979). CWR refers to the crop water requirement for the whole growing period (mm period-1) (which is equal to Kc × ETo).
The "one-at-a-time" or "sensitivity curve" method is a straightforward yet effective approach for conducting sensitivity analysis to examine the response of an output variable to variations in input values (Hamby, 1994; Sun et al., 2012). Due to its simplicity and intuitive nature, this method is popular and widely utilized (Ahn, 1996; Patle & Singh, 2015). The method consists of making fractional adjustments to one input variable while keeping all other variables unchanged.  Subsequently, the sensitivity curve of the resultant relative change in the output variable is plotted against the relative change of the input variable. The average levels of responses in CWU, Y, and (green, blue, and total) WF of the crops for the region as a whole were documented. Sensitivity analysis was conducted by varying the magnitude of temperature one at a time by ±5%, ±10%, ±15%, and ±20% over the baseline values of average temperature and adjusting the planting date (D) within ±30 days of constant growing degree days (GDD).
3. Results and dicsussion
3.1. Sensitivity to changing crop planting date (D)
The responses of CWU, Y, and WF to the change of the crop planting date with Growing degree days (GDD) are shown in Fig. 2. The analysis of graph demonstrates that shifts in planting dates significantly influence the crop water use (CWU), yield, and water footprint (WF) across multiple crops, including rice, wheat, rabi maize, potato, lentil, and mustard. The earlier planting (−30 to −5 days) enhanced both green CWU and yield by up to 17.6% and 21.1%, respectively, indicating effective utilization of rainfall in rice. There was no blue water use in rainfed area due to the absence of irrigation.  Conversely, delayed planting led to gradual declines in both green CWU and yield. Earlier planting also reduced green and total WF by up to 2.9%, while delayed planting increased these footprints, reflecting diminished water use efficiency (Gaddikeri et al., 2024; Sidhu et al., 2021; Zhuo et al., 2014). Wheat showed an opposite trend; earlier planting decreased green CWU and yield but had minor effects on blue CWU, whereas delayed planting substantially increased green and blue CWU as well as yield. This resulted in earlier planting lowering green WF but raising blue WF and slightly increasing total WF, while delayed planting increased green WF but reduced blue WF, culminating in a total WF reduction of 5.2%, which suggests improved water use efficiency under delayed planting (Gaddikeri et al., 2024). For Maize and potato, earlier planting generally decreased green CWU but increased blue CWU, indicating a greater reliance on irrigation, with mixed yield responses; delayed planting significantly increased green CWU and yield for both crops. Correspondingly, earlier planting reduced green WF but raised blue WF, whereas delayed planting reversed these trends, lowering total WF by up to 4.2% for potato due to compensatory effects between green and blue water components (Mekonnen & Hoekstra, 2011). Lentil and mustard exhibited similar patterns: earlier planting reduced green CWU and slightly decreased yield while increasing blue CWU, whereas delayed planting enhanced green CWU and yield with moderate blue CWU changes. The total WF for lentil and mustard decreased by up to 2.6% and 1.8%; respectively, under delayed planting, indicating improved water use efficiency (Maphosa et al., 2022; Pandey et al., 2023; Sharma & Kumar, 2022).
Overall, these findings underscore that crop responses to planting date shifts are highly specific, with earlier planting benefiting rainfed crops like rice by improving rainfall utilization and yield, while potentially increasing irrigation demand and reducing yield for others such as wheat and maize. Delayed planting often enhances water use and productivity for several crops by reducing irrigation dependence and improving water use efficiency. These results highlight the critical importance of optimizing planting schedules tailored to crop types and local agro-climatic conditions to promote sustainable water management and maximize crop productivity (Ahmad et al., 2020; Fatima et al., 2020; Gaddikeri et al., 2024).
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Fig. 2. Sensitivity of CWU, Y and WF to changes in crop planting date (D)
3.2. Sensitivity to changing temperature
The average sensitivity of CWU, Y, and WF to variability of temperature were assessed by varying the temperature between ±20% as shown in Fig.3. Temperature variation exerts a profound and multifaceted influence on crop water use, yield, and water footprint across a range of key crops including rice, wheat, rabi maize, potato, lentil, and mustard (Mbewu et al., 2024). These impacts are distinctly crop-specific and reveal complex interactions between temperature changes and water dynamics that are crucial for optimizing agricultural water management under shifting climatic conditions (Lin & Chiang, 2025; Yue et al., 2022).
For rice, temperature changes predominantly affect green CWU and yield, with blue CWU remaining negligible in rainfed or specific monsoon-driven systems (Arunrat et al., 2020). Sensitivity analyses indicate that reductions in temperature lead to marked declines in green CWU and yield by approximately 23.9% and 27.1%, respectively, demonstrating the sensitivity of rice to cooler conditions which suppress physiological activity and biomass accumulation (Bocchiola, 2015). Conversely, increasing temperatures can stimulate both green CWU and yield, with studies projecting yield increases of up to 28.3% and 30.1%, respectively, under specific warming scenarios, indicative of enhanced metabolic processes (Arunrat et al., 2020). However, water footprint analysis reveals a nuanced response where moderate warming (+5%) initially raises WF by 7.5%, but further increases (+10% to +20%) reduces WF, reaching a 1.5% decrease at +15%. This pattern suggests that moderate warming optimizes the balance between water consumption and yield, thereby improving water use efficiency (Elsadek et al., 2025).
Wheat displays a contrasting pattern where cooler conditions (−20% to −5%) slightly increase green CWU but significantly reduce blue CWU and yield with yield declining by as much as 27.1%  (Liu et al., 2016). As temperatures rise above baseline, blue CWU and yield increase sharply by 33.5% and 30.1% at +20% temperature—while green CWU remains relatively stable aligning with trends that show increased irrigation demand under warmer conditions to sustain productivity (Ahmad et al., 2023). The water footprint dynamics further clarify these effects: cooler temperatures often lead to substantial increases in green WF (up to 44.8%) and overall total WF, diminishing water use efficiency (Hakami-Kermani et al., 2024). Warmer temperatures tend to reverse this trend by reducing green WF while slightly increasing blue WF, culminating in a total WF reduction of 3.8% at +20%, reflecting improved water use efficiency driven by yield gains and intensified irrigation management (Helman & Bonfil, 2022; Kashyap & Agarwal, 2020). 
 	Maize (Rabi) response to temperature variation is characterized by stable green CWU across temperature scenarios, while blue CWU and yield decline substantially under cooler conditions (Yue et al., 2022). The blue CWU and yield  declined substantially under cooler conditions (−20% to −5%), with maximum decreases of 29.2% and 26.4%, respectively. Warmer temperatures (+5% to +20%) progressively increase blue CWU and yield, with peak rises of 32.6% and 29.3%, respectively. This indicates greater irrigation requirements to sustain higher productivity in arid and semi-arid regions (Hakami-Kermani et al., 2024). Correspondingly, cooler temperatures elevate green WF by up to 35.9% and slightly reduce blue WF, increasing total WF, whereas warming reduces green WF and slightly elevates blue WF, leading to a total WF decrease of 3.8% at +20%, highlighting improved water use efficiency through optimized irrigation under warmer conditions. Similarly, potato exhibits significant sensitivity to temperature fluctuations, with cooler temperatures reducing blue CWU and yield significantly (Abdel-Hameed et al., 2022). The temperature changes from −20% to −5% reduce blue CWU and yield by up to 29.3% and 26.2%, respectively, while green CWU responses were inconsistent.  The slight changes of temperature from (+5% to +20%) increase blue CWU and yield, with maximum increases of 30.2% and 29.1%. The water footprint analysis shows that cooler temperatures substantially increase green WF by 42.4% and cause fluctuations in blue WF, resulting in an overall total WF increase of 5.9%. Warmer temperatures reduce green WF steadily, decreasing total WF by 3.7% at +20%. Warmer conditions substantially increase blue CWU and yield.  While water footprint analysis shows that cooler temperatures can elevate green WF, steady warming often reduces total WF, reflecting improved water use efficiency associated with enhanced irrigation and yield (Abdel-Hameed et al., 2022; Mohamed et al., 2023).
Lentil and mustard follow similar temperature-dependent patterns. For lentil, cooler temperatures cause significant reductions in blue CWU and yield, with minor changes in green CWU, while warmer temperatures increase blue water requirements (Chandran et al., 2023). The slight  temperature (+5% to +20%) increase increases blue CWU and yield by 33.1% and 29.5%, respectively, while green CWU remains relatively stable. Mustard also shows sensitivity where cooler conditions can elevate green WF and reduce yield, whereas warmer conditions reduce green WF and slightly increase blue WF, reinforcing the trend of enhanced water use efficiency under warmer climates albeit with higher irrigation demands (Chandran et al., 2023). Mustard showed temperature dependent pattern, where cooler temperatures (−20% to −5%) slightly increase green CWU but substantially reduce blue CWU and yield, with yield decreasing by 25.8%. Warmer temperatures (+5% to +20%) increase blue CWU and yield by 33.3% and 28.6%, respectively, while green CWU varies minimally. Water footprint results indicate that cooler conditions elevate green WF by 42.3% and slightly reduce blue WF, increasing total WF. Warmer conditions reduce green WF and slightly increase blue WF, lowering total WF by 4.2% at +20%, reinforcing the trend of enhanced water use efficiency under warmer climates.
These findings underscore that temperature variations exert significant and crop-specific effects on water use, yield, and water footprint (Mbewu et al., 2024). Cooler temperatures generally suppress crop productivity while increasing total water footprints due to decreased water use efficiency. Warmer temperatures tend to enhance both productivity and water use efficiency but often increase irrigation demand, especially for crops reliant on blue water (Ahmad et al., 2023). The divergent responses of green and blue water components across crops emphasize the necessity for tailored irrigation and water management strategies that account for crop-specific thermal sensitivities (Jat et al., 2024; Lin & Chiang, 2025). 
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Fig. 3. Sensitivity of CWU, Y and WF to percentage change in Temperature (T)
4. Conclusion
This study shows that crop water use, yield, and water footprints in the middle Indo-Gangetic plains are highly sensitive to changes in planting dates and temperature variations, with responses varying substantially across different crops. Earlier planting enhances rainfall utilization and yield for rainfed crops such as rice, while delayed planting tends to improve water use efficiency for irrigated crops like wheat and maize by reducing irrigation demand. Temperature increases generally promote higher productivity and better water use efficiency but also increase blue water requirements, underscoring the need for adaptive irrigation strategies.
The contrasting effects observed between green and blue water components reveal the complexity of water management in this region and highlight the necessity for crop-specific, climate-informed scheduling and irrigation practices. These findings provide critical insights for policymakers and farmers aiming to optimize water resources and sustain crop productivity under changing climatic conditions in the MIGP. Future efforts should focus on integrating these sensitivity analyses into decision-support tools to guide adaptive agricultural water management at local and regional scales.
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