
UNDER PEER REVIEW

UNDER PEER REVIEW

Assessment of Crop Water Requirements and Irrigation Scheduling under Climate Change Scenarios Using the FAO-CROPWAT Model: A Review
Abstract
Efficient agricultural water management is increasingly important under conditions of climate variability, climate change and growing sectoral competition for water resources. This review synthesizes 22 peer-reviewed studies published between 1994 and 2024 that applied the FAO–CROPWAT model to estimate evapotranspiration, seasonal crop water demand and irrigation planning across diverse agro-climatic regions. Studies were selected based on the application of the FAO Penman–Monteith method for reference evapotranspiration estimation and systematic assessment of field- and command-area–scale water requirements, including climate change scenarios. The reviewed literature demonstrates substantial regional variability in seasonal water demand influenced by crop type, growth stage, climatic conditions, soil properties and irrigation efficiency. A consistent stage-wise pattern was observed across crops, with minimum demand during the initial stage, increasing through development, peaking at mid-season and declining toward maturity. Effective rainfall significantly reduced irrigation dependence in humid regions, whereas semi-arid areas exhibited greater reliance on supplemental irrigation due to high evaporative demand. Climate projections consistently indicate rising evapotranspiration and increased future irrigation requirements under warming scenarios and altered precipitation regimes. Overall, the FAO–CROPWAT model is confirmed as a reliable decision-support tool for irrigation scheduling and climate-resilient water management, supporting sustainable agricultural production and long-term food security.

Keywords: Climate change, crop water requirement, irrigation water requirement, CROPWAT8.0 and evapotranspiration.
Introduction
Water is a vital natural resource for agricultural production, particularly in regions where rainfall is highly variable and irrigation is essential to sustain crop yields. Agriculture accounts for nearly 70% of global freshwater withdrawals, making efficient irrigation management a critical component of sustainable water use. Accurate estimation of crop water requirement (CWR) and irrigation water requirement (IWR) is fundamental for designing irrigation schedules, optimizing water allocation and minimizing losses due to over-irrigation or water stress.
The FAO-CROPWAT model, based on the Penman–Monteith method for estimating reference evapotranspiration (ETo), has emerged as a widely accepted decision-support tool for irrigation planning. Numerous studies across different agro-climatic zones of India and abroad have successfully applied CROPWAT to estimate ETc, effective rainfall, net and gross irrigation requirements and crop-wise irrigation schedules. These studies reveal that crop water requirements vary with climatic parameters such as temperature, humidity, wind speed, solar radiation and rainfall, as well as crop characteristics and soil properties.
In recent decades, climate change has emerged as a major challenge to agricultural water management. Rising temperatures, altered rainfall patterns, increased frequency of extreme weather events and higher evaporative demand have direct implications for crop water use. Climate impact studies using downscaled climate scenarios, regional climate models such as PRECIS and weather generators such as MarkSim indicate an increase in irrigation water demand under future climate conditions. Several studies report that a temperature rise of 2–3 °C can substantially increase crop evapotranspiration and irrigation requirements, thereby intensifying pressure on already stressed water resources.
Given these challenges, a comprehensive understanding of crop water requirements under present and future climatic scenarios is essential for improving irrigation efficiency and ensuring sustainable agricultural production. This review consolidates findings from previous studies on crop water requirement estimation, irrigation scheduling and climate change impacts using the CROPWAT model, providing insights into regional water demand patterns and adaptive irrigation strategies.
Crop water requirement 
Patle and Panggeng (2024) evaluated agricultural water use and irrigation scheduling for major crops cultivated in the Kohima region of Nagaland, India, which experiences a humid subtropical climate. Sixteen years of climatic data (2006–2021) were analysed using the CROPWAT 8.0 model to estimate crop water requirements. Reference evapotranspiration (ETo) ranged from 1.41 to 3.65 mm/day, while effective rainfall was calculated using the USDA SCS method. The average annual crop evapotranspiration (ETC) for rice, maize, ginger, soybean, dry bean, potato, cabbage, and chili was estimated at 537.1, 305.7, 342.7, 292.2, 288.1, 364.3, 190.6, and 141 mm, respectively. Corresponding annual irrigation requirements for these crops, calculated assuming 70% irrigation efficiency, were 251.7 mm for rice, 54.9 mm for maize, 26 mm for ginger, 73.1 mm for soybean, 21.3 mm for dry bean, 21.9 mm for potato, 121.9 mm for cabbage, and 14.5 mm for chili. The study highlighted the necessity of tailoring irrigation schedules to the specific water requirements of each crop. Strategic scheduling and adjustment of net and gross irrigation volumes were emphasised as critical measures to optimise water use efficiency and enhance crop productivity in the region.
	Soomro et al. (2023) assessed the crop water requirements (CWR), irrigation water requirements (IWR), and irrigation scheduling for major crops cultivated in the Hyderabad district using the CROPWAT model, incorporating climatic, soil, and crop data. The analysis indicated that the total CWR over the entire growing season was 3,127.0 mm for sugarcane, 2,012.3 mm for banana, 1,073.5 mm for cotton, and 418.9 mm for wheat. Corresponding IWR values for the same period were 2,964.0 mm, 1,966.7 mm, 1,052.7 mm, and 407.6 mm, respectively, while rainfall contributed 163.0 mm, 45.6 mm, 20.8 mm, and 11.3 mm for sugarcane, banana, cotton, and wheat. The study further revealed that both CWR and IWR were higher during the dry season, driven by elevated temperatures and low relative humidity. Irrigation requirements were comparatively low during the initial growth stages but increased progressively, reaching their maximum at the full growth stage of each crop. The findings underscore the utility of the CROPWAT model as a reliable tool for accurately estimating crop-specific irrigation requirements and for devising efficient water management strategies.

Rao et al. (2023) estimated the available water resources and crop water requirements (CWR) of major crops in the Nagarjuna Sagar Right Canal (NSRC) command area of Andhra Pradesh using 18 years (2000–2018) of meteorological data from Regional Agricultural Research Station, Lam, Guntur. The total crop water demand for the command area was 4,456 MCM, excluding domestic and livestock uses, with a canal conveyance efficiency of 61.45%. In Guntur district, the crop water requirement of paddy was 848.2 mm for both black and red soils, while irrigation water requirements were 638.9 mm and 624.5 mm, respectively. The cumulative crop water demand was 3,044 MCM in Guntur and 1,412 MCM in Prakasam district. The study concluded that available water was insufficient and recommended alternative cropping strategies for sustainable water management.
Panme and Sethi (2022) assessed the water demand and irrigation scheduling of major vegetable crops grown in the north-eastern region of India using the FAO-CROPWAT model. Thirty years of weather data obtained from the Indian Meteorological Department (IMD) were used for the analysis. The total crop water requirement was estimated at 260.6 mm for potato, 262.1 mm for chilli and 274.2 mm for brinjal. When the crops were sown on 1st October, the corresponding net irrigation needs were 162.8 mm, 149.0 mm and 167.2 mm, respectively. Potato and brinjal showed peak water demand during December due to inadequate effective rainfall, necessitating additional irrigation to maintain soil moisture. In contrast, chilli recorded its highest requirement in January, reflecting crop stage–specific variation in water use. The study highlights the importance of scientific irrigation scheduling to improve water-use efficiency, particularly during deficit periods.
Jangre et al. (2022) estimated the water demand of kharif maize in Bilaspur district, Chhattisgarh, using the FAO–CROPWAT model for improved irrigation management. Sixteen years of climatic data were analyzed following FAO Paper No. 56 guidelines, and reference evapotranspiration (ETo) was calculated using the Penman–Monteith method. The model generated daily, decadal and monthly estimates across different growth stages of maize. The mean reference evapotranspiration over the study period was 313.21 mm, ranging from 222.8 mm to 515.9 mm. The average irrigation requirement during the cropping period (25 June to 17 September) was estimated at 42.01 mm.
Sreenivasa et al. (2020) estimated reference evapotranspiration for the Kadam watershed using the CROPWAT model. Daily, monthly and annual values were computed for the period 2000–2014 and spatial maps were generated in a GIS environment. The results indicated that the derived evapotranspiration data could support rainfall runoff modeling for the watershed. Monthly normal values were also determined for the study period. The highest annual evapotranspiration was recorded in 2008 at 1250.5 mm, while the lowest was 1119.13 mm.
Roja et al. (2020) conducted an experimental study to estimate the water demand and irrigation scheduling for groundnut in the north coastal districts of Andhra Pradesh using ten years (2009–2019) of climatic data obtained from the Naira meteorological station. Crop evapotranspiration and reference evapotranspiration were computed using CROPWAT 8.0. The reference evapotranspiration ranged from 1.9 to 3.9 mm/day, while effective rainfall varied between 0.6 and 141.4 mm. The irrigation requirement for groundnut grown on red sandy soils was estimated at 300.0 mm, with a net requirement of 210 mm.
Gautam et al. (2019) estimated the water demand of major vegetable crops across six agro-climatic zones of Madhya Pradesh based on reference evapotranspiration. The study covered tomato, onion, pea, brinjal, potato and okra. The results showed that water demand varied with crop growth stages and evapotranspiration, being highest during the development and mid-season stages and lowest during the initial and maturity stages. Among the crops, brinjal recorded the highest annual water demand across districts. During the winter season, peak demand for brinjal was observed in Balwani (32.87 litres) and the lowest in Ali Rajpur (5.59 litres), while in the monsoon season the highest was in Neemuch (23.68 litres) and the lowest in Jhabua (5.43 litres). In contrast, pea exhibited the lowest overall demand, with a winter peak of 6.22 litres in Ratlam.
Memon and Jamsa (2018) conducted a study in Godhra Taluka of Panchmahals district, Gujarat, to estimate the water demand and irrigation scheduling for soybean and tomato. The gross water requirement was estimated at 637.2 mm for soybean and 1458.5 mm for tomato. Simulation results indicated that soybean required 426.0 mm/decade, with an irrigation need of 381.0 mm/decade. For tomato, the corresponding values were 1180.7 mm and 1135.7 mm per decade, with a negligible yield reduction of 0.1.
Kore et al. (2017) evaluated the water demand and irrigation scheduling for selected crops under the Khadakwasla Dam irrigation project in Pune district, Maharashtra, using fifteen years of climatic data and the CROPWAT 8.0 model. Reference evapotranspiration in the study area ranged from 2.46 to 4.90 mm/day, while effective rainfall varied between 0.2 and 129.7 mm.
The estimated seasonal water demand for the crops was 13.7 mm per decade for maize, 798.1 mm for sugarcane, 541.7 mm for wheat, and 280.1 mm for sorghum. Corresponding gross and net irrigation requirements were 90.1 mm and 63.1 mm for maize, 1,121.2 mm and 784.8 mm for sugarcane, 798.3 mm and 558.8 mm for wheat, and 329.2 mm and 230.5 mm for sorghum, respectively. These findings provide a detailed basis for designing crop-specific irrigation schedules to optimise water use efficiency under the project.
Banerjee et al. (2016) investigated evapotranspiration in potato fields of the Lower Gangetic Plains of India and validated the CROPWAT model by comparing simulated evapotranspiration with values derived from the field water balance method. Using 20 years of climatic data, seasonal evapotranspiration and irrigation demand were estimated for nine locations under present and elevated temperature scenarios (+2°C and +3°C). Future irrigation needs up to 2050 were also projected using climate data generated from the PRECIS model. The results indicated a non-significant increasing trend in irrigation demand during 1996–1997 to 2008–2009. Under a 2°C temperature rise, mean evapotranspiration was projected to increase by 0.06 mm/day with an additional 6.0 mm per season of irrigation, while a 3°C rise would increase evapotranspiration by 0.16 mm/day and irrigation demand by 16.6 mm per season.
Mehta and Pandey (2016) assessed the water requirements of various crops in middle Gujarat using twenty years (1993–2013) of average meteorological data from Anand. During the crop development stage, evapotranspiration ranged from 66.5 to 173.9 mm, with cotton exhibiting the highest values and greengram the lowest (3.1–5.7 mm/day). Water demand peaked during the mid-season stage for most crops. In the winter season, seasonal evapotranspiration varied from 411.7 mm in chickpea to 501.2 mm in wheat, while maize and mustard recorded 420.3 mm and 469.1 mm, respectively. Summer crops generally showed higher seasonal evapotranspiration than kharif crops, with groundnut exhibiting the highest demand at 849.0 mm, followed by pearl millet (499.2 mm) and greengram (476.5 mm). Across all crops and seasons, water demand was lowest during the initial growth stage, increased through the development stage, peaked at mid-season, and gradually declined towards maturity. Overall, seasonal water requirements were highest for summer crops, followed by kharif crops, and lowest for winter crops.
Nithya and Shivapur (2016) conducted a study to estimate the water requirements of selected crops in the Tarikere command area of Karnataka, India. The crops considered included areca nut, coconut, cotton, banana (for two seasons), sweet pepper, onion, potato, rice, pulses, mango, sugarcane, and ragi. Crop water requirements were calculated using thirty years of climatic data through the CROPWAT model. The study estimated the net irrigation water requirement to be 292.7 mm/year. Reference evapotranspiration (ETo) for the region ranged from 2.5 to 3.36 mm/day. Considering an irrigation application efficiency of 70%, the gross water requirement was calculated as 342.42 mm/year. For the entire crop area of 4,466 ha, this corresponds to a total water demand of 16 million cubic metres (MCM). The findings indicated that the dam is capable of adequately supplying the irrigation water required for the command area.
RatnaRaju et al. (2016) estimated the crop water requirements for the Appapuram Channel Command under the Krishna Western Delta in Andhra Pradesh, where rice and maize are the predominant crops. The study employed the CROPWAT computer simulation model to assess crop water requirements over the period 2000–2010. The gross water requirement (GWR) for the command area was estimated at 124.39 million cubic metres (MCM), while effective rainfall contributed 63.40 MCM, meeting approximately 50.97% of the GWR. The study further revealed that the average percentage of excess water released ranged from 32% to 101%, highlighting substantial opportunities to optimise the alignment between irrigation demand and canal water supply.
	Babu et al. (2015) estimated the crop water requirement (CWR), effective rainfall, and irrigation water requirement (IWR) for vegetable crops in the Bapatla region of Andhra Pradesh, India, using the CROPWAT model. Daily meteorological data, including rainfall, maximum and minimum temperatures, relative humidity, wind speed, and sunshine hours, were collected for the period 2009–2013 and used as input for the model. The study reported that the average peak monthly reference evapotranspiration (ETo) occurred in June at 8.09 mm/day, followed by May at 7.55 mm/day, while the minimum average ETo values were 3.85 mm/day in December and 3.92 mm/day in January. Effective rainfall for the study area was estimated at 769.3 mm out of a total annual rainfall of 1,060.3 mm. The crop water requirement (ETc) and irrigation water requirement for vegetable crops during the rabi season were calculated as 516.3 mm and 470.4 mm, respectively, indicating substantial irrigation needs despite the contribution of effective rainfall.
	Babu et al. (2014) conducted a study to estimate the crop water requirements (CWR) of various crops in Anantapur district using the CROPWAT model. The average annual reference evapotranspiration (ETo) for the period 1985–2012 was estimated at 2,219.20 mm/year. The CWR for groundnut during the kharif and rabi seasons was calculated as 591.3 mm and 443.3 mm, respectively. Additionally, the estimated CWR for other crops in Anantapur district were: vegetables, 594.1 mm; cotton, 878.6 mm; rice, 1,110.6 mm; pulses, 659.9 mm; and maize, 679.3 mm. For kharif groundnut, crop water requirements were also calculated for good, normal, and deficit rainfall years to optimise irrigation benefits through accurate application of groundwater. The results underscore the critical importance of efficient water management, particularly in years of normal or below-average rainfall, and highlight the need to raise awareness among farmers in Anantapur regarding the effective utilisation of groundwater resources for irrigation.
 
	Parwin (2014) investigated crop water requirements for agriculture in the Brahmani River Basin, Odisha, India, a region historically dominated by agriculture and now undergoing industrialisation at several locations. The total drainage area of the basin covers 39,116 km². Monthly precipitation data for all 15 districts within the basin, spanning the period 1901–2012, were obtained from the Indian Water Portal and the India Meteorological Department (IMD), Pune. The study revealed that in most areas, less than 30% of the water available for groundwater use is effectively utilised. Crop water requirements were found to be substantially lower than both available rainfall and groundwater resources at various locations in the basin. The study emphasised the need to increase crop water utilisation through intensified cropping, multiple cropping cycles, and expansion of agricultural land to enhance overall crop production.
Doria et al. (2006) evaluated the potential impacts of climate change on daily and seasonal water demand of peach orchards in Southern Ontario using the CROPWAT model, integrated with climate scenarios generated by the Statistical Downscaling Model (SDSM). The baseline climate was based on 30 years of historical data (1971–2000), with future projections focused on the 2020s (2010–2039) and 2050s (2040–2069). Key climatic variables were downscaled using SDSM version 3.1. Model simulations indicated that seasonal water demand would increase by 6% (39 mm) under the SDSM-CGCM1 scenario and by 3% (20 mm) under the SDSM-HADCM3 A2 and B2 scenarios during the 2020s. For the 2050s, projected increases were approximately 8% (56 mm) and 7% (43 mm) under the respective models. Despite the projected rise in crop water demand, irrigation requirements were expected to decline under certain scenarios, with reductions ranging from 6% (18 mm) to 27% (81 mm) in the 2020s, and from 2.7% (8 mm) to 21% (64 mm) in the 2050s, assuming a 90% irrigation efficiency.

Mohan and Arumugam (1994) estimated stage-specific crop coefficients (Kc) for cotton, sorghum, and millet in tropical South India using lysimeter-measured actual crop evapotranspiration (ETc) and reference evapotranspiration (ETo) calculated via the modified Penman method. For cotton, the estimated Kc values across the four growth stages were 0.46, 0.70, 1.01, and 0.39, with the harvest stage showing a markedly lower value compared to the FAO-recommended Kc. Sorghum exhibited stagewise Kc values of 0.42, 0.71, 0.62, and 0.23, which were considerably lower than the FAO values during the third and fourth stages. For millet, the estimated Kc values were 0.51, 0.78, 0.87, and 0.50 across the four stages, demonstrating notable deviations from the FAO crop coefficients. These findings highlight the importance of locally calibrated Kc values for accurate estimation of crop water requirements in tropical environments.
Climatic change impact
Sunkari et al. (2023) evaluated the impact of climate change on crop water requirements (CWR) in Anakapalle, Visakhapatnam district, Andhra Pradesh. Weather data from 2011 to 2020 were collected from the Regional Agriculture Research Station to compute baseline CWR using CROPWAT 8.0. Future climatic conditions for 2030, 2040, and 2050 were projected using the MarkSim tool. The study found that CWR for various crops is expected to increase by 12–13.5% in 2030, 13.5–14.51% in 2040, and 14.51–15.74% in 2050, indicating a rising water demand to meet crop requirements under projected climate change scenarios.
Easterling et al. (2016) investigated the detection and attribution of climate extremes in historical records. Climate extremes can result from external forcings, such as increased greenhouse gases, natural variability, or a combination of both. Detection of climate change involves identifying statistically significant changes in the climate system, either in mean values or in measures of extreme weather events.
Pathak et al. (2014) examined the impacts of climate change on water availability in Indian agriculture and discussed adaptation strategies. Their study indicated a linear warming trend in global surface temperatures of 0.74 °C from 1906 to 2005 (likely range: 0.56–0.92 °C), with accelerated warming over the past 50 years. Strategies to improve water-use efficiency include automation, computer-controlled decision-support systems, on-demand irrigation through level pools in canals, and using real-time soil moisture data to guide irrigation scheduling.
Chowdhury and Zahrani (2013) analysed the effects of climate change on water resources in Saudi Arabia. They predicted changes in precipitation, temperature, relative humidity, and wind speed, while net solar radiation was estimated from monitoring stations. Reference evapotranspiration (ETo) was calculated using the Penman–Monteith method. Their findings highlighted significant reductions in water availability, potentially exacerbating stress on agricultural and drinking water sources, and anticipated deterioration in source water quality.
Ziad and Sireen (2010) assessed agricultural water demand under several incremental climate change scenarios using the CROPWAT model. The study indicated that the greatest threat occurs when a 3 °C rise in temperature is accompanied by a 20% decrease in precipitation, necessitating an increase of 2.9 MCM/year in irrigation water to maintain crop production.
Faisal and Al-Zawad (2008) evaluated the potential impacts of climate change on Saudi Arabia by the end of the twenty-first century using the PRECIS system (“Providing Regional Climates for Impact Studies”), a regional climate model developed by the Hadley Centre at the UK Met Office. PRECIS allows high-resolution climate scenario generation on personal computers, enabling detailed assessment of regional climate impacts on water resources and agriculture.

Conclusion
[bookmark: _Hlk198031404][bookmark: _GoBack]The reviewed literature demonstrates that the FAO-CROPWAT 8.0 model is a robust and reliable tool for estimating crop water requirements, irrigation water requirements, and irrigation scheduling across diverse agro-climatic conditions. Crop water demand is influenced by crop type, growth stage, climatic variables, and soil characteristics, with peak requirements typically observed during the mid-season growth stage. Effective rainfall contributes significantly to reducing irrigation demand, particularly in humid regions, by supplementing soil moisture. Climate change projections suggest that rising temperatures and altered precipitation patterns are likely to increase evapotranspiration and crop water requirements, thereby elevating future irrigation needs. Consequently, the adoption of climate-adaptive irrigation strategies, efficient water-saving technologies, and decision-support systems such as CROPWAT is critical to ensure sustainable water resource management and to safeguard future agricultural productivity and food security.
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