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ABSTRACT

	Potential evapotranspiration (PET) is a fundamental parameter of the hydrological cycle, reflecting atmospheric water demand and serving as a critical input for irrigation planning, drought assessment, and climate change impact studies. This study evaluates the zone-wise estimation and spatial variability of PET across nine agro-climatic zones of Maharashtra, India, over the period 1991–2020, using the Thornthwaite method. Long-term daily temperature data were utilized to calculate PET, and annual and inter-annual variations were assessed to capture spatial heterogeneity and temporal dynamics. Results indicate substantial spatial variability, with mean daily PET ranging from 3.75 mm day⁻¹ in the Western Maharashtra Plain to 5.70 mm day⁻¹ in Central Vidarbha, highlighting higher atmospheric water demand in semi-arid inland regions and lower demand in the Western Ghats and Konkan coastal areas. Temporal analysis revealed moderate inter-annual fluctuations, with PET peaks corresponding to drought-prone and high-temperature years, reflecting sensitivity to regional climatic variability. These findings are consistent with observed patterns in semi-arid and humid regions reported in prior studies. The study demonstrates the suitability of the Thornthwaite method for long-term, large-scale PET estimation in data-scarce regions and provides zone-specific insights for targeted irrigation scheduling, water resource management, and climate-resilient agricultural planning in Maharashtra.
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1. INTRODUCTION 

Climate change stands as one of the most critical challenges of the modern era, primarily driven by human activities that disrupt the Earth's climate system. The warming of the atmosphere and oceans has led to rising sea levels and significant ecological disruptions. These changes are particularly evident in altered precipitation patterns, increased evapotranspiration (ET), and intensified weather events such as floods, heatwaves, and wildfires causing massive economic and ecological damage. Several studies have confirmed that rising temperatures and declining rainfall directly affect evapotranspiration rates (1; 2). Climate change, combined with land use and land cover alterations is amplifying ET’s role in the hydrological cycle and surface energy balance. In India, a notable trend is the increasing frequency of thunderstorms evolving into hailstorms, with projections indicating further escalation (3). Every region's unique hydrogeological, physical, and climatic conditions contribute to distinctive ET behavior (4), necessitating localized analysis. Increased air temperatures associated with climate change are expected to intensify atmospheric evaporative demand, thereby enhancing spatial and temporal variability of potential evapotranspiration across diverse climatic regions.
Evapotranspiration is a key component of the hydrological cycle, comprising water loss through evaporation from land surfaces and transpiration from vegetation. Potential evapotranspiration (PET) denotes the theoretical maximum evapotranspiration from a surface fully covered with actively growing vegetation under non-limiting soil moisture conditions, representing the atmospheric demand for water. Although such ideal conditions rarely occur in natural fields, PET serves as an essential reference for estimating actual evapotranspiration (AET), which reflects the water actually lost from the soil–plant system. Understanding PET is essential for crop water management, as planting schedules, irrigation practices, and water-saving techniques significantly influence ET, crop growth, and yield. Studies show that while increased water application can initially enhance AET, water use efficiency (WUE), and yield, excessive watering eventually leads to diminishing returns besides ecological disruptions (5). Because PET represents climatic demand independent of soil moisture constraints, it provides a consistent and comparable metric for assessing regional hydro-climatic variability.
Given its value in estimating atmospheric water demand, PET is instrumental for diverse applications such as irrigation planning, drought monitoring, and climate change impact assessments. Accurate ET estimation supports improved irrigation system design, drought resilience strategies, hydrological modeling, and better initialization of climate prediction models (6). Dengxiao (7) emphasized the importance of method selection based on topographical and spatial characteristics on the basis of a comparative study of three radiation-based and five temperature-based methods in China.
Direct measurement of evapotranspiration is often resource-intensive and operationally constrained (2); therefore, PET estimation based on routinely observed climatic variables offers a practical alternative for regional-scale studies. Given the need for long-term, spatially extensive analysis and the limited availability of complete meteorological datasets, temperature-based PET estimation methods are particularly suitable for regional-scale studies. The concept of PET, originally formulated by Thornthwaite (8; 9) and later refined by Thornthwaite and Mather (10), provides an empirical framework that relates air temperature to evapotranspiration potential, assuming temperature as an integrated surrogate for net radiation and other atmospheric controls governing energy partitioning between sensible heat and latent heat fluxes. Owing to its minimal data requirements, Thornthwaite’s method remains widely applied for large-scale PET estimation and aridity assessment, particularly in data-scarce regions, whereas more physically based approaches such as the ASCE-standardized FAO-56 method, though robust, require extensive meteorological inputs that are often unavailable over long spatial and temporal scales. 
The present study examines spatial and temporal trends of potential evapotranspiration (PET) across the agro-climatic zones of Maharashtra, India, a state marked by pronounced rainfall heterogeneity. Annual rainfall exceeds 3,000 mm in the Western Ghats but declines to 500–700 mm in drought-prone eastern regions, with a state average of 1,151.5 mm largely concentrated during the monsoon season (11). According to IMD classification, Konkan, Madhya Maharashtra, Marathwada, and Vidarbha exhibit strong inter- and intra-regional rainfall contrasts—ranging from surplus conditions in Konkan and Madhya Maharashtra to persistent deficits in Marathwada thereby exerting a significant influence on PET variability across the state (Anonymous, 2019). Accordingly, the present study aims to estimate zone-wise potential evapotranspiration and analyze its spatial variability across the major agro-climatic regions of Maharashtra using the Thornthwaite method.

2. material and methods 

According to the Indian Planning Commission, Maharashtra is part of the Western Plateau and Hills IX and Southern Plateau and Hills X agro-climatic region of India and divided in nine sub zones. Maharashtra’s cultivated area is about 17.43 million ha, accounting for approximately 80 % of its total geographical area, whereas the irrigated area comprises about 17 per cent (2.94 million ha), indicating a high dependence on rainfall for agriculture (12). 
Maharashtra comprises nine distinct agro-climatic zones characterized by marked variations in topography and climate. The Central Maharashtra Plateau  is dominated by undulating basaltic terrain with moderate rainfall and semi-arid climate. Central Vidarbha and Eastern Vidarbha are relatively flat to gently undulating plains, experiencing high summer temperatures and sub-humid to semi-arid conditions. The Scarcity Zone  is drought-prone with low and erratic rainfall, shallow soils, and high evaporative demand. The Western Maharashtra Plain  exhibits relatively moderate temperatures and better irrigation coverage. The Sub-Mountain Transition Zone  lies between the plateau and Western Ghats, with moderate elevation and transitional climatic characteristics. The Western Ghats are characterized by steep slopes, high elevation, dense vegetation, and very high rainfall with humid conditions. The North Konkan Coastal  and South Konkan Coastal zones experience maritime influence, high humidity, heavy monsoon rainfall, and relatively lower temperature variability.

Methodology for Temperature Analysis and PET Computation
Long-term temperature data were statistically analysed to quantify the variability and trends in potential evapotranspiration (PET) across different agro-climatic zones of Maharashtra.
Methodology Adopted for PET Computation
The computation of potential evapotranspiration was carried out using the Thornthwaite (9) method following the steps outlined below:
1. Selection of meteorological stations based on the availability of continuous weather records of at least 30 years.
2. Collection of daily weather data, specifically maximum temperature (Tmax) and minimum temperature (Tmin), for the selected stations.
3. Computation of mean temperature, wherein daily temperature data were aggregated to obtain monthly mean air temperature.
4. Development of a computational programme in MS-Excel to calculate all intermediate parameters required for the Thornthwaite method.
5. Estimation of potential evapotranspiration (PET) using the Thornthwaite temperature-based empirical approach.
6. Derivation of daily and monthly PET values from computed monthly estimates.
Thornthwaite Method for PET Estimation
Long-term daily temperature data were converted into monthly mean temperature values, which served as the primary input for computing monthly PET using the Thornthwaite method, expressed as:
Equation 1: ET = 1.6 (10T/I) a
Where,
ET = unadjusted PET, in cm
T  = mean monthly air temp, 0C
I	= annual or seasonal heat index. It is the summation of 12 values of monthly heat ( i )
Eqaution 2: i = (T/5)1.514
a = an empirical exponent
= 0.675 * 10-6 I3- 0.771 * 10-4 I2 + 1.79 * 10-2 I + 0.4924
Thornthwaite (1948) further proposed an adjustment for estimating monthly potential evapotranspiration (mm day⁻¹), incorporating day length and number of days in a month, as given below:
Equation 3: ET = 1.6 (10T/I) a (D/12) (N/30)
where,
D = mean monthly daylight hours,
N = number of days in the month.
Data Analysis
The analysis of long-term temperature records spanning 30 years was carried out to assess spatial, seasonal, and annual variations in PET. Daily temperature data for the 30-year period were used to evaluate seasonal and annual PET trends across different locations of Maharashtra. The computed results are presented and discussed in the subsequent sections.
3. results and discussion

The annual potential evapotranspiration (PET) across different agro-climatic zones of Maharashtra was computed using the Thornthwaite (9) temperature-based method for a continuous 30-year period (1991–2020). The analysis was carried out to examine the spatial and inter-annual variability of atmospheric evaporative demand (PET) under diverse physiographic and climatic conditions prevailing in the state. Annual PET values were derived from long-term temperature records and subsequently averaged to represent zone-wise and state-level patterns for the period 1991–2020, figures of data estimated using Thornthwaite method are presented in Table 1. The results indicated pronounced spatial variability in PET among the zones, reflecting differences in temperature regimes and physiographic conditions. Over the study period, Zone 2 (Central Vidarbha) and Zone 3 (Eastern Vidarbha) consistently recorded the highest PET values, with long-term mean PET of 5.7 mm day⁻¹ and 5.53 mm day⁻¹, respectively, indicating higher atmospheric evaporative demand in the Vidarbha region. In contrast, the lowest PET values were observed in Zone 5 (Western Maharashtra Plain) and Zone 6 (Sub-Mountain Transition), with mean PET of 3.75 mm day⁻¹ and 3.87 mm day⁻¹, respectively, which may be attributed to relatively moderated temperatures and topographic influences.
Moderate PET values were observed in Zone 1 (Central Maharashtra Plateau), Zone 4 (Scarcity Zone), Zone 7 (Western Ghat), Zone 8 (North Konkan Coastal), and Zone 9 (South Konkan Coastal), with long-term averages ranging from 4.69 to 4.86 mm day⁻¹. Coastal zones (Zones 8 and 9) exhibited comparatively lower PET than inland Vidarbha zones despite high humidity, suggesting the dominant influence of temperature in the Thornthwaite-based estimation. The state-level average PET for Maharashtra during the study period was 4.9 mm day⁻¹, with noticeable inter-annual variability. Higher PET values were observed during years such as 1998, 2009–2010, and 2019, indicating periods of increased evaporative demand across most zones.
Overall, the table highlights clear zone-wise contrasts and inter-annual fluctuations in PET, emphasizing the importance of agro-climatic zonation in assessing evaporative demand for water resource planning, irrigation scheduling, and climate variability studies in Maharashtra. 
The computed annual PET values revealed considerable spatial variation among the agro-climatic zones of Maharashtra, reflecting differences in thermal regimes, elevation, and regional climatic characteristics. Inter-annual variability in PET was observed across all zones, indicating year-to-year fluctuations in temperature-driven evaporative demand. The results obtained from this analysis form the basis for understanding long-term evaporative demand patterns and their implications for agricultural water management under varying agro-climatic conditions.
Table 1 Spatial Variation of Annual Potential Evapotranspiration Across Maharashtra’s Agro-Climatic Zones (1991–2020)
	Year
	Zone 1
	Zone 2
	Zone 3
	Zone 4
	Zone 5
	Zone  6
	Zone 7
	Zone 8
	Zone 9
	Maharashtra

	1991
	4.70
	5.5
	5.37
	4.65
	3.62
	3.71
	4.47
	4.58
	4.50
	4.7

	1992
	5.08
	5.6
	5.41
	4.69
	3.66
	3.76
	4.52
	4.67
	4.53
	4.8

	1993
	4.95
	5.6
	5.43
	4.71
	3.71
	3.81
	4.61
	4.82
	4.61
	4.8

	1994
	4.72
	5.2
	5.10
	4.50
	3.63
	3.71
	4.47
	4.62
	4.50
	4.6

	1995
	5.02
	5.4
	5.29
	4.70
	3.73
	3.82
	4.63
	4.84
	4.61
	4.8

	1996
	4.97
	5.7
	5.53
	4.80
	3.71
	3.85
	4.63
	4.80
	4.65
	4.9

	1997
	4.65
	5.2
	5.13
	4.50
	3.63
	3.74
	4.52
	4.63
	4.6
	4.6

	1998
	4.67
	6.0
	5.86
	5.02
	3.89
	4.01
	4.52
	5.06
	4.92
	5.0

	1999
	4.39
	5.5
	5.41
	4.60
	3.66
	3.75
	4.5
	4.67
	4.53
	4.7

	2000
	4.39
	5.4
	5.35
	4.62
	3.68
	3.77
	4.5
	4.73
	4.54
	4.7

	2001
	4.49
	5.5
	5.37
	4.68
	3.71
	3.82
	4.63
	4.74
	4.68
	4.7

	2002
	5.02
	5.9
	5.79
	4.95
	3.81
	3.96
	4.83
	4.98
	4.87
	5.0

	2003
	4.91
	5.8
	5.70
	4.81
	3.78
	3.91
	4.76
	4.88
	4.84
	4.9

	2004
	4.75
	5.6
	5.47
	4.64
	3.76
	3.88
	4.7
	4.90
	4.70
	4.8

	2005
	4.57
	5.6
	5.56
	4.72
	3.67
	3.76
	4.52
	4.65
	4.55
	4.8

	2006
	4.65
	5.5
	5.39
	4.89
	3.73
	3.86
	4.67
	4.81
	4.72
	4.8

	2007
	4.45
	5.7
	5.54
	4.64
	3.64
	3.94
	4.78
	4.94
	4.83
	4.8

	2008
	4.45
	5.5
	5.31
	5.16
	3.91
	3.78
	4.57
	4.68
	4.63
	4.9

	2009
	4.69
	6.2
	6.05
	5.22
	3.92
	4.08
	4.98
	5.18
	4.99
	5.2

	2010
	4.73
	6.3
	6.14
	5.22
	3.73
	4.09
	4.98
	5.15
	5.01
	5.2

	2011
	4.6
	5.5
	5.33
	4.70
	3.74
	3.83
	4.66
	4.80
	4.70
	4.8

	2012
	4.71
	5.7
	5.62
	4.82
	3.67
	3.87
	4.70
	4.80
	4.77
	4.9

	2013
	4.48
	5.4
	5.26
	4.66
	3.79
	3.80
	4.59
	4.68
	4.69
	4.7

	2014
	4.52
	5.6
	5.45
	4.85
	3.9
	3.80
	4.81
	4.95
	4.87
	4.9

	2015
	4.91
	5.6
	5.51
	4.94
	3.81
	3.94
	4.95
	5.12
	5.01
	5.0

	2016
	4.89
	5.9
	5.79
	4.99
	3.86
	3.99
	4.85
	4.99
	4.91
	5.0

	2017
	4.76
	5.9
	5.80
	5.02
	3.83
	4.02
	4.90
	5.02
	4.99
	5.0

	2018
	4.6
	5.7
	5.54
	4.93
	3.86
	3.99
	4.89
	5.06
	4.92
	4.9

	2019
	5.03
	6.1
	5.92
	5.02
	3.8
	4.01
	4.87
	4.99
	4.94
	5.1

	2020
	4.57
	5.6
	5.42
	4.85
	3.66
	3.94
	4.81
	4.96
	4.87
	4.9

	Avg.
	4.71
	5.7
	5.53
	4.82
	3.75
	3.87
	4.69
	4.86
	4.75
	4.9


Value in cells are PET- Potential Evapotranspiration (mm/day);Zonal description- Zone 1 (Central Maharashtra Plateau), 2 (Central Vidarbha), 3 (Eastern Vidarbha), 4 (Scarcity Zone), 5 (Western Maharashtra Plain), 6 (Sub- Mountain Transition), 7 (Western Ghat), 8 (North Konkan Coastal), 9 (South Konkan Coastal)
The zone-wise analysis of potential evapotranspiration (PET) across Maharashtra during 1991–2020 reveals pronounced spatial variability, reflecting strong climatic, topographic, and hydro-meteorological controls operating across the state. Mean annual PET ranged from 3.75 mm day⁻¹ in the Western Maharashtra Plain (Zone 5) to 5.70 mm day⁻¹ in Central Vidarbha (Zone 2), with Eastern Vidarbha (Zone 3) also exhibiting persistently high PET values (5.53 mm day⁻¹). This pattern is consistent with earlier findings that semi-arid and inland regions exhibit higher atmospheric evaporative demand than humid or coastal regions due to higher temperatures, lower humidity, and greater vapor pressure deficit (13; 14).
The elevated PET observed in Vidarbha and the Scarcity Zone (Zone 4) aligns well with regional studies from Maharashtra and neighboring states, where temperature-dominated PET estimation methods reported higher evapotranspiration demand during pre-monsoon and summer seasons (15; 16). Similar magnitudes of PET reported in Gujarat and Karnataka further support the robustness of these estimates under semi-arid climatic regimes (13; 16). In contrast, the comparatively lower PET values recorded in the Western Ghats (Zone 7) and coastal Konkan zones (Zones 8 and 9) can be attributed to high relative humidity, frequent cloud cover, and reduced net radiation, factors known to suppress evaporative demand despite high rainfall (16; 17).
Temporal fluctuations in PET across years indicate moderate inter-annual variability, with peaks observed during drought and heat-stressed years such as 2002, 2009–2010, and 2015–2019. These elevated PET phases coincide with periods of higher temperature anomalies and reduced monsoon rainfall, supporting observation by Nam (18) that climate variability and warming trends significantly modulate evapotranspiration demand. However, the absence of a strong monotonic increasing trend in PET across all zones also aligns with studies reporting declining or stable PET despite warming, attributed to reductions in wind speed, sunshine hours, and pan evaporation a phenomenon widely referred to as the “evaporation paradox” (1; 16).
The use of the Thornthwaite method, while advantageous for large-scale and long-term analyses due to its minimal data requirements, inherently emphasizes temperature as the primary driver of PET. Consequently, PET estimates in humid and complex terrains such as the Western Ghats and Konkan may be relatively underestimated compared to radiation-based or Penman–Monteith approaches, as also reported by Dengxiao (7). Nevertheless, recent global assessments have reaffirmed Thornthwaite’s suitability for regional PET assessment and aridity studies when appropriately interpreted, particularly in data-scarce environments (2). For humid and complex terrain zones such as the Western Ghats (Zone 7) and the Konkan Coastal regions (Zones 8 and 9), radiation-based methods such as the FAO Penman–Monteith method or Priestley–Taylor approach are more appropriate, as they explicitly incorporate net radiation, humidity, and wind speed. Similarly, for irrigated and data-rich regions like the Western Maharashtra Plain (Zone 5) and Sub-Mountain Transition Zone (Zone 6), FAO-56 Penman–Monteith or Hargreaves–Samani methods may provide improved accuracy over temperature-only approaches. In addition to the Thornthwaite method, the FAO has proposed simplified temperature-based formulations such as the FAO-modified Hargreaves equation for estimating reference evapotranspiration under limited data conditions. These FAO-recommended equations were considered conceptually in the present study for comparative understanding; however, due to the objective of long-term zone-wise consistency and limited availability of radiation and wind data, the Thornthwaite method was adopted as the primary estimation technique.
Overall, the observed spatial gradients and temporal variability of PET across Maharashtra underscore the necessity of zone-specific water management strategies. High PET zones such as Vidarbha and the Scarcity Zone require greater irrigation efficiency and drought preparedness, whereas humid coastal and Western Ghat regions may prioritize drainage and water-use optimization. These findings reinforce the importance of localized PET estimation for climate adaptation planning, irrigation scheduling, and sustainable agricultural water management under changing climatic conditions. 

4. Conclusion

The present study provides a comprehensive assessment of spatial and temporal variability of potential evapotranspiration across the major agro-climatic zones of Maharashtra using the Thornthwaite method. The results clearly indicate pronounced zone-wise differences in PET, with higher atmospheric water demand in semi-arid inland regions such as Vidarbha and the Scarcity Zone, and relatively lower PET in humid regions including the Western Ghats and Konkan coastal areas. These variations are primarily governed by regional temperature regimes, humidity conditions, and topographic influences. Although the Thornthwaite method is limited by its temperature-based formulation and may underestimate PET in humid or complex terrains, its low data requirement and consistency make it suitable for long-term regional-scale analysis. Although FAO-recommended methods provide improved physical realism, the Thornthwaite approach remains suitable for long-term, large-scale agro-climatic assessments where data availability is limited. The study underscores the importance of zone-specific PET estimation for efficient irrigation planning, drought preparedness, and sustainable water resource management under changing climatic conditions. Future studies incorporating radiation-based methods and trend analysis may further enhance understanding of evapotranspiration dynamics in the region.


Definitions, Acronyms, Abbreviations
ET- Evapotranspiration, PET- Potential evapotranspiration
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