Long-Term Trends in Monthly Potential Evapotranspiration across Maharashtra in India during 1991–2020
Abstract
Long-term spatio-temporal trends in potential evapotranspiration were evaluated across Maharashtra by converting long-time daily temperature data into monthly mean temperature. Monthly mean temperature was used for computation of monthly PET by Thornthwaite method . The results revealed a spatially heterogeneous pattern of monthly PET trends. Significant positive trends were observed during February, April, May, October, November, and December in most zones, with May, October and November PET increasing with a slope of (0.031, 0.014  and 0.011). In contrast, January (Z = –0.085) and June (Z = –0.016)  months recorded decreasing trend of PET along with reducing slope (-0.002 and -0.001, respectively). At the annual scale, Sub mountain transition zone, western ghat and both koonkan coastal zones exhibited year round increasing evaporative demand  whereas the Central Maharashtra Plateau and parts of Vidarbha exhibited declining or weakly positive trends. The trend analysis reveals a clear and statistically significant increase in potential evapotranspiration across most agro-climatic zones of Maharashtra during 1991–2020, particularly during pre-monsoon and post-monsoon months. This indicates intensifying atmospheric water demand under changing climatic conditions, posing serious challenges for water resource management and agricultural sustainability in the state. This study enhances understanding of spatial–temporal PET variability under changing climate, supporting improved irrigation scheduling and sustainable agro-climatic water and agricultural planning.
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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 (Zin et al., 2021; Khedkar and Mane, 2022; Syed et al., 2020). In India, a notable trend is the increasing frequency of thunderstorms evolving into hailstorms, with projections indicating further escalation (Jaybhaye, 2020). Every region's unique hydrogeological, physical, and climatic conditions contribute to distinctive ET behavior (Matzneller et al, 2010; Marshall and Funk, 2010), necessitating localized analysis. While these global climatic drivers operate at a planetary scale, their impacts on evapotranspiration are strongly mediated by regional factors such as topography, monsoon dynamics, land use, and surface energy balance. Consequently, global warming signals often manifest heterogeneously at sub-national scales, making region-specific assessments essential for translating global climate change impacts into locally relevant hydrological responses.
Evapotranspiration, a critical component of the water cycle, encompasses both evaporation and transpiration loss of water from the land and vegetation, respectively. Potential evapotranspiration (PET) represents the theoretical maximum amount of evapotranspiration from a surface fully covered with actively growing vegetation and with no limitation of soil moisture. It reflects the atmospheric demand for water and serves as an upper boundary of ET under optimal conditions. Although such conditions are rare in natural field settings, as seen occasionally in wet paddy fields or briefly after heavy rainfall, PET provides a vital reference for converting to actual evapotranspiration (AET) 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 (Mehta and Pandey, 2015; Jaybhaye and Mukherjee, 2020).
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 (Kumar et al, 2012). Through a comparative study of three radiation-based and five temperature-based methods in China, (Dengxiao et al. 2017) emphasized the importance of method selection based on topographical and spatial characteristics. While direct ET measurement methods are resource-intensive (Glenn et. al., 2007), PET estimation using climatic data is more feasible. The PET concept, initially introduced by Thornthwaite (1944, 1948), provides a practical framework by linking temperature to ET potential. This empirical method, further refined by Thornthwaite & Mather (1955), assumes that temperature correlates with net radiation and other ET-controlling factors, distributing available energy between heating and evapotranspiration in fixed proportions. Thornthwaite’s method is widely preferred for large-scale PET and aridity assessments due to its low data requirements, unlike the data-intensive ASCE-standardized (FAO-56) method.
Maharashtra represents a climatically sensitive region where global-scale warming interacts with strong east–west rainfall gradients, complex terrain, and predominantly rain-fed agriculture, potentially amplifying local-scale evapotranspiration responses to climate variability. In this context, the present study aims to analyse the spatial and temporal trends of potential evapotranspiration across different agro-climatic zones of Maharashtra, India. Maharashtra’s diverse topography and climate make it a suitable case for PET-based zonal assessment. The state exhibits highly variable rainfall patterns. The Western Ghats region receives over 3,000 mm annually, while drought-prone eastern zones receive just 500–700 mm/year, often with prolonged dry spells. The average annual rainfall in Maharashtra is 1,151.5 mm, distributed across seasons as follows: 33.2 mm (pre-monsoon), 1,007.3 mm (monsoon), 8.2 mm (winter), and 102.4 mm (post-monsoon) (Anonymous, 2019).
The Indian Meteorological Department (IMD) divides Maharashtra into four regions:
· Konkan (7 districts): In 2019, it recorded 1,328.5 mm rainfall—32% above normal. Districts like Raigarh received up to 4,945.6 mm (57% above normal), while Mumbai city received 2,730.8 mm (35% above normal).
· Madhya Maharashtra (10 districts): This region recorded 1,166.9 mm rainfall—55% above normal. Kolhapur had the highest rainfall (2,927.5 mm, 69% above normal), while Solapur had the lowest (299.6 mm, 38% below normal), making it a candidate for reclassification under Marathwada due to its rainfall and topography.
· Marathwada (8 districts): The only region with below-normal rainfall (12% deficit). Bid (-27%) and Latur (-22%) were deficit districts. Nanded (814.4 mm) had the highest rainfall, and Bid (412.2 mm) the lowest.
· Vidarbha (11 districts): Registered 1,054.6 mm rainfall—12% above normal. Gadchiroli (1,850.5 mm, 48% above normal) had the highest, while Yavatmal (563.8 mm, 30% below normal) received the lowest rainfall in the region (Anonymous, 2019).
Given this spatial heterogeneity, PET-based trend analysis across these zones provided insights critical for regional water resource management, drought mitigation, and climate-adaptive agricultural strategies. This study provides critical insight into spatial and temporal variability of PET, helping the scientific community better understand evolving evapotranspiration dynamics under changing climatic conditions.The outcomes of this research are supposed to enhance the understanding of agro-climatic water dynamics, inform irrigation scheduling, and support sustainable agricultural planning under evolving climatic scenarios.
Material and methods 
According to the Indian Planning Commission, the state 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. The total geographical area is 307,713 km2 Sq.km (9.36 percent of the total geographical area of the country), with 65-68 per cent of it suitable for agricultural use. The state has predominantly rain-fed agriculture (only 18 per cent of Gross Cropped Area is under irrigated) (Anonymous, 2020). 
The long-time daily temperature data was converted into monthly mean temperature. Monthly mean temperature was used for computation of monthly PET by Thornthwaite method as given below:
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 )
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 method (1948) further gave the following formula for computing monthly potential evapotranspiration (mm/day)
ET = 1.6 (10T/I) a (D/12) (N/30)
The Thornthwaite method was adopted in the present study due to the long-term availability and spatial consistency of temperature data across Maharashtra. Although this method requires only air temperature and is widely used for regional-scale and climate trend studies, it does not explicitly account for other meteorological variables such as wind speed, relative humidity, and solar radiation. Therefore, the absolute PET values may be associated with some uncertainty; however, the method remains appropriate for assessing relative temporal trends and inter-zonal comparisons over long periods.
Analysis of long-term temperature data (30 years) was carried out to assess the ET. the daily temperature data for the periods of 30 years were employed to study the seasonal and annual ET trends in the different locations of Maharashtra state and presented in results.
Statistical Analysis 
Standard Deviation (SD) and Coefficient of Variation (CV) were calculated over monthly PET for study stations of Maharashtra during 1990 to 2020. Mann- Kendall test and Sen’s slope estimator were used to detect the monotonic trend direction and magnitude of the rate of change over time. The Mann–Kendall test assumes independence of observations; however, hydro-meteorological time series may exhibit serial autocorrelation. In the present study, the classical Mann–Kendall test was applied assuming weak autocorrelation in monthly PET series. As the primary objective was to detect long-term monotonic trends rather than abrupt changes, the results are interpreted cautiously, acknowledging that the presence of residual autocorrelation may influence the level of statistical significance. ET trend analysis was statistically analysed by the presence of a rising or decreasing monotonic trend that was investigated using the non-parametric Mann Kendall test; (Mann, 1945; Kendall, 1995). Then, using Sen's slope test, the change over time was determined (Sen, 1968). The rate of change and direction were indicated by the slope of the trend line. The significance of the findings was tested at 90, 95, and 99 per cent confidence levels using MAKESENS excel temperature (Lunagaria et al., 2012). In the trend analysis, the direction of change was interpreted jointly using the sign of Mann–Kendall Z statistics and the Sen’s slope (Q). A positive (negative) Z value accompanied by a positive (negative) Sen’s slope indicates an increasing (decreasing) trend, while trends without statistical significance were interpreted as weak or non-conclusive. State-level PET trends were derived from the spatial aggregation of zonal values and not inferred from individual zone behavior.

Results and Discussion
The present study calculated potential evapotranspiration across the nine agro-climatic zones of Maharashtra and analysed monthly PET trends from 1991 to 2020 using the Mann–Kendall test and Sen’s slope estimator, revealing distinct spatial and temporal variations. Observed trends in PET primarily reflect changes in air temperature, which directly influences atmospheric evaporative demand. Increasing PET trends indicate enhanced thermal energy availability and potential moisture stress, whereas non-significant or weak trends suggest climatic stability or compensating seasonal effects. The spatial variability of PET trends across agro-climatic zones highlights the differential response of regional climates within Maharashtra. A combination of significant positive and negative trends was observed, with May, October, November, and December showing consistent increases in PET across most zones, while January and June indicated declining trends in certain regions.
Central Maharashtra Plateau
This zone displayed a mixed pattern of PET trends. Significant negative trends were recorded in January (p < 0.1) and March (P=< 0.05), with March showing a decreasing rate of –0.029 Sen’s slope. A non-significant positive trend was observed in August, December, and May, while the annual PET showed an overall decreasing trend of –0.004 mm/day.
Central Vidarbha
PET exhibited significant positive trends in May, November, and December (p < 0.1). Annual PET also showed a significant positive trend (P=< 0.05), with an increasing rate of 0.01 Sen’s slope. Monthly slopes were positive but non-significant, indicating a consistent rise in PET over time.
Eastern Vidarbha
The Eastern Vidarbha zone showed a significant positive trend in May (p < 0.1). Most other months had a non-significant positive trend except January, June, and July. Annual PET increased significantly (P=< 0.05), with a slope of 0.01 Sen’s slope.
Scarcity Zone
Significant positive PET trends were observed in May (p < 0.1). April, May, October, and December showed significant positive slopes, and the annual PET exhibited a significant positive trend (P=< 0.05), increasing at 0.013 Sen’s slope.
Western Maharashtra Plain (Transition Zone II)
Significant positive trends were found in February, April, May, and October (P=< 0.05). Annual PET showed a highly significant positive trend (P=< 0.01), with an increasing slope of 0.006 Sen’s slope.
Sub-Mountain Transition Zone I
Similar to western Maharashtra plain Zone II, February, April, May, and October recorded significant positive trends (P=< 0.05). The annual PET showed a significant increasing trend (P=< 0.01), with a slope of 0.007 Sen’s slope.
Western Ghat Zone
This zone revealed significant positive trends in February, April, May, October, November, and December (P=< 0.05). Annual PET showed a highly significant positive trend (P=< 0.01) with a slope of 0.007, indicating increasing evaporative demand in this humid region throughout the year.
North Konkan Coastal Zone
Significant positive trends were recorded in February, April, May, September, October, and December (P=< 0.05). Annual PET increased significantly (P=< 0.01), with a slope of 0.011indicating increasing evaporative demand in this humid region throughout the year .
South Konkan Coastal Zone
This coastal zone exhibited widespread positive trends, with February, April, May, October, November, and December showing significant increases (P=< 0.05). Annual PET displayed a strong increasing trend (P=< 0.01) at 0.015 Sen’slope, the highest among all zones.
Overall Maharashtra



At the state level, PET showed a significant negative trend in January (p < 0.1) and June (P=< 0.05), with slopes of –0.002 mm/day and –0.001 mm/day, respectively. In contrast, February, April, May, October, November and December showed significant positive trends. The trend analysis reveals a clear and statistically significant increase in potential evapotranspiration across most agro-climatic zones of Maharashtra during 1991–2020, particularly during pre-monsoon and post-monsoon months., his indicates intensifying atmospheric water demand under changing climatic conditions, posing serious challenges for water resource management and agricultural sustainability in the state.




Table 1 Trend analysis of monthly potential evapotranspiration at Maharashtra during 1991-2020.
	Period
	Parameter
	Zones
	Mean

	
	
	Central Maharashtra Plateau
	Central Vidarbha
	Eastern Vidarbha
	Scarcity
	Western Maharashtra Plain (II)
	Sub-Mountain (I)
	Western Ghat
	North Konkan Coastal
	South Konkan Coastal
	Maharashtra

	January
	Z / Q
	-1.681+   -0.01
	-0.653   0
	-0.416   0
	-0.416   0
	-0.6   0
	-0.6   0
	1.212   0.007
	0.018   0
	0.978   0.004
	-0.085   -0.002

	February
	Z / Q
	-0.324   0
	1.206   0.01
	1.296   0.008
	1.296   0.011
	1.979*   0.008*
	1.979*   0.01*
	1.978*   0.014*
	1.855+   0.015
	2.594**   0.017**
	0.228*   0.009

	March
	Z / Q
	-2.03*   -0.029*
	0   0
	0.197   0
	0.197   0.005
	0.722   0
	0.722   0.005
	0.323   0
	0.83   0.006
	1.54   0.015
	0.053   0.002

	April
	Z / Q
	-0.841   -0.014
	1.304   0.033
	1.34   0.028
	1.34   0.033*
	2.288*   0.013*
	2.288*   0.021**
	3.376**   0.033**
	2.486*   0.023*
	2.937**   0.029**
	0.274*   0.019

	May
	Z / Q
	0.34   0.008
	1.823+   0.05
	1.824+   0.044
	1.824+   0.04*
	1.962*   0.014*
	1.962*   0.024**
	3.358**   0.032**
	2.545*   0.032*
	2.813**   0.031**
	0.287*   0.031**

	June
	Z / Q
	-0.68   -0.013
	0.036   0
	-0.125   -0.005
	-0.125   0
	-0.108   0
	-0.108   0
	0.574   0.007
	0.036   0
	0   0
	-0.016   -0.001

	July
	Z / Q
	0   0
	-0.269   0
	-0.305   0
	-0.305   0
	0.363   0
	0.363   0
	0.612   0
	0.234   0
	0.702   0.004
	0.002   0

	August
	Z / Q
	0.863   0.006
	0.988   0.007
	0.92   0.005
	0.92   0.006
	1.096   0
	1.096   0
	1.39   0.005
	0.632   0
	1.029   0.005
	0.191   0.006

	September
	Z / Q
	-0.756   -0.005
	1.347   0.013
	1.457   0.013
	1.457   0.007
	1.618   0.004
	1.618   0
	1.638   0.007
	1.809+   0.008
	1.56   0.006
	0.191   0.007

	October
	Z / Q
	-0.916   -0.007
	1.417   0.013
	1.364   0.013
	1.364   0.017*
	1.975*   0.008*
	1.975*   0.009
	2.608**   0.02**
	2.352*   0.022*
	2.914**   0.02**
	0.251*   0.014**

	November
	Z / Q
	-0.163   0
	1.711+   0.011
	1.626   0.01
	1.626   0.013
	1.551   0.005
	1.551   0.006
	1.707+   0.016
	1.257   0.014
	2.26*   0.018*
	0.232*   0.011**

	December
	Z / Q
	0.509   0
	1.697+   0.006
	1.087   0.004
	1.087   0.008*
	1.274   0
	1.274   0.009*
	3.047**   0.017**
	1.698+   0.011
	3.326**   0.02**
	0.324*   0.009

	Annual
	Z / Q
	-0.839   -0.004

	2.035*   0.01*
	2.107*   0.01*
	2.107*   0.013**
	2.731**   0.006**
	2.731**   0.007**
	4.177**   0.013
	3**   0.011**
	4.249**   0.015
	


Q= Sen’s slope, Z=Mann-Kendall trend, + = 0.1 level of significance, * = 0.05 level of significance, ** = 0.01 level of significance




The annual PET exhibited a significant rising trend across most of the zonesstudied, except one zone only i.e., Central Maharashtra Plateau that exhibited declining annual trend of PET with slope -0.004. . Sub mountain transition zone, western ghat and both koonkan coastal zones exhibited year round increasing evaporative demand. At the state level,  Maharashtra exhibited mixed patterns of increasing and decreasing PET trends however, overall trend remained positive during most of the year and across many zones, indicating increasing water demand that stress the need for water management in the state.
These findings are in line with global evidence that evapotranspiration trends are highly location- and climate-dependent. Thomas (2000) and Liu et al. (2004) reported widespread decreases in ET across China and Tibet, primarily attributed to reduced solar radiation, wind speed, and changes in humidity. Similarly, Xu et al. (2006) observed declining trends in reference evapotranspiration and pan evaporation across the Changjiang region of China, highlighting the role of decreasing radiation and wind speed. However, Zhang et al. (2007) and Bandyopadhyay et al. (2009) emphasized that increases in ET can occur where wind speed and radiation rise, which aligns with the present findings of positive PET trends during summer months in Maharashtra.
At the regional level, results from India show a comparable mixed pattern. Chattopadhyay et al. (2007) and Jhajharia et al. (2012) reported significant decreasing trends in ET across multiple Indian stations, especially in northeast India, while Ingle et al. (2009) reported high seasonal PET demand in Maharashtra, with peaks in May. The present study confirms the high PET during summer months, particularly May, consistent with the findings of Jayashree (2022) in Karnataka, who reported increasing ET0 driven by rising temperature and solar radiation. The contrasting signals across agro-climatic zones of Maharashtra may be explained by differences in controlling meteorological parameters. The decreasing PET trends in Central Maharashtra Plateau and parts of Vidarbha correspond with reports of declining wind speed and reduced radiation (Liu et al., 2004; Xu et al., 2006). Conversely, the significant positive PET trends in Konkan and Western Ghat zones are consistent with increasing temperature and solar radiation, as observed in studies by Zhang et al. (2007), Bandyopadhyay et al. (2009), and Jayashree (2022). Moreover, agricultural intensification, land use change, and increased irrigation (Khedkar et al., 2022) may have contributed to higher PET in coastal and high-rainfall zones. Thus, the present study corroborates global and national evidence that PET trends are not uniform but highly region-specific. While declining PET trends in certain zones may suggest reduced evaporative demand, the increasing PET trends in Western Maharashtra, Konkan, and Western Ghat zones indicate heightened atmospheric water demand, which could aggravate crop water stress under climate variability. These results highlight the need for zone-specific water management strategies in Maharashtra.
CONCLUSION
In essence we can conclude that, during the pre-monsoon and post-monsoon months, particularly in May and October–December, increasing PET trends were consistently observed indicating enhanced thermal energy availability and rising moisture stress, whereas January and June exhibited declining trends in some regions, reflecting localized climatic stability or compensating seasonal effects. At the zonal scale, Western Maharashtra Plain, Sub-Mountain Transition Zone, Western Ghat, and both Konkan Coastal zones showed significant increases in annual PET, suggesting year-round intensification of evaporative demand, while Central Maharashtra Plateau and parts of Vidarbha exhibited declining or weakly positive trends. Although Maharashtra as a whole displayed mixed monthly PET patterns, the dominance of increasing trends across several zones highlights the non-uniform and region-specific nature of PET responses to climate variability. These findings corroborate global and national evidence that evapotranspiration trends are highly location-dependent and underscore the need for zone-specific water resource management and climate-adaptive agricultural planning to mitigate increasing water stress under changing climatic conditions.
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