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Impacts of Agro-climatic Fluctuations on Principle Crops of Vindhyan Zone of Eastern Uttar Pradesh



ABSTRACT
This study investigates the impacts of agro-climatic fluctuations on principal crops in the Vindhyan Zone of Eastern Uttar Pradesh, a region noted for its subtropical climate and monsoon-dependent agriculture. The background highlights the growing challenges posed by climate change, particularly variability in temperature and rainfall, which can threaten crop productivity and regional food security in India’s densely populated heartland. This study investigates the impacts of agro-climatic fluctuations on principal crops in the Vindhyan Zone of Eastern Uttar Pradesh, a region noted for its subtropical climate and monsoon-dependent agriculture. The background highlights the growing challenges posed by climate change, particularly variability in temperature and rainfall, which can threaten crop productivity and regional food security in India’s densely populated heartland. It indicates minimal long-term trends in temperature, with maximum and minimum annual temperatures showing only slight increases (slopes: +0.0062 and +0.0137, respectively) and generally scattered year-to-year values. Rainfall exhibited moderate annual fluctuation, with an overall rising trend over the study period (slope: +0.5752), especially pronounced during the southwest monsoon. Correlation analysis revealed rice production is weakly influenced by climate variables (Tmax r = +0.32, Tmin r = –0.03, Rainfall r = +0.02), while wheat production showed moderate sensitivity—favouring warm, controlled rainfall conditions (Tmax r = +0.414, Tmin r = +0.146, Rainfall r = –0.174). These findings underscore the necessity for adaptive strategies to manage climatic risks and ensure crop sustainability in Eastern Uttar Pradesh.
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INTRODUCTION
Climate change is associated to long-term shifts in global or regional climate patterns, primarily caused by anthropogenic activities that emit greenhouse gases into the atmosphere. It’s a significant and persistent change in the statistical distribution of weather patterns over a long period, typically spanning decades or longer (Srinivasarao et al., 2024). Climate change includes warmer global land and ocean temperatures, a reduction in snow and ice cover, and altering patterns of atmospheric and oceanic circulation. Human activities are the primary cause of recent climate change such as burning fossil fuels like natural gas, coal, oil, and deforestation release large amounts of carbon dioxide (CO2) and other heat-trapping gases into the atmosphere. These gases then retain heat from the sun and cause the planet to slowly warm, a phenomenon known as the greenhouse effect. 'Major greenhouse gases that cause global warming are believed to be CO2, CH4 and N2O) and various fluorinated gases. CO2 is the most important contributor, primarily caused due to burning of fossil fuels and deforestation. One of the most significant effects of climate change is global warming, which results to the rising average surface temperature of the Earth due to the increased greenhouse effect.
Being India as a developing country, it is lately predicted that due to increase in average temperature crossing the threshold level, the agricultural productivity will be declining by 10-25% by 2080 (Mahato, 2014). According to IPCC (2013), in comparison to 1986 - 2005, the global mean surface temperatures are predicted to most likely to encounter an increase of 0.3 °C to 4.8 °C for 2081-2100. Harsh weather events like heat wave are projected presumably with higher frequencies and greater duration of cold waves occasionally in winters. Abnormality in water cycle were anticipated by IPCC (2013) forecasting the fact that retreating monsoon would be set back there by extending the monsoon season with more frequent and high intensity extreme events by the end of the century. There are several studies giving their point of view about the extreme climate changes and the impact of the extreme events on the productivity of crops globally.
Climate change and climate variability are posing major threats to community livelihoods and socio-economic development of the region of Eastern Uttar Pradesh in the past decades. Although Uttar Pradesh has well-developed agricultural research systems, use of modern science and technology in agricultural production is hindered by changing climate and weather variation. Inadequate research-extension–farmer linkages to facilitate demand-driven research and increased use of improved technologies continue to constrain efforts to increase agricultural productivity as farmers continue to use out dated and ineffective technologies. Uttar Pradesh is already seeing the effects: hotter summers and unpredictable rains are stressing crops. Rice and wheat are the backbone of this region’s rice–wheat system is especially sensitive to high temperatures (e.g. >35 °C can induce spikelet sterility in rice) (Devegowda et al., 2021). In short, global warming and altered monsoon patterns pose a growing challenge to Eastern U.P.’s agriculture and water resources.
Rainfall is vital for life it determines how much water is available for farming, gardening, raising animals, running industries, and even meeting daily household needs. But as the global climate continues to change, the way rain falls is changing too. We're seeing more unpredictable patterns, with some areas facing longer dry spells while others get hit with intense downpours. This shift brings serious consequences: crops can fail, floods and droughts become more frequent, people are forced to leave their homes, and entire economies suffer. In fact, India loses nearly 2% of its GDP and about 12% of its central government revenue every year due to natural disasters. These are not just statistics they reflect real challenges that affect millions of lives.
MATERIALS AND METHODS
Vindhyan Zone is geographically located between approximately 23.52°N to 25.17°N latitude and 82.63°E to 84.39°E longitude, with an average elevation of about 313-483 meters above mean sea level. The climate is typically subtropical, featuring hot summers, a distinct monsoon season, and cool winters. Uttar Pradesh experiences a predominantly humid subtropical climate with dry winters, although some areas in the eastern region exhibit semi-arid conditions. Agriculture in Vindhyan Zone is largely dependent on rainfall and is primarily practiced by small and marginal farmers. The region frequently faces challenges such as floods, droughts, and soil salinity, which impact agricultural productivity. The dominant cropping pattern consists mainly of rice and wheat cultivation. Generally, this region can be classified into four seasons:
1. Winter Season / Cold Weather Season (December, January and February)
2. Summer season/ Hot weather season (March, April and May)
3. South-west Monsoon (June, July, August and September)
4. Post-monsoon (October and November)
Historical temperature and rainfall data spanning the past 26 years (1998–2023) were obtained from the India Meteorological Department (IMD) and Banaras Hindu University. Vindhyan Zone experiences a diverse range of temperatures throughout the year due to its humid subtropical climate. Summers, extending from March to June, are typically hot and dry, with maximum temperatures often soaring between 40°C to 45°C, and occasionally reaching up to 47°C. This period is marked by intense heat and low humidity. The monsoon season begins in late June and lasts until September, bringing moderate to heavy rainfall along with a slight drop in temperature. During this time, average temperatures range from 28°C to 32°C, offering some relief from the scorching summer heat. The post-monsoon period (October to November) sees further decline in temperatures, averaging around 25°C to 30°C. Winters, from December to February, are generally cool and pleasant, with average daytime temperatures ranging between 10°C and 20°C. However, night temperatures can drop significantly, sometimes falling as low as 3°C or even below 0°C in certain areas. This seasonal variation in temperature plays a crucial role in determining the agricultural patterns and crop cycles of the region.
Mean Temperature =  
Vindhyan Zone receives an average annual rainfall ranging from 1000 to 1200 mm, with approximately 90 percent of this occurring during the southwest monsoon season, which lasts from June to September. During the winter season, around 5 to 7 percent of the total annual rainfall is recorded. According to a study by Tripathi et al. (1998), the post-monsoon season has minimal impact on the region, with only occasional mild showers, often caused by western disturbances rather than the monsoon itself. In Eastern Uttar Pradesh, excessive rainfall during the monsoon season can lead to flooding, whereas inadequate rainfall may result in drought conditions, both of which significantly affect agriculture.
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Where:
· Pi = rainfall at single station.
· i and n = no. of station.
· P = mean total rainfall (mm).

Standard deviation is a statistical measure that quantifies the amount of variation or dispersion in a set of data values. It tells you how much the individual data points deviate, on average, from the mean (average) of the data set.
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Where:
· σ\sigma = Standard deviation of the population.
· N = Number of data points in the population.
· xi= Each individual data point.
· μ\mu = Mean (average) of the population.
	The coefficient of variation (CV) is used to assess the variation in rainfall on annual and seasonal basis. According to the research of Ahamed et al. (2021), CV is a statistical measure expressed in percentage that indicates the degree of variability of data points in a data set relative to mean. A larger CV value indicates that the rainfall time-series data is more variable and the climate is less predictable.

Where:
· CV = coefficient of variation
· [bookmark: _Hlk201003824]σ\sigma = standard deviation
· [bookmark: _Hlk201003851]μ\mu = mean.
A statistical method for figuring out the relationship between two variables usually a dependent variable and an independent variable is linear regression analysis. It is frequently used to find patterns within a dataset. The procedure entails determining the strength of the link between the observed data points and a linear equation. For this study, it is used to analysed the correlation between the weather parameters viz. rainfall, Tmax and Tmin and the production (major crop of Vindhyan Zone). To determine whether there is a relationship between the variables of interest, the data is analysed using methods like scatter plots prior to applying linear regression. Linear regression could not be a suitable model if no significant connection is discovered or may be used to measure how strong the association is. 
RESULTS AND DISCUSSION
Analysis of the maximum temperature, minimum temperature & rainfall of Vindhyan Zone.
The seasonal and annual climatic data from the region shows fascinating trends in rainfall and temperature distribution across different periods. During the Summer season (March to May), the maximum temperature (Tmax) reaches an average of 34.55°C, indicating moderately high heat, while the minimum temperature (Tmin) averages 19.17°C, reflecting relatively cooler nights compared to the daytime. The summer rainfall is 64.21 mm, with a coefficient of variation (CV) of 2.26%, suggesting some fluctuations but generally stable rainfall during this season. Moving into the SW Monsoon (June to September), temperatures drop notably, with Tmax averaging 29.46°C and Tmin at 23.15°C, providing a much cooler and more humid environment. Rainfall during the monsoon is extremely high, with an average of 814.48 mm, making this period the primary source of annual precipitation. The low CV of 0.32% for monsoon rainfall points to high consistency and reliability of the monsoonal rains year after year, crucial for agriculture, water resources, and overall ecosystem stability.
In the Post Monsoon season (October to November), the temperatures slightly decline further, with Tmax and Tmin averaging 28.01°C and 15.66°C, respectively. Rainfall reduces significantly to 41.33 mm, and a moderate CV of 5.35% suggests relatively steady but slightly variable rainfall events, often seen as sporadic showers after the retreating monsoon. The Winter Monsoon season (December to February) is characterized by the lowest temperatures annually, with Tmax averaging 23.89°C and Tmin dropping to 9.01°C, presenting cool and crisp conditions. Rainfall during winter is modest, averaging 27.32 mm, with a CV of 3.26%, indicating occasional winter rains, often associated with western disturbances.
Looking at the annual climatic trends from 1998 to 2023, there is a slight variation in both temperature and rainfall over the years. Tmax has fluctuated between around 29.19°C (2022) to 32.86°C (2016), while Tmin ranged from approximately 17.12°C to 20.10°C. The standard deviations (SD) and coefficients of variation suggest moderate variability in temperature, highlighting subtle impacts of climate variability and perhaps early signs of regional climate shifts. Rainfall across the years shows a wide spread: from 542.35 mm (2006) to 1207.6 mm (2000), with CVs hovering around 10–12% for most years, indicating moderate interannual variability in total precipitation. Some years, like 2000 and 2018, experienced notably higher rainfall, possibly linked to intense monsoon activity, while years like 2006 and 2023 witnessed drier conditions. Additionally, years like 2022 and 2023 show elevated CVs for temperatures and reduced rainfall, which could hint at growing climate anomalies such as delayed or weakened monsoons.
Overall, this extensive dataset paints a clear picture: the region experiences hot summers, heavy and consistent monsoonal rains, mild post-monsoon conditions, and cool winters. Over the last two decades, while the core seasonal patterns have remained intact, increasing variability in annual rainfall and occasional temperature extremes hint at gradual climatic changes that need closer monitoring for future planning in agriculture, water management, and disaster risk reduction. (Table 1)
Table 1: Seasonal and annual mean value standard deviation, coefficient of variation of temperature and rainfall of VZ (1998 to 2023)
	Period
	Temperature (℃)
	Rainfall (mm)

	
Season
	Tmax
	Tmin
	
Mean
	
SD
	
CV (%)

	
	Mean
	SD
	CV (%)
	Mean
	SD
	CV (%)
	
	
	

	Summer (Mar to May)
	34.55
	1.00
	2.72
	19.17
	0.88
	4.07
	64.21
	1.45
	2.26

	SW Monsoon (JJAS)
	29.46
	3.03
	10.28
	23.15
	0.99
	4.29
	814.48
	2.57
	0.32

	Post Monsoon (Oct to Nov)
	28.01
	0.91
	3.25
	15.66
	1.66
	10.61
	41.33
	2.21
	5.35

	Winter Monsoon (Dec. to Feb.)
	23.89
	1.31
	5.47
	9.01
	1.84
	20.48
	27.32
	0.89
	3.26

	Annual

	1998
	30.71
	4.69
	15.27
	18.9
	6.84
	36.19
	866.5
	6.43
	0.73

	1999
	30.6
	6.19
	20.23
	18.8
	6.73
	35.80
	1005.9
	7.21
	0.72

	2000
	31.52
	4.74
	15.04
	17.61
	7.54
	42.82
	1207.6
	4.65
	0.39

	2001
	30.6
	6.19
	20.23
	18.23
	7.52
	41.25
	768.01
	6.75
	0.88

	2002
	31.51
	4.75
	15.07
	18.82
	6.84
	36.34
	1030.7
	6.45
	0.63

	2003
	30.64
	6.18
	20.17
	18.91
	6.74
	35.64
	869.4
	5.13
	0.59

	2004
	30.53
	6.17
	20.21
	17.3
	7.35
	42.49
	1148.4
	4.7
	0.41

	2005
	31.52
	4.74
	15.04
	18.49
	6.72
	36.34
	687.3
	5.94
	0.86

	2006
	31.61
	4.71
	14.90
	18.21
	6.62
	36.35
	542.35
	3.95
	0.73

	2007
	30.25
	6.09
	20.13
	18.8
	6.73
	35.80
	739.4
	4.96
	0.67

	2008
	31.34
	4.82
	15.38
	18.75
	6.86
	36.59
	883
	7.45
	0.84

	2009
	30.43
	4.81
	15.81
	19.24
	6.15
	31.96
	836
	4
	0.48

	2010
	31.91
	4.07
	12.75
	18.92
	6.81
	35.99
	1011.2
	3.62
	0.36

	2011
	31.82
	4.08
	12.82
	19.53
	6.62
	33.90
	1050.2
	7.62
	0.73

	2012
	30.63
	6.18
	20.18
	19.7
	6.24
	31.68
	1026.6
	7.84
	0.76

	2013
	31.15
	4.83
	15.51
	18.66
	6.16
	33.01
	1000.31
	8.06
	0.81

	2014
	32.34
	5.12
	15.83
	20.04
	5.49
	27.40
	983
	6.36
	0.65

	2015
	32.67
	5.79
	17.72
	20.1
	5.55
	27.61
	960
	5.81
	0.61

	2016
	32.86
	5.89
	17.92
	19.09
	6.84
	35.83
	890
	8.3
	0.93

	2017
	32.43
	5.69
	17.55
	20.02
	5.51
	27.52
	930.9
	5.78
	0.62

	2018
	30.91
	6.11
	19.77
	19.5
	6.63
	34.00
	1001.1
	5.65
	0.56

	2019
	31.88
	4.66
	14.62
	18.09
	6.15
	34.00
	998.1
	7.82
	0.78

	2020
	30.32
	6.19
	20.42
	18.18
	6.12
	33.66
	990.2
	7.26
	0.73

	2021
	31.13
	4.55
	14.62
	19.21
	6.88
	35.81
	977.1
	7.98
	0.82

	2022
	29.19
	7.12
	24.39
	18.21
	6.09
	33.44
	888.9
	6.35
	0.71

	2023
	30.33
	6.15
	20.28
	17.12
	7.25
	42.35
	786.8
	5.36
	0.68



Trend analysis of weather parameters of Vindhyan Zone during 1998-2023
1. Maximum Temperature
The graph illustrates the trend of maximum temperatures (Tmax) from 1998 to 2023. The blue line shows the year-to-year variation, the orange line indicates the normal line and the black line represents the linear trend. Overall, the trend line has a slightly positive slope of 0.0062, suggesting a very small increase in maximum temperature over the years. However, the R² value is 0.003, indicating that the linear trend explains almost none of the variation in the data meaning the Tmax values are quite scattered with no strong long-term trend. Tmax fluctuated between about 29°C and 33°C across the study period, but there is a slight increasing pattern is evident. (Fig. 1)












Fig. 1: Annual trend of maximum temperature at Vindhyan Zone during 1998-2023
2. Minimum Temperature
This graph shows the trend of minimum temperatures (Tmin) from 1998 to 2023. The blue line represents the annual variation; the orange line indicates the normal line while the black line shows the linear trend. The trend line has a slightly positive slope of 0.0137, indicating a very mild increase in minimum temperature over time. However, the R² value is only 0.0178, meaning the trend explains less than 2% of the variation in other words, the year-to-year Tmin values are quite scattered without a strong trend. Minimum temperatures ranged mostly between 17°C and 20°C across the years. (Fig. 2)

Fig. 2: Annual trend of minimum temperature at Vindhyan Zone during 1998-2023
3. Rainfall
The graph shows the annual rainfall sum from 1998 to 2023. The blue line represents the yearly variation; the orange line indicates the normal line while the black line illustrates the overall linear trend. Over the period, rainfall shows an increasing trend, with a positive slope of 0.5752, indicating that on average, rainfall has been rising each year. The R² value of 0.001 suggests a moderate to strong correlation, meaning the trend line reasonably fits the data. Annual rainfall amounts varied widely, ranging from about 800 mm to over 1400 mm. Despite some fluctuations, the overall pattern highlights a noticeable increase in total rainfall over the study period. (Fig. 3)

Fig. 3: Annual trend of Rainfall at Vindhyan Zone during 1998-2023
Studying the impacts of weather parameters on production of major crops in Vindhyan Zone
The correlation analysis for rice crop production in the Vindhyan Zone region shows relatively weak relationships with the key weather parameters. Maximum temperature (Tmax) has a low positive correlation (+0.32) with rice production, suggesting a slight benefit from higher daytime temperatures, but the influence is not strong. Minimum temperature (Tmin) shows a very weak negative correlation (-0.03), indicating almost no impact of night-time temperatures on rice yield. Similarly, rainfall exhibits a very weak positive correlation (+0.02), implying that variations in rainfall patterns have minimal direct effect on rice production in this region. Overall, the findings suggest that in Vindhyan Zone, rice production is less sensitive to changes in temperature and rainfall compared to other regions, possibly due to better adaptation practices, irrigation facilities, or the naturally stable local climate. (Table 2)

	Parameters
	Production (tonnes)

	Tmax.
	0.311*

	Tmin.
	-0.028**

	Rainfall
	0.018*


* Significance of r<0.444 at 5%, **significance of r<0.561 at 1%.
Table 2: Inter relationship between Production of rice and maximum temperature, minimum temperature & rainfall of Vindhyan Zone during 1998-2023
The correlation analysis for wheat crop production in the Vindhyan Zone region highlights moderate relationships with weather factors. Maximum temperature (Tmax) shows a moderate positive correlation (+0.414) with wheat production, suggesting that higher daytime temperatures generally support better wheat growth and yield, as long as they remain within the crop's tolerance range. Minimum temperature (Tmin) also exhibits a weak positive correlation (+0.146), indicating that slightly warmer night-time temperatures have a minor beneficial effect on wheat yields. Rainfall shows a weak negative correlation (-0.174), suggesting that higher rainfall might slightly reduce wheat production, potentially due to issues like excess soil moisture, disease development, or delayed harvesting. Overall, in Vindhyan Zone, wheat production appears to favor moderate warmth and controlled rainfall conditions for optimal growth. (Table 3)
	Parameters
	Production (tonnes)

	Tmax.
	0.414**

	Tmin.
	0.146*

	Rainfall
	-0.174**



*Significance of r<0.444 at 5%, **significance of r<0.561 at 1%.
Table 3: Inter relationship between Production of wheat and maximum temperature, minimum temperature & rainfall of Vindhyan Zone during 1998-2023
As indicated by Bewket (2009), although the correlation coefficients may not be statistically significantly, it should be noted that any form of correlation between rainfall and crop production is indicative of the fact that farmers are vulnerable. However, as observed by Bezabih et al. (2011), some uncertainties will still arise if farmers decide to change crop production strategies in response to rainfall variability by adopting techniques such as using new crop varieties, new agronomic practices, changing their planting dates, and adapting their plots and cultivation methods to new crops.
CONCLUSIONS
Maximum and minimum temperatures exhibited minimal long-term trends, with no significant warming or cooling detected. Rainfall patterns showed moderate fluctuations, with an overall slight increase, particularly during the monsoon season. Seasonal Variations: Temperatures were highest during the summer season, with the Southwest Monsoon providing significant rainfall and temperature relief. Post-monsoon and winter seasons saw reduced rainfall and cooler temperatures. Vindhyan Zone, the correlations between weather parameters and rice production were weak. Tmax had a low positive correlation (+0.32), Tmin had an almost negligible negative correlation (-0.03), and rainfall showed an insignificant positive correlation (+0.02), suggesting that rice production in this region is less sensitive to weather fluctuations. For wheat, Tmax showed a moderate positive correlation (+0.414) and Tmin a weak positive correlation (+0.146), while rainfall had a weak negative correlation (-0.174), indicating that for wheat production moderate warmth and controlled rainfall conditions are suitable.
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1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	18.899999999999999	18.8	17.61	18.23	18.82	18.91	17.3	18.489999999999998	18.21	18.8	18.75	19.239999999999998	18.920000000000002	19.53	19.7	18.66	20.04	20.100000000000001	19.09	20.02	19.5	18.09	18.18	19.21	18.21	17.12	Normal	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	18.79	Years
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