Impact of climate variability on green gram in Nalanda (Bihar)


                                                                     ABSTRACT
This study evaluates the impact of climate variability and long-term weather trends on green gram (Vigna radiata) productivity in Nalanda district of Bihar, India. A comprehensive climatic analysis was carried out using 32 years (1992–2024) of weather data, including maximum and minimum temperature, rainfall, and relative humidity. The annual mean values observed were: maximum temperature 32.67 ± 0.79°C, minimum temperature 20.37 ± 0.44°C, relative humidity 56.30 ± 4.57%, and annual rainfall 1001.2 ± 199.9 mm, indicating notable inter-annual variability and emerging climate trends. Green gram yield data for the period 1999–2022 were sourced from the official Agriculture Production Yield (APY) portal of the Directorate of Economics and Statistics, Ministry of Agriculture, Government of India. Trend analysis of weather variables was performed using XLSTAT. To assess the influence of climate on yield, Pearson correlation analysis was carried out between weekly weather variables and crop yield. The results showed that maximum temperature during the vegetative stage (SMW 27) had a significant positive correlation with green gram yield (r = 0.262*), indicating beneficial thermal conditions during early growth. Similarly, rainfall during the flowering stage (SMW 30) exhibited a highly significant positive correlation (r = 0.234**). Additional positive associations were observed during harvest maturity stages (SMW 35–37) with both maximum and minimum temperatures. The study highlights that green gram yield in the region is highly sensitive to climatic conditions during specific phenological stages. These findings underline the need for climate-resilient agricultural strategies and weather-based planning to enhance pulse productivity in the face of ongoing climate change.
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1.INTRODUCTION
[bookmark: _Hlk206703346]Climate change is the most puzzling and convoluted can of worms which humanity is facing. In the past, many of these climatic disruptions had occurred by natural phenomena but from scientific studies, it is evident that most climatic changes, which mankind is witnessing, are likely to result from anthropogenic activities. As a result, the whole world is facing significant risks from climate change, therefore to continue changing. Even extensive efforts to curb greenhouse gas emissions will only slow climate change, not avoid it. Thus, adaptation is a necessity. Without adaptation, climate change would be detrimental to every segment. Rainfall is a very important natural resource, which plays a pivotal role in the success or failure of agricultural crop production in an area. In the recent years, successful and profitable production of kharif rice, which is a very important crop in Bihar, has been a gamble with erratic monsoon system. Thus, study of rainfall variability during kharif crop growing season assumes significance for evolving better crop management strategy under rainfed condition. As Nalanda district is situated in Zone IIIB (south Bihar alluvial plains) where average rainfall is relatively less than other zones of Bihar and most of the annual rainfall is received during monsoon season, there is ample scope of rain water harvesting for supplemental irrigation and pre-sowing irrigation for subsequent rabi crops. Several authors have carried out rainfall analysis for crop planning at district level. Generally, a number of approaches for crop yield Indian agriculture is highly vulnerable due to climate change. In this context, numerous of studies have assessed the impact of climate change on yield and production of food-grain and cash crops in different regions/states in India.
Most susceptible climate change area is agriculture as it is highly dependent on rainfall and temperature variation (Philip et al., 2014). In developing countries like India, agriculture is the main sources of income and any noticeable changes in the monsoon rainfall (pattern, intensity and frequency) directly affect the livelihood of major population.
Green gram production in Uganda is constrained by many challenges including; poor management of pests and prediction exist including plot-by-plot analysis which using experts or farmer tacit knowledge based on plant observation to predict yield (Anjitha et al., 2021). Using this method a farmer or expert relay on their past experiences combined with plant physiological presentation to predict the yields. Additionally, Fuzzy logic (FL) which works on the principle of assigning a particular output depending on the probability of the state of the input (Chopra et al., 2021), Adaptive Neuro Fuzzy Inference System (ANFIS) and Multiple Linear Regression (MLR) which attempts to model the relationship between two or more explanatory variables and a response variable by fitting a linear equation to observed data have been proposed. 
 Water is a key input not only in improving crop yield, but also directly or indirectly involves in all physiological processes in plants that influence the morphological features of plants directly (Dahanayake et al., 2015). Pulses are thermo sensitive. As they are vulnerable to high temperature, it negatively impacts the flowering, pod setting and yield of crops. Compared to cereals and oil seeds, pulse crops are more prone to climate variability (Mishra et al., 2017). High temperature and moisture deficit stress are the key abiotic factors which adversely affect the growth and yield of black gram (Vanaja et al., 2006).
The intensification of climate change, driven by human activities and environmental disasters, along with rapid population growth, has significantly increased the demand for food resources. This has underscored the importance of understanding the intricate connections between climate variability and agricultural yields. Accurate crop yield prediction is essential for modern agricultural planning, addressing challenges such as climate variability, pest infestations, and harvest planning. These predictions are crucial for government agencies to develop effective food policies, regulate market prices, and manage trade activities. Industries benefit from improved logistics, while timely and precise yield estimates enable farmers to make informed decisions and mitigate risks (Setiya et al., 2024).
In this context, the present study aims to assess the long-term trends and variability of seasonal and annual temperature, rainfall, and relative humidity, as well as their weekly correlations with crop yields in the Nalanda region of Bihar. The combined analysis of climatic trends and crop-weather relationships offers valuable insights to support climate-resilient agricultural planning and the development of localized mitigation and adaptation strategies in response to emerging climate risks.
2. MATERIAL AND METHODS
2.1 Experimental site: Nalanda district is located in the eastern Indian state of Bihar, with geographical coordinates approximately 25°7′ N latitude and 85°26′ E longitude. The district experiences a humid subtropical climate with three distinct seasons—hot summers (March to June), a monsoon season (June to September), and cool wint Generally, a number of approaches for crop yield Indian agriculture is highly vulnerable due to climate change. In this context, numerous of studies have assessed the impact of climate change on yield and production of food-grain and cash crops in different regions/states in India.
2.2 Climate:
Nalanda, located in eastern India, experiences a humid subtropical climate with three distinct seasons—hot summers, a rainy monsoon, and cool winters. Summers (March to June) are dry and scorching, with temperatures often rising above 40°C. The monsoon season (June to September) brings most of the annual rainfall, supporting agriculture in the region. Winters (November to February) are cool and pleasant, with temperatures sometimes dropping below 10°C, especially during early mornings and nights. The climate overall is suitable for crops like rice and wheat, making agriculture a key activity in the area.
Data Collection
2.3 Weather Data: Data pertaining to daily maximum and minimum temperatures (°C), relative humidity percentages (%), and rainfall amounts (mm) for the period from 1992 to 2024 were sourced from the Nasa Power. The analysis in this study involved the weekly weather data associated with the crop growth period. Standard meteorological week weather data were also considered. Weekly averages for maximum temperature, minimum temperature, rainfall, and relative humidity were computed from the daily weather data.
2.4 Crop Yield Data: The data regarding the annual production (measured in kilograms) and the area under cultivation (expressed in hectares) for green gram crop (Kharif season) in the Nalanda district, spanning the years 1999 to 2022, has been obtained from the district-level yield database curated by the Directorate of Economics and Statistics within the Department of Agriculture and Farmers Welfare.
Software and Tools used:
2.5 Excel To process and organize the climatic data, Microsoft Excel was extensively used. Daily weather data such as rainfall, temperature, and other relevent parameters were initially compiled in Excel spreadsheets. Using Pivot Tables, the daily data were systematically aggregated into monthly, annual, seasonal & weekly summaries for further analysis.
2.6 XLSTAT: 2024.4.1 1425
The leading data analysis and statistical solution for Microsoft Excel. XLSTAT is a powerful yet flexible Excel data analysis add-on that allows users to analyse, customize and share results within Microsoft Excel, XLSTAT is a statistical and data analysis add-in for Microsoft Excel, widely used in fields like agriculture, business analytics, engineering, life sciences, and market research. It enhances Excel with advanced statistical and machine learning tools without requiring programming skills. 14-day trial version of software has been used for Trend analysis with the help of Mann- Kendell Test &Sen's slope estimator and Pearson correlation coefficient. 
Variability.
2.7 Variability:
The variability terms (standard deviation, mean and coefficient of variation) were computed over monthly, seasonal and annual periods for maximum and minimum temperature, rainfall and relative humidity of Nalanda districts during 1992 to 2024.
2.7.1 Mean:
The mean (average) values of climatic parameters such as maximum temperature, minimum temperature, rainfall, and solar radiation were calculated on a monthly, seasonal, and annual basis by using expression:
                                                                                                       ……………. (1)
Where: 
 is the mean of the observations.
  is the observation
n is the total number of observations.
2.7.2 Standard Deviation:
In statistics, the standard deviation (SD, also represented by the Greek letter sigma  or the Latin letter s) is a measure that is used to quantify the amount of variation or dispersion of a set of data values. A low standard deviation indicates that the data points tend to be close to the mean (also called the expected value) of the set, while a high standard deviation indicates that the data points are spread out over a wider range of values. Norman et al., (2003).
                                                 =                                                ………………(2)
Where 
          = Standard deviation
        Xi = Each value of the data set
          = Arithmetic mean of data
         N = Total numbers of data points
2.7.3 CV (Coefficient of Variation):
             The coefficient of variation (C.V.) is defined as the ratio of the standard deviation to the mean. It shows the extent of variability in relation to the mean of the population. Abdi, H. (2010).
                                           Coefficient of variation =                …………………(3)
Where 
         = Standard deviation
          = Mean
Trend Analysis of Climatic Data.
2.8 Mann Kendell Test:
              The Mann-Kendall test is a non-parametric method used for trend analysis of time series data (Kendall 1975). Major advantage of Mann-Kendall test is that it is free from statistical distributions which are required for parametric method. Due to its simplicity and broader application, World Meteorological Organization (WMO) has recommended this method to assess the monotonic trend in hydro-meteorological time-series (Tian et al. 2012). The null hypothesis (H0) for the Mann-Kendall test is that there is no trend or serial correlation among the analysed population against the alternative hypothesis (H1), which assumes increasing or decreasing monotonic trend. The data values are evaluated as an ordered time series. Each data value is compared with all subsequent data values. If a data value from a later time period is higher than a data value from an earlier time period, the statistic S is incremented by 1 and if the data value from a later time period is lower than a data value sampled earlier, S is decremented by 1. The net result of all such increments and decrements yields the final value of S (Shahid 2011).
The Mann-Kendall statistic S is given as

where, S is Mann-Kendall statistic and sgn is the signum function. The application of trend test is done to a time series xi that is ranked from i = 1, 2,………n-1 and xj , which is ranked from j = i+1, 2, n. Each of the data point xi is taken as a reference point which is compared with the rest of the data points xj so that,
                                                  Sgn(xj-xi) =
If n < 10, then value of |S| is compared directly to the theoretical distribution of S derived by Mann and Kendall. At certain probability level H0 is rejected in favour of H1 if the absolute value of S equals or exceeds a specified value Sα/2, where Sα/2 is the smallest S which has the probability less than α/2 to appear in case of no trend. A positive value of S indicates an upward trend and negative value indicates downward trend (Salmi et al. 2002, Luo et al. 2008). For n > 10, the statistic S is approximately normally distributed with the mean E(s)=0 and variance. The variance statistic is given as

where, ti is considered as the number of ties up to sample i. The presence of a statistically significant trend is evaluated using the Zc value. Where, Zc test statistics and is given by

A positive value of Zc indicates an increasing trend and negative value indicates decreasing trend. The statistic Zc is normally distributed. To test an increasing or decreasing monotone trend, a two-tailed test at α level of significance is used. Null hypothesis (H0) is rejected if the absolute value of Zc is greater than Z1–α/2 where, Z1–α/2 is obtained from the standard normal cumulative distribution tables. Where, α is the significance level for the test and ±Z1–α/2 are the standard normal deviates. In this study, α and Z1–α/2 were taken as 95% and ±1.96, respectively. 
True slope (change per unit time) within the time series is estimated through procedure laid by Sen (1968) in case the trend is linear. The magnitude of trend is predicted by the Sen’s estimator. Slope is given by

where, xj and xk are data values at times j and k (j > k) respectively. The median of these N values of Qi is represented as Sen’s estimator. Qmed = Q (N+1)/2 if N is odd, and Qmed= [Q N/2 + Q (N+2)/2]/2 if N is even. Positive value of Qi indicates an increasing trend and a negative value of Qi shows decreasing trend in the time series.
2.9 Correlation Analysis Correlation is a term that refers to the strength of a relationship between two variables. A strong or high correlation means that two or more variables have a strong relationship with each other, while a weak or low correlation means that the variables are hardly related. Correlation analysis is the process of studying the strength of that relationship with available statistical data. Cohen et al. (2014).
                                              r =                 
where:
· are individual data points of variables X and Y,
· are the mean values of X and Y,
· ∑ denotes summation over all data points.
Significance of correlation was checked at 5 per cent level by using table of critical values for Pearson Correlation.
2.9.1 Co-efficient of determination () The coefficient of determination  is defined as the squared value of the Pearson correlation coefficient. signifies the proportion of the variance in measured data explained by the model, or can also be interpreted as the squared ratio between covariance and the multiplied standard deviations of the observations and predictions. It ranges from 0 to 1, with values close to 1 indicating a good agreement, and typically values greater than 0.5 are considered acceptable in watershed simulations. Co-efficient of determination () was used to show the relationships between two different variables i.e. between dependent and independent variables. In the present case the simulated yield was considered as depended variable and observed as independent variable. An increasing trend for example, with high   value implies that there exists better relationship between two variables. Coefficient of determination was calculated using M.S. Excel between two variables situated in X and Y co-ordinates.
Methodology:
Collection of Daily Gridded data from NASA POWER (Temperature, Rainfall and Relative Humidity) → EXCEL conversion into Weekly, Monthly, Seasonally, Annually → Trend analysis using XLSTAT → Correlation analysis using XLSTAT → Results




   



3. RESULTS AND DISCUSSION
3.1 Temperature, Rainfall and Relative humidity analysis for Nalanda
Maximum temperature variability: The monthly analysis of maximum temperature based on 32 years of data for the Nalanda region presented in Table 1, revealed that January records the lowest maximum temperature (24.29 ± 1.28)°C, where as the month of May experiences the highest maximum temperature (41.57 ± 1.46)°C. The average annual temperature for Nalanda region is (32.72 ± 1.46) °C. It is observed that the highest variation in maximum temperature occurred in the summer season, and the lowest coefficient of variation was observed in pre monsoon with 2.43% variability. Also in seasonal analysis winter season are highest in coefficient of variation (Ex :- January with 5.26%). While in annual maximum temperature variation was around 2.42% which implies less variability this indicates that the daily or annual high temperature remained relatively stable over the 32 years with minor fluctuations.
Chhabra et al. (2015) the study conducted by 45 years of climate data from three agro ecological zones of Bihar using mean, standard deviation (SD), and coefficient of variation (CV) to access variability in temperature and rainfall pattern. Their findings reveled that maximum temperature exhibited very low variability across all zones, indicating a relatively stable trend over the years. In contrast, minimum temperature shows slightly higher fluctuations in some zones. This support the observation that low variability in maximum temperature is a consistent feature in the region, aligning with the present study. 
Table 1: Average Maximum temperature (℃) duration 1992-2024 for Nalanda (Bihar). 
	     Time series
	            Mean
	                  SD
	                 CV

	        January
	24.29
	1.28
	                5.26

	       February
	28.99
	1.73
	    5.98

	March
	35.36
	1.55
	4.38

	April
	40.64
	1.43
	3.51

	May
	41.57
	1.46
	3.52

	June
	39.44
	2.47
	6.27

	July
	34.04
	1.38
	4.05

	August
	32.64
	0.87
	2.66

	September
	31.51
	0.71
	2.24

	October
	30.86
	1.32
	4.28

	November
	28.28
	1.54
	5.44

	December
	24.72
	1.36
	5.49

	Annual
	32.7
	0.79
	2.42

	Winter
	26.64
	1.38
	5.19

	Pre Monsoon
	39.19
	0.95
	2.43

	Monsoon
	34.41
	1.03
	2.90

	Post Monsoon
	27.95
	1.3
	4.64



Minimum temperature variability: The monthly, annual and seasonal variation in minimum temperature of the Nalanda region is presented in Table 2, which includes mean, standard deviation (SD) and coefficient of variation (CV). According to the data, January records the lowest minimum temperature (8.92 ± 1.06)°C whereas the month of June experiences the highest temperature 29.3°C with standard deviation 1.2°C and the average annual minimum temperature for the Nalanda region is found to be (20.4 ± 0.45)°C. Based on monthly variation, the least variability is recorded in month of August (CV = 1.227%), while the highest variability in month of January (CV = 11.84%). As per as seasonal analysis, the monsoon season showed the lowest minimum temperature variability with coefficient of variation is 1.78% and the highest in winter season with CV 8.05 this indicates high variation in long term minimum temperature during winter season and vice versa in monsoon season.
The annual variation in minimum temperature is about CV = 12.186% relatively indicating that more stable temperature during long term annual variation.
Table 2: Average Minimum temperature (℃) duration 1992-2024 for Nalanda (Bihar).
	     Time series
	            Mean
	                SD
	               CV

	January
	               8.92
	1.06
	11.84

	February
	12.2
	1.28
	10.52

	March
	17.8
	1.16
	6.515

	April
	23.8
	0.92
	3.877

	May
	27.7
	0.79
	2.837

	June
	29.3
	1.2
	4.079

	July
	27.1
	0.54
	1.994

	August
	26.3
	0.32
	1.233

	September
	25.02
	0.59
	2.345

	October
	20.9
	1.14
	5.429

	November
	15.1
	1.45
	9.621

	December
	10.3
	1.21
	11.7

	Annual
	20.4
	0.45
	2.186

	Winter
	10.5
	0.85
	8.058

	Pre Monsoon
	23.1
	0.62
	2.666

	Monsoon
	26.9
	0.48
	1.78

	Post Monsoon
	15.5
	0.99
	6.453



Rainfall variability Analysis: The rainfall data of Nalanda (1992 – 2024) showed monthly, annual and seasonal variations in Table3. The mean annual rainfall was found to be 1001.23 ± 199.90 mm with a coefficient of variation (CV) around 20% which indicates moderate year to year variability in total rainfall. The monthly analysis showed that the amount of rainfall is recorded the highest during month of July (265.04 ± 103.69) mm, followed by August 242.51 mm and September 185.14 mm, these value shows that most of the rainfall occurs during the monsoon season. The lowest rainfall are recorded in December (4.23 ± 8.77) mm, Which also have high variability (CV = 207.24%), i.e in winter month rainfall is highly consistent. The most stable rainfall is seen in August, Where the CV is lowest 27.07%, indicating less fluctuation. According to study Nov and Dec months shown the high variability, with CV (217.50 & 207.24) %, but receiving very least rainfall and how unreliable winter rainfall is. Overall, the analysis shows that rainfall in Nalanda region is mostly concentrated in monsoon month and rainfall during winter and post – monsoon is very uneven and unpredictable.
These findings are consistent with the observations of Gupta et al., (2010) who also reported that rainfall in rainfed regions like the laterite zones of West Bengal shows significant intra-seasonal and inter-annual variability, thereby complicating crop planning under rainfed conditions. Similarly, in Nalanda, the high rainfall variability, particularly in winter and pre-monsoon months, makes rainfed crop planning uncertain and risky.
Table 3: Average rainfall temperature (mm) duration 1992-2024 for Nalanda (Bihar).
	Time series
	Mean
	SD
	CV

	January
	9.1252
	10.61
	116.3

	February
	13.021
	14.8
	113.7

	March
	9.5985
	12.06
	125.7

	April
	12.865
	10.86
	84.42

	May
	52.361
	42.89
	81.92

	June
	151.22
	99.36
	65.71

	July
	265.04
	103.7
	39.12

	August
	242.51
	65.66
	27.08

	September
	185.14
	81.83
	44.2

	October
	51.003
	42.95
	84.22

	November
	5.1055
	11.1
	217.5

	December
	4.2342
	8.775
	207.2

	Annual
	1001.2
	199.9
	19.97

	Winter
	22.146
	19.31
	87.21

	Pre Monsoon
	74.824
	44.46
	59.42

	Monsoon
	843.92
	182.4
	21.61

	Post Monsoon
	60.343
	43.38
	71.89



Relative humidity analysis: The monthly and annual variation in mean relative humidity for the Nalanda region 32 year of data presented in Table 4 has been analysed using mean, standard deviation and coefficient of variation. According to the data, the least relative humidity is recorded in April with a mean value of (25.97 ± 6.89)°C, and the highest humidity occurred in September, with a means of (84.72 ± 2.62)°C. The monthly variation shows that September had the lowest variability, with a Coefficient of variation 3.098% i.e indicating that humidity during the month is remained stable. Month of March (CV = 27.68%) and April (CV = 26.54) shows higher variability means relative humidity during these months are more fluctuating. The average annual relative humidity is found to be (56.31 ± 4.57)°C, with the coefficient of variation is 8.11% which indicates moderate fluctuations in year to year.
Overall analysis highlights that relative humidity for Nalanda region remains high and more consistent during the monsoon months especially in August and September, and the greater fluctuations are observed during the winter and pre monsoon month.
Table 4: Average relative humidity temperature (℃) duration 1992-2024 for Nalanda (Bihar).
	Time series
	Mean
	SD
	CV

	January
	50.544
	9.631
	19.05

	February
	41.532
	8.996
	21.66

	March
	30.311
	8.391
	27.68

	April
	25.969
	6.892
	26.54

	May
	35.602
	7.485
	21.02

	June
	51.459
	10.23
	19.88

	July
	77.115
	6.101
	7.912

	August
	83.332
	3.731
	4.477

	September
	84.72
	2.625
	3.098

	October
	74.877
	7.228
	9.653

	November
	63.503
	9.92
	15.62

	December
	56.744
	10.55
	18.59

	Annual
	56.309
	4.569
	8.114

	Winter
	46.038
	8.727
	18.96

	Pre Monsoon
	30.627
	5.26
	17.17

	Monsoon
	74.156
	4.348
	5.863

	Post Monsoon
	65.041
	8.775
	13.49



Trend analysis of weather parameters for Nalanda region (1992-2024).
Maximum temperature (℃) Trend: The trends of maximum temperature at Nalanda (1992-2024) are given in Table 5. The statistically significant decreasing trends were observed in January and May month with temperature declining at the rate of -0.061°C/year and -0.073°C/year per respectively. Conversely, September showed a statistically significant increasing trend, with an annual rise of 0.0255°C/year. Seasonal analysis indicates a notable decrease in maximum temperature during the pre-monsoon and winter seasons, while a slight increasing trend was observed during the monsoon season. On an annual scale, the average maximum temperature is also showing decreasing trend at a rate of -0.018°C per year, though its not statistically significant. Thus it may be inferred from the study that maximum temperature is not increasing for Nalanda region.
The long term analysis of maximum temperature revealed no significant increasing trend in annul variation, which indicates climatic stability. This suggests that for Nalanda region there are least Chances of heat stress and its effect on agricultural production. Several studies have reported varying trends in temperature; however, in some regions, including parts of Bihar, the long-term trend in maximum temperature has remained statistically non-significant, indicating a need for location-specific climate analysis rather than relying solely on national or global projections.
Radhakrishnan et al., (2017) Conducted a comprehensive analysis of long-term climate trends across India over the period 1901 to 2014, using data from 36 meteorological subdivisions. The study applied both parametric (linear regression) and non-parametric methods (Mann-Kendall test, Sen’s Slope) to detect changes in annual and seasonal temperature and rainfall. The analysis revealed a statistically significant increase in mean temperature, especially during the last 30 years, with the mean temperature showing a consistent warming trend across most seasons. Notably, winter and post-monsoon seasons experienced higher variability and warming, emphasizing the effects of climate change on minimum temperatures in particular.
These findings align with regional observations in eastern India, including Nalanda, where increasing trends in minimum temperature are also evident. This supports the conclusion that while maximum temperature trends in some locations may remain stable or non-significant, minimum temperatures are rising significantly, contributing to regional warming patterns and potential impacts on agriculture and water availability.
Table 5: Average maximum temperature (℃) trend duration 1992-2024 for Nalanda (Bihar).
	Time Series
	MK
	Significance
	Slope

	January
	-0.314
	  ↓*
	-0.061

	February
	-0.061
	↓
	-0.02

	March
	-0.167
	↓
	-0.053

	April
	-0.064
	↓
	-0.018

	May
	-0.318
	  ↓*
	-0.073

	June
	0.053
	↑
	0.0162

	July
	-0.027
	↓
	-0.005

	August
	0.0967
	↑
	0.0171

	September
	0.2689
	   ↑**
	0.0255

	October
	-0.068
	↓
	-0.011

	November
	-0.186
	↓
	-0.052

	December
	-0.199
	↓
	-0.039

	Annual
	-0.193
	↓
	-0.018

	Winter
	-0.197
	↓
	-0.047

	Pre -monsoon
	-0.269
	    ↓**
	-0.004

	Monsoon
	0.0947
	↑
	0.0181

	Post - monsoon
	-0.155
	↓
	-0.034

	Where, (↑) indicates increasing trends, (↓) indicates decreasing trend, *** 0.1 level of significance, **0.05 level of significance, * 0.01 level of significance



Minimum temperature (℃) Trend: The analysis of minimum temperature trends for Nalanda district over the period 1992 to 2024 presented in Table 6 reveals a consistent increasing trend across most months and seasons. Statistically significant rising trends were observed in the months of April (0.040°C/year), August and September (0.015 & 0.039°C/year), October (0.044°C/year), and on an annual scale (0.0211°C/year). These results indicate a clear warming pattern, particularly during the post-monsoon and early winter months. The highest rate of increase was recorded in October (0.044°C/year), followed by April and September, suggesting that nighttime temperatures during critical agricultural periods are rising. Although the month of May exhibited a slight but statistically non-significant decreasing trend of -0.0189°C/year, all other months showed positive trends. Seasonal analysis of Pre-monsoon, monsoon, and post-monsoon periods all displayed increasing trends in minimum temperature, the post-monsoon season experienced the most pronounced increase at 0.0315°C/year. On an annual scale, the minimum temperature demonstrated a statistically significant increasing trend of 0.0211°C/year, pointing to a gradual yet sustained warming of the lower-bound temperature profile in the region.
This long-term rise in minimum temperature may have implications for crop phenology, pest dynamics, and evapotranspiration rates, potentially impacting rabi crop productivity and water requirements in the Nalanda region.
Table 6: Average minimum temperature (℃) trend duration 1992-2024 for Nalanda (Bihar).
	Time Series
	              MK
	             Significance
	              Slope

	January
	0.053
	                   ↑
	0.005

	February
	0.0985
	                   ↑
	0.021

	March
	0.1477
	                   ↑
	0.033

	April
	0.3128
	                   ↑*
	0.04

	May
	-0.163
	                   ↓
	-0.02

	June
	0.0644
	                   ↑
	0.013

	July
	0.0795
	                   ↑
	0.007

	August
	0.25
	                   ↑**
	0.015

	September
	0.4962
	                   ↑*
	0.039

	October
	0.2803
	                   ↑**
	0.044

	November
	0.1136
	                   ↑
	0.028

	December
	0.1818
	                   ↑
	0.032

	Annual
	0.2727
	                   ↑**
	0.021

	Winter
	0.0909
	                   ↑
	0.012

	Pre - monsoon
	0.197
	                   ↑
	0.017

	Monsoon
	0.2348
	                   ↑
	0.021

	Post - monsoon
	0.2235
	                   ↑  
	0.032

	Where, (↑) indicates increasing trends, (↓) indicates decreasing trend, *** 0.1 level of significance, **0.05 level of significance, * 0.01 level of significance

	



Rainfall (mm) Trend:  The rainfall trend analysis for Nalanda, Bihar from (1992 to 2024) presented in Table 7. Statistically significant increasing trends in rainfall were observed in May and during the pre-monsoon season, with May showing 1.27mm/year and the pre-monsoon period increasing at a rate of 1.77mm/year. On the other hand, November displayed a statistically significant decreasing trend, with rainfall declining at -0.076mm/year. Several months including January, February, June, and August also showed negative trends, though not statistically significant. Among these, August had the most decline with a rate of -1.49mm/year, followed by June -0.8mm/year and monsoon season -1.21mm/year, indicating weakening monsoon rainfall over the years.
The annual rainfall trend remains almost neutral with a very slight increase 0.024mm/year. Seasonal analysis further confirms the rising trend during the pre-monsoon, contrasting with a decreasing pattern during the monsoon and winter seasons.
Mondal et al., (2012) Analyzed rainfall data over a 40-year period (1971–2010) for the Birupa river basin in the northeastern part of Cuttack district, Odisha using the Mann-Kendall (MK) test, Modified MK, and Sen’s Slope Estimator. The study revealed no consistent or significant trends in monthly rainfall, although certain months exhibited increasing or decreasing trends. The results emphasized overall insignificant changes in precipitation, indicating variability and the need for location-specific analysis in climate studies.
Table 7: Average rainfall(mm) trend duration 1992-2024 for Nalanda (Bihar).
	Time Series
	         MK
	Significance
	Slope

	January
	-0.164
	↓
	-0.126

	February
	-0.047
	↓
	-0.039

	March
	0.167
	↑
	0.158

	April
	0.144
	↑
	0.19

	May
	0.277
	    ↑**
	1.272

	June
	-0.098
	↓
	-0.8

	July
	0.023
	↑
	0.0583

	August
	-0.112
	↓
	-1.49

	September
	0.083
	↑
	1.231

	October
	0.11
	↑
	0.676

	November
	-0.425
	  ↓*
	-0.076

	December
	0.087
	↑
	0.001

	Annual
	0
	↑
	0.024

	Winter
	-0.049
	↓
	-0.14

	Pre - monsoon
	0.345
	  ↑*
	1.767

	Monsoon
	-0.042
	↓
	-1.208

	Post - monsoon
	-0.008
	↓
	-0.037

	Where, (↑) indicates increasing trends, (↓) indicates decreasing trend, *** 0.1 level of significance, **0.05 level of significance, * 0.01 level of significance


 
Relative humidity temperature (℃) Trend: The analysis of relative humidity (RH) trends for Nalanda, Bihar over the period (1992–2024) is presented in Table 8 reveals a consistent increasing pattern across most months and seasons. Statistically significant increasing trends were observed particularly in January, February, March, May, October, November, and December, with the highest rate of increase recorded in December 0.624°C/year, followed by January 0.508°C/year and November 0.489°C/year. Although slight positive trends were observed during June and July, they were not statistically significant. August and September, on the other hand, showed marginally decreasing trends of -0.030°C/year and -0.0035°C/year respectively, though these too were statistically non-significant. The winter, pre-monsoon, and post-monsoon seasons showed statistically significant increasing trends, with the post-monsoon period displaying a strong rise of 0.447°C/year. Conversely, the monsoon season exhibited a slight negative trend -0.020°C/year, which was not significant.
Overall, the annual trend in RH demonstrates a statistically significant increase at a rate of 0.261°C per year. 
Table 8: Average Relative humidity temperature (℃) trend duration 1992-2024 for Nalanda (Bihar).
	Time Series
	              MK
	             Significance
	Slope

	January
	0.341
	                    ↑*
	0.508

	February
	0.265
	                    ↑**
	0.382

	March
	0.277
	                    ↑**
	0.368

	April
	0.212
	                    ↑
	0.257

	May
	0.295
	                    ↑**
	0.329

	June
	0.027
	                    ↑
	0.028

	July
	0.061
	                    ↑
	0.059

	August
	-0.06
	                    ↓
	-0.03

	September
	-0.01
	                    ↓
	-0

	October
	0.299
	                    ↑**
	0.25

	November
	0.28
	                    ↑**
	0.489

	December
	0.371
	                    ↑*
	0.624

	Annual
	0.451
	                    ↑*
	0.261

	Winter
	0.333
	                    ↑*
	0.39

	Pre - monsoon
	0.413
	                    ↑**
	0.332

	Monsoon
	-0.02
	                    ↓
	-0.02

	Where, (↑) indicates increasing trends, (↓) indicates decreasing trend, *** 0.1 level of significance, **0.05 level of significance, * 0.01 level of significance



Correlation analysis between weather variables and crop yield.
The correlation between weather variables and green gram yield was done to assess the impact of different variables prevailed during the crop season for the different stages which were significant in making use of the weather resources for the production of green gram yield are considered. Correlation study between yield of the green gram crop with the various weather parameters were carried out for Nalanda district with the help of methodology described by Gomez and Gomez (1984). For this study, the correlation between weekly weather parameters and yield of green gram crop has been established. The length of each growth stage is greatly influenced by temperature, rainfall and relative humidity.
Generalized growth stages of green gram.
	Phenophases
	Growth Stage
	Standard Meteorological Week (SMW) Duration

	P1
	Germination & Seedling
	                                     26

	P2
	Vegetative Growth
	                                  27-29

	P3
	Flowering
	                                  30-31

	P4
	Pod Development
	                                  32-33

	P5
	Pod Maturity
	                                  34-36

	P6
	Senescence Maturity
	                                     37


The correlation matrix for the green gram yield and weather variables for season i.e. from 27th SMW (growing week) to 37th (Senescence week) was developed for period 1999-2022. 
 Figure 1. Yield data of green gram in Nalanda region.
The results revealed that there were both significant positive and negative relationships between weekly weather variables and the yield of green gram during different growth stages. Table 9 illustrates the correlation coefficients, highlighting significant weather parameters affecting green gram yield at 5% and 1% levels of significance. During the germination stage (27th SMW), maximum temperature showed a significant and positive correlation with yield (r = 0.262*), In the same week, relative humidity had a significantly negative effect (r = -0.30*). During the vegetative stage (30th SMW), rainfall had a highly significant positive correlation (r = 0.234**). In the pod development & maturity phase, particularly during (35th and 36th SMW), minimum temperature (r = 0.287* & 0.419*), maximum temperature (r = 0.220**), rainfall (r = 0.380*), and relative humidity (r = -0.292*) all showed significant correlations with yield. At the senescence stage, especially during 37th SMWs, minimum temperature (r = 0.311*) and maximum temperature (r = 0.225**) all showed positive and significant correlations with yield. Overall, maximum temperature and rainfall during flowering to maturity phases positively influenced green gram yield, while relative humidity during germination and pod maturation stages had negative impacts.
Table 9 Correlation coefficient between weather parameter and green gram yield at different growth stages.
	Growth stage
	SMW
	Tmax
	Tmin
	RF
	RH

	Germination & Seedling
	27
	0.262*
	0.071
	-0.231
	-0.30∗

	Vegetative growth
	28
	-0.02
	-0.013
	0.069
	 0.01

	
	29
	0.025
	-0.002
	0.103
	-0.04

	
	30
	-0.17
	-0.013
	0.234**
	  0.1

	Flowering
	31
	-0.03
	-0.034
	-0.045
	0.11

	
	32
	-0.11
	-0.04
	0.122
	0.13

	Pod development & Maturity 
	33
	-0.16
	-0.052
	0.179
	0.12

	
	34
	0.089
	0.049
	-0.071
	-0.15

	
	35
	0.220**
	0.287*
	0.071
	-0.292∗

	
	36
	0.117
	0.419*
	0.380*
	-0.02

	Senescence
	37
	0.225**
	0.311*
	0.09
	-0.09

	                       Where, *0.01 level of significance, **0.05 level of significance.


In summary, a positive correlation between green gram yield and rainfall during pod maturation is indeed desirable and indicates healthy crop development. However, "too much of a good thing" applies here - excessive rainfall can quickly turn this positive correlation into a negative one, severely impacting yield. Farmers in Nalanda, and elsewhere, aim for well-distributed and moderate rainfall during this crucial stage.
In the present study conducted for Nalanda (Bihar), a significant positive correlation was observed between green gram yield and maximum temperature (r = 0.220**), minimum temperature (r = 0.287*, 0.419*), rainfall (r = 0.380∗) and relative humidity(r = -0.292*) during the pod maturity stage (SMW 35–36). These findings are in close agreement with Bobade et al., (2020), who reported a significant positive correlation between yield and maximum temperature (r = 0.220*), minimum temperature (r = 0.287* & 0.419*), and rainfall (r = 0.380*) during pod development & maturity under changing weather conditions. The study further confirmed that relative humidity had a significant negative effect (r = -0.292*) at this stage, which is also reflected in the present analysis.
Conclusion
[bookmark: _Hlk206705968]It is concluded that minimum temperature and RH of Nalanda is increasing significantly over the years. The average annual maximum temperature of Nalanda was 32.7℃ while annual minimum temperature was recorded 20.4℃ after 32 years evaluation. This study also quantified that green gram yield has positive effect of maximum temperature and minimum temperature during germination and pod development respectively.
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