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ABSTRACT
The present study explores whether weather is the primary factor influencing crop yield. Fluctuations in weather conditions can significantly impact agricultural productivity, often leading to substantial yield losses. Accurate weather forecasting, therefore, plays a crucial role in supporting the development and growth of crops. In this study, wheat yield data for the period 1997 to 2022 have been obtained from DACNET, specifically focusing on the Prayagraj district. Corresponding weather data for the same time frame have been sourced from NASA POWER. Crop yield prediction using regression is developed through the SPSS software package to assist agriculturists and farmers in obtaining accurate reports on crop production from various agricultural sources. In many cases, it becomes necessary to analyze multiple variables or entities simultaneously to enable effective decision-making. Analysis has been carried out using a dataset spanning 26 years for calibration (78%) and the remaining dataset for validation (22%). In this study, the emphasis was on constructing multivariate meteorological yield models using the stepwise linear regression method, incorporating weather parameters and historical crop production data. The model utilizes variables such as maximum and minimum temperatures, precipitation, relative humidity, and wind velocity. The accuracy of these models was tested with the coefficient of determination (R2) and RMSE.
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Introduction
Wheat, known as the “King of Cereals,” originated in the Middle East and is now the most widely grown food crop worldwide, feeding over a billion people. In India, it is cultivated on about 31.45 million hectares, producing 107.59 million tonnes as of 2023. Uttar Pradesh leads with 9.5 million hectares (30.19%), followed by Madhya Pradesh (20.83%), Punjab (11.15%), Rajasthan (9.91%), Haryana (8.06%), and Bihar (7.14%) (Maurya et al., 2023). Wheat accounts for nearly 25% of the global cereal-growing area, and its demand continues to rise with population growth, making future food and nutritional security a major challenge (Arvinda et al., 2022). Accurate crop yield prediction is essential for effective agricultural planning, food security, and price stability. It helps governments manage storage, trade, and emergency measures, while seed companies and researchers use it to evaluate crop varieties and improve productivity (Khaki et al., 2019). For farmers, yield forecasting supports better decision-making on irrigation, fertilization, pest control, budgeting, and insurance. In India, wheat production is significantly influenced by weather factors such as temperature, rainfall, and extreme events like droughts or floods. Climate change has made these weather patterns unpredictable, increasing the need for reliable forecasting methods (Barman, 2020). Weather affects wheat growth at different stages, resulting in year-to-year yield variations. Statistical tools like regression analysis help identify and quantify the impact of weather parameters on crop yield (Jain et al., 1984; Sykes, 1993). With this background, the present study titled “Wheat Yield Prediction Based on Regression Model for Prayagraj Region” aims to analyze the relationship between weather factors and wheat yield to develop accurate forecasts       for better agricultural planning.                                                                                                                               
1.1 Study Area: -
Prayagraj district, formerly known as Allahabad, is located in Uttar Pradesh, covering an area of 5,482 sq. km between 24°47' N latitude and 81°19' E longitude. The district has a tropical climate, with summer temperatures reaching up to 48°C and winter temperatures dropping to around 1.5°C. The average annual rainfall is about 960 mm, mainly during the monsoon season from July to September. The Ganga and Yamuna rivers divide the district into three regions: Gangapar, Jamunapar, and Dwaba.
2. MATERIALS AND METHODS
Twenty-six years (1997-2022) of weather data and yield data of wheat of Prayagraj will be used to develop yield forcasting model). yield data of wheat crop will be collected from website of Directorate of Economics and Statistics, Department of Agricultural and Cooperation, Ministry of Agriculture, Govt. of India (http:// eands.dacnet.nic.in/). The standard meteorological week (SMW) wise weather data from 44th to 11th (sowing to harvesting). will be used to develop regression models for prayagraj (UP). The models were validated with observed yield data of 2022 and 2023. The variables used in the study were rainfall (RF, mm), maximum (T max.) and minimum (T min.) temperature (0C), relative humidity (RH) and Wind speed (W/s). Different weather indices were generated using weekly values of weather parameters and their weighted values using coefficient. The current investigation utilized multivarient regression methodologies for wheat yield prediction. 
2.1 Mathematics of simple and Weighted weather indices: -
Simple and weighted weather indices were formulated for Prayagraj district. The development of simple weather indices involved the summation of individual weather variables or the interaction between two weather parameters at a time. The product of individual weather variables and their correlation with adjusted crop yield led to the creation of weighted weather indices. The calculation of both simple and weighted weather indices was based on the following formula.
2.2 Simple Weather indices: -
This index is created by summing up or multiplying individual weather variables or their pairwise interactions. It can be represented as: -                                            
                 -       (1)
	
       -      (2)
Weighted Weather Index 
This index accounts for the correlation of weather variables with adjusted crop yield. It is given by:
      -     (3)

   -    (4)
Where: -
Xiw/Xii’w= Value of ith/i’th Weather variable under study in weather week, 
rjiw/ rj ii, w = Correlation coefficient of yield with ith weather variable or product of i’th/i, th
weather variable in the week, m = week at which forecast done.
Table.1 Simple and weighted weather indices use for developing model: -
	Weather
Parameter
	Simple Weather Indices
Tmax, Tmin, R/F, RH (%), W/s
	Weighted Weather indices
Tmax, Tmin, R/F, RH (%), W/s

	Tmax
	 Z10
	Z11

	Tmin
	Z120 Z20
	Z121 Z21

	R/F
	Z130 Z230 Z30
	Z131 Z231 Z31

	RH (%)
	Z140 Z240 Z340 Z40
	Z141 Z241 Z341 Z41

	W/s
	Z150 Z250 Z350 Z450 Z50
	Z151 Z251 Z351 Z451 Z51


Now, Simple and weighted weather indices used for developing models.
For each weather variable, two types of indices were calculated:
1. Simple weather Weather Index - Simply the total sum of each weekly weather variable.
2. Weighted Weather Index - This takes the sum of each weekly weather variable but adjusts it by multiplying with the correlation coefficient between that variable and crop yield.
These indices are labeled as “Z,” where simple indices are marked with a 0 and weighted ones with a 1. For example, if maximum temperature is the first variable, its unweighted index is called Z10, while its weighted counterpart is Z11.
The same method was applied to other weather factors. To study how multiple weather variables interact, combined indices were also calculated. For instance, the combined effect of maximum and minimum temperatures, maximum temperature and rainfall, or minimum temperature and rainfall was determined by multiplying their weekly values together. 
2.4 Correlation: To explore how weather variables influence Wheat yield, a correlation analysis was conducted. The relationship between crop yield and various weather parameters was examined using the methodology outlined by Gomez and Gomez (1984).
Relationship between Weather variables and Wheat yield
The relationship between weather variables and wheat yield was analyzed using correlation analysis. The correlation coefficient ranges from -1 to +1. A negative correlation means that as one variable increases, the other decreases. Conversely, a positive correlation means both variables increase together.
The Pearson correlation coefficient is a useful statistical tool for measuring the strength of relationships between variables. The formula for calculating it is:

Where: -                                                   		-	(5)

· σx = Standard deviation of variable x
· σy = Standard deviation of variable y
The correlation between wheat yield and different weather factors was studied using the method described by Gomez and Gomez (1984). It was observed that the tabular r value decreases significantly as the degree of freedom increases, which depends on n (the number of observations used in the calculation). This means that when n is smaller, the computed r value needs to be larger to be considered significant.
2.5 Root Mean Square Error (RMSE)
The RMSE (Root Mean Square Error) measures how much the simulated values differ from the observed values on average. A lower RMSE means the simulation is more accurate, while a higher RMSE indicates poorer performance. The value ranges from zero (perfect accuracy) to positive infinity (poor accuracy). It is calculated using the formula provided by Willmott and Matsuura (2005). 
RMSE = 2   -    (6)
Result and discussion 
The yield prediction models were constructed using data spanning from 1997 to 2019, while data from 2020 to 2022 were employed for model validation. The developed models were applied to generate yield predictions for the Prayagraj District.
3.1 Development of a Yield Prediction Model.
Using Comparable Weighted Parameters
Wheat yield prediction was performed using multivariate stepwise regression in SPSS, incorporating both weighted and unweighted weather parameters as independent variables and yield as the dependent variable. The crop’s growing season was defined using standard meteorological weeks (SMW). Three models were developed and evaluated using standard regression diagnostics. This approach ensures methodological consistency while adapting to crop-specific agrometeorological factors for robust yield forecasting.
Table 2. Multivariate model developed using stepwise regression 
	SI. No
	Yield Prediction Model (s)
	R2
	MSE
	RMSE

	1.
	Y=2.509+1.271(Z51)

	.41
	0.487
	0.162

	2.
	Y=2.001+1.181(Z51) +.037(TIME)
	.66
	0.460
	0.153

	3.
	Y=.790+.871(Z51) +.032(TIME)+.132(Z21)
	.78
	0.297
	0.099


Where, Y = Wheat yield (T/ha), Time = No. of years, Z51= Wind Speed (M/s) & Z21= Mninimum Temparature, 
The most effective model among the three developed was utilized to forecast the Wheat yield for Prayagraj. In this instance, Mode 3 incorporated Z51, Z21, and time as independent variables to estimate the Wheat yield for the Prayagraj region, achieving a coefficient of determination (R²) of approximately 0.78. As shown in Table 3, it is evident that Model 3 emerged as the most reliable, explaining 78% of the variability in the Wheat yield based on the parameters included in the equation. 
Table 3. Validation of Wheat yield Prediction models & error analysis.
	
Year

	Actual
Yield
(Ton/he)
	Model - 1
	Model - 2
	Model - 3

	
	
	Fitted
Yield
(T/ha)
	PD
(%)
	Fitted
Yield
(T/ha)
	PD
(%)
	Fitted
Yield
(T/ha)
	PD
(%)

	2020
	3.59
	2.76
	23.11
	3.13
	12.81
	3.12
	13.09

	2021
	2.87
	2.73
	4.87
	3.13
	-9.05
	2.90
	-1.04

	2022
	2.3
	2.43
	-5.65
	2.89
	-25.65
	2.51
	-9.13


The projected yield, along with the actual yield and the percentage deviation from real-time data, is presented in (Table 4). It was noted that in 2022, Model 3 overpredicted the Wheat yield, while in 2020, it underpredicted the Wheat crop output. For the year 2021, Model 2 estimated the Wheat yield close to the actual value, indicating that the model performed effectively for that year. 
Table 4. Development of a yield prediction model using weekly weather parameters.
	SI. No
	Yield Prediction Model (s)
	R2
	MSE
	RMSE

	1.
	Y= 1.877 + 0.041(TIME)

	.31
	0.561
	0.187

	2.
	Y=1.912+0.048(TIME) – 0.043 RF_9
	.61
	0.606
	0.202

	3.
	Y= 2.592 + 0.048(TIME) – 0.46 RF_9 – 0.079 tmin_2
	.67
	0.467
	0.155


Where, Y = Wheat yield (T/ha), Time = No. of years. RF (mm)_9 = Rainfall Nine (SMW)
Tmin_2 = minimum temperature of second (SMW).
The most effective model among the three developed was utilized to predict the Wheat yield for Prayagraj. In this instance, Model 3 incorporated RF_9, tmin_2, and time as independent variables to estimate the Wheat yield for the Prayagraj region, achieving a coefficient of determination (R²) of approximately 0.67. As shown in (Table 5.), it is evident that Model 3 emerged as the most reliable, explaining 67% of the variability in the Wheat yield based on the parameters included in the equation. 
Table 5. Validation of wheat yield prediction model & error.
	
YEAR
	Actual
	Model - 01
	Model - 02
	Model - 03

	
	YIELD
	Fitted
Yield
(T/ha)
	
PD%
	Fitted
Yield
(T/ha)
	
PD%
	Fitted
Yield
(T/ha)
	
PD%

	2020
	3.59
	2.86
	20.33
	3.01
	16.15
	3.18
	11.42

	2021
	2.87
	2.90
	-1.04
	3.11
	-8.36
	2.88
	-0.34

	2022
	2.3
	2.94
	-27.82
	3.14
	-36.52
	3
	-30.43


Correlation analysis was conducted between wheat yield and weather variables across different phenological stages in Prayagraj, following Gomez and Gomez (1984). Annual climatic data revealed that temperature, precipitation, relative humidity, and wind velocity significantly influenced yield during key growth stages.

General growth stage of Wheat

Table 6. Relationship between wheat yield and weather variables
	Pheno Phase
	Growth stage
	DAS
	SMW

	P1
	Crown root initiation
	1-21
	44-46

	P2
	Booting
	21-63
	47-52

	P3
	Flowering to milking
	63-99
	01-05

	P4
	Dough development & harvest
	100-140
	06-11



A correlation matrix comprising the Prayagraj district was developed to analyze the relationship between wheat yield and weather variables during the crop season, spanning from the 44th to the 11th Standard Meteorological Week (SMW), i.e., from the growing to the harvest stage. The association between weather parameters and wheat yield for the period 1997–2022 is illustrated in the Figure. 1

Fig 1 Seasonal variation between weather variables.














Table 7. Correlation coefficient between weather parameters and yield of wheat at different phenological phases: 

	GROETH
STAGE
	SMW
	Tmax
	tmin
	RH
	RF
	W/s

	
	44
	-0.168
	-0.163
	0.282
	-0.220
	0.081

	P1
	45
	-0.394*
	-0.378
	0.286
	-0.209
	0.214

	
	46
	-0.154
	0.112
	0.408*
	-0.139
	-0.373

	
	47
	-0.323
	-0.120
	0.291
	-0.054
	0.334

	
	48
	-0.355
	-0.168
	0.269
	-0.065
	-0.219

	P2
	49
	-0.224
	0.023
	0.285
	-0.134
	-0.260

	
	50
	0.088
	0.329
	0.271
	-0.076
	0.159

	
	51
	-0.257
	-0.202
	0.065
	-0.193
	0.322

	
	52
	-0.163
	-0.225
	0.169
	-0.120
	-0.112

	
	01
	0.060
	0.131
	0.090
	-0.093
	-0.123

	
	02
	-0.144
	-0.196
	-0.011
	-0.277
	0.362

	P3
	03
	-0.048
	-0.151
	-0.121
	-0.395*
	-0.048

	
	04
	0.095
	-0.110
	-0.073
	-0.232
	-0.103

	
	05
	0.101
	0.025
	-0.063
	-0.063
	0.107

	
	06
	-0.002
	-0.026
	-0.181
	-0.174
	-0.085

	
	07
	0.042
	0.103
	0.046
	-0.051
	-0.005

	P4
	08
	0.155
	0.233
	-0.081
	0.096
	0.007

	
	09
	0.261
	0.265
	-0.166
	-0.449*
	-0.402*

	
	10
	0.075
	0.228
	-0.017
	0.136
	0.159

	
	11
	-0.091
	-0.048
	-0.015
	0.236
	-0.140



*Significance of r > at 5%,
Table 7 shows how weather factors during different growth stages of wheat affect the final yield. In the early growth stage (P1), there was a strong negative link between high temperatures in Week 45 and yield (r = -0.394*). This means that hot weather during the crown root initiation stage can hurt the plant's early development. negative impacts on grain yield. In field crops, an increase in temperature during critical growth stages may cause a yield reduction between 2.5 and 10% (Hatfield JL et.al. 2011). In wheat, 1°C rise in minimum or maximum temperatures wheat production by ~ 5.6% (CIMMYT and ICARDA to the CGIAR Consortium Board). Other studies have found similar results, showing that high temperatures can limit root growth and reduce the plant’s ability to make food through photosynthesis.
On the other hand, higher humidity in Week 46 showed a positive effect on yield (r = 0.408*). This suggests that more moisture in the air helps the plant grow better by keeping the leaves hydrated and allowing them to breathe properly. In physiological maturity crop growth stage, the rainfall, relative humidity and sunshine were having positively correlated (Patel, et.al. 2009).
Conclusion: - Weighted weather parameter Model 3 produced the most accurate wheat yield predictions by incorporating wind speed (Z51) minimum temperature (Z21) and Time as key variables. Wheat yield is mainly reduced by high temperature in the early stage, and by excess rainfall and wind during flowering to harvest. Humidity shows some positive effect at early growth. Overall, temperature stress early and unfavorable rain/wind later are key limiting factors.
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