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Abstract  
 A comprehensive trend analysis of annual rainfall and temperature was conducted across ten districts representing diverse agro-climatic zones of Rajasthan, India, for the period 1991–2022. The study employed the Mann-Kendall test along with Sen’s slope estimator at a 10 per cent significance level to identify climatic variations. Results revealed both upward and downward trends in rainfall and temperature across the districts. Among them, Banswara recorded the highest mean annual rainfall (954.86 mm), followed by Kota (814.17 mm), Udaipur (690.09 mm), and Bharatpur (621.86 mm). While most districts showed an increase in rainfall between 1991–2000 and 2011–2022, declines were noted in Banswara (–35.18 mm), Jaipur (–18.98 mm), and Bharatpur (–7.04 mm). Pre-monsoon rainfall decreased in Banswara (–3 mm) and Kota (–2.94 mm), whereas Sikar (26.13 mm) and Bharatpur (23.55 mm) experienced the largest increases. Udaipur exhibited a statistically significant upward rainfall trend, with a Mann-Kendall value of 2.708 and Sen’s slope of 9.452 mm per year. Temperature analysis highlighted Sri-Ganganagar as the district with the highest annual maximum mean temperature (48.08 °C), while Banswara recorded the lowest annual minimum mean temperature (6.51 °C). Sri-Ganganagar showed a significant decline in maximum temperature trends, with a Mann-Kendall statistic of –1.589 and Sen’s slope of –0.020. Similarly, Bharatpur displayed a significant reduction in minimum temperature, with a Mann-Kendall value of –1.346 and Sen’s slope of –0.034. These findings emphasize the critical role of spatial and temporal climate variability in shaping agricultural planning and adaptation strategies, underscoring the need for region-specific approaches to sustain farming systems in Rajasthan.
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1. Introduction

Climate change stands as one of the most pressing challenges of the modern era, profoundly altering ecosystems across the globe. Although Earth’s climate has always been subject to gradual shifts, the pace of change has accelerated significantly over the past century. Human activities, particularly the release of greenhouse gases (GHGs), have driven a rise in average global temperatures of about 0.9 °C since the 19th century. Projections suggest that this warming could reach 1.5 °C by 2050, or even higher, due to deforestation, increasing emissions, and widespread pollution of air, water, and soil. This rapid temperature escalation has been linked to more frequent extreme events such as heat waves, droughts, floods, and irregular rainfall. While climate change affects many sectors, its impact is especially pronounced in agriculture, a cornerstone of both the global economy and food supply. By 2050, the world’s population is expected to reach 9.7 billion, intensifying pressure on agricultural systems already strained by climate variability. The close interdependence between agriculture and climate underscores the threat that abrupt climatic shifts pose to global food security.
In India, rainfall distribution is highly uneven, with western Rajasthan receiving the least precipitation. The monsoon season provides the bulk of rainfall in this region, yet even during this period, rainfall remains unpredictable and inconsistent. Such variability has serious implications for agriculture and water availability. Upadhyaya (2014) highlighted that rainfall contributions from winter, summer, and post-monsoon seasons in western Rajasthan are minimal, making the monsoon the critical source of water. Meanwhile, urbanization, population growth, and economic expansion have exacerbated environmental stress. As formerly permeable surfaces are replaced by impermeable ones, temperatures rise and vegetation declines, worsening climate-related challenges. Concerns about the sustainability of natural resources, particularly water, have grown in many countries, including India. To address these issues, detailed information on the frequency, intensity, and duration of extreme events (rainfall, temperature, humidity) and trends in hydro-meteorological variables is essential for designing effective adaptation strategies (e.g., Kampata et al., 2008; Some’e et al., 2012; Huang et al., 2013).
Climate change assessments employ diverse methodologies. Researchers have increasingly applied both parametric and non-parametric statistical techniques to analyse hydrometeorological time series in India (e.g., Deka et al., 2012; Duhan et al., 2013; Jain et al., 2013) and globally (e.g., Nalley et al., 2012; Nemec et al., 2012; Saboohi et al., 2012; Jiang et al., 2013). Identifying historical patterns and variations in hydro-climatic data is crucial for anticipating future impacts (Sahoo and Smith, 2009). The IPCC has emphasized the importance of localized and subnational climate assessments, while also noting significant research gaps in water and climate studies (IPCC, 2007). These include the need for improved downscaling techniques to translate global climate model outputs into local contexts and better quantify human influences on climate.
In recent years, non-parametric approaches such as the Mann-Kendall (MK) test and Sen’s slope estimator have become widely used for analyzing climatic trends. These methods are particularly valuable because they require fewer assumptions, can handle missing data, and are independent of data distribution. In this study, the MK test with Sen’s slope estimator was applied to detect annual and seasonal variations in maximum and minimum air temperatures across different regions of Rajasthan (e.g., Elzopy et al., 2020; Kendall MG, 1975; Kumar et al., 2022; Mann HB; Praveen et al., 2020; Sarkar et al., 2022; Sen PK, 2022). Duhan and Pandey (2013) investigated precipitation trends across 45 districts of Madhya Pradesh, revealing an annual increase but seasonal decline in rainfall using these same statistical tools. However, their study did not address urban rainfall and temperature extremes. A review of existing literature shows that climate change research in India often focuses narrowly on limited meteorological datasets, with insufficient attention to seasonal variations, extreme events, and water resource implications. Although numerous studies have examined rainfall and temperature trends, little is known about extreme daily events, particularly in semi-arid and desert regions such as Rajasthan. Few investigations have comprehensively documented seasonal and annual changes in rainfall and temperature for urban areas in these regions. To fill this gap, the present study analysed rainfall and temperature (minimum and maximum) across 10 districts of Rajasthan, considering both spatial and temporal dimensions. Statistical trend analysis was conducted using the MK test (Mann, 1945; Kendall, 1975) and Sen’s slope estimator (Sen, 1968), which offer several advantages over parametric techniques (Duhan and Pandey, 2013).
2. DATA AND METHODOLOGY
2.1. Mann–Kendall Test for Trend Analysis
To estimate the long-term trend of rainfall and temperature in Rajasthan, the Mann–Kendall (MK) test will be applied. This test is a non-parametric statistical method used to identify the presence of a monotonic upward or downward trend in a time series without requiring the data to conform to any particular distribution. It is particularly suitable for hydro-meteorological data, which often exhibit non-normality and seasonality (Mann, 1945).
The MK test can be applied to a time series xi ranked from i = 1, 2 … n − 1 and xj ranked from j = i + 1, 2 … n such that: 

The Kendall test statistic S can be computed as:

where sign (xj − xk) is the signum function. The test statistic S is assumed to be asymptotically normal, with E(S) = 0 for the sample size n ≥ 8 and variance as follows:

where  denotes number of ties up to sample i. The standardized MK test statistic (Zmk) can be estimated as:

The standardized MK test statistic (Zmk) follows the standard normal distribution with a mean of zero and variance of one. If ± Zmk ≤ Z, then the null hypothesis for no trend is accepted in a two-sided test for trend, and the null hypothesis for the no trend is rejected if ± Zmk ≥ Z Failing to reject H0 (i.e., null hypothesis) does not mean that there is no trend.  
2.2. Sen's estimator of slope
It is a commonly used method to significant linear trends in time series. In general, the slope Q between any two values of a time series x can be estimated from,

For a time-series x having n observations, there are a possible N = n (n -1)/2 values of Q that can be calculated. According to Sen’s method, the overall estimator of slope is the median of these N values of Q. The overall slope estimator Q* is thus:

Mean, variation and slope in climatic variables will be estimated annually and seasonally.  
3. RESULT AND DISCUSSION
Detailed trend analysis of the mean annual monthly rainfall and temperature was carried out for the period of 1991–2022 using the Mann–Kendall test for 10 districts of Rajasthan State. Similarly, Sen's slope and percentage change in rainfall and temperature were also determined. The corresponding spatial and temporal distributions of the mean annual monthly rainfall and temperature using the MK test statistics (Zmk) were determined by the R-studio software. The increasing, decreasing, and no trend at 1 percent, 5 percent and 10 percent level of significance.
Table 1. Decadal mean of annual rainfall (mm) in ten districts of Rajasthan 
	District
	1991-2000
	2001-2010
	2011-2022
	Difference between first and last decade

	Jodhpur
	366.79
	273.70
	399.66
	32.87

	Sri-Ganganagar
	255.07
	228.74
	265.32
	10.25

	Bikaner
	313.43
	253.61
	326.63
	13.20

	Sikar
	496.39
	395.15
	573.61
	77.22

	Pali
	494.59
	419.76
	602.13
	107.54

	Jaipur
	633.23
	473.94
	614.25
	-18.98

	Bharatpur
	643.05
	583.69
	636.01
	-7.04

	Udaipur
	583.53
	666.83
	798.27
	205.74

	Banswara
	1011.46
	872.55
	976.28
	-35.18

	Kota
	774.74
	701.80
	940.67
	165.93



[bookmark: _Hlk160811022]The statistical parameters—mean, standard deviation, and coefficient of variation (CV)—for key climatic variables including rainfall, maximum temperature, and minimum temperature were calculated for ten districts representing diverse agro-climatic zones of Rajasthan using annual data spanning 1991 to 2022. The district-wise analysis of rainfall, summarized in Table 1, indicates that Banswara recorded the highest mean annual rainfall (954.86 mm), followed by Kota (814.17 mm), Udaipur (690.09 mm), and Bharatpur (621.86 mm). In contrast, Sikar exhibited comparatively lower average rainfall (493.71 mm) coupled with greater variability. The least variation in annual rainfall was noted in Bharatpur (24.10%), with Udaipur (26.45%), Jaipur (27.77%), and Kota (28.89%) showing similarly low coefficients of variation.

Table 2. Trends in Annual rainfall in ten districts of Rajasthan 
	District
	Mann-Kendall test (mk.)
	Sen’s slope
	p-value

	Jodhpur
	0.859
	2.048
	0.390

	Sri-Ganganagar
	0.081
	0.2
	0.935

	Bikaner
	0.632
	0.766
	0.527

	Sikar
	1.832
	5.235
	0.066**

	Pali
	1.281
	5.266
	0.200

	Jaipur
	0.081
	0.138
	0.935

	Bharatpur
	0.145
	1.221
	0.884

	Udaipur
	2.708
	9.452
	0.006***

	Banswara
	-0.502
	-1.821
	0.615

	Kota
	0.794
	4.542
	0.426


Note: * for 10% significant level; ** for 5% significant level; *** for 1% significant level
[bookmark: _Hlk161265301][bookmark: _Hlk160872930]The table 2. showed results revealed that Udaipur district observed statistically significant increasing trends in rainfall, with a Mann-Kendall test value of 2.708 and a Sen's slope estimate of 9.452 mm per year. In contrast, value of Mann-Kendall test and Sen slope estimator for Banswara district were found -0.502 and -1.821 mm per year, respectively which shows that there was a non-significant decreasing trend in rainfall. While for Sikar and Pali district, value of Mann-Kendall test was found 1.832 and 1.281 respectively which revealed an increasing trend with a Sen slope value of 5.235 mm per year and 5.266 mm per year in respective district.


Table 3. Decadal Annual mean maximum temperatures of ten district 
	District
	1991-2000
	2001-2010
	2011-2022
	Difference between first and last decade

	Jodhpur
	45.95
	45.23
	45.74
	-0.21

	Sri-Ganganagar
	48.35
	48.18
	47.78
	-0.57

	Bikaner
	46.39
	45.98
	46.30
	-0.09

	Sikar
	45.17
	44.82
	45.12
	-0.05

	Pali
	46.11
	45.53
	45.85
	-0.26

	Jaipur
	45.50
	45.03
	45.56
	0.06

	Bharatpur
	47.73
	47.40
	47.54
	-0.19

	Udaipur
	44.19
	43.66
	43.95
	-0.24

	Banswara
	46.13
	45.75
	45.79
	-0.34

	Kota
	45.92
	45.39
	45.88
	-0.04



The study calculated ten-year averages for the annual mean maximum temperature in order to understand how the temperature changed over time. Additionally, the difference between the first decade (1991–2000) and the last decade (2011–2022) was calculated to determine the temperature change during the study period, which is shown in Table 3. Table 3 shows that in the first ten years, Sri-Ganganagar district had the highest mean maximum temperature (48.35°C), while Udaipur district had the lowest mean maximum temperature (44.19°C). Out of the ten districts chosen, only Jaipur (0.06 °C) saw an increase in mean maximum temperature between the first and last decade. Additionally, the mean maximum temperature decreased in the districts of Sri-Ganganagar (-0.057°C), Banswara (-0.34°C), Pali (-0.26°C), and Udaipur (-0.24°C).
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Table 4. Decadal annual mean minimum temperatures in ten districts
	District
	1991-2000
	2001-2010
	2011-2022
	Difference between first and last decade

	Jodhpur
	3.45
	4.37
	3.44
	-0.01

	Sri-Ganganagar
	2.18
	2.90
	2.36
	0.18

	Bikaner
	4.11
	4.06
	3.36
	-0.75

	Sikar
	3.12
	3.93
	3.34
	0.22

	Pali
	3.60
	4.72
	3.92
	0.32

	Jaipur
	3.21
	4.32
	2.92
	-0.29

	Bharatpur
	3.28
	3.77
	2.24
	-1.04

	Udaipur
	4.13
	5.45
	4.05
	-0.08

	Banswara
	5.78
	7.58
	6.23
	0.45

	Kota
	2.95
	4.72
	3.07
	0.12



The majority of districts in Table 4 have higher minimum temperatures from 2001 to 2010 than from 1991 to 2000. However, a number of districts saw reductions between 2011 and 2022, resulting in conflicting long-term changes. Pali and Sikar exhibit small rises of +0.32°C and +0.22°C, respectively, while Banswara displays the most increase, from 5.78°C to 6.23°C. There are minor increases of +0.18°C and +0.12°C at Sri-Ganganagar and Kota, respectively. While Bikaner and Jaipur show notable drops of -0.75°C and -0.29°C, respectively, Bharatpur exhibits the sharpest reduction, from 3.28°C to 2.24°C. There are slight drops of -0.08°C and -0.01°C in Udaipur and Jodhpur.




[bookmark: _Hlk160880158][bookmark: _Hlk160875678]Table 5. Trends in annual maximum and minimum temperature of ten district
	District
	Maximum temperature
	Minimum temperature

	
	Mann-Kendall test (mk.)
	Sen’s slope
	p-value
	Mann-Kendall test (mk.)
	Sen’s slope
	p-value

	Jodhpur
	-0.567
	-0.018
	0.570
	0.454
	0.010
	0.649

	Sri-Ganganagar
	-1.589
	-0.020
	0.092*
	0.502
	0.022
	0.615

	Bikaner
	-0.437
	-0.009
	0.661
	-0.502
	-0.019
	0.615

	Sikar
	-0.567
	-0.013
	0.570
	0.891
	0.024
	0.372

	Pali
	-0.729
	-0.020
	0.465
	1.086
	0.026
	0.277

	Jaipur
	-0.032
	-0.001
	0.974
	0.162
	0.004
	0.871

	Bharatpur
	-1.070
	-0.014
	0.284
	-1.346
	-0.034
	0.085*

	Udaipur
	-0.664
	-0.023
	0.506
	-0.113
	-0.002
	0.909

	Banswara
	-0.437
	-0.014
	0.661
	0.679
	0.012
	0.485

	Kota
	0.016
	0
	0.987
	0.324
	0.01
	0.745


Note: * for 10% significant level; ** for 5% significant level; *** for 1% significant level
	With a Mann-Kendall test value of -1.589 and a Sen's slope estimate of -0.020, the results of the Mann-Kendall test and Sen's slope estimator were presented in Table 5, which demonstrates that Sri-Ganganagar district saw statistically significant declining trends at the 10 percent significant level in annual maximum temperature. Additionally, the Mann-Kendall test and Sen slope estimator values in the Bharatpur area were found to be -1.070 and -0.014, respectively, indicating a non-significant declining trend in the annual maximum temperature. In contrast, the Mann-Kendall test value for the Kota district was 0.016, indicating a growing trend with a Sen slope value of 0, indicating no slope in the district's trend. Bharatpur district saw statistically significant declining trends in the annual minimum temperature at the 10 percent significant level, with a Sen's slope estimate value of -0.034 and a Mann-Kendall test value of -1.346. The Bikaner district's Mann-Kendall test and Sen slope estimator values were -0.502 and -0.019, respectively, indicating a non-significant declining trend in the yearly minimum temperature. However, the Mann-Kendall test 
values for Pali and Sikar districts were 1.086 and 0.891, respectively, indicating a non-significant increasing trend with Sen slope values of 0.026 and 0.024 in each district.
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Fig 1: Rainfall Trends Across Three Decades in Rajasthan Districts
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