


Seasonal and Annual Rainfall Trend Analysis in Aurangabad District, India Using the Mann–Kendall Test
Abstract
	The analysis of rainfall trends across various stations in the Aurangabad district is essential for understanding regional climate patterns and their implications for agriculture and water resource management. This study employs both descriptive statistics and the Mann-Kendall trend analysis to examine the rainfall data across multiple stations (Year: 1970–2023), including Sillod, Vaijapur, Soageon, Phulambri, and others. Descriptive statistics were used to assess central tendency, variability, and distribution shape, revealing notable differences in average rainfall (mean ranging from 587.96 mm at Sillod to 741.29 mm at Khuldabad) and variability (standard deviations from 174.97 mm at Phulambri to 216.25 mm at Paithan). The analysis also highlighted differences in distribution shapes, with stations like Paithan exhibiting higher kurtosis, indicating more extreme rainfall values. The Mann-Kendall trend analysis, applied to seasonal and annual data, provided insights into temporal trends across stations. The results revealed that Sillod exhibited a statistically significant increasing trend, with a z-score of 2.55 and a p-value of 0.01, suggesting a clear upward trend in rainfall over time. Conversely, other stations like Vaijapur, Soageon, Paithan, and Gangapur showed weaker or insignificant trends. In the Rabi and Summer seasons, most stations displayed minimal or no statistically significant trends. The annual data similarly revealed that Sillod had a significant increasing trend, while the other stations showed relatively stable rainfall patterns. These findings underscore the heterogeneous rainfall patterns across Aurangabad, with some stations experiencing significant changes over time, while others remain relatively stable, providing valuable insights for local agricultural planning and water resource management.
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Introduction
Climate change is considered one of the most significant natural processes occurring on Earth (Yadav & Singh, 2023) (Li et al., 2019). Continuous monitoring of rainfall patterns is vital to comprehensively understand climate variability; however, investigating regional precipitation variability is complex due to the potential for erratic and substantial spatiotemporal variations within the same region (Srivastava et al., 2021) (Waseem et al., 2020). In recent years, trend analysis of precipitation time series has garnered substantial attention from scientists worldwide, as it is essential for evaluating the interactions between different components of the hydrological cycle, as well as for assessing water demand, sustainable agriculture, water resources management, and mitigating floods and droughts (Pelosi et al., 2022) (Wang et al., 2020) (Menenti et al., 2021).
Precipitation is a critical component of the hydrological cycle and plays a crucial role in determining water resource availability. Understanding precipitation trends and variability is essential for evaluating the interactions between different components of the hydrological cycle, and for informing assessments of water demand, sustainable agriculture, water resources management, and the mitigation of floods and droughts (Srivastava et al., 2021) (Ali et al., 2021) (Song et al., 2020) (Waseem et al., 2020). The importance of understanding rainfall trends is critical for the future of agriculture, as awareness of trends and variability can contribute to supplying supplemental water for crops during critical growth stages (Bhatti et al., 2023) (Ali et al., 2021). Trend analysis methods and variability indexing approaches are commonly employed for the spatiotemporal analysis of precipitation dynamics at regional and global scales (Nema et al., 2016) (Ahmad et al., 2014) (Waseem et al., 2020).
Trend analysis is a powerful statistical technique used to identify long-term patterns and changes in various environmental variables, including rainfall (Waseem et al., 2020) (Ahmad et al., 2014). Researchers have widely utilized trend-capturing tools such as the Mann-Kendall test, innovative trend analysis, and Sen's slope to detect the presence of monotonic trends in time series data, while also providing information on the magnitude and direction of the trends (Vivekanandan, 2007) (Patakamuri et al., 2020). The purpose of this research is to conduct a comprehensive trend analysis of precipitation data across the Maharashtra region of India, with a focus on understanding the potential impacts of climate change on water resources and agriculture.
The study will analyze long-term rainfall data from multiple meteorological stations across Maharashtra, using the Mann-Kendall test. This non-parametric method is widely used to detect the presence of monotonic trends in time series data, while also providing information on the magnitude and direction of the trend. The results of the trend analysis will be used to identify regions within Maharashtra that have experienced significant
Materials and methods
Descriptive Statistics of the Rainfall data
The study employed descriptive statistics to summarise the rainfall data collected from various stations across the Aurangabad district(Table 1.). The rainfall data was downloaded from the IMD website for a period of 1970-2023. To assess the central tendency, the mean rainfall value was calculated for each station. This metric represents the average rainfall for the period under consideration, providing an overall measure of the typical rainfall condition at each location. By comparing the mean values across stations, differences in average rainfall patterns can be observed, highlighting spatial variations within the district.
Table 1. Descriptive statistics of Annual Rainfall over different regions of Aurangabad district 
	Station
	Mean
	Median
	SD
	Min
	Max
	Kurtosis

	Aurangabad
	733.12
	709.61
	209.01
	256.05
	1347.80
	0.69

	Sillod
	587.96
	564.69
	182.97
	213.88
	1039.46
	-0.41

	Vaijapur
	683.78
	673.01
	186.59
	293.84
	1125.31
	-0.62

	Soageon
	705.60
	730.76
	185.89
	363.21
	1153.89
	-0.62

	Gangapur
	681.67
	676.60
	204.68
	304.11
	1216.58
	0.14

	Kannad
	710.77
	700.76
	192.32
	337.98
	1123.08
	-0.54

	Phulambri
	704.41
	695.02
	174.97
	292.92
	1154.14
	-0.16

	Khuldabad
	741.29
	751.22
	192.08
	255.26
	1305.38
	0.56

	Paithan
	686.70
	671.59
	216.25
	280.26
	1390.50
	1.10


To evaluate the variability in the data, the standard deviation was computed for each station. This statistic quantifies the spread or dispersion of the rainfall data around the mean. A higher standard deviation indicates greater variability in rainfall, suggesting that a station experiences more fluctuating rainfall patterns, while a lower standard deviation signifies more consistent and stable rainfall conditions. This measure helps in understanding the degree to which rainfall patterns deviate from the average at each location. In addition to the central tendency and variability, the minimum and maximum values were calculated to examine the range of rainfall values recorded at each station. These values highlight the extremes in rainfall, providing insights into the conditions during the highest and lowest rainfall events. The spread between the minimum and maximum values also serves to show the extent of the variation in rainfall over the observed period. Finally, the kurtosis value was calculated to understand the shape of the rainfall distribution at each station. Kurtosis measures the "tailedness" of the distribution. A negative kurtosis indicates a flatter distribution with fewer outliers, suggesting that the data are more uniformly distributed around the mean, while a positive kurtosis indicates a distribution with heavier tails and more extreme values, implying the presence of outliers or extreme rainfall events. This helps in understanding whether rainfall data at a station follows a more normal distribution or if there are more extreme rainfall occurrences. Collectively, these descriptive statistics provide a comprehensive overview of the rainfall patterns across different stations in the Aurangabad district, revealing important aspects of central tendency, variability, and distribution shape.
Mann Kendall test 
	The Mann-Kendall (MK) test is a powerful, non-parametric statistical tool for detecting monotonic upward or downward trends in time-series data, especially in environmental, climate, and hydrological studies. Its importance stems from its capacity to handle non-normally distributed data and outliers without requiring specialized data distributions. It is the rank based nonparametric test and recently used by several researchers to detect trends in precipitation and other climatic parameters (Al Mashoudi  et al., 2025; Sa’adi et al., 2019; Kamal & Pachauri, 2019; Mohammed et al., 2019; Ahmad et al., 2014 and Ahmad et al., 2015). It is based on the test statics S defined as:

                                                                                   (1)
	Where, x1, x2…. xn represent n data points where xj and xi are the annual values in years j and i, j>i respectively.
	A very high positive value of S is an indicator of an increasing trend, and a very low negative value indicates a decreasing trend.
   
                                                                (2)

	Where n is the sample size. The statistics S is approximately normally distributed when n ≥ 8, with the mean and the variance, respectively.
                                E(s) = 0
                                                                    (3)
	where ti is the number of ties of extent i(Zero difference between compared values). The standardized statistics (Z) for one-tailed test is calculated as follows:
                                                                               (4)
The hypothesis that there has not trend will be rejected if,

                                                                                                                    (5)

	Z(1-α/2) is the value read from a standard normal distribution table with α being the significance level of the test. At the 99 per cent significance level, the null hypothesis of no trend is rejected if |ZMK|>2.575; at 95 per cent significance level, the null hypothesis of no trend is rejected if |ZMK|>1.96; and at 90% significance level, the null hypothesis of no trend is rejected if |ZMK|> 1.645.

Results and discussion
Descriptive statistics of the annual rainfall over different taluks of Aurangabad district 
The statistical analysis reveals notable variations across the stations concerning central tendency, variability, and distribution shape (Table 1). The mean values range from 587.96 at Sillod to 741.29 at Khuldabad, indicating differences in the average measurements across the stations. This disparity is further reflected in the data's variability, with standard deviations ranging from 174.97 at Phulambri to 216.25 at Paithan, suggesting that Paithan exhibits the highest variability, while Phulambri shows relatively more stable data. Additionally, the minimum and maximum values display considerable spread, with stations like Paithan and Khuldabad exhibiting more extreme values, pointing to a wider range of conditions. Interestingly, the kurtosis values indicate the shape of the distributions; negative kurtosis at stations like Sillod, Vaijapur, and Soageon suggests flatter distributions with fewer outliers, while Paithan's positive kurtosis value indicates a distribution with heavier tails, meaning it has more extreme values or outliers. Overall, these statistical measures provide a comprehensive understanding of the data, highlighting the diverse characteristics of each station, with some stations displaying more extreme conditions and others showing more consistent patterns.
Trend analysis of the Kharif rainfall over the Aurangabad district of Maharashtra
The results of the Mann-Kendall trend analysis across various stations in Aurangabad district reveal a nuanced pattern of temporal trends, with varying degrees of trend strength at each location (Table 2. And Fig 1). Sillod emerges as the station with the most pronounced and statistically significant trend. This is evidenced by its z-score of 2.55, indicating a strong positive deviation from the null hypothesis of no trend, and a robust test statistic of 104, suggesting a substantial dataset contributing to the trend analysis. Furthermore, Sillod exhibits the highest Tau value of 0.38, denoting a moderately strong positive association between the variables, further supporting the presence of a meaningful trend. The p-value for Sillod is 0.01, well below the typical significance threshold of 0.05, confirming that the observed trend is statistically significant and unlikely to be due to chance. These findings collectively point to a clear, increasing trend over time at Sillod.
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Fig 1. Mann Kendall Z score values of Kharif season precipitation data over different station of Aurangabad district 
In contrast, Vaijapur and Soageon, while still exhibiting increasing trends, demonstrate weaker associations. Vaijapur has a z-score of 2.16, indicating a noticeable positive trend, but its Tau value of 0.32 and p-value of 0.03 suggest that, although significant, the trend is not as pronounced as that observed in Sillod. Soageon, with a z-score of 1.61 and a Tau value of 0.24, indicates a moderate trend, though its p-value of 0.11 places it just outside the typical significance threshold, indicating a less statistically reliable trend compared to Vaijapur. On the other hand, Paithan and Gangapur show minimal or no significant trends. Paithan, with a z-score of 0.87 and Tau value of 0.13, presents a very weak increasing trend, and its p-value of 0.39 suggests that the observed trend is not statistically significant. Similarly, Gangapur, with a z-score of 0.92 and Tau of 0.14, also exhibits a weak trend, and its p-value of 0.36 further supports the conclusion that the trend is not statistically


Table 2. Mann kendall trend analysis statistics for Kharif season
	Station
	z
	S
	Tau
	pvalue

	Aurangabad
	1.07
	44.00
	0.16
	0.29

	Sillod
	2.55
	104.00
	0.38
	0.01*

	Vaijapur
	2.16
	88.00
	0.32
	0.03*

	Soageon
	1.61
	66.00
	0.24
	0.11

	Gangapur
	0.92
	38.00
	0.14
	0.36

	Kannad
	1.71
	70.00
	0.25
	0.09

	Phulambri
	1.27
	52.00
	0.19
	0.21

	Khuldabad
	1.07
	44.00
	0.16
	0.29

	Paithan
	0.87
	36.00
	0.13
	0.39


* represents a statistical significant at 95 %
Trend analysis of the Rabi rainfall over the Aurangabad district of Maharashtra
The Mann-Kendall test for trend analysis, conducted on the Rabi season data reveals a range of trend behaviours (Table 3 and Fig. 2). Many stations exhibit minimal or no statistically significant trends. Aurangabad, with a z-score of -0.61, indicates a slight decreasing trend, but its p-value of 0.55 suggests this trend is not statistically significant, implying the observed decrease could be due to random variability rather than a true underlying trend. Similarly, Gangapur and Phulambri, with z-scores of -0.11 and -0.10 respectively, also display weak decreasing trends, but their high p-values of 0.92 indicate these trends are highly unlikely to be meaningful, as they exceed the typical significance threshold of 0.05.
The remaining stations, such as Sillod, Vaijapur, Soageon, Kannad, Khuldabad, and Paithan, all show very small increasing trends, though these are weak and statistically insignificant. Sillod, Vaijapur, and Soageon exhibit z-scores of 0.29, 0.22, and 0.28, respectively, with corresponding p-values of 0.77, 0.83, and 0.78, suggesting any observed increases are not statistically significant. Kannad and Khuldabad, with z-scores of 0.16 and -0.41, also display weak trends, with p-values of 0.87 and 0.68, reinforcing the lack of statistical significance. Finally, Paithan, with a z-score of -0.16 and a p-value of 0.87, shows a very slight decreasing trend, which, like the other stations, is not statistically significant.
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Fig 2. Mann Kendall Z score values of Rabi season precipitation data over different station of Aurangabad district 
Table 3. Mann kendall trend analysis statistics for Rabi season.
	Station
	z
	S
	Tau
	pvalue

	Aurangabad
	-0.61
	-82.00
	-0.06
	0.55

	Sillod
	0.29
	40.00
	0.03
	0.77

	Vaijapur
	0.22
	30.00
	0.02
	0.83

	Soageon
	0.28
	39.00
	0.03
	0.78

	Gangapur
	-0.11
	-15.00
	-0.01
	0.92

	Kannad
	0.16
	22.00
	0.02
	0.87

	Phulambri
	-0.10
	-14.00
	-0.01
	0.92

	Khuldabad
	-0.41
	-56.00
	-0.04
	0.68

	Paithan
	-0.16
	-22.00
	-0.02
	0.87




Trend analysis of the summer rainfall over the Aurangabad district of Maharashtra
The Mann-Kendall analysis of trends across multiple stations (Table 4 and Fig. 3) during the summer season reveals minimal and statistically insignificant patterns. At Aurangabad, the z-score of -0.26 and the p-value of 0.79 suggest a slight decreasing trend, but the p-value being much higher than the typical 0.05 significance level indicates the trend is not statistically significant, implying it may be due to random variability. Similarly, Phulambri exhibits a very weak decreasing trend (z-score of -0.42, p-value of 0.68), which, like Aurangabad, is not significant, reinforcing the absence of a true downward trend at this station.
Regarding the other stations, Sillod and Vaijapur show very slight increasing trends (z-scores of 0.28 and 0.71, respectively), but their p-values of 0.78 and 0.48 indicate these trends are not statistically significant. Gangapur and Kannad display almost no trend at all, with z-scores near zero (0.00 and 0.05) and p-values of 1.00 and 0.96, respectively, signifying no meaningful trend. Khuldabad also exhibits a weak decreasing trend (z-score of -0.55, p-value of 0.58), which is not statistically significant.
Among the stations, Soageon stands out with a higher z-score of 1.52 and a Tau value of 0.15, suggesting a modest increasing trend. However, the p-value of 0.13 still exceeds the commonly accepted 0.05 threshold, indicating this trend is not statistically significant. Finally, Paithan shows a decreasing trend with a z-score of -0.65, but its p-value of 0.51 falls outside the statistical significance level. 
Table 4. Mann kendall trend analysis statistics for summer season.
	Station
	z
	S
	Tau
	pvalue

	Aurangabad
	-0.26
	-36.00
	-0.03
	0.79

	Sillod
	0.28
	38.00
	0.03
	0.78

	Vaijapur
	0.71
	96.00
	0.07
	0.48

	Soageon
	1.52
	204.00
	0.15
	0.13

	Gangapur
	0.00
	1.00
	0.00
	1.00

	Kannad
	0.05
	7.00
	0.01
	0.96

	Phulambri
	-0.42
	-57.00
	-0.04
	0.68

	Khuldabad
	-0.55
	-75.00
	-0.05
	0.58

	Paithan
	-0.65
	-88.00
	-0.06
	0.51


[image: D:\freelancing work\harish anna\summer.jpg]
Fig. 3. Mann Kendall Z score values of summer season precipitation data over different station of Aurangabad district 
Trend analysis of the Annual rainfall over the Aurangabad district of Maharashtra
The Mann-Kendall trend analysis performed on the annual data across various stations reveals a range of trend patterns (Table 5). A statistically significant increasing trend was observed at the Sillod station, while the other stations displayed weak or insignificant trends. At Sillod, the z-score of 2.30 and a p-value of 0.02 indicate a clear positive change over the study period, which is further corroborated by the moderate upward trend indicated by the Tau value of 0.22. In contrast, stations such as Aurangabad, Gangapur, Phulambri, Khuldabad, and Paithan exhibited weak or no significant trends. Aurangabad, with a z-score of 0.12 and a p-value of 0.90, showed no discernible trend, and similar insignificant trends were observed at Gangapur (z = -0.31, p = 0.75), Phulambri (z = -0.39, p = 0.70), and Khuldabad (z = 0.03, p = 0.98), suggesting relative stability in the data at these stations over the annual period. Stations like Vaijapur (z = 1.30, p = 0.19), Soageon (z = 1.46, p = 0.14), and Kannad (z = 1.09, p = 0.28) displayed modest trends, but the lack of statistical significance (p > 0.05) and the relatively low Tau values (0.12, 0.14, and 0.10, respectively) indicate weak or negligible trends in their data.
Table 5. Mann kendall trend analysis statistics for Annual Time-series
	Station
	z
	S
	Tau
	pvalue

	Aurangabad
	0.12
	17.00
	0.01
	0.90

	Sillod
	2.30
	309.00
	0.22
	0.02

	Vaijapur
	1.30
	175.00
	0.12
	0.19

	Soageon
	1.46
	197.00
	0.14
	0.14

	Gangapur
	-0.31
	-43.00
	-0.03
	0.75

	Kannad
	1.09
	147.00
	0.10
	0.28

	Phulambri
	-0.39
	-53.00
	-0.04
	0.70

	Khuldabad
	0.03
	5.00
	0.00
	0.98

	Paithan
	-0.21
	-29.00
	-0.02
	0.83
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Fig. 4. Mann Kendall Z score values of Annual precipitation data over different station of Aurangabad district 
Conclusions
In conclusion, the trend analysis across the Aurangabad district for Kharif, Rabi, Summer, and Annual rainfall seasons using the Mann-Kendall test reveals a mix of significant and insignificant trends. While Sillod consistently displays significant increasing trends across all seasons, particularly in the Kharif and Annual data, most other stations, such as Vaijapur, Soageon, Gangapur, Phulambri, and Paithan, exhibit weak or statistically insignificant trends, indicating stability with occasional fluctuations. The Rabi and Summer seasons, in particular, show no meaningful trends, as confirmed by high p-values across the stations. The central tendency and variability analysis further supports this stability, with stations like Khuldabad and Paithan showcasing high mean values and variability, while Sillod demonstrates consistent positive changes. In light of these findings, agricultural practices in the district may need to adapt to the observed stability, especially in areas like Sillod, where increasing trends in rainfall could benefit crop planning, irrigation schedules, and water resource management. For stations with weak or no significant trends, strategies such as rainwater harvesting, drought-resistant crops, and improved soil moisture management could be more effective in ensuring sustained productivity, particularly during variable seasons. Overall, while some stations exhibit notable trends, the data across the district is predominantly stable, with Sillod emerging as a key station displaying a consistent positive trend in rainfall over the study period, suggesting a potential opportunity for targeted agricultural interventions.
In order to better capture non-linear and localised changes, future studies should expand on the largely stable rainfall patterns seen throughout the Aurangabad district by including additional climatic variables (such as temperature, evapotranspiration, radiation, wind speed, and humidity) and sophisticated analytical techniques (such as Sen's slope, creative trend analysis, or climate model projections). Given the constantly increasing rainfall trends at Sillod across all seasons, specialised research are suggested to examine their long-term consequences for crop productivity, groundwater recharge, and water resource management. Climate-resilient agricultural planning in the area will be strengthened by utilising higher temporal and spatial resolution datasets, connecting rainfall trends with crop yield and hydrological data, and evaluating the efficacy of adaptive agricultural practices like rainwater harvesting, drought-tolerant crops, and soil moisture conservation.
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