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ABSTRACT

	Aims: To analyze the trends in seasonal and annual rainfall data series in the Middle Gujarat Agro-climatic zone, India, over a 30-year period (1991–2020) to inform water resource planning and management in a rainfed agricultural region.
Study Design: A retrospective trend analysis using the Mann-Kendall test and Sen’s slope estimator technique.
Place and Duration of Study: Middle Gujarat Agro-climatic zone, Gujarat, India, with data analyzed for the period from 1991 to 2020.
Methodology: Seasonal and annual rainfall data for the Middle Gujarat Agro-climatic zone were analyzed over a 30-year period (1991–2020). The Mann-Kendall test was used to detect trends, and Sen’s slope estimator was applied to quantify the magnitude of trends. The analysis focused on monsoon, post-monsoon, pre-monsoon, and winter seasons, with statistical significance tested at a 95% confidence level.
Results: No significant trends were detected for seasonal or annual rainfall data series at the 95% confidence level. Non-significant rising trends were observed, with increases of 33 mm per year for the monsoon season, 1 mm per year for the post-monsoon season, and 33 mm per year for annual rainfall. Pre-monsoon and winter seasons showed no rainfall contribution. These trends suggest a tendency toward wetter conditions over time.
Conclusion: The absence of significant trends in rainfall data indicates no clear evidence of climate change-induced variations in rainfall patterns in the Middle Gujarat Agro-climatic zone. Communities are recommended to adopt sustainable water management practices to ensure continuous water access in this rainfed region.
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1. INTRODUCTION 

Rainfall, a critical component of the hydrologic cycle, exhibits significant temporal and spatial variability, directly impacting crop growth and yield (Waghaye et al., 2018). Changes in rainfall patterns influence water resource availability, thereby affecting food security (Aggarwal, 2007; Jain et al., 2013a). Climate change, driven by rising greenhouse gas emissions, has increased global temperatures, leading to notable variations in rainfall patterns (Murray & Ebi, 2012; Nicholson et al., 2013; Trenberth, 2011). Analyzing and monitoring rainfall trends is essential for developing strategies to manage current and future water resources (Madhusudhan et al., 2021).

The Middle Gujarat Agro-climatic zone, located in western India, relies heavily on the south-west monsoon for its water supply. With two-thirds of its area under cultivation and one-third of the cultivated land being rainfed, this region’s agricultural economy is vulnerable to rainfall variability. Despite ongoing debates about whether natural or anthropogenic factors drive climate change, assessing rainfall trends at regional and subdivisional levels across India is crucial for sustainable planning. However, no specific studies have analyzed rainfall trends in the Middle Gujarat Agro-climatic zone, highlighting a critical research gap.

Previous studies have employed the Mann-Kendall test and Sen’s slope estimator to assess trends in hydrologic data, including rainfall (Mohd Wani et al., 2017; Mondal et al., 2015; Kingra et al., 2017; Yadav et al., 2014), temperature (Gavrilov et al., 2018), runoff (Nyikadzino et al., 2020), and relative humidity (Gocic & Trajkovic, 2013). Notably, Joshi & Bhatt (2024) conducted a Mann-Kendall trend analysis of rainfall and temperature in Vadodara, a district within the Middle Gujarat Agro-climatic zone, underscoring the relevance of such methods for local climate studies. However, a comprehensive analysis of rainfall trends across the broader Middle Gujarat Agro-climatic zone remains unexplored.  

This study aims to address this gap by analyzing rainfall trends in the Middle Gujarat Agro-climatic zone using the Mann-Kendall test and Sen’s slope estimator. The scope includes examining annual, seasonal (pre-monsoon, monsoon, post-monsoon, and winter), and monthly rainfall data across five districts from 1991 to 2020. The findings will inform water resource management and agricultural planning, justifying the need for region-specific trend analysis to support sustainable development in this rainfed agricultural zone.

2. material and methods 

2.1 Study Area

The study was conducted in the Middle Gujarat Agro-climatic zone, encompassing Anand, Vadodara, Dahod, Kheda, and Panchmahals districts of Gujarat, India (Figure 1). This region experiences a subtropical, semi-arid climate characterized by hot, dry summers. The south-west monsoon, typically spanning from the third week of June to mid-September, delivers the majority of rainfall, with July and August recording the heaviest precipitation. The north-east monsoon contributes to an average annual rainfall of 843 mm, ranging from 287 mm to 1624 mm (Vaidya et al., 2008). Approximately two-thirds of the region is under cultivation, with one-third of the cultivated area relying on irrigation. Major crops include cotton, wheat, sorghum, maize, and tobacco, supported by alluvial soils of the Alfisol order (Pathak, 2006). 
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Fig. 1. Study Area: Middle Gujarat Agro-Climatic Zone

2.2 Data Collection and Preparation
 
Daily rainfall data from 15 rain gauge stations located in the Middle Gujarat Agro-climatic zone were obtained from the State Water Data Center, Gujarat, India. Details of the rain gauge stations are provided in Table 1. The dataset spanned 30 years (1991-2020) and was verified for completeness, with no missing values detected across all stations. Data consistency and reliability were ensured by checking for outliers using standard deviation thresholds and verifying station calibration records. Homogeneity was assessed using Pettitt’s test, confirming no significant breaks in the time series. To create a single regional dataset, daily rainfall data from the 15 stations were averaged to represent the Middle Gujarat Agro-climatic zone, following standard spatial aggregation methods (Jain et al., 2013b). The data were then aggregated into pre-monsoon (March-May), monsoon (June-September), post-monsoon (October-November), winter (December-February), and annual time series for analysis.    

Table 1. Rainfall stations of study area

	Station Name
	Latitude
	Longitude
	Reference Toposheet No.

	Bhilpur
	22.2414
	73.5702
	46F15

	Devhat
	22.2341
	74.0540
	46J03

	Jetpur Pavi
	22.2032
	73.5017
	46F15

	Kalarani
	22.1330
	73.5244
	46F16

	Kevadi (Gudia Mahuda)
	21.3241
	73.1843
	46F14

	Rampura
	22.0609
	73.3228
	46F12

	Rangpur
	22.2237
	74.1042
	46J03

	Sanjuli
	22.1344
	73.5736
	46F16

	Sankheda
	22.1020
	73.3459
	46F12

	Gultora
	22.5901
	74.1704
	46J05

	Kakanpur
	22.4956
	73.2918
	46F05

	Karvan
	22.0444
	73.1454
	46F04

	Kawant
	22.0529
	74.0321
	46J04

	Pilol
	22.2451
	73.1331
	46F03

	Sripor Tank
	21.5400
	73.2100
	46G05



2.3 Data Analysis

Rainfall trends were analyzed using the Mann-Kendall test to detect monotonic trends and Sen’s slope estimator to quantify trend magnitudes, with statistical significance assessed at a 95% confidence level. The Mann-Kendall test evaluates the presence of a trend based on the rank correlation of data points, using the test statistic S. Sen’s slope estimator calculates the median slope of all paired data points to estimate trend magnitude. Analyses were performed using the R software (version 4.2.0) with the ‘trend’ package, which implements these methods efficiently. All calculations were cross-verified for accuracy using manual computations of key equations where applicable.

2.3.1 Significance of Trend

In the present study, the Mann-Kendall test, a rank based nonparametric is used to check the significance of the rising or falling trend in rainfall data. The Mann–Kendall statistic S is given by:

Where xj and xk are the data values in years j and k respectively, and sgn is the sign function:

The variance of S denoted by  is computed as:

Where; n is the number of data points, q is the number of tied groups in the dataset and tj is the number of data points in the jth group. The standard test statistic Zs which is measure of significance in trends is calculated as follows:
ZS
Zs follows the standard normal distribution. Positive value of Zs indicates a rising trend in the data series and vice versa. A significance level α is used to test a rising or falling trend. If Zs > Z α/2, then the trend is considered significant and vice versa. In this study 5% significant level is used.

2.3.2 Magnitude of Trend

After detecting significance in trend, Sen’s slope method is used to compute magnitude of the trend. Slope is given as 

Where; Ti is the slope, xj and xk are the data values at time j and k, respectively. Sen’s slope estimator  which is the median of the values of Ti is given as

Positive value of Sen’s slope estimator  directs rising trend in the data series and vice versa.

3. results and discussion

3.1 Results

Rainfall data for the 30-year period (1991–2020) are presented in Table 2, along with their statistical properties. The highest average annual rainfall was recorded in July (291.49 mm), followed by August (259.51 mm), September (141.36 mm), June (108.76 mm), and October (14.98 mm). Nine out of twelve months recorded no rainfall.


3.1.1 Monthly Rainfall Trends

Over the 30-year period (1991–2020), July contributed the highest proportion of annual rainfall at 35.72% (291.48 mm), followed by August at 31.80% (259.51 mm), September at 17.32% (141.36 mm), and June at 13.33% (108.76 mm). The remaining seven months recorded no rainfall. The Mann-Kendall test yielded p-values above the significance level (α = 0.05), indicating no significant trends in monthly rainfall at a 95% confidence level across all 12 months, as shown in Table 3. Sen’s slope estimates revealed no changes for seven months, a drying trend for June (-17 mm/year), July (-17 mm/year), and October (-1 mm/year), and a wetting trend for August (87 mm/year) and September (71 mm/year).

Table 2. Basic statistical properties of the Middle Gujarat Agro-climatic zone rainfall data

	Variable
	Minimum
	Maximum
	Mean
	Std. deviation
	Percent contribution
(%)

	January
	0.000
	0.000
	0.000
	0.000
	0

	February
	0.000
	0.000
	0.000
	0.000
	0

	March
	0.000
	0.000
	0.000
	0.000
	0

	April
	0.000
	0.000
	0.000
	0.000
	0

	May
	0.000
	0.000
	0.000
	0.000
	0

	[bookmark: _Hlk129350300]June
	0.000
	383.400
	[bookmark: _Hlk129875315]108.760
	100.003
	13.33

	[bookmark: _Hlk129350147]July
	29.100
	582.700
	[bookmark: _Hlk129875263]291.486
	129.052
	35.72

	[bookmark: _Hlk129350167]August
	23.150
	697.400
	[bookmark: _Hlk129875286]259.512
	185.189
	31.80

	[bookmark: _Hlk129350266][bookmark: _Hlk129350237]September
	7.000
	490.560
	[bookmark: _Hlk129875302]141.360
	116.825
	17.32

	[bookmark: _Hlk129875376]October
	0.000
	78.100
	[bookmark: _Hlk129875326]14.984
	[bookmark: _Hlk129358086]22.048
	[bookmark: _Hlk129874846]1.84

	[bookmark: _Hlk129358128]November
	0.000
	0.000
	0.000
	0.000
	0.00

	December
	0.000
	0.000
	0.000
	0.000
	0.00

	Pre-Monsoon
	0.000
	0.000
	0.000
	0.000
	0.00

	Monsoon
	275.000
	1547.100
	[bookmark: _Hlk129350065]801.119
	293.808
	98.16

	Post-Monsoon
	0.000
	78.100
	14.984
	22.048
	1.84

	Winter
	0.000
	0.000
	0.000
	0.000
	0

	Annual
	275.000
	1548.900
	816.103
	295.279
	100



3.1.2 Annual Rainfall Trends

Annual rainfall in the Middle Gujarat Agro-climatic zone varied from 275.00 mm in 2002 to 1548.90 mm in 2006, with an average of 816.10 mm per year. The Mann-Kendall test yielded a p-value above the significance level (α = 0.05), indicating no significant trend over the 30-year period (1991–2020) at a 95% confidence level. Sen’s slope analysis revealed a non-significant rising trend of 33 mm per year, suggesting a tendency toward wetter conditions over time.


Table 3. Results of Mann-Kendall and Sen’s Slope test for the Middle Gujarat Agro-climatic zone
	Variable (Month)
	Sens Slope (S)
	Kendall tau (t)
	Variance
	P-Value
	[bookmark: _Hlk129876765]Alpha  α
	Trend (Rise or Fall)
	Yes/No Trend
	Interpretation

	January
	-
	-
	-
	-
	-
	-
	-
	-

	February
	-
	-
	-
	-
	-
	-
	-
	-

	March
	-
	-
	-
	-
	-
	-
	-
	-

	April
	-
	-
	-
	-
	-
	-
	-
	-

	May
	-
	-
	-
	-
	-
	-
	-
	-

	June
	-17
	-0.039
	3141.6
	0.775
	0.05
	Fall
	No
	Accept H0

	July
	-15
	-0.034
	3141.6
	0.803
	0.05
	Fall
	No
	Accept H0

	August
	87
	0.200
	3141.6
	0.125
	0.05
	Rise
	No
	Accept H0

	September
	71
	0.163
	3141.6
	0.212
	0.05
	Rise
	No
	Accept H0

	October
	-1
	-0.002
	3047.6
	1.000
	0.05
	Fall
	No
	Accept H0

	November
	-
	-
	-
	-
	-
	-
	-
	-

	December
	-
	-
	-
	-
	-
	-
	-
	-

	Pre-Monsoon (March-May)
	-
	-
	-
	-
	-
	-
	-
	-

	Monsoon (June-September)
	33

	0.076

	3141.6

	0.568

	0.05

	Rise
	No
	Accept H0

	Post - Monsoon (October-November)
	-1


	-0.002


	3047.6


	1.000


	0.05


	Fall
	No
	Accept H0

	Winter (December-February)
	-
	-
	-
	-
	-
	-
	-
	-

	Annual
	33
	0.076
	3141.6
	0.568
	0.05
	Rise
	No
	Accept H0






3.1.3 Monsoon Season Trends (June–September)

The monsoon season, spanning June to September, accounted for 98.16% of annual rainfall, with an average of 801.11 mm. July was the primary contributor at 35.72% (291.48 mm), followed by August at 31.80% (259.51 mm), September at 17.32% (141.36 mm), and June at 13.33% (108.76 mm). The Mann-Kendall test showed no significant trend for the monsoon season (p > 0.05) at a 95% confidence level. Sen’s slope analysis indicated a non-significant rising trend of 33 mm per year, suggesting wetter monsoon conditions over time.

3.1.4 Post-Monsoon Season Trends (October–November)

The post-monsoon season, covering October and November, contributed 1.84% of annual rainfall, with an average of 14.98 mm. October accounted for all rainfall (14.98 mm), while November recorded none. The Mann-Kendall test indicated no significant trend (p > 0.05) at a 95% confidence level. Sen’s slope analysis showed a slight drying trend of -1 mm per year, indicating a tendency toward drier post-monsoon conditions.

3.1.5 Pre-Monsoon and Winter Season Trends (March–May, December–February)

The pre-monsoon (March–May) and winter (December–February) seasons recorded no rainfall over the 30-year period (1991–2020), precluding trend analysis for these seasons. Annual rainfall in the Middle Gujarat Agro-climatic zone varied from 275.00 mm in 2002 to 1548.90 mm in 2006, with an average of 816.10 mm per year. The Mann-Kendall test yielded a p-value above the significance level (α = 0.05), indicating no significant trend over the 30-year period (1991–2020) at a 95% confidence level. Sen’s slope analysis revealed a non-significant rising trend of 33 mm per year, suggesting a tendency toward wetter conditions over time.

3.2 Discussion

The findings of this study indicate no significant trends in monthly, seasonal, or annual rainfall in the Middle Gujarat Agro-climatic zone over the 30-year period (1991-2020), suggesting a lack of clear evidence for climate change-induced rainfall variations in the region. The dominance of the monsoon season, contributing 98.16% of annual rainfall, underscores the region’s heavy reliance on June to September precipitation, with July and August being the primary contributors (35.72% and 31.80%, respectively). The non-significant rising trends in annual (33 mm/year) and monsoon (33 mm/year) rainfall, alongside wetting trends in August (87 mm/year) and September (71 mm/year), point to a potential increase in rainfall, though not statistically significant at the 95% confidence level. Conversely, drying trends in June (-17 mm/year), July (-17 mm/year), and October (-1 mm/year) suggest variability within the monsoon and post-monsoon seasons, which may affect agricultural planning.

These results align partially with regional studies. Joshi & Bhatt (2024) reported non-significant rainfall trends in Vadodara, a district within the Middle Gujarat Agro-climatic zone, using the Mann-Kendall method, reinforcing the consistency of stable rainfall patterns in the region. However, other studies in India have detected significant rainfall trends in different agro-climatic zones. For instance, Mondal et al. (2015) identified significant decreasing trends in monsoon rainfall in parts of eastern India, contrasting with the wetting tendencies observed here. This variability highlights the importance of region-specific analyses, as rainfall patterns are influenced by local topography, monsoon dynamics, and climate drivers (Waghaye et al., 2018).

The absence of significant trends has important implications for water resource management in the Middle Gujarat Agro-climatic zone, where one-third of cultivated land is rainfed. The non-significant wetting trends suggest a stable water supply for agriculture, but the lack of rainfall in pre-monsoon and winter seasons emphasizes the need for efficient water storage and conservation. Strategies such as rainwater harvesting, drip irrigation, and watershed management, as recommended in the conclusion, are critical for enhancing resilience in this semi-arid region (Jain et al., 2013a). These measures can mitigate the risks of intra-seasonal variability, particularly the drying trends in June and July, which are critical for crop establishment.

Limitations of this study include the 30-year dataset’s duration, which may not capture longer-term climate signals, and the reliance on 15 rain gauge stations, which may not fully represent spatial variability across the five districts. The averaging of station data, while standard, could mask localized trends. Additionally, the analysis focused solely on rainfall, excluding other climatic variables like temperature or evapotranspiration, which influence water availability (Joshi & Bhatt, 2024). Future research should extend the temporal scope beyond 2020, incorporate additional variables, and explore station-specific trends to enhance understanding of local climate dynamics.

In conclusion, the stable rainfall patterns observed in this study provide a baseline for water resource planning in the Middle Gujarat Agro-climatic zone. While the absence of significant trends suggests resilience to climate change impacts over the studied period, proactive adoption of sustainable water management practices is essential to address seasonal variability and ensure agricultural sustainability.

4. Conclusion

This study analyzed rainfall trends in the Middle Gujarat Agro-climatic zone, India, across five districts over a 30-year period (1991–2020) using the Mann-Kendall test and Sen’s slope estimator. The monsoon season contributed 98.16% of annual rainfall, followed by the post-monsoon season at 1.84%, while the pre-monsoon and winter seasons recorded no rainfall. No significant trends were detected in monthly, seasonal, or annual rainfall data at a 95% confidence level. Non-significant rising trends were observed annually (33 mm/year) and during the monsoon season (33 mm/year), with a slight rising trend in the post-monsoon season (1 mm/year). Monthly analysis revealed non-significant wetting trends in August (87 mm/year) and September (71 mm/year) and drying trends in June (-17 mm/year), July (-17 mm/year), and October (-1 mm/year). The absence of significant trends suggests no clear evidence of climate change-induced rainfall variations in the region over the studied period. To ensure reliable water access in this rainfed agricultural zone, communities should adopt sustainable water management strategies, such as rainwater harvesting, drip irrigation, and watershed management, to enhance water conservation and resilience. Further long-term studies with extended datasets and additional climatic variables are recommended to deepen understanding of rainfall patterns and inform future water resource planning.  
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