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Abstract

Rainfall variability under arid and semi-arid climatic conditions has profound socio-economic
implications for agricultural livelihoods. Understanding the spatial and temporal variability of
rainfallis therefore essential for sustainable agricultural planning. The present study examines long-
term rainfall variability and trends over a 122-year period (1901—2022) across 20 districts of Punjab,
India, with the objective of identifying significant temporal patterns and providing insights for
future agricultural sustainability. Descriptive statistical analyses combined with trend detection
techniques, including the Mann—Kendall (MK) test and Sen’s slope estimator, were employed to
assess rainfall trends at multiple spatial and temporal scales. The results indicate that Pathankot,
Hoshiarpur, and Shaheed Bhagat Singh Nagar received the highest average annual rainfall, while
Fazilka, Sri Muktsar Sahib, and Bathinda recorded the lowest. The long-period average (LPA)
rainfall for Punjab was estimated at 630.2 + 154.9 mm. Among agro-climatic zones, the sub-
mountain undulating plain zone (SMZ) exhibited the highest LPA rainfall (1039.4 mm), followed by
the central plainzone (CPZ; 689.4 mm), undulating plainzone (UPZ; 663.5mm), and western zone
(WZ; 435.2 mm), whereas the western plain zone (WPZ) recorded the lowest LPA rainfall (385.6
mm). Decadal analysis revealed the highestrainfall intensity during 1951-1960 (722.7+148.6 mm)
and the lowest during 1921-1930 (542.7 + 101.6 mm). Although an increasing rainfall trend was
observed duringthe initial decade (1901-1910) and adeclining trend during the most recent decade
(2011—2022), the overall long-term rainfall trend was not statistically significant. The findings
provide valuable insights for rainfall management, agricultural planning, and policy formulation
aimed at enhancing resilience and ensuring food security, particularlyin arid and semi-aridregions.
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Introduction

The Indian state of Punjab, popularly known as the “Granary of India,” plays a pivotal role in the
nation’s food security, contributing around 14% of India’s total food grain production despite
occupying only about 1.54 % (50,362 km?) of national land area. Geographically, Punjab extends
between latitudes 29°30'N to 32°32’N and longitudes 73°55’E to 76°50'E, with elevations ranging
from 180 to 300 m above mean sea level. It shares its boundaries with Himachal Pradesh to the
northeast, Haryanatothe southeast, Rajasthantothe southwest, the Union Territory of Chandigarh
to the east, and Jammu and Kashmir to the north, while the international border with Pakistan lies
to the west. The climate of Punjab is significantly influenced by its proximity to the Himalayan
foothills and its geographical position along the Indo—Gangetic plains. Rainfall distribution across
the state exhibits marked spatial variability, with the sub-mountainous regions receiving
comparatively higher rainfall, whereas the southwestern parts experience scanty rainfall coupled
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with higher temperatures. Punjab statederives its name from the five tributaries of the Indus River system—Sutlej,
Beas, Ravi, Chenab, and Jhelum. However, at present, only the Sutlej, Beas, and Ravi flow through Indian Punjab,
while the remaining rivers lie within the territory of Pakistan.

Punjab is administratively divided into 23 districts and ranks as the 16" most populous state in India, with a
population of over 27 million (Jerath et al., 2014). Agricultureis the backbone of the state’seconomy and a primary
source of livelihood. At national level, agriculture supports around 68.84% of Indian population (Chandramoulj,
2011), while in Punjab, more than 65% of the state’s total populationis directly engaged in Agrarian sector (Singh
et al., 2016). Given this heavy agriculture dependence, variation in climatic factors, particularly rainfall, exerts
severe social and policy implications on the livelihood of farming communities, especially under arid and semi-arid
climatic conditions (Banerjee, 2015; Mahdi et al., 2021, 2022). The Intergovernmental Panel on Climate Change
(IPCC) reported that climate change has enormous inferences for the global rainfall pattern. Rainfall variability
occurs not only over time (temporal variability) but also across locations (spatial variability) (Pai et al., 2014; Hoover
etal., 2021). Temporal variability may range from short-termfluctuations at daily and seasonal scales to long-term
changes spanningdecades or even centuries, whereas spatial variability reflects differences in rainfall distribution
across regions. Spatio-temporal rainfall variability thus refers to changes in both the magnitude and distribution of
rainfall over space and time. Based on the time scale of analysis, the rainfall variability can further be categorized
intolong- and short-period variations. Long-period variability generally refers to changes occurring over decadal to
centennial timescales and isinfluenced by factors such as ocean—atmosphereinteractions, variations in sea surface
temperatures, solar activity, and volcanic eruptions. In contrast, short-period rainfall variability typically operates
at weekly, monthly, orinterannual scales and is governed by atmosphericcirculation patterns, moisture availability,
and regional oceanic conditions. Both long- and short-period rainfall variability have significant implications for
agricultural productivity, water resource availability, and ecosystem stability. Therefore, comprehensive
understanding of these variations and their underlying causes is crucial for predicting future climatic changes and
formulating effective strategies to mitigate their impact (Singh et al., 2021, 2022).

Cruzetal. (2007) reported declining trends in annual rainfall across northeastern and northern China, northeastemn
India, Indonesia, coastal Pakistan, and parts of the Philippines, while increasing trends were observed in
Bangladesh, western and southeastern China, and western Philippines. The study also highlighted increased
damage from intense cyclones across South and Southeast Asia, suggesting a risein the frequency and intensity of
extreme weather events. In India, about 70—-80% of annual rainfall occurs during the southwest monsoon (SWM;
June-September), with northeastern and southeastern regions receiving substantial rainfall during the monsoon
withdrawal phase (Rajeevan et al., 2010). Several studies have reported no statistically significantlong-term trends
inannual rainfall over northeastern India (Goswamiet al., 2010; Dekaetal., 2013; Jainetal., 2013). Duringthe SWM,
rainfall is concentrated along the west coast and northeastern India, while the northwestern and southeastern
regionsreceive comparatively low precipitation (Srinivasan et al., 1972). Climate projections indicate an increase of
approximately 20% in All-India SWM rainfall, accompanied by higher rainfall intensity (1-4 mm day-?), although a
slight decrease (xmm day™) is projected over parts of northwestern India (IPCC, 2013). Furthermore, the total
number of rainy days is projected to decline across most parts of India, with a pronounced reduction (>15 days) over
the westernand central regions. In contrast, anincrease of 5—10 rainy days is expected near the Himalayan foothills
and in northeastern India (Kumar et al., 2012). Overall, mean annual rainfall over India is projected to increase by
about 10% by 2070 (Pathak et al., 2012).

The rainfall patternsin Punjab state vary considerably across agro-climaticzones (Gill et al., 2010) and are projected
to become increasingly uneven and erratic under future climate scenarios. Such variability is expected to intensify
social pressure on the water resources, leading to excessive extraction of already stressed groundwater reserves.
Rainfall deficits exacerbate water scarcity by limiting recharge of groundwater and surface reservoirs, resulting in
reduced flows in springs, streams, and rivers, particularly in arid and semi-arid regions (Asoka et al., 2018).
Additionally, inadequate rainfall can degrade water quality by altering salinity, acidity, dissolved oxygen, and
turbidity, thereby reducing soil biological productivity. Conversely, episodes of intense rainfall increase the risk of
flash floods across various regions of India (Annamalaiand Sperber, 2005), underscoring thedual challenges posed
by both rainfall scarcity and extremes.

Rainfall variability in Punjab has significantimplications for agriculture, which remains the state’s primary source of
livelihood. Erratic southwest monsoon activity during the Kharif season and variability in western disturbances
during the Rabiseason often result in contrasting hydrological extremes, including water stress and drought-like
conditionsin some areas and flooding or waterlogging in others. Such variability adversely affects crop productivity
and leads to substantial economic losses for farming communities. Declining annual rainfall and a reductionin the
number of rainy days further aggravate these challenges, underscoring the need for effective monitoring and
management of the state’s water resources. Empirical evidence highlights pronounced seasonal and spatial
variability in rainfall across Punjab. Kingra et al. (2004) reported that the Ballowal Saunkhri region received 1009
mm of rainfall during the Kharif season but only 154 mm during the Rabi season, indicating substantial intra-annual
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variability. A decreasing trend in annual rainfall has also been observed at Ballowal Saunkhri and Bathinda (Gill et
al., 2010). Furthermore, adeclineinthe number of rainy days across several locationsin Punjab was reported during
2000-2009, with Ballowal Saunkhri recording the highest number and Bathinda the lowest. Such hydro-climatic
changes can trigger cascading environmental, social, and economic impacts across the region. Long-termanalysis
of climatic variables is therefore essential for understanding and monitoring both regional and global climate
change dynamics (Kumar et al., 2010). Changes in long-term rainfall patterns directly influence water availability,
droughtandflood occurrences, and the estimation of agricultural, industrial, and domestic water demands, making
rainfall trend assessment a critical component of sustainable resource planning (Pal and Mishra, 2017).

Although numerous studies have examined trends in climatic variables at national (Athar, 2015; Fan and Chen,
2016; Szabdet al., 2019), regional (Duhan and Pandey, 2013; Duanetal., 2016), and station -specific scales (Sahu et
al., 2016; Beyene, 2015), comprehensive documentation of long-term rainfall trends in Punjab spanning the last
century remains limited. In view of this knowledge gap, the present study investigates the spatial and temporal
variability of rainfall across different districts of Punjab over a 122-year period. The specific objectives are to (i)
detect statistically significant trends in rainfall time series and (ii) analyze the occurrence and variability of rainfall
patterns across spatial and temporalscales. The findings are expected to provide valuable insights for formulating
futuresstrategiesrelated to climate change adaptation, sustainable water resource management, and mitigation of
drought and flood risks.

Source of data

The rainfall data used in this study were obtained from the Climate Monitoring and Prediction Group of the India
Meteorological Department (IMD), Pune, India, and are freely accessible. The dataset consists of daily gridded
rainfall values provided on a regular rectangular latitude—longitude grid with a high spatial resolution of 0.25° x
0.25°, stored in gridded (*.grd) format (Pai et al., 2014). Daily rainfall data spanning 122 years (1901—2022) were
downloaded for analysis. The complete dataset comprises 135 x 129 grid points, covering latitudinal extents from
6.5°N to 38.5°N and longitudinal extents from 67.5°E to 100.0°E. As the downloaded dataset encompassed the
entire Indian region, grid points lying outside the geographical boundary of Indian Punjab were excluded during
data preprocessing. Initial filtering was performed using a customized C++ program, followed by spatial verification
and refinement using the Quantum Geographic Information System (QGIS) software to ensure accurate
delineation of the Punjab boundary. The remaining grid points within the study area were retained for further
analysis. In Fig. 1, blue markers indicate the pre-selected rainfall grid points, while yellow markers represent the
final selected grids within Punjab. The geographical extent of each district and the corresponding number of rainfall
grid points used in the analysis are summarized in Table 1.
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Fig. 1a. The shaded area in blue indicates the location of Punjab state on Indian map;
1b. Yellow markers indicate the grid points corresponding to rainfall in the Indian-Punjab region. Points lying out
of the boundary (blue markers) are excluded from the study.

Materials and methods

Categorization of data

The entire Indian Punjab state was categorized into five agro-climatic zones—sub-mountain undulating plain zone
(SM2), undulating plain zone (UPZ), central plain zone (CPZ), western plain zone (WPZ), and western zone (WZ).
The district-wise rainfall was computed by averaging the daily rainfall values of every grid point falling within the
administrative boundary of each district. In the present study, the UPZ comprised two districts (Rupnagar and
Shaheed Bhagat Singh Nagar), while the WPZ (Faridkot, Fazilka, and Ferozepur) and SMZ (Gurdaspur, Pathankot,
and Hoshiarpur) each consisted of three districts. The CPZ included six districts (Amritsar, Tarn Taran, Kapurthala,
Jalandhar, Ludhiana, and Patiala), and the WZ also comprised six districts (Moga, Bathinda, Mansa, Sri Muktsar
Sahib, Sangrur, and Barnala). Out of the total 23 districts in Punjab, 20 districts were considered in this study, as no
rainfall grid points fell within the districts of Fatehgarh Sahib and Sahibzada Ajit Singh Nagar (Mohali),
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necessitating their exclusion. Additionally, Malerkotla district, carved out of Sangrur district in 2021, was not
considered due to the unavailability of separate long-term rainfall data.

For state-level analysis, rainfall values from a total of 75 grid points falling within the Punjab boundary were
averaged annually to estimate mean rainfall for the entire state (Table 1). In addition to spatial categorization, the
rainfall data were analyzed at annual and decadal temporal scales. Annualrainfall for each district was obtained by
aggregating daily rainfall values for each calendar year. The complete 122-year dataset was further grouped into
twelve decades: Decade 1 (1901-1910), Decade 2 (1911-1920), Decade 3 (1921-1930), Decade 4 (1931-1940),
Decade 5(1941-1950), Decade 6 (1951-1960), Decade 7 (1961—1970), Decade 8 (1971-1980), Decade 9 (1981-1990),
Decade 10 (1991—2000), Decade 11 (2001—2010), and Decade 12 (2011—2022). The final decade comprised twelve
years instead of ten due to asymmetry in the available data.

Table 1. Longitude, latitude and total rainfall grid points of various districts.

District Longitude Latitude Number of grid points
Gurdaspur 75°-75.5°E 31.75°-32°N 5
Pathankot 75.5°E 32.25°N 1
Hoshiarpur 75.75°-76.25°E 31.25°32°N 6
Sub-mountain undulating zone (SMZ) 12
Rupnagar 76.5°E 30.75°-31.25°N 2
Shaheed Bhagat Singh Nagar 76°-76.5°E 31°N 3
Undulating plain zone (UPZ) 5
Amritsar 74.75°-75.25°E 31.5%-31.75° N 3
Taran-Taran 74.75°-75°E 31.25%-31.5°N 4
Kapurthala 75.25°-75.5°E 31.25°-31.5°N 2
Jalandhar 75.5°E 31°-31.25°N 2
Ludhiana 75.5°-76.25°E 30.75°-31°N g
Patiala 76.25°-76.75°E 30.25%-30.5°N 5
Central plain zone (CPZ) 21
Faridkot 74.5°-74.75°E 30.5%-30.75°N 4
Fazilka 74°-74.25°E 30°-30.5°N 6
Ferozepur 74°.75-75°E 31°N 2
Western plain zone (WPZ) 12
Moga 75°-75.25°E 30.5°-31°N 4
Bathinda 74.75°-75.25°E 30°-30.50°N 7
Mansa 75.25%-75.5°E 29.75°-30°N 2
Sri Mukatsar Sahib 74.5°E 30°-30.5°N 3
Sangrur 75.75°-76°E 29.75°-30.5°N 7
Barnala 75.5°E 30.25%-30.50°N 2
Western zone (WZ) 25

Descriptive statistical analysis

Descriptive statistical measures, including minimum, maximum, mean, standard deviation (SD), coefficient of
variation (CV), skewness, and kurtosis, were computed to characterize the rainfall data and assess its variability
(Table 2). The mean, SD, and CV were used to quantify central tendency and dispersion, while skewness and
kurtosis were employed to examine the shape of the rainfall distribution. Skewness describes the degree of
asymmetry in a dataset around its mean, whereas kurtosis indicates whether the distribution is light-tailed or
heavy-tailed relative to a normal distribution. These parameters were derived from the frequency distribution of
rainfall data. Trend analysis describes the systematicchange in a variable over time and represents the rel ationship
between a dependent variable and its temporal scale (Hawkins and Webber, 1980). To assess monotonic trends in
rainfall time series, non-parametricmethods namely, the Mann—Kendall (MK) test (Mann, 1945; Kendall, 1975) and
Sen’s slope estimator, were applied. These methods are robust against non-normal data distributions and missing
values and are widely used in hydro-climatic trend analysis. The procedures followed those described by Basistha
et al. (2009), Yadav et al. (2014), and Oguntunde et al. (2012). The suitability of the MK test and Sen'’s slope
estimator for detecting precipitation trends has been well documented in previous studies (Karabork et al., 2007;
Jiang et al., 2007; Liu et al., 2008).

Trend-free pre-whitening

Trend-free pre-whitening (TFPW)is a data pre-processing technique used to remove serial autocorrelationin time
series data prior to trend analysis. Autocorrelation occurs when observations are correlated with their preceding
values and can lead to biased trend estimates and misleading statistical significance levels. The TFPW procedure
involves two main steps: (i) detrending the time series by removingany long-termtrend and (ii) pre-whitening the
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detrended series to remove any autocorrelation. Typically, an autoregressive modelis fitted to the detrended data,
and the resulting residuals are treated as the pre-whitened data. Subsequently, trend analysis is performed on the
pre-whitened data to obtain unbiased estimates of the underlying trendinthe original time series (Hamed and Rao,
1998; Rao et al., 2003).

Mann-Kendall’s test

The MK testis a widely used non-parametricstatistical method for detecting monotonic trendsin time series data.
The test evaluates the presence of a trend by computing Kendall’s rank correlation coefficient (also called Kendall's
tau) between all possible pairs of data points in a time series. The sign of the coefficient indicates the direction of
the trend, with positive values representing increasing trends and negative values indicating decreasing trends,
while its magnitudereflects the strength of the trend. Statistical significance is assessed using the standard normal
distribution. If the calculated p-value is less than the selected significance level (commonly p = 0.10, 0.05, or0.01),
the nullhypothesis of no trend s rejected, indicating a statistically significant trend in time series data. Beinga non-
parametricmethod, the MK test does not require the datato follow anormal distribution and s relatively insensitive
to outliersand abruptbreaks caused by inhomogeneitiesin the time series. In the present study, the MK test was
implemented using the RStudio software environment. The null hypothesis (Hy) assumes no trend in the rainfall
time series, whereas the alternative hypothesis (H;) assumes the presence of a monotonictrend. For a time series,
n observations (X3, Xy, X3, ..., X,,) are replaced by their relative ranks (Ry, Ry, Rs, ..., Rn). The MK test statistic (S) is
computed as:

n-1 n
S= z Z SGN(Rj— R ¢ v (2)
i=1 | j=i+1
where the sign function sgn(x) is defined as:
+1,ifx > 0;
sgn(x) = [ 0,ifx = 0;
—1,ifx< 0.

A positive S value indicates an increasing trend, whereas a negative value indicates a decreasing trend. If the null
hypothesis (H,) is true, S is approximately normally distributed with = o (Equation 2).

Var(S) = n(n_%(:ms) ..................... (2)

The standardized test statistic (Z) is computed as:xq

s—1
(\/ﬁ,l}c5>0

Z:{O, lfSZO ........................ (3)
lﬁ,ifko

Jvar(S)
The presence of a statistically significant trend is determined by comparing the absolute value of Z with the critical
values of the standard normal distribution. Thecritical values at the 0%, 95%, and 99% confidence levels are 1.6 45,
1.96, and 2.576, respectively.

Sen’s estimator

Sen’s estimatorisa robust non-parametricmethod used to estimate the slope of a monotonictrendin a time series
(Sen, 1968). The method is based on calculating the median of slopes obtained from all possible pairs of
observations in the dataset. In the present study, Sen’s slope estimator was applied to quantify the magnitude of
change in long-period average (1901-2022)and decadal rainfall series for each district usingthe RStudio software
environment. Positive and negative values of Sen’s slope indicate increasing and decreasing trends, respectively
(Xuetal., 2010).

Sen’s estimator is widely employed in hydro-meteorological trend analysis due to its robustness and reliability
(Jayawardene et al., 2015; Martinaet al., 2020; Patakamurietal., 2020). In this approach, the slope for each pair of
data points is calculated as per equation (4):

T; j_k.forl 1L,23...n (4)

where T isthe slope, and x;and x are the data values at time steps jandk (j> k), respectively. Sen’s slope estimator
(Qi) is then computed as the median of the n values of T;using equation (5):
Tne1y/2 if nisodd

Qmedian =

1 . .
7 [(Tn)2) + Tinezy2l, Uf nis even

Positive values of Q,.qian iNdicate an increasing trend, whereas negative values indicate a decreasing trend in the
time series.
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Results and Discussion

Spatio-temporal rainfall variability for LPA

A comprehensive assessment of rainfall variability across multiple spatial and temporal scales is essential for
developing effective adaptation and mitigation strategies under future climate change scenarios (Addisu et al.,
2015; Neil and Notodiputro, 2016; Gajbhiyeet al., 2016). The descriptive statistical analysis of district-wiseannual
rainfall for thelong-term period (1901-2022)is presented in Fig. 2 and Table 3. Inthe SMZ, the lowest annual rainfall
was recorded at Gurdaspur (417.8 mm)and Pathankot (495.9 mm) during 2002, while Hoshiarpur received its lowest
rainfall (493.5 mm) in 2018. Conversely, the maximum annual rainfall in these districts reached 1768.0 mm at
Gurdaspur (1971), 2419.2 mm at Pathankot (1968), and 1985.4 mm at Hoshiarpur (1988). In the UPZ, rainfall at
Rupnagar varied froma minimum of 52.7mm in 1918 to amaximum of 1117.1 mmin 1973, whereas Shaheed Bhagat
Singh Nagar (SBS Nagar) recorded annual rainfall ranging from 406.5 mm (1918) to 1797.2 mm (1988).

Within the CPZ, minimum rainfall was observed in different years across districts, including Amritsar (1965), Tarn
Taran and Ludhiana (1974), Kapurthala (1972), Jalandhar (1905), and Patiala (1918). The highest rainfall values in
CPZdistricts were recorded duringrelatively recent decades, including1306.4 mm at Kapurthalaand 1379.5 mm at
Ludhiana (1988), 1422.4 mmat Jalandhar (1995), 1556.12 mm at Patiala (2008), 1456.4 mm at Amritsar (2011), and
1333.4mm at Tarn Taran (2012). In the WPZ, comparatively higher rainfall was recorded during earlier years, with
maxima of 879.3 mm at Faridkot, 1090.8 mm at Ferozepur, and 873.4 mm at Fazilka. In contrast, markedly lower
rainfall was observed during later years, with minimum values of 150.5mm at Faridkot, 64.9 mm at Ferozepur, and
91.8 mm at Fazilka. Similarly, rainfall variability in the WZ was pronounced. Among the six districts, Mansa (137.8
mm) and Sangrur (276.2 mm) recorded their lowest rainfall in 2000, while Moga (148.8 mm) and Bathinda (119.2
mm) observed minimum rainfall in 1999. The lowest rainfall in Sri Muktsar Sahib and Barnala occurred earlier,
during 1947 (134.6 mm) and 1943 (197.1 mm), respectively (Fig. 2; Table 3).

The LPA rainfall distribution exhibited distinct spatial variability across agro-climatic zones (Fig. 3). Among the
districts, the highest LPA rainfall was observed in Pathankot (1204.5 mm), followed by Hoshiarpur (1059.7mm) and
SBS Nagar (889.0 mm). In contrast, Fazilka (307.2 mm), Sri Muktsar Sahib (368.1 mm), and Bathinda (374.2 mm)
received the lowest LPA rainfall. Overall, the LPA rainfall across Punjab ranged from 355.1 to 1150.2 mm, with a
state-widemean of 630.2 2 154.9mm (Table 3). Theseresults are consistent with thefindings of Kumar et al. (2021),
who reported substantial inter-annual and intra-seasonal rainfall variability across different regions of India.

However, in WPZ, older years recorded higher rainfall (i.e., 879.3 mm at Faridkot, 1090.8 mm at Ferozepur, and
873.4 mm at Fazilka). Albeit, lower rainfall was recorded during later years (91.8 mm at Fazilka, 150.5 mm at
Faridkot, and 64.9 mm at Ferozepur). Out of six districts under WZ, only two districts recorded poor rainfall during
2000 (137.8 at Mansaand 276.2 mm at Sangrur) and another two districts during1999 (148.8 mmat Mogaand 119.2
mm at Bathinda). However, the lowest rainfall at Sri Muktsar Sahib and Barnala districts was 134.6 and 197.12 mm
during 1947 and 1943, respectively (Table 3 and Fig. 2). The long-period average rainfall distribution exhibited
distinct variationin various zones (Fig. 3). Amongdifferent districts, the highest LPA rainfall of 1204.5, 1059.7and
889.0 mm was observed in Pathankot, Hoshiarpur and SBS Nagar, respectively. However, Fazilka, Sri Muktsar
Sahib and Bathinda received poor LPA rainfall amounts of 307.2, 368.1and 374.2 mm, respectively. Thus, ranging
from 355.1 and 1150.2 mm, the LPA rainfall for the whole Punjab state was 630.2+154.9 mm (Table 3). These
findings are well supported by the results of Kumar et al. (2021), who reported a significant variationin the pattern
of inter-annual and intra-seasonal rainfall across different locations in India.
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Fig. 2. Annual rainfall variation in different districts of Punjab during 1901-2022.
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Fig. 3. Annual rainfall variation in different agroclimatic zones of Punjab during 1901-2022

Table 2. Formula used for computation of different statistical measures.

Egn. | Statistical measures Formula Symbol used
1. Arithmeticmean (Xavg) | ¥ Xi/N Xi is rainfall in mm at the iy, observation
and N is the sample size.
2. Standard deviation [ (Xi—Xavg)?/ (N-2)]*2 Xi is rainfall in mm, Xa,g is the mean
(SD) rainfall, and N is the sample size.
3. Co-efficient of variation | 100 x (6/ Xag) Xavg is mean rainfall and o is standard
(CV) deviation.
4. Skewness Y (Xi—Xavg)3/ (N-1) * 03 Xi is the it observation, Xavg is the mean
(SKEW) rainfall, N is the number of observations,
and o is standard deviation.
5. Kurtosis N * Z(Xi — Xavg)* [ [Z(Xi = Xavg)*T? Xi is the it observation, Xavg is the mean
(KURT) rainfal, and N is the number of
observations.

Results of descriptive statistical analysis (Table 3) revealed positive skewness and kurtosis values across all districts
and agro-climatic zones. Positive skewness, which represents asymmetry of the frequency distribution around the
mean, indicated that the annual rainfall distribution to be asymmetric during the LPA period was right-skewed,
with a longer tail toward higher rainfall values. The positive kurtosis values further suggest a leptokurtic
distribution, characterized by a higher frequency of extreme rainfall events.

Table 3. Descriptive statistics of long period (1901-2022) rainfall (mm) in different districts of Punjab

Min Max Mean SD Ccv Kurtosis Skewness Slope intercept R2
Gurdaspur 417.8 1768.0 868.1 251.2 345.6 1.3 1.0 0.6 828.8 0.0083
Pathankot £495.9 2419.2 1204.5 369.1 326.4 0.8 0.8 0.1 1196.3 0.0002
Hoshiarpur 493.5 1985.4 1059.7 274.7 385.8 0.4 0.7 0.2 1045.2 0.0010
SMZ 539.0 1852.5 1039.4 264.1 25.4 0.8 0.6 0.1 811.7 0.0002
Rupnagar 52.7 1117.1 437.9 202.9 215.9 0.0 0.6 2.9 261.0 0.2598
SBS Nagar £406.5 1797.2 889.0 233.3 381.1 1.3 0.7 1.0 825.7 0.0251
UPZ 281.3 1286.7 663.5 178.3 26.9 0.5 0.2 2.0 -3230.3 0.1550
Amritsar 340.0 1456.4 710.6 209.0 340.0 1.1 0.9 1.1 645.6 0.0331
Taran-Taran 311.7 1333.4 602.8 192.0 314.0 1.4 1.0 1.0 541.9 0.0345
Kapurthala 289.8 1306.4 708.4 200.2 353.9 1.1 0.9 1.0 644.9 0.0344
Jalandhar 322.8 1422.4 653.7 188.8 346.3 2.2 1.1 0.5 622.1 0.0096
Ludhiana 300.5 1379.5 664.1 199.6 332.7 1.6 1.0 -0.1 672.0 0.0005
Patiala 346.2 1556.1 805.7 237.5 339.2 0.9 0.7 1.7 705.3 0.0610
CPZ 359.5 1238.3 689.4 176.5 25.6 0.9 0.9 0.8 -828.2 0.0240
Faridkot 150.5 879.3 395.9 144.2 274.5 0.7 0.8 -0.5 424.2 0.0132
Ferozepur 64.9 1090.8 459.8 179.1 256.7 0.6 0.4 -0.7 500.4 0.0176
Fazilka 91.8 873.4 307.2 130.8 234.8 1.7 1.0 0.0 308.4 0.0000
WPZ 128.2 862.8 385.6 132.6 34-4 0.6 0.6 -0.5 1300.3 0.0155
Moga 148.8 1046.8 469.4 157.5 298.0 1.1 0.7 -0.4 £495.2 0.0092
Bathinda 119.2 946.7 3742 143.1 261.6 1.7 1.1 -0.1 380.7 0.0007
Mansa 137.8 964.7 390.3 146.9 265.7 1.9 1.2 -0.1 395.4 0.0004
Srimuktsar Sahib | 134.6 735.8 368.1 133.2 276.2 0.1 0.7 0.5 337.1 0.0185
Sangrur 276.2 1315.4 529.6 192.2 275.6 2.5 1.4 0.4 503.5 0.0063
Barnala 197.1 1098.0 479.9 180.8 265.4 1.2 1.1 0.2 467.5 0.0016
Wz 213.1 982.3 435.2 141.6 32.5 1.2 1.9 0.1 262.2 0.0005
Punjab 355.1 1150.2 630.2 154.9 24.6 0.8 0.7 0.4 -209.8 0.0096
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Trend analysis showed that six out of the twenty districts exhibited a declining rainfall trend, rangingfrom -o0.10to
-0.70 mm yr~1, with the most pronounced decrease (~o0.5 mm yr-1) observed in the WPZ. In contrast, a strong
increasing trend of 2.9 mm yr-1was recorded for Rupnagar over the long-termstudy period. At the zonal scale, the
maximum LPA rainfall was observedin the SMZ (1039.4 mm), followed by the CPZ (689.4 mm) (Fig. 4). Conversely,
the WPZ remained the driest region, with an LPA rainfall of 385.6 mm, followed by the WZ (435.2 mm) andthe UPZ
(663.5 mm). On both zonal and state-wide scales, a declining LPA rainfall trend was observed only in the WPZ,
whereas all other agro-climatic zones exhibited an overall increasing rainfall tendency (Fig. 4).
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Fig. 4. Long period average (1901-2022) of rainfall at different districts of Punjab
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Fig. 5. Zone wise variation in decadal rainfall

Spatio-temporal rainfall variability for decades

The decadal rainfall patterns across different agro-climaticzones of Punjab (Table 4) indicate that the SMZ received
the highest rainfall, followed by CPZ, UPZ, WZ, and WPZ. At the state level, the three wettest decades were the
sixth decade (722.7% 148.6 mm), followed by the ninth (697.0 + 195.3 mm) and eighth decades (685.1+ 155.3mm).
In contrast, thelowest rainfall occurred during three consecutive decades, with mean rainfall values of 542.7+101.6
mm in the third decade, 585.1 + 119.9 mm in the fourth decade, and 591.0 + 224.2mm in the second decade. The
coefficient of variation (CV), reflecting rainfall variability, ranged from 17.1% to 37.9% across decades, indicating
substantial inter-decadal variability in rainfall. Amongtheagro-climaticregions, thelowest decadal average rainfall
was observed duringthe third decade (1921-1930) in most zones, except for the UPZ and WPZ, which experienced
minimum rainfall during the first (1901-1910) and tenth (2001-2010) decades, respectively. Conversely, the
maximum rainfall in the SMZ and WZ occurred during the eighth (1971-1980) and second (1911-1920) decades,
respectively, while the UPZ and CPZ recorded peak rainfall during the ninth decade (1981-1990). The WPZ
experienced its maximum rainfall during the second decade (1911-1920). For the entire Punjab state, the highest
and lowest decadal rainfall were observed during the sixth and third decades, respectively (Table 4).
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Table 4. Descriptive statistics of the decadal rainfall in different agroclimatic zones of Punjab.

smz  [uz [cpz [wpz [ wz [ Punjab [ sMz  Jupz [crz [wpz [wz | Punjab
Decade 1: (1901-1910) Decade 2: (1911-1920)
Min 539.0 369.0 433.6 255.8 311.0 412.6 593.9 2813 411.5 214.5 225.9 355.1
Max 1385.3 764.9 892.8 745.4 744.3 835.8 1644.7 918.5 1179.1 862.8 982.3 1122.2
Mean 967.4 531.5 645.1 412.6 429.6 592.0 968.0 539.2 658.9 404.2 410.9 591.0
SD= 260.6 141.5 137.5 138.0 144.6 137.6 316.1 176.1 229.2 192.9 222.3 224.1
CV% 26.9 26.6 21.3 33.4 33.7 23.3 32.7 32.7 34.8 47.7 54.1 37.9
Skewness | -0.10 0.75 0.10 1.72 1.44 0.40 1.32 0.95 1.46 1.61 2.19 1.67
Kurtosis -0.66 -0.54 -0.12 3.65 1.33 -0.68 1.48 1.60 2.22 3.09 5.45 3.18
Slope 41.38 22.75 26.82 27.41 34.59 30.78 -21.72 -10.51 -4.51 -0.28 3.04 -5.53
Intercept -77882 -42812 -50456 -51811 -65487 -58055 42568 20666 9305 937 -5422 11192
R? 0.231 0.237 0.349 0.362 0.524 0.458 0.043 0.033 0.004 0.000 0.002 0.006
Decade 3: (1921-1930) Decade 4: (1931-1940)
Min 693.6 407.6 425.2 198.7 245.4 405.3 743.6 409.7 476.6 232.2 260.3 442.0
Max 1117.1 647.2 799.5 516.6 612.6 739.5 1247.2 674.8 986.7 568.9 728.8 857.0
Mean 903.1 532.9 593.2 338.7 384.5 542.7 991.9 535.0 638.0 379.1 414.8 585.1
SD+ 129.5 100.4 120.4 94.1 106.6 101.6 168.8 108.2 145.4 106.3 141.4 119.9
CV% 14.3 18.8 20.3 27.8 27.7 18.7 17.0 20.2 22.8 28.0 34.1 20.5
Skewness | -0.06 -0.21 0.23 0.29 0.81 0.44 0.02 0.10 1.59 0.37 1.17 1.20
Kurtosis -0.60 -1.99 -1.06 0.16 1.48 0.12 -0.90 -1.97 3.45 0.10 1.74 2.29
Slope -17.80 -7.11 -0.97 -5.34 -3.15 -5.82 -0.13 -17.98 -20.23 -21.85 -18.46 -16.43
Intercept 35185 14216 2467 10616 6445 11741 1247 35337 39795 42666 36146 32379
R? 0.173 0.046 0.001 0.030 0.008 0.030 0.000 0.253 0.178 0.387 0.156 0.172
Decade 5: (1941-1950) Decade 6: (1951-1960)
Min 827.6 459.7 486.1 217.2 248.0 476.2 844.5 506.8 506.9 248.8 350.5 518.3
Max 1761.0 876.4 1072.7 678.3 735.1 986.6 1654.4 926.5 1105.2 669.6 757.6 991.2
Mean 1207.6 603.0 720.7 396.9 457.6 667.4 1246.1 750.9 763.6 438.3 501.4 722.7
SD+ 295.8 144.0 186.3 152.1 170.9 173.6 278.2 151.6 154.7 124.3 131.3 148.6
CV% 24.5 23.9 25.9 38.3 37.4 26.0 22.3 20.2 20.3 28.4 26.2 20.6
Skewness | 0.64 1.28 0.68 0.46 0.48 0.79 -0.03 -0.82 0.83 0.21 1.10 0.36
Kurtosis 0.10 0.33 -0.22 -0.44 -0.95 -0.49 -1.46 -1.12 2.58 0.25 0.34 -0.46
Slope 19.59 -2.71 20.75 11.46 12.04 13.90 50.68 38.26 20.12 8.34 14.51 24.12
Intercept -36912 5874 -39656 -21889 -22972 -26375 -97855 -74068 -38584 -15866 -27875 -46434
R? 0.040 0.003 0.114 0.052 0.046 0.059 0.304 0.584 0.155 0.041 0.112 0.241
Decade 7: (1961-1970) Decade 8: (1971-1980)
Min 853.9 503.6 450.6 2617 339.5 468.9 732.3 548.1 359.5 239.3 263.3 401.1
Max 1537.5 917.9 806.5 553.0 628.7 783.4 1852.5 1106.9 866.7 669.6 609.5 853.8
Mean 1091.6 777.6 664.0 390.1 448.7 650.0 1130.8 793.1 699.5 445.8 476.7 685.1
SD=+ 215.3 124.6 126.9 105.5 96.5 111.3 323.5 167.2 179.8 129.3 118.0 155.3
CV% 19.7 16.0 19.1 27.0 21.5 17.1 28.6 21.1 25.7 29.0 24.8 22.7
Skewness | 0.94 -0.95 -0.65 0.30 0.51 -0.37 1.03 0.34 114 -0.02 -0.82 -0.92
Kurtosis 0.63 1.77 -1.00 -1.59 -0.60 -1.35 2.07 -0.19 -0.09 -0.28 -0.65 -0.61
Slope 3.07 3.04 -10.12 -20.62 -8.06 -7.51 -33.23 -1.83 20.21 9.97 0.93 2.02
Intercept -4938 -5188 20562 40922 16293 15420 66772 4411 -39227 -19254 -1364 -3311
R? 0.002 0.005 0.058 0.350 0.064 0.042 0.097 0.001 0.116 0.055 0.001 0.002
Decade 9: (1981-1990) Decade 10: (1991-2000)
Min 694.4 607.9 4611 248.7 275.0 457.5 751.0 676.2 503.0 147.0 213.1 438.7
Max 1780.5 1286.7 1238.3 640.6 898.6 1150.2 1540.4 939.0 1101.4 495.3 777 -4 962.2
Mean 1025.0 831.6 775-2 461.1 477.2 697.0 1063.9 789.7 709.3 290.4 406.7 633.0
SD+ 299.2 216.3 212.8 115.2 184.4 195.3 222.8 92.6 172.1 113.8 162.5 149.1
CV% 29.2 26.0 27.5 25.0 38.6 28.0 20.9 117 24.3 39.2 40.0 23.6
Skewness | 2.0 1.2 0.9 -0.4 1.3 1.4 0.9 0.5 1.2 0.3 1.2 1.0
Kurtosis 5.0 0.9 1.8 -0.2 2.3 2.7 1.6 -1.5 2.3 -0.7 2.4 1.9
Slope 19.5 19.2 18.5 0.9 14.9 14.9 -25.5 -1.1 -7-3 -13.8 -7.8 -10.8
Intercept -37768 -37240 -35896 -1244 -29193 -28925 52029 2933 15320 27911 15973 22152
R2 0.039 0.072 0.069 0.001 0.060 0.053 0.120 0.001 0.017 0.136 0.021 0.048
Decade 11: (2001-2010) Decade 10: (2011-2022)
Min 583.5 416.3 478.6 128.2 261.5 396.8 699.8 515.4 486.8 219.8 342.2 463.8
Max 1409.4 931.6 1036.9 566.4 7371 932.5 1284.4 863.8 1233.0 459.4 493.1 848.1
Mean 921.4 640.6 710.9 368.8 410.5 605.1 970.2 641.1 694.2 315.5 409.5 597.3
SD= 258.6 165.6 166.8 162.2 138.0 157.6 210.5 109.8 236.3 74.7 47.0 123.7
CV% 28.1 25.9 23.5 44.0 33.6 26.0 21.7 17.1 34.0 23.7 11.5 20.7
Skewness | 0.85 0.28 0.71 -0.03 1.48 0.91 0.31 0.79 1.56 0.57 0.00 0.84
Kurtosis 0.03 -0.74 0.17 -1.76 3.07 0.82 -1.79 -0.16 1.61 -0.55 -0.50 -0.38
Slope 36.57 7.86 8.43 9.56 19.97 16.12 -40.82 -6.16 -46.11 -11.83 -6.66 -25.38
Intercept -72425 -15117 -16201 -18800 -39632 -31727 83279 13059 93677 24180 13847 51786
R? 0.183 0.021 0.023 0.032 0.192 0.096 0.489 0.041 0.495 0.327 0.261 0.547

Trend analysis revealed an increasing decadal rainfalltrend inall agro-climaticzones except the WPZ, although the
magnitude varied among regions. The rate of increase was estimated at 1.8 mm decade™ in the SMZ, 21.0 mm
decadeinthe UPZ, 8.2 mmdecade in the CPZ, 0.86 mmdecade in the WZ, and 4.3 mm decade 2 for the state.
The corresponding coefficients of determination (R2) were 0.0035, 0.41, 0.32, 0.007, and 0.09, respectively. In
contrast, the WPZ exhibited a declining rainfall trend of -4.3 mm decade™?, with an R? value of 0.09 (Fig. 5).

Trend analysis of rainfall for LPA
The MK test (z), Sen’s slope estimator (S), and corresponding significance levels were applied to long-termrainfall
time series to investigate rainfall trends across different agro-climatic zones of Punjab (Table 5). The LPA rainfall
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exhibited a decreasing trend in only five districts, namely Pathankot (-0.20 mm), Ludhiana(-0.30 mm), Faridkot (-
1.10 mm), Ferozepur (-1.28 mm), and Moga (-0.68 mm). Amongthese, therate of rainfall decline was comparatively
higher in Ferozepur and Faridkot compared to Ludhiana, Pathankot, and Moga; however, the decreasing trends in
all five districts were statistically non-significant. In contrast, the remaining districts displayed increasing rainfall
trends. Statistically significant increasing trends were detected in Rupnagar (5.97 mm yr% ***p = 0.001),
Kapurthala (2.122 mmyr-%; *p = 0.05), and Patiala (3.34 mm yr-%; ***p = 0.001). These findings are consistent with
Kumar et al. (2021), who reported increases in annual and monsoon precipitation over Punjab by 32.128 mm and
27.45 mm, respectively, when comparing the periods 1981—2010 and 1991—2020.

At the agro-climatic zone, only the WPZ exhibited a decreasing rainfall trend, although this trend was not
statistically significant (z = -0.99). All other zones showed increasing rainfall trends, with the UPZ recording a
statistically significant rise (z = 4.36***, p = 0.001). Overall, rainfall trends varied across the state, with certain
regions experiencing increasing rainfall, while others showed stable or declining tendencies. It is noteworthythat,
except for the UPZ, none of the agro-climatic zones exhibited a statistically significant increasingtrend. Similarly,
at the state level, Punjab showed an overall increasing rainfall trend, but the magnitude of change was not
statistically significant. It is important to emphasize that a statistically non-significant trend does not imply the
absence of change in the time series; rather, it indicates insufficient statistical evidence to conclusively establish a
trend. Theobservedincrease inrainfall across Punjab may therefore beinfluenced by randomvariability rather than
a persistent long-term trend. Continued monitoring of rainfall patterns is essential to determine whether these
trends persist and eventually attain statistical significance. Furthermore, investigating the role of large-scale
climate drivers andregional climaticvariability may help explain the observed variability in rainfall patterns. Similar
observations have also been reported by Mahdi et al. (2022) for the Kashmir Valley, India.

Trend analysis of rainfall at the decadal scale

The decadal rainfall trends across different agro-climatic regions of Punjab, along with their corresponding z-
statistics values (Fig. 6 and Table 6), indicate considerable spatial and temporal variability. Among the five agro-
climaticregions analyzed (SMZ, UPZ, CPZ, WPZ, and WZ), rainfall exhibited an increasing trend in four decades in
SMZ, five decades each in UPZ and WPZ, six decades in CPZ, and seven decades in WZ. Across all zones, the first
decade (1901-1910) and the sixth decade (1951—-1960) recorded the highest z-statistics values, suggesting strong
positive rainfall trends during these periods. The WZ showed a statistically significant increasing trend, with a z-
statistics value of 2.68% (p = 0.01). Additionally, the rainfall trend for the entire P unjab state was also found to be
statistically significant, with a z-statistics value of 1.97* (p = 0.05).

Table 5. Man-Kendall and Sen’s slope for annual long period average rainfall trend.

z n p-value S varS tau S-slope Trend
Gurdaspur 1.26 122 0.21 570 204207 0.08 0.72 +
Pathankot -0.20 118 0.84 -87 184847 -0.01 -0.22 -
Hoshiarpur 0.24 122 0.81 111 204208 0.02 0.15 +
SMz 0.16 122 0.88 72 204207 0.01 0.10 +
Rupnagar 5.97 122 0.00 2700 204205 0.37 2.98 Lkl
SBS Nagar 1.90 122 0.06 860 204207 0.12 1.11 +
UPZ 4.36 122 0.00 1973 204208 0.27 1.99 el
Amritsar 1.8561 118 0.06 799 184847 0.12 1.04 +
Taran-Taran 1.7235 118 0.08 742 184846 0.11 0.90 +
Kapurthala 2.12 122 0.03 960 204207 0.13 0.99 +*
Jalandhar 1.00 122 0.32 452 204207 0.06 0.44 +
Ludhiana -0.30 122 0.77 -136 204205 -0.02 -0.17 -
Patiala 3.34 122 0.00 1509 204204 0.20 1.96 HHRER
CPz 1.59 122 0.11 719 204206 0.10 0.73 +
Faridkot -1.10 122 0.27 -500 204205 -0.07 -0.39 -
Ferozepur -1.277 118 0.20 -550 184846 -0.08 -0.66
Fazilka 0.31 122 0.75 143 204206 0.02 0.09
WPZ -0.99 122 0.32 -448 204205 -0.06 -0.33 -
Moga -0.68 122 0.50 -308 204207 -0.04 -0.26 -
Bathinda 0.16 122 0.87 73 204204 0.01 0.05 +
Mansa 0.42 122 0.67 191 204203 0.03 0.15 +
SrimuktsarSahib | 1.80 122 0.07 813 204208 0.11 0.59 +
Sangrur 0.87 122 0.38 395 204208 0.05 0.31 +
Barnala 0.76 122 0.45 346 204205 0.05 0.35 +
wzZ 0.87 122 0.38 395 204206 0.05 0.27 +
Punjab 1.15 122 0.25 520 204207 0.07 0.48 +

Note: ‘+' or '-' indicates increasing or decreasing trend at ‘*' (p=0.05), ‘**' (p=0.01) and, ‘***' (p=0.001) level of

significance.
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Fig. 6. Decade wise variation in annual rainfall in different agroclimatic zones of Punjab.

These findings are consistent with those of Kumar et al. (2010), who reported a significant increasing trend inlong-
term annual rainfall (1871—2005) for Punjab, Haryana, and Karnataka, while no significant trends were observed for
most other Indian states over the 135-year period. In contrast, the remaining decades across the agro-climatic
regions exhibited declining rainfall trends; however, these trends were statistically non-significant (Table 6).
Notably, during the most recent period (2011-2022), a negative z-score was observed for the entire Punjab state,
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indicating a declining rainfall tendency in recent years. This reduction may help explain the observed decrease in
rainfall when viewed in the context of long-term historical variability. Nevertheless, the statistically significant
positive trend observed during the first decade (1901-1910; z =1.97%, p = 0.05) highlights the pronounced inter-
decadal variability in rainfall patterns.

Overall, the results demonstrate marked spatio-temporal heterogeneity in decadal rainfall trends across Punjab,
underscoring the dynamic nature of regional rainfall variability over the past century.

Table 6. Man-Kendall and Sen'’s slope for decadal average rainfall trend.

Decade | Decade | Decade | Decade | Decade | Decade | Decade | Decade | Decade | Decade | Decade | Decade
1 2 3 4 5 6 7 8 9 10 11 12
Sub-mountain undulating zone
z 1.252 -1.252 -1.073 -0.179 0.179 1.610 0.000 -0.894 -0.179 -0.358 1.073 -2.126
S 15 15 13 3 3 19 -1 -11 3 -5 13 -32
varS 125 125 125 125 125 125 125 125 125 125 125 213
tau 0.333 -0.333 -0.289 -0.067 0.067 0.422 -0.022 -0.244 -0.067 -0.111 0.289 -0.485
S-slope 62.5 -30.7 -24.7 -9.9 6.7 771 -1.4 -32.9 -13.6 -16.6 38.6 -37.7
Trend + - - - + + - - - - + -x
Undulating plain zone
z 1.252 -0.716 -1.073 -1.431 0.716 2.147 -0.179 0.000 0.537 -0.537 0.358 -0.343
S 15 -9 -13 -17 9 25 3 -1 7 7 5 -6
varS 125 125 125 125 125 125 125 125 125 125 125 213
tau 0.333 -0.200 -0.289 -0.378 0.200 0.556 -0.067 -0.022 0.156 -0.156 0.111 -0.091
S-slope | 217 -10.9 -6.1 -12.1 9.3 38.8 -0.8 7.4 19.5 -5.2 9.5 -5.7
Trend + - - - + +* - - + - + -
Central plain zone
z 1.610 0.000 -0.179 -1.073 0.537 1.431 -0.716 0.358 0.537 -0.179 0.358 -2.263
S 19 -1 3 -13 7 17 -9 5 7 3 5 34
varS 125 125 125 125 125 125 125 125 125 125 125 213
tau 0.422 -0.022 -0.067 -0.289 0.156 0.378 -0.200 0.111 0.156 -0.067 0.111 -0.515
S-slope [ 25.8 -9.3 -2.4 -18.8 16.7 23.5 -9.4 10.2 11.4 -2.6 6.8 -30.5
Trend + - - - + + - + + - + -
Western plain zone
z 1.431 -0.716 -0.537 -1.431 0.358 1.073 -1.789 0.537 0.000 -0.716 0.716 -1.577
S 17 -9 7 17 5 13 -21 7 1 -9 9 24
varS 125 125 125 125 125 125 125 125 125 125 125 213
tau 0.378 -0.200 -0.156 -0.378 0.111 0.289 -0.467 0.156 0.022 -0.200 0.200 -0.364
S-slope [ 21.8 -6.3 -5.7 -24.7 6.8 12.8 -21.5 10.2 1.4 -10.6 22.4 -12.0
Trend + - - - + + - + - - + -
Western zone
z 2.683 -0.179 -0.179 -1.073 0.537 1.073 -0.716 0.358 0.716 0.179 1.252 -1.577
S 31 3 3 -13 7 13 -9 5 9 3 15 24
varS 125 125 125 125 125 125 125 125 125 125 125 213
tau 0.689 -0.067 -0.067 -0.289 0.156 0.289 -0.200 0.111 0.200 0.067 0.333 -0.364
S-slope | 29.2 -7.5 -1.6 -17.5 12.0 15.9 -9.1 7.8 9.2 3.5 17.2 7.2
Trend +%% - - - + + - + + + + -
Entire Punjab
z 1.968 -0.179 -0.537 -1.252 0.537 1.610 -0.537 -0.358 0.358 -0.179 0.894 -2.400
S 23 3 7 -15 7 19 7 -5 5 3 11 36
varS 125 125 125 125 125 125 125 125 125 125 125 213
tau 0.511 -0.067 -0.156 -0.333 0.156 0.422 -0.156 -0.111 0.111 -0.067 0.244 -0.545
S-slope [ 32.2 -13.5 -10.2 -16.3 8.7 311 -9.8 -4.9 13.7 -3.1 19.4 -25.2
Trend +% - - - + + - - + - + -

Note:'+' or ‘- indicates increasing or decreasing trend at '*' (p=0.05), “**’ (p=0.01) and, ‘***’ (p=0.001) level of significance.

Conclusion

Understanding spatio-temporal rainfall variability is crucial for effective water resource management, mitigation
of drought and flood impacts, and climate change adaptation under increasing climatic uncertainty. This study
providesa comprehensive assessment of long-termrainfall variability across Punjab, India, over a 122-year period
(1901—2022). The analysis revealed pronounced spatial heterogeneity in rainfall distribution among districts and
agro-climatic zones, with substantially higher rainfall in the sub-mountain and central plain regions compared to
the western and western plain zones. Decadal variability was evident, characterized by alternating periods of
enhanced and reduced rainfall intensity. These findings underscore the importance of region-specific rainfall
management and adaptive agricultural planning strategies to enhance resilience and ensure sustainable food
security in the arid and semi-arid regions of Punjab. The site-specific insights derived from this study are valuable
for anticipating future hydro-climatic risks and supporting evidence-based adaptation strategies.
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