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Drought, a prolonged period of precipitation deficit, is one of the most significant 
hydro-meteorological hazards affecting agriculture, water resources, ecosystems, 
and socio-economic systems, and its impacts are becoming more pronounced 
under intensifying global climate extremes. This study investigates the temporal 
behavior and severity of droughts in the Ganganagar district of Rajasthan, India, 
using a 122-year record of monthly precipitation (1901-2022) analyzed through the 
Standardized Precipitation Index (SPI) at 3-, 6-, 9-, and 12-month timescales. Statistical 
techniques were employed to assess drought frequency, duration, intensity, and 
long-term variability, alongside evaluations of linear trends and decadal oscillations 
linked to large-scale monsoon dynamics. The analysis identified 46 moderate to 
severe drought events at the 3-month scale and 32 at the 12-month scale, with 
the longest drought lasting 21 months between 2000 and 2002. The frequency 
of extreme drought events increased notably after the 1970s, coinciding with 
enhanced inter-annual variability in monsoon rainfall. While the long-term linear 
trends in drought severity were not statistically significant, the 12-month SPI 
exhibited clear decadal-scale oscillations influenced by monsoon behavior, and 
the 3-month SPI effectively captured short-term agricultural droughts affecting 
seasonal crop yields. These findings provide a comprehensive understanding of 
drought characteristics in a highly vulnerable arid region and offer a quantitative 
basis for improving drought monitoring and early-warning systems. The results 
have direct implications for agricultural planning, irrigation scheduling, and the 
development of climate-informed contingency measures tailored to high-risk 
periods. By situating local drought assessment within the wider context of global 
climate extremes, this study highlights the need for integrated water resource 
management and region-specific policy interventions to strengthen resilience 
and support sustainable development in the face of an increasingly uncertain 
climate future.
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1 Introduction

Water is an essential natural resource underpinning both 
sustainable human development and the integrity of ecological 
systems. Its availability is fundamental for agricultural, industrial, 
domestic, recreational, and environmental activities (Mehta and 
Yadav, 2021a). However, climate variability and anthropogenic climate 
change increasingly threaten freshwater resources. The 
Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment 
Report (AR6) emphasizes significant alterations in the global 
hydrological cycle, with increased variability in precipitation patterns 
closely associated with the intensification of drought events 
(Intergovernmental Panel on Climate Change, 2021). This 
intensification has led to more frequent and severe meteorological, 
agricultural, and hydrological droughts across many regions of 
the world.

Drought is commonly defined as a prolonged and abnormal 
deficit in precipitation, often extending over months or years and 
affecting large geographic areas (Rossi, 2000). Although its primary 
driver is insufficient rainfall, additional climatic factors, such as 
elevated temperatures, increased evapotranspiration, strong winds, 
and low relative humidity, can exacerbate its severity (Attri and Tyagi, 
2010; Mehta and Yadav, 2021b, 2022). The multifaceted impacts of 
drought span economic losses, reduced agricultural yields, water 
scarcity, land degradation, and disruption of ecosystems and 
biodiversity (Dash et al., 2009a,b; Patel et al., 2021). Globally, drought 
is among the most destructive natural hazards, accounting for 
approximately 85% of the impacts associated with extreme weather 
events (Obasi, 1994; Centre for Research on the Epidemiology of 
Disasters, 2003).

India is particularly vulnerable to drought due to its complex 
climatic system, especially the variability associated with the southwest 
monsoon. The spatial and temporal inconsistencies of monsoon 
rainfall result in frequent hydrological extremes, with simultaneous 
occurrences of floods and droughts in different regions (Ranjan et al., 
2013). Large areas of India, including arid and semi-arid zones such 
as Rajasthan, are chronically drought-prone (Agarwal et al., 2025). 
Given the country’s predominantly agrarian economy, which is heavily 
reliant on monsoon rainfall, drought events pose a significant threat 
to food security, rural livelihoods, and water availability. Between 1900 
and 2016, droughts in India are estimated to have affected 
approximately 1.3 billion people, and current projections suggest that 
the frequency, intensity, and duration of droughts will increase under 
future climate scenarios (Chuphal et al., 2024).

The Standardized Precipitation Index (SPI), developed by McKee 
et al. (1993), is widely recognized for quantifying meteorological 
drought. It provides a normalized measure of precipitation deficits 
over different temporal scales, facilitating the assessment of drought 
severity and comparison across diverse climatic regions (Wu et al., 
2007). Owing to its methodological simplicity and adaptability, the 
SPI has been endorsed by the World Meteorological Organization as 
a key drought monitoring tool (World Meteorological Organization, 
2006). Several studies have applied SPI-based trend analyses in India 
to assess long-term drought variability and frequency. For example, a 
study by Samantaray et al. (2022) has identified regional patterns in 
SPI trends, with some areas showing increasing drought tendencies 
while others revealing no significant change, highlighting the spatial 
heterogeneity of drought evolution in the country.

In light of these considerations, the present study aims to assess 
drought characteristics in the Ganganagar district of Rajasthan, a 
region located in one of the most arid and water-scarce states of India. 
Using long-term precipitation records (1901–2022), the study applies 
the SPI at multiple timescales (3-, 6-, 9-, and 12-month) to identify the 
frequency, severity, and temporal variability of drought events. 
Furthermore, a trend analysis is performed across different timescales 
to evaluate potential long-term changes in drought conditions. The 
findings are intended to contribute to regional water resource 
planning and the development of effective drought early warning and 
mitigation strategies.

While SPI and trend-based analyses have been widely applied 
across India and Rajasthan, most existing studies focus on broad 
regional or state-level assessments, often masking localized drought 
signals. District-level investigations remain limited, despite the fact 
that districts are the operational units for agricultural planning, 
irrigation management, and drought declaration in India. The present 
study addresses this gap by focusing on the Ganganagar district, which 
represents a unique hydro-climatic setting within Rajasthan. Situated 
at the northern fringe of the Thar Desert, Ganganagar has undergone 
a dramatic transformation due to the Indira Gandhi Canal project, 
turning onetime desert land into one of the most prominent areas for 
the production of wheat and cotton regions. Yet, the district remains 
highly vulnerable to both monsoon variability and fluctuations in 
canal water availability, thus making localized drought characterization 
indispensable for safeguarding agricultural productivity and water 
security. Using a 122-year precipitation record, this study provides one 
of the longest district-scale drought analyses in semi-arid India, 
offering insights into frequency, severity, and temporal variability of 
drought events. The findings not only advance the hydro-climatic 
understanding of this transitional desert–irrigated zone, but also 
provide a scientific basis for district-level drought early warning, 
irrigation scheduling, and climate-resilient policy interventions which 
cannot be adequately derived from state- or country-level assessments.

2 Study area and data collection

The Ganganagar district, officially known as Sri Ganganagar, is 
located in the northwestern part of the Indian state of Rajasthan, 
bordering the Indian states of Punjab and Haryana to the east and 
northeast, and the international boundary with Pakistan to the west. 
Geographically, it lies between latitude 28o42’30″ and 30o12’00″ N and 
longitude 72o39’15″ and 74o18’30″ E, covering an area of 11,154 km2 
(Figure 1). In particular, it is located in the vast Thar Desert, and is the 
northernmost city of the Indian state of Rajasthan. This area is 
renowned for its rich cultural heritage and historical significance. The 
Ganganagar District is also a major agricultural area, whose crop 
yields sustain the local economy. Instead, the northern part of the 
district is covered by forest (Government of Rajasthan, 2022; National 
Remote Sensing Centre, 2019).

Climatically, Ganganagar is characterized by extreme temperature 
variability and low, irregular precipitation. The district experiences hot 
summers (with maximum temperatures often exceeding 45 °C), cool 
winters, and an annual average rainfall of approximately 200–300 mm, 
most of which is concentrated during the southwest monsoon season 
(June to September). The district is classified under agro-climatic zone 
Ic (hyper-arid partially irrigated western plain zone) according to the 
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Planning Commission of India (Planning Commission, 1989; Indian 
Council of Agricultural Research, 2015).

The India Meteorological Department (IMD) provides detailed 
monthly precipitation data for districts across India, including Sri 
Ganganagar in Rajasthan. This data is crucial for analyzing drought 
patterns and understanding climatic variability in the region.​ In 
particular, in this paper, 122 years (1901–2022) of monthly 
precipitation data, without missing records, have been collected from 
54 stations managed by the IMD of the Ganganagar district of 
Rajasthan; the arithmetic mean was adopted for estimating mean areal 
rainfall over the entire study area.

3 Methodology

3.1 Non-parametric test for trend analysis

Among the several non-parametric tests for trend detection, the 
Mann–Kendall test (Mann, 1945; Kendall, 1962) has been selected to 
assess the trend statistical significance. Instead, a simple linear 
regression has been used to evaluate the magnitude of the trend.

As regards the Mann–Kendall test, to find the significance of 
trend, the statistic S grounded on the rank-sums is computed as per 
below Equation 1, where xi and xj are the observations taken at times 
i and j (and j > i), and N is the length.
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The variance is found out as shown in Equation 2.
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where, ti is the count of draws with index i.
Given the variance of S, it is possible to evaluate the standardized 

statistic ZMK using Equation 3:
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The significance of the trend is examined for a given significance 
level α = 95% using double-tailed test.

3.2 Graphical test for trend detection

The Innovative Trend Analysis (ITA) method, originally proposed 
by Şen (2012), offers a novel approach to trend detection that differs 
significantly from conventional statistical techniques such as the 
Mann–Kendall (MK) test. One of the principal advantages of ITA lies 
in its non-parametric nature, as it does not impose any preconditions 
regarding data distribution, serial correlation, sample size, or 
normality, common limitations associated with traditional trend tests.

The method involves dividing the time series into two equal 
sub-series, each of which is independently sorted in ascending order. 
These ordered values are then plotted in a Cartesian coordinate 
system, where the values from the first half are assigned to the X-axis 

FIGURE 1

Location of study area.
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and those from the second half to the Y-axis. A 1:1 reference line (i.e., 
the 45° line) is used as a benchmark for interpreting trends. If the 
plotted data points align closely with this ideal line, it indicates the 
absence of a trend. A concentration of points above the line signifies 
an increasing trend, while a distribution below the line suggests a 
decreasing trend (Şen, 2012, 2014).

This graphical method enables a distinct visualization of trends 
across different value ranges (i.e., low, medium, and high values) of 
hydro-meteorological or hydro-climatic variables, providing enhanced 
insight into the behavior of the time series that may not be evident 
through other statistical methods.

3.3 Standardized Precipitation Index (SPI)

McKee et al. (1993) developed the Standardized Precipitation 
Index (SPI) to monitor drought. Thom (1958) found the gamma 
distribution to fit the climatological precipitation time series well.

The gamma distribution is defined by its frequency or probability 
density function, which can be calculated using Equations 4–8.

	
( ) 11G x α−

α α
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β τ 	

(4)

Where,
α > 0, α is a shape factor,
β > 0, β is a scale factor
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ᴦ(α) is the gamma function.
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n = Number of precipitation observation.
The cumulative probability is calculated using Equations 9 and 10:
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Letting t = x/β
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The gamma function is undefined for x = 0 and a precipitation 
distribution may contain zeros, the cumulative probability becomes 
(as per Equation 11).

	 ( ) ( ) ( )= + −H x q 1 q G x 	 (11)

Where, q = probability of zero, m = number of zeros in a 
precipitation time series.

The cumulative probability, H(x), is then transformed to the 
standard normal random variable Z with mean zero and variance of 
one, which is the value of the SPI. SPI is categorized based on their 
range values is shown in Table 1.

4 Results

4.1 Result of the non-parametric analysis 
on rainfall values

Figure 2 illustrates the trend magnitudes (in mm/10 years) of 
precipitation derived from the Mann–Kendall test, highlighting only 
statistically significant values.

The results indicate a statistically significant increasing trend in 
the May precipitation (+1.1 mm/10 years, an increase of about 12% 
than the monthly average), while December shows a decreasing trend 
(−0.3 mm/10 years, a decrease of about 9% than the monthly average). 
No significant changes are observed in other months or seasons, and 
the annual trend remains nearly stable. This suggests that precipitation 
variability is concentrated in specific transitional months, particularly 
during the pre-monsoon (May) and post-monsoon (December) 
periods.

4.2 Result of the graphical test for rainfall 
trend detection

Figure 3 presents the results of the Innovative Trend Analysis 
(ITA) for seasonal and annual precipitation, comparing two distinct 
periods: 1901–1961 (x-axis) and 1962–2022 (y-axis).

Each subplot corresponds to a specific season or the annual 
average (Winter, Pre-Monsoon, SW Monsoon, Post-Monsoon, and 
Annual). As a result, the Pre-Monsoon and Post-Monsoon seasons 
show a clear shift of many points above the 1:1 line, indicating an 

TABLE 1  Category of Standardized Precipitation Index (SPI) based on 
range values (Shah et al., 2015).

SPI range Category

+2 or more Extremely wet

1.5 to 1.99 Very wet

1.0 to 1.49 Moderately wet

−0.99 to 0.99 Near normal

−1.0 to −1.49 Moderately dry

−1.5 to −1.99 Severely dry

−2 to less Extremely dry
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FIGURE 2

Results of the trend analysis for rainfall. Only significant trends are shown in the figure.

FIGURE 3

Results of the Innovative Trend Analysis.

https://doi.org/10.3389/fclim.2025.1702356
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Mehta et al.� 10.3389/fclim.2025.1702356

Frontiers in Climate 06 frontiersin.org

upward trend in precipitation. The SW Monsoon and the Annual 
precipitation show a relatively balanced distribution around the 
diagonal, though slight increases are observable at higher values. The 
winter precipitation appears to align closely with the 1:1 line, 
suggesting minimal overall change. These patterns highlight varied 
seasonal responses to long-term climatic shifts, with more prominent 
changes during transitional (pre- and post-monsoon) periods.

4.3 SPI analysis in the Ganganagar district

Figure 4 presents the 3-month SPI for the Ganganagar district 
from 1901 to 2022, for the different seasons: (a) October–December, 
(b) January–March, (c) April–June, and (d) July–September.

The SPI values, which indicate wet and dry conditions, fluctuate 
around zero, with values below zero representing dry periods and values 
above zero indicating wet periods. Notable periods of extreme drought 

(SPI < −2.0) and wetness (SPI > 2.0) are visible for all the seasons, 
highlighting the seasonal variability and long-term trends in precipitation 
patterns over the 121-year period. The SPI series highlights frequent 
oscillations between dry (negative SPI) and wet (positive SPI) conditions. 
Severe droughts such as 1918, 1972, 1987, and 2002 are captured as 
strong negative anomalies, while wet years including 1933, 1988, and 
2010 show marked positive deviations. The largest variability occurs 
during the July–September (monsoon) season, while the January–March 
(winter) season remains relatively stable with fewer extreme events. 
Moreover, Figure 4c shows an increasing trend in positive SPI values in 
recent decades, suggesting more frequent wet spells during the 
pre-monsoon season. Conversely, Figures 4a,b,d reveal more frequent 
extreme dry events during the mid-20th century.

Table 2 shows the summary of 3-month SPI values, in which total 
66 drought years were observed in the Ganganagar district among 
which 30 years are moderately dry, 16 years are severely dry, and 
20 years are extremely dry.

FIGURE 4

3-month SPI (1901–2022) of Ganganagar district. (a) October-December, (b) January-March, (c) April-June, and (d) July-September.
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Figure 5 illustrates the 6-month SPI for the Ganganagar district 
over the period 1901–2022, for two key seasonal intervals: (a) 
October–March and (b) April–September. SPI values are plotted to 
depict moisture conditions, where positive values indicate wetter 
conditions and negative values represent drier periods. The October–
March SPI shows variability associated with winter and post-monsoon 
rainfall, with alternating wet and dry episodes, though extreme 
deviations are less frequent. In contrast, the April–September SPI, 
which captures the pre-monsoon and monsoon seasons, shows 
stronger fluctuations, with severe drought years (e.g., 1918, 1972, 
2002) and wet years (e.g., 1988, 2010) clearly identifiable. These results 
emphasize that the April–September half of the year is more 
climatically sensitive and prone to extremes compared to 
October–March.

Table 3 provides a summary of the drought years based on 
6-month SPI values, in which a total of 32 drought years were 
observed in the Ganganagar district: 15 years are moderately dry, 
8 years are severely dry, and 9 years are extremely dry.

Figure 6 displays the long-term temporal values of the SPI for the 
Ganganagar district over the period 1901–2022, illustrating (a) the 
9-month SPI and (b) the 12-month SPI. These SPI scales provide 
insights into medium- and long-term moisture conditions, relevant 
for monitoring agricultural and hydrological droughts. In fact, both 
indices capture long-term drought and wet cycles more effectively 
than shorter timescales, highlighting multi-season and near-annual 
precipitation anomalies. The 9-month SPI (a) reveals frequent 
moderate to severe dry spells, with extreme drought conditions 
around 1973 and 2009, and wet periods notably around 1994 and 
2008. The 12-month SPI (b) captures more persistent drought 
episodes with severe deficits during 1918, 1968, 1997–2002, and 2014, 
while prominent wet spells are observed during the late 1930s and the 
2000s. These extended SPI series reveal persistent hydroclimatic 
variability, underlining the occurrence of multi-year wet and dry 
spells in the region.

Table 4 shows a summary of the drought years based on 9-month 
SPI values, as a result of which a total of 17 drought years were 
observed in the Ganganagar district: 4 years are moderately dry, 
9 years are severely dry, 4 years are extremely dry.

Table 5 shows the summary of the drought years based on the 
12-month SPI values, where a total of 18 drought years were observed 
in the Ganganagar district: 8 years are moderately dry, 5 years are 
severely dry, and 5 years are extremely dry.

4.4 Result of the non-parametric analysis 
on the SPI values

Figure 7 presents the results of the Mann–Kendall trend test for 
different SPI durations in the Ganganagar district over the period 
1901–2022.

The bars indicate the magnitude of the trend (SPI units per 
decade), with blue representing statistically significant positive trends, 
red denoting significant negative trends, and grey indicating 
non-significant trends. A significant decreasing trend is observed in 
the 3-month SPI for November (−0.27 SPI/decade, more than 100% 
than the average SPI value in the period), suggesting increasing 
dryness in the post-monsoon season. In contrast, the 3-month SPI for 
May shows a slight but significant increasing trend (0.08 SPI/decade, 
about 10 times than the average SPI value in the period), possibly 
pointing to improving pre-monsoon moisture conditions. Other SPI 
time scales, including February and August (3- and 6-month), and the 
12-month SPI, show no significant long-term changes. This indicates 
that rainfall-related drought risk is most dynamic during transitional 
months rather than on longer accumulation periods, thus highlighting 
the temporal and seasonal variability in drought patterns in the region.

5 Discussion

The findings of this study offer a detailed understanding of long-
term precipitation and drought trends in the Ganganagar district of 
northwestern India, utilizing both traditional and innovative statistical 
methods. These results align with, and contribute to, the broader body 
of climate trend research across India and globally. As regards the 
rainfall trend analysis, this study revealed a significant increase in 
rainfall during May (1.1 mm/decade) and a notable decline in 
November (−0.3 mm/decade). These results highlight growing 
pre-monsoon wetness and post-monsoon dryness in the region. 
Similar increasing pre-monsoon rainfall trends have been observed in 
other semi-arid parts of India, particularly in Rajasthan and Gujarat, 
as reported by Jain and Kumar (2010), who found significant rainfall 
increases in northwest India during the pre-monsoon period. 
Conversely, the observed decline in post-monsoon precipitation 
mirrors findings from studies like those by Dash et al. (2009a,b), who 
reported reduced post-monsoon rainfall in central and western India 
due to weakening cyclonic activity and delayed monsoon withdrawal. 
Globally, pre-monsoon rainfall increases have been noted in regions 
with warming-induced intensification of convection, such as the Sahel 
and parts of Southeast Asia, while Mediterranean climates have shown 
reduced post-summer precipitation trends, similar to Ganganagar’s 
December trend. This suggests that transitional seasons are becoming 
more climatically volatile in both hemispheres.

The ITA method provides a robust visual comparison of two 
climatic periods (1901–1961 vs. 1962–2022), indicating a clear shift 
toward wetter conditions during the pre- and post-monsoon seasons. 
This is particularly significant in arid regions like Rajasthan, where 
even small increases in rainfall can have large hydrological and 
agricultural impacts. Studies by Jain and Kumar (2010) and others 
have highlighted a growing seasonal asymmetry in Indian rainfall 
patterns, where monsoonal rainfall remains stable or slightly increases, 

TABLE 2  Summary of drought years based on the 3-month SPI.

Moderately dry 
year

Severely dry 
year

Extremely dry 
year

1901, 1903, 1908, 1923, 

1926, 1930, 1936, 1940, 

1945, 1952, 1957, 1957, 

1958, 1963, 1964, 1967, 

1971, 1982, 1983, 1984, 

1986, 1993, 1995, 1996. 

1997, 2000, 2001, 2003, 

2005, 2010, 2011, 2016

1901, 1917, 1924, 

1937, 1942, 1949, 

1954, 1957, 1961, 

1969, 1972, 1983, 

1991, 1997, 2000, 2003

1910, 1914, 1918, 1920, 

1933, 1938, 1945, 1946, 

1947, 1966, 1970, 1977, 

1980, 1990, 1995, 1998, 

1999, 2001, 2009, 2017

https://doi.org/10.3389/fclim.2025.1702356
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Mehta et al.� 10.3389/fclim.2025.1702356

Frontiers in Climate 08 frontiersin.org

but transitional seasons see more pronounced changes. Moreover, 
Saini et al. (2022) showed that the distribution of rainfall over dryland 
ecosystem of Rajasthan is highly uneven due to its location and 
topography; they also evidenced that rainfall changes significantly 
from region to region and from year to year, with the highest chances 
of deficiencies resulting from the occurrence of drought. The relatively 
stable winter and slightly positive annual trends observed in this study 
are consistent with the findings from the India Meteorological 
Department (2020) reports, showing minimal changes in winter 
rainfall across northwest India. Anyway, projections from climate 
models (CMIP6) indicate a robust future intensification of the Indian 
summer monsoon, particularly under high-emission scenarios, 
suggesting potential for increased rainfall, even if regional variability 
persists (Katzenberger et al., 2021).

The SPI-based assessment from 3-month to 12-month scales 
illustrates significant historical drought variability, with peak drought 
years corresponding to known extreme climatic events such as 1918, 
1973, and 2002 causing widespread crop failure, fodder shortage and 
famine-like conditions (Rakhecha, 2018) and serious agricultural 
stress and crop production fell (FAO, 1973) severely affecting drinking 
water supplies, agriculture, fodder and rural livelihoods (Bhat, 2006).

The increasing frequency of positive SPI values during the 
pre-monsoon season (April–June) suggests a reduction in seasonal 
drought risk, in agreement with observations by Das et al. (2020). 
Moreover, results match studies in Rajasthan indicating that monsoon 
rainfall exhibits pronounced interannual variability, whereas pre- and 

post-monsoon periods show more steady behavior (Saini et al., 2022; 
Kumar et al., 2022).

However, frequent dry spells in longer-term SPI series (6- and 
12-month) suggest persistent hydrological drought risks, particularly 
during the 1960s, 1990s, and early 2000s. In fact, during these events, 
the Sri Ganganagar district faced reduced rainfall, stress on water 
supplies (especially in the tail ends of the canal system) and 
agricultural disruptions. In particular, as a consequence of the 1999–
2001 drought across Rajasthan, major crop failure and reduction in 
agricultural output, decline in the availability of canal water and 
surface irrigation in command areas, and especially in tail-end zones 
of the canal system, out-migration of labor or rural households, 
caused increased poverty and stress on livelihoods (Narain and 
Kar, 2005).

Similar multi-seasonal SPI patterns have been reported elsewhere 
in Rajasthan, with the SPI 12 mapping indicating that Ganganagar and 
the surrounding districts are among the most drought-prone in the 
region (Saini et al., 2022; Kumar et al., 2022). Drought trends in other 
parts of the world, such as North Africa and southwestern USA, also 
indicate a rise in long-term droughts despite short-term variability, 
often linked to broader atmospheric circulation changes and warming 
trends (Vicente-Serrano et al., 2010).

The Mann–Kendall test on the SPI time series confirms a 
statistically significant drying trend in November (−0.27 SPI/decade) 
and a mild wetting trend in May (0.08 SPI/decade), while the majority 
of the other timeframes show non-significant trends. These results 
further emphasize the increasing seasonal variability and drought 
sensitivity during the shoulder months of the monsoon. This trend is 
particularly relevant for agriculture, as post-monsoon rainfall plays a 
critical role in Rabi crop irrigation in regions like Ganganagar. In the 
global context, similar analyses in arid zones of Iran, Australia, and 
Chile reveal comparable patterns—where drying trends are often 
more evident in transitional seasons and in shorter SPI durations, 
reflecting higher short-term drought susceptibility (Raziei et al., 2009; 
Mpelasoka et al., 2008). Overall, this study’s findings highlight a 
growing divergence in seasonal rainfall and drought behavior in 

FIGURE 5

6-month SPI (1901–2022) of the Ganganagar district. (a) October-March and (b) April-September.

TABLE 3  Summary of drought years based on the 6-month SPI.

Moderately dry 
year

Severely dry 
year

Extremely dry 
year

1903, 1936, 1942, 1945, 

1963, 1964, 1967, 1968, 

1970, 1971, 1978, 1984, 

1990, 1995, 2016

1901, 1910, 1917, 

1995, 2001, 2003, 

2005, 2011

1914, 1920, 1938, 1945, 

1970, 1997, 1998, 1999, 

2000
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Ganganagar, characterized by an emerging pre-monsoon wetting 
trend and a persistent post-monsoon drying signal. These trends align 
with regional patterns observed across semi-arid India and reflect 
broader global climate tendencies in transitional climatic periods. 
Continuous monitoring using a combination of traditional and 
innovative statistical approaches remains crucial for understanding 
evolving drought risks and supporting climate-resilient planning in 
vulnerable regions.

While the findings from Ganganagar are consistent with drought 
patterns in many arid regions, contrasting evidence from other global 
drylands highlights the spatial complexity of hydroclimatic responses 
to climate change. For instance, in the Sahel region, studies have 
reported a partial recovery of rainfall since the 1990s following the 
severe droughts of the 1970s and 1980s (Nicholson, 2013; Sanogo et 
al., 2015), which differs from the largely stationary long-term rainfall 
trend observed in northwest India. Similarly, in semi-arid northern 
China, Zhang et al. (2022) found that SPI-based analyses indicate a 
significant wetting trend attributed to large-scale afforestation and 
monsoon strengthening, contrasting with the localized post-monsoon 
drying trend detected in this study. In contrast, arid regions of 

southwestern United States and Australia continue to experience 
intensified drying and more prolonged droughts linked to rising 
evapotranspiration and persistent subtropical high-pressure anomalies 
(Cook et al., 2015). Moreover, Vicente-Serrano et al. (2020) 
documented that in Mediterranean drylands, despite rising 
temperatures, drought severity has not uniformly increased, due to 
compensating seasonal rainfall variability, a dynamic resembling the 
mixed seasonal trends found in Ganganagar. These global comparisons 
suggest that while transitional-season rainfall asymmetries are 
emerging as a common feature across many arid and semi-arid zones, 
their direction and magnitude are shaped by distinct regional 
atmospheric and land-surface feedbacks.

Anyway, while this study provides one of the longest district-scale 
assessments of rainfall variability and drought characteristics in semi-
arid northwest India, some methodological and data-related 
limitations must be acknowledged. First, the analysis relies primarily 
on precipitation data from the India Meteorological Department 
(IMD) to compute the Standardized Precipitation Index (SPI). 
Although SPI is a robust and widely adopted metric, it considers only 
precipitation and does not explicitly account for other hydroclimatic 
variables such as temperature, evapotranspiration, soil moisture, or 
groundwater storage, which are critical to understanding the full 
spectrum of drought dynamics. The inclusion of indices such as the 
Standardized Precipitation Evapotranspiration Index (SPEI) could 
therefore provide a more integrated perspective of drought severity 
and persistence under changing climatic conditions. Second, the 
spatial averaging of rainfall across multiple stations, while useful for 
identifying regional patterns, may obscure localized variations driven 
by topography, land use, and irrigation practices. Incorporating high-
resolution gridded rainfall datasets would improve the spatial 
representation of drought impacts. Moreover, while this research 
focused on historical data (1901–2021), future work should extend the 
analysis to incorporate regional climate projections from the latest 
CMIP6 models to evaluate the potential evolution of drought risk 
under different warming scenarios. Coupling such projections with 
hydrological and crop yield models would enable the assessment of 

FIGURE 6

9- and 12-month SPI (1901–2022) of the Ganganagar district. (a) the 9-month SPI and (b) the 12-month SPI.

TABLE 4  Summary of drought years based on the 9-month SPI.

Moderately dry 
year

Severely dry 
year

Extremely dry 
year

1942, 1945, 1968, 1991 1926, 1949, 1952, 

1957, 1963, 1964, 

1971, 1983, 1993

1920, 1946, 1970, 1999

TABLE 5  Summary of the drought years based on the 12-month SPI.

Moderately dry 
year

Severely dry 
year

Extremely dry 
year

1903, 1917, 1937, 1938, 

1968, 1996, 2000, 2003

1914, 1942, 1945, 

1990, 1997

1943, 1970, 1995, 1998, 

2001
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climate change impacts on water resources and 
agricultural productivity.

As regards the implications of the results of this study, it is 
important to point out that they involve several sectors. In fact, the 
SPI-based drought characterization offers a valuable decision-support 
tool not only for agriculture but also for the integrated management 
of water, energy, ecosystems, and public welfare. As an example, 
drought-induced declines in surface water levels affect the hydropower 
generation potential and increase the region’s reliance on thermal 
power plants, which in turn depend on scarce cooling water. Hence, 
SPI-based drought forecasts can guide energy planning and load 
management during water-deficient periods. Moreover, reduced 
rainfall and recurrent droughts can intensify land degradation, loss of 
vegetation cover, and desertification in the Thar fringe. Finally, water 
scarcity and heat stress during drought years can elevate public health 
risks, including dehydration, waterborne diseases, and vector-borne 
outbreaks. The social implications, such as rural-to-urban migration 
and livelihood insecurity, highlight the need for cross-sector drought 
resilience policies that integrate health, infrastructure, and social 
welfare planning.

6 Conclusion

This study provides a detailed investigation of the temporal trends, 
variability of precipitation, and drought conditions in the Ganganagar 
district over the 122-year period from 1901 to 2022, using several 
approaches including the Mann–Kendall trend test, the Innovative 
Trend Analysis (ITA), and the Standardized Precipitation Index (SPI) 

at multiple time scales. The non-parametric Mann–Kendall analysis 
revealed statistically significant changes in monthly rainfall trends. A 
positive trend was identified in May, suggesting increasing 
precipitation during the pre-monsoon season, while December 
showed a significant decreasing trend, indicating growing aridity 
during the post-monsoon period. The ITA results further highlighted 
an upward shift in precipitation during the Pre-Monsoon. As regards 
drought, the SPI analysis demonstrated considerable temporal 
variability in wet and dry periods across all seasons. A total of 66 
drought years were identified for the 3-month SPI, with varying 
degrees of severity. Similarly, 32, 17, and 18 drought years were 
recorded for the 6-, 9-, and 12-month SPI timescales, respectively, 
indicating that both short-term and long-term droughts have been a 
recurring feature in the region. In particular, the 9- and 12-month SPI 
analyses revealed notable periods of prolonged drought, particularly 
in the years 1918, 1968, 1973, 1997–2002, and 2014. The application 
of the Mann–Kendall test on the SPI values identified a significant 
drying trend in the 3-month SPI for November, confirming the 
growing dryness in the post-monsoon season. Conversely, a slight but 
significant wetting trend was observed in May, aligning with increased 
pre-monsoon precipitation.

Overall, the findings suggest that the Ganganagar district is 
experiencing a complex pattern of climatic shifts, with clear signals of 
seasonal changes in rainfall and evolving drought characteristics. These 
results evidence the need for region-specific adaptation strategies, 
particularly focusing on water resource management and agricultural 
planning in response to increased climate variability and potential 
intensification of extreme weather events. In fact, although in the 
Ganganagar district water resource management and agricultural 

FIGURE 7

Results of the trend analysis for the SPI. Only significant trends are shown in the figure.
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planning such as the “District Irrigation Plan” for Sri Ganganagar and 
the “Agriculture Contingency Plan” are present, there are still gaps in 
how these planning frameworks integrate evolving climate risks, 
non-stationary precipitation patterns, or drought early-warning based 
on climate indices. As an example, adaptive irrigation scheduling 
should align with the emerging pre-monsoon wetting and post-
monsoon drying trends. Canal water management can be improved 
through seasonal reallocation, lining, and real-time monitoring to 
reduce losses. Groundwater recharge and rainwater harvesting during 
wet SPI phases can buffer future droughts. Establishing SPI-based early 
warning systems would enable timely crop and irrigation decisions. 
Promoting drought-tolerant and short-duration crops in the Rabi 
season can reduce vulnerability. Integrating SPI monitoring into 
district-level water planning will support proactive, climate-informed 
governance. Overall, the findings encourage a transition from reactive 
drought relief to anticipatory, evidence-based water management.
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