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Lahaul-Spiti district is a cold desert mountain, situated in the Trans-Himalayan region. The district has the lowest population density of 2 persons/km2 because of the harsh climate and rough topography that act as barriers to population growth. Specific knowledge of climate variability in the region is limited. Hence, it is essential to study the trends of temperature and precipitation for the region and also its effects on sustainable development. The objective of this study is to investigate the variability of rainfall and temperature on a monthly, seasonal, and annual basis from 1981 to 2021. Precipitation and temperature data on a monthly, seasonal, and annual basis were acquired from the National Aeronautics and Space Administration (NASA) Langley Research Center’s POWER Project. The trends of precipitation and temperature were derived using the Mann–Kendall trend test and the slope of the regression line using Sen’s slope test. Subsequently, the maximum, minimum, mean, standard deviation (SD), and coefficient of variation (CV) of precipitation and temperature were computed to analyze the range of variation in them. The results showed a significant increasing trend in the monthly temperature of October (p-value 0.011) and December (p-value 0.05), which is below the alpha value 0.05. Similarly, an increasing trend in annual (p-value 0.000), seasonal (winter p-value 0.008 and summer p-value 0.003), and monthly (January p-value 0.030, April p-value 0.032, June p-value 0.004, July p-value 0.027, and August p-value 0.002) precipitation was observed as computed p-values are less than the significance level of alpha = 0.05. This glaciated region is most vulnerable to climate change because it is already a scarce region in the context of natural resources. Changes in the pattern of precipitation and temperature affect the socioeconomic structure of the region, affecting sectors such as agriculture, livestock, forestry, tourism, and human health. According to the perceptions of people, the temperature rise has accelerated the melting of glaciers and reduced the snow cover area. The increase in rainfall can lead to a higher incidence of mudflows, landslides, floods, and other related events, as the region is made up of sedimentary rocks. Thus, it is crucial to continuously monitor the trends in temperature and precipitation.
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1 Introduction

Climate change refers to major changes in global temperature, precipitation, wind patterns, and other indicators of climate that occur over several decades (Trajkovic and Kolakovic, 2009; Duhan and Pandey, 2013; Duan et al., 2017). At a global scale, climate change refers to the average long-term changes in temperature and precipitation over the entire earth. Since the eighteenth century, anthropogenic activities have been the main reason for climate change due to excessive use of fossil fuels (Yunling and Yiping, 2005; IPCC, 2018; Soeder, 2021). Greenhouse gas emissions continue to rise, and the earth is currently 1.1°C warmer than it was in the late eighteenth century (IPCC, 2013). The earth’s temperature has increased by 0.8°C from 1948 to 2016. The last decade (2011 to 2020) has been the warmest on record (WMO, 2021). The evidence of global climate change is visible at a large scale. In Canada, the mean temperature has increased by 1.7°C from 1948 to 2016, which is almost double the global average (Hugo et al., 1992). The warming of the atmosphere induces changes in extreme climate events, increasing both their frequency and magnitude on a global scale (Morak et al., 2013). As per the Indian Meteorological Department, the country’s annual mean temperature has increased by approximately 0.7°C between 1901 and 2018, largely due to global climate change. In recent years, this warming has accelerated, with 2021 and 2022 ranking among the warmest years on record. On the other hand, annual precipitation in India has been decreasing over the past 120 years. Precipitation in India has decreased on a winter, monsoon, and annual basis, while it has increased in the remaining seasons. In the winter season, rainfall has shown greater variation, with the coefficient of variation (CV) being 33.7919% (Kumaraswamy, 2022). Climate change has widespread impacts on ecosystems, people, settlements, and infrastructure. It happens due to an increase in the frequency of climate and weather extremes, such as hot extremes on land and in the ocean, droughts, heavy precipitation, and floods (Dullinger et al., 2012). The loss due to climate change is irreversible in freshwater, terrestrial, coastal, and marine ecosystems (IPCC, 2021). However, the dynamics of climate change and changes in extreme events provide comprehensive detail about climate variability (Easterling et al., 2000; IPCC, 2007). The impetus for a better understanding of climate extremes stems from their profound impacts on ecosystems, economies, and societies worldwide. As the frequency and intensity of events like hurricanes, droughts, heatwaves, and floods increase due to climate change, the need for precise knowledge about their drivers, patterns, and consequences becomes urgent (Mistry, 2019).

Mountains are the most suitable site for the study of climate change because of the presence of strong climatic gradients and varied topography (Beniston, 2003, 2005). Mountain ecosystems, such as those in the Himalayan region, are highly susceptible to climate change due to their limited adaptive capacity, scarce resources, and the adverse effects of climate change in these highland ecosystems on downstream environments (Joshi and Negi, 1995; Beniston and Stoffel, 2014). The concerns related to climate change in the Himalayan region are multifaceted, including droughts, floods, landslides, biodiversity loss, and threats to agriculture and food security (Barnett et al., 2005; Xu et al., 2009). High Mountain Asia has been significantly affected due to adverse changes in climate parameters, with these changes being much larger than the global average (Immerzeel et al., 2020; Banerjee et al., 2021). Over recent decades, these areas have experienced erratic rainfall patterns, with some regions witnessing increased precipitation leading to flooding, while others suffer from prolonged droughts and water scarcity (Khan et al., 2020; Abbas et al., 2023; Hussain et al., 2023; Rebi et al., 2023). Additionally, rising temperatures have been observed across the region, resulting in accelerated glacial melt in the Himalayas, affecting water availability for millions of people dependent on the rivers originating from these mountains. These climate trends pose severe challenges to agriculture, water resources, and overall socioeconomic stability in the region, demanding urgent adaptation and mitigation measures to address the impacts of climatic change.

The present study investigated the variability of temperature and precipitation in the Lahaul-Spiti district of Himachal Pradesh, India. The variability of rainfall and temperature on a monthly, seasonal, and annual basis was computed from 1981 to 2022. Studies conducted by Pratibha et al. (2017) and Goyal et al. (2018) emphasize the irregularity in precipitation distribution and its impact on water availability and agriculture. Variability poses challenges for the local communities’ sustenance as they rely on agriculture and pastoral activities. Climate change exacerbates this issue, potentially leading to more unpredictable precipitation patterns. The region experiences extreme temperature variability due to its high-altitude desert climate. Summers (May to September) see relatively mild daytime temperatures, ranging from 15°C to 25°C. However, nights can be chilly, dropping to approximately 0°C. Winters (October to April) are harsh, with temperatures plummeting to −15°C or even lower. This temperature range is attributed to the region’s altitude, arid conditions, and proximity to the Himalayas (IMD, 2022). The variability challenges residents and ecosystems, shaping the unique adaptations of flora, fauna, and human communities in this remote and captivating area. Hence, it is essential for Lahaul-Spiti to analyze the trend and pattern of climate change and also their effects on the lives of mountain dwellers.



2 Study area

Lahaul-Spiti is a cold desert mountain in the Trans-Himalayan region. The harsh climatic condition of the district acts as a barrier for population growth and the development of human settlement. Snow/glacier is a dominant land cover type in the region. The district is sparsely populated and situated in the Indian state of Himachal Pradesh. The district has a rugged terrain and consists of two major valleys: Lahaul and Spiti. The headquarter of the district is at Keylong, which lies between 31°44′57″ and 32° 59′57” N latitudes and 76°46′29″ and 78°41′34″ E longitudes. It is covered by the Survey of India sheets 52C, 52D, and 52 L. It is surrounded by Jammu and Kashmir in the north, Tibet in the east, Kulu in the south, Kinnaur in the southeast, and Kangra in the northeast (Figure 1). The district has 521 villages, but only 287 villages are inhabited and 234 are un-inhabited. It has been divided into two divisions: Keylong and Kaza. The district has two tahsils (Kaza and Keylong) and one sub-tahsil (Udaipur). It has a population of 31,564, with a density of 2 persons per km2 as per the 2011 census. It has been ranked 12th in the state on the basis of population. The sex ratio of the district is 903, with 16,588 male inhabitants and 14,976 female inhabitants.
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FIGURE 1
 Study area.




3 Research methodology and materials


3.1 Datasets

Precipitation and temperature data on a monthly, annual, and seasonal basis were acquired from the NASA Langley Research Center’s POWER Project funded through the NASA Earth Science Directorate Applied Science Program. The eight specific sites within the district boundary of Lahaul-Spiti were entered in the POWER interface with the decimal degree coordinates of Tabo (latitude 32.1026 and longitude 78.4867), Dhankar (latitude 32.1328 and longitude 78.4416), Kungri (latitude 31.9428 and longitude 77.9948), Kaza (latitude 32.5733 and longitude 77.0322), Chhota Dara (latitude 32.2772 and longitude 77.4269), Keylong (latitude 32.228 and longitude 78.0517), Udaipur (latitude 32.7283 and longitude 76.6709), and Triloknath (latitude 32.7372 and longitude 76.4488). The data-acquired sites are shown in Figure 2. The air temperature is recorded at a height of 2 m from the ground. The temperature and precipitation data were acquired in the form of numerical values starting from January 1981 to December 2021 (Stackhouse et al., 2018). Thus, the data span 40 years, excluding 2 days, with a total of 14,607 days.

[image: Figure 2]

FIGURE 2
 Data-acquired sites in Lahaul-Spiti.




3.2 Methodology

Before analyzing the trends of precipitation and temperature, the data acquired from the eight specific sites of Lahaul-Spiti were averaged based on month, year, and season to achieve the results with high accuracy. Tests for the calculation of significant trends in climate data series are categorized into two parts: parametric and non-parametric methods. The parametric trend test requires data to be independent and normally distributed, while the non-parametric trend test requires the data to be independent only. In the present study, two non-parametric methods were used to calculate the climate variables’ trends. The trends of precipitation and temperature were derived with the help of the Mann–Kendall trend test and the slope of the regression line using Sen’s slope test. Subsequently, the maximum, minimum, mean, standard deviation (SD), and coefficient of variation (CV) of rainfall and temperature were computed to analyze the relationship among them.



3.3 The Mann–Kendall test

The Mann–Kendall test is a non-parametric test for identifying trends in time series data. The test compares the relative magnitudes of sample data rather than the data values themselves (Kendall, 1975; Gilbert, 1987). The Mann–Kendall test uses two terminologies H0 and HI, where H0 assumes that there is no trend and the hypothesis is null (independent and randomly distributed data). The alternate hypothesis H1 assumes that there is a trend. Hence, H0 is tested against H1. The data values are evaluated as an ordered time series. Each data value is compared to all subsequent data values. The initial value of the Mann–Kendall statistic, S, is assumed to be 0 (e.g., no trend). If a data value from a later time period is higher than that from an earlier period, S is incremented by 1. On the other hand, if the data value from a later period is lower than the data value sampled earlier, S is decremented by 1. The net result of all such increments and decrements yields the final value of S. The Mann–Kendall test statistic S (Mann, 1945; Kendall, 1975) is calculated as:
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A very high positive value of S is an indicator of an increasing trend, and a very low negative value indicates a decreasing trend. The Mann–Kendall test was computed with the help of XLSTAT 2021 software. The statistical significance of the trend is evaluated using the Z value.

The variance is computed using the following equation:

[image: image]

where n is the number of data points, m is the number of tied groups, and ti denotes the number of ties of extent i. A tied group is a set of sample data having the same value.



3.4 Estimation of Sen’s slope

Sen (1968) developed a non-parametric procedure for estimating the slope of the trend in a sample of N pairs of data:

Q = Median (xj-xk/j-k) j > k.

where xj and xk are the data values at times j and k (j > k), respectively. If there is only one datum in each time period, then N = n (n-1)/2, where n is the number of periods. If there are multiple observations in one or more periods, then N < n (n-1)/2, where n is the total number of observations. The N values of Qi are ranked from the smallest to largest, and the median of slope or Sen’s slope estimator is computed as
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The Qmed sign reflects data trend reflection, while its value indicates the steepness of the trend. To determine whether the median slope is statistically different from zero, one should obtain the confidence interval of Qmed at a specific probability.

In the present study, Sen’s non-parametric method was used to estimate the slope of existing monthly, annual, and seasonal trends of climate data. This test was performed using XLSTAT 2021 software. The positive value of Sen’s slope shows an increasing trend, and the negative value indicates a decreasing trend in the time series.



3.5 Collection of people’s perceptions

Purposive sampling technique was used to take the perception of people from the same villages (Tabo, Dhankar, Kungri, Kaza Chhota Dara, Keylong, Udaipur, and Triloknath) to validate the result obtained from Mann-Kendall and Sen’s slope trend tests. (Figure 3) People above 45 years old were involved in the survey that lives in snow cover areas that receive snowfall and who have experienced snowfall in the past. The target was total 500 respondent of the total population but sample size was 600 keeping in mind a margin of 100 respondents. The drop outs were not much and comfortably managed to have 500 responses from the study area. The selection criteria were based on purposive sampling technique where respondents having knowledge about basic terminologies in the study area were given preference. The respondent’s selection is also filtered on the basis of age - minimum age was 45 years and kept gender ratio in consideration also. The exclusion criteria included participants not aware about the area and age below 45 years. The authors also didn’t select samples who had migrated in the area and living for less than 20 years. The questions were administered by the authors based on review of literature regarding similar topics and the author’s understanding. The target people above 45 years old were involved in primary activities as dominant occupation in the area is primarily agriculture and cattle rearing. Their consent was taken before filling up the questionnaires and all ethical considerations were kept in mind. Once the data was collected using questionnaires, coding was done in Microsoft excel and representation was carried out with the help of charts, bar diagrams and figures.

[image: Figure 3]

FIGURE 3
 Research methodology incorporated in the study.





4 Results


4.1 Trend analysis of temperature

Temperature is one of the most important indicators of climate change because it has a great impact on the regional ecosystem. The Mann–Kendall and Sen’s slope tests were used to analyze the trend of temperature from 1981 to 2021. The descriptive statistics of temperature such as maximum, minimum, mean, standard deviation (SD), and coefficient variation (CV) are given in Table 1. The maximum, minimum, and mean temperature ranges are −1.47°C to 7.95°C, 5.48°C to −19.2°C, and 6.863°C to −15.791°C, respectively, from January 1981 to December 2021. The standard deviation (SD) and coefficient of variation of temperature range from 0.58°C to 2.225°C and 9.19% to −257.89%, respectively. As per the result of the coefficient of variation, the highest and lowest consistency in temperature were observed in May (−257.89%) and August (9.19%), respectively.



TABLE 1 Summary of statistical techniques of temperature (°C).
[image: Table1]

The annual maximum, minimum, and mean temperatures were recorded as −6.3°C, −3.35°C, and − 8.66°C, respectively. According to Shekhar et al. (2010), seasonal maximum, minimum, and mean temperatures increased by 2.8°C, 1°C, and 2°C, respectively, in the western Himalayas. The obtained SD of 0.75°C indicates that temperature had varied by 0.75°C from the annual mean temperature. The CV of −17.19% indicates that temperature had been highly consistent in Lahaul-Spiti in the last 40 years.

Annual and seasonal trends of temperatures were analyzed using the Mann–Kendall and Sen’s slope trend tests from January 1981 to December 2021. The study area experiences only two seasons, summer and winter, due to its strategic location in the Himalayan region. Annual and seasonal trends of temperatures are shown in Figure 4. As per the results, the computed p-values are greater than the significance level of alpha = 0.05 (Table 2). Hence the null hypothesis H0 was not rejected.

[image: Figure 4]

FIGURE 4
 Annual and seasonal trends of temperature.




TABLE 2 The Mann–Kendall trend test/two-tailed test.
[image: Table2]

A very high positive value of S is an indicator of an increasing trend, and a very low negative value indicates a decreasing trend (Panda and Sahu, 2019). The values of S were obtained as −67, −33, and −49, which are neither high positive nor very low negative. Therefore, no significant trend was found in temperature during the research span. This indicates that no significant change had occurred in temperature in the last 40 years in Lahaul-Spiti.

Furthermore, the study investigated the temperature on a monthly basis to determine the trend in temperature from January 1981 to December 2021. The results of the Mann–Kendall and Sen’s slope trend tests are given in Table 3. Monthly variations and trends of temperature are shown in Figure 5. According to Figure 6, in the monthly trends of temperature, a significant trend was observed in October (p-value 0.011) and December (p-value 0.050). The p-value of 0.011 for October showed a significant increasing trend in temperature, as it is below the alpha value of 0.05. The p-value of 0.05 for December also showed an increasing trend of temperature in the Lahaul-Spiti district. Therefore, the null hypothesis H0 was rejected, and the alternative hypothesis H1 was accepted. As per the result, a significant increasing trend in monthly temperature was observed in October and December at a 5% significant level and a 95% confidence level. However, other months showed no significant trends.



TABLE 3 The Mann–Kendall trend test/two-tailed test on a monthly basis.
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FIGURE 5
 Monthly temperature trend from 1981 to 2021.


[image: Figure 6]

FIGURE 6
 Graphical representation of p-values at a 5% significance level.


As per the above results, a dramatic shift in the temperature trend was observed in recent years, reflecting the stark impacts of climate change on this high-altitude region of Lahaul-Spiti. Historically known for its extremely cold temperatures, the area has experienced a notable uptick in monthly temperature, leading to altered weather patterns and environmental conditions. This shift has profound implications for the delicate ecosystems and traditional livelihoods dependent on the region’s unique climate dynamics. Increased temperatures are not only thawing permafrost and altering precipitation patterns but also disrupting local flora and fauna. Consequently, adaptation measures are becoming increasingly urgent for the communities of Lahaul-Spiti to mitigate the adverse effects of this rapid environmental transformation.



4.2 Trend analysis of precipitation

Precipitation is another important indicator of climate change, alongside temperature. It has a significant impact on regional ecosystems across the earth’s surface. As a vital source of fresh water, precipitation meets the needs of flora, fauna, and human populations. In the case of Lahaul-Spiti, it has an exceptional role in the lives of mountain dwellers because there is no alternative source of water except precipitation. Therefore, the region is highly susceptible to climate change. The Mann–Kendall and Sen’s slope tests were used to analyze the precipitation trend from 1981 to 2021. The descriptive statistics of precipitation such as maximum, minimum, mean, SD, and coefficient variation are shown in Table 4. The maximum, minimum, and mean precipitation ranges are 0 mm to 2.14 mm, 2.19 mm to 12.94 mm, and 0.469 mm to 6.324 mm, respectively, from January to December during the research period. The SD and CV of precipitation range from 0.564 mm to 2.993 mm and 42.32 to 163.54%, respectively. According to the analysis, the highest and lowest consistency in precipitation were observed in August (42.32%) and November (163.54%), respectively.



TABLE 4 Summary of statistical techniques of precipitation (mm/day).
[image: Table4]

The annual minimum, maximum, and mean precipitation values were recorded as 1.11 mm, 3.52 mm, and 2.249 mm, respectively, during the research period. The value of SD indicates that precipitation varied by 0.682 mm from mean precipitation. The obtained results of the annual coefficient of variation, at 30.32%, showed the highest consistency in precipitation. Lahaul-Spiti comprises only two seasons, summer and winter, due to its strategic location in the Himalayas. Therefore, annual precipitation data were grouped into only two particular seasons. According to the seasonal analysis, the maximum, minimum, and mean precipitation values were recorded as 1.414 mm, 7.08 mm, and 3.985 mm, respectively, in summer and 0.471 mm, 2.991 mm, and 1.37 mm, respectively, in winter. SD showed variations of 33.55 mm and 45.26 mm during summer and winter from mean precipitation, respectively.

The trend of annual and seasonal precipitation was also analyzed using the Mann–Kendall and Sen’s slope trend tests from 1981 to 2021. The annual and seasonal trends of precipitation are shown in Figure 7. According to the results, the computed p-values are lower than the significance level of alpha = 0.05 (Table 5). Therefore, the null hypothesis H0 was rejected, and alternative hypothesis H1 was accepted. The results of the annual and seasonal trend analysis of precipitation showed an increasing trend. This indicates that a significant change has occurred in precipitation in the last 40 years in Lahaul-Spiti.

[image: Figure 7]

FIGURE 7
 Annual and seasonal trends of precipitation from 1981 to 2021.




TABLE 5 The Mann–Kendall trend test/two-tailed test.
[image: Table5]

The study area is situated in the rain shadow area of the Trans-Himalayan region, where precipitation in the form of rainfall is not a very frequent event. The change in the trend of precipitation occurred due to the increase in temperature in October and December. As a result, the region has started receiving precipitation in the form of rainfall, attributed to the continuous rise in temperature. An earlier study conducted by Kumar et al. (2018) also stated that precipitation started occurring in the form of rainfall due to increasing land surface temperature and vegetation cover in Spiti Valley. This is the main reason behind the increasing trend of precipitation in Lahaul-Spiti during the research period.

The monthly trend of precipitation was obtained using the Mann–Kendall and Sen’s slope trend test analysis from January 1981 to December 2021 (Table 6). According to Figure 8, the monthly trends of precipitation indicated that a significant trend in precipitation was observed in January (p-value 0.030), April (p-value 0.032), June (p-value 0.004), July (p-value 0.027), and August (p-value 0.002). Therefore, the null hypothesis H0 was rejected, and the alternative hypothesis H1 was accepted for these months. The trend and monthly variations of precipitation are shown in Figure 9. According to the results, significant increasing trends in precipitation were observed in January, April, June, July, and August at a 5% significant level and a 95% confidence level. However, other months showed no significant trends.



TABLE 6 The Mann–Kendall trend test/two-tailed test.
[image: Table6]
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FIGURE 8
 Graphical representation of p-values at a 5% significant level.


[image: Figure 9]

FIGURE 9
 Monthly trend of precipitation from 1981 to 2021.





5 Assessment of people’s perceptions of climate change

People’s perceptions were gathered from the same villages (Tabo, Dhankar, Kungri, Kaza, Chhota Dara, Keylong, Udaipur, and Triloknath) to validate the results obtained from the Mann–Kendall and Sen’s slope trend tests. The questionnaire survey involved individuals above 45 years old who lived in snow-cover areas that receive snowfall and who have experienced snowfall in the past. The target was a total of 500 household respondents of the total population, but the sample size was 600 considering a margin of 100 respondents. The dropout rate was minimal, and it was possible to comfortably gather 500 household responses from the study area. The selection criteria were based on a purposive random sampling technique where respondents having knowledge about basic terminologies in the study area were given preference. The respondent selection was also filtered on the basis of age; the minimum age was 45 years and the gender ratio was also considered. The exclusion criteria included participants not aware of the area and aged below 45 years. The authors also did not select individuals who had migrated to the area and lived for less than 20 years. The questions were administered by the authors based on a review of the literature regarding similar topics and their understanding. The target individuals, aged above 45 years, were primarily involved in agriculture and cattle rearing, which are the dominant occupations in the area. Their consent was obtained before completing the questionnaires, and all ethical considerations were taken into account.

The sample size (n) for each of the surveyed sites was determined using the approach recommended by Arkin and Colton (1951):

[image: image]

where N = total number of households, Z = Z-statistics (i.e., 1.96 at 95% confidence level), p = estimated population proportion (0.05; this maximizes the sample size), and d = error limit of 5%. The majority of the questions for household surveys were designed as multiple-choice questions with answers in terms of one of the following: increased, decreased, no change, and do not know (Figure 10).

[image: Figure 10]

FIGURE 10
 People’s perceptions of climate change and their impact.


Figure 10 shows perceptions regarding changes in various climatic factors, showing the percentages of respondents who believe there has been an increase, decrease, no change, or uncertainty (“Do not know”) for each factor. The majority of respondents report an increase in temperature (85%) and greenhouse gases (90%), highlighting concerns about climate change. Similarly, there is a notable perceived rise in rainfall (90%) and the risk of crop failure (80%), possibly indicating climate-related agricultural impacts. On the other hand, snowfall (80%) and water sources (70%) are perceived to have decreased, suggesting a possible reduction in winter precipitation and water availability. Perceptions on fodder availability show more variation, with a majority indicating a decrease (60%) but also a significant portion reporting no change (18%). Extreme weather conditions show a mixed response, with 70% perceiving an increase, though 15% see no change. These data reflect a widespread concern about environmental changes and resource availability in the context of climate shifts.

The Himalayan mountain region is very sensitive to climate change, and the impact of climate change in this region can pose new threats to the livelihoods of mountain dwellers (Singh et al., 2010). The positive trend of precipitation and temperature is a clear indication of regional climate change in Lahaul-Spiti. The majority of people have said that temperature is increasing due to global warming and its effects can be easily seen in the snow/glacier-capped mountains. According to people’s perceptions, the region has started receiving more precipitation in the form of rainfall due to the rise in regional temperatures, while snowfall has been decreasing in the region.

The perceptions of the mountain dwellers match with the results obtained from the Mann–Kendall and Sen’s slope trend test analysis. The problem of water scarcity has been arising due to the decreasing snowfall and snow/glacier cover area. The water received from rainfall does not remain for long in the valleys, unlike snow or glacier meltwater, due to the steep slopes of the valleys. Therefore, it is very essential to introduce water harvesting techniques in the region. The perceptions of people and their understanding of climate are important assets, and they can play a major role in policy design and reducing the impact of climate change (Negi et al., 2017). People’s perceptions of climate change can be recognized as a critical contribution to environmental problems, agricultural production, and possible solutions (Weber, 2010). A detailed summary of people’s perceptions is given in Table 7.



TABLE 7 People’s perceptions and knowledge of climate change.
[image: Table7]

The data on people’s perceptions reveal a high level of awareness concerning climate change, with 90% of respondents acknowledging it as a significant issue. The perceptions of climate change impacts are notably strong, with 90% perceiving an overall warming trend and increased rainfall frequency, while 85% report a rise in temperature. Furthermore, 80% observe unpredictable snowfall and a heightened risk of crop failure, underscoring the impact on agriculture. Additionally, 70% note dried water sources and extreme weather events, indicating concerns over water security and environmental stability. Finally, 60% report fodder scarcity, reflecting climate change’s adverse effect on local resources essential for livestock. These responses collectively highlight broad awareness and concern regarding the tangible effects of climate change in the area.

According to the precipitation trend analysis, over the past few decades, Lahaul-Spiti, nestled amid the rugged terrain of the Indian Himalayan region, has experienced a discernible shift in precipitation patterns. Historically known for its arid climate, characterized by minimal rainfall and harsh winters, the region has witnessed a notable alteration in its precipitation trend. While traditionally reliant on snowmelt for sustenance, recent years have seen a marked increase in rainfall during the monsoon season, accompanied by sporadic and unpredictable precipitation events throughout the year. This shift has brought both opportunities and challenges to the inhabitants and ecosystems of Lahaul-Spiti, with implications for agriculture, water resource management, and ecological balance in this fragile mountain ecosystem.



6 Discussion

The Lahaul-Spiti district is situated in a high altitudinal region of the Himalayas, and this region faces the problem of elevation-dependent warming (EDW). It presents a crucial facet of climate change, particularly pronounced in high-altitude regions such as the Himalayas. This phenomenon describes the disproportionate warming rates experienced at various elevations, where higher altitudes undergo more rapid temperature increases compared to lower elevations (You et al., 2020; Shen et al., 2021; Ullah et al., 2018). In the Himalayan context, this holds significant implications for ecosystems, glacial melt, and regional water resources, amplifying concerns over water security and ecological stability. The intricate interplay between atmospheric dynamics, land surface characteristics, and complex topographical features accentuates the vulnerability of these regions to EDW (Banerjee et al., 2024). Concurrently, the longitudinal variations between the Indian Ocean and the Tibetan Plateau play a significant role in enhancing regional land surface temperature, which eventually brings more moisture-laden clouds toward the Himalayan foothills (Banerjee et al., 2023). However, such intensive investigations are still a big challenge due to the scarcity of high-resolution datasets (Banerjee et al., 2020).

The recent IPCC report on climate change indicates that the Himalayan region is warming at a rate higher than the global average rate (Liu and Chen, 2000; Shrestha et al., 1999). The Lahaul-Spiti district, located in the Himalayan region, is highly sensitive to climate change, as even small changes in this region can disturb the regional ecosystem (Cannone et al., 2007). The long-term trend estimation and people’s perceptions both indicate that a significant change has occurred in the trends of precipitation and temperature in the last 40 years. The annual and seasonal trends of temperature have no significant trend, while the monthly trend shows an increasing trend in October and December (Table 3). According to the temperature trend analysis, it has increased in October (p-value 0.011) and December (p-value 0.050) in the Lahaul-Spiti in the last 40 years. Rising temperatures have led to significant glacial retreats in the district, which is a major concern as the region’s water supply heavily depends on glaciers and snowmelt. Warmer conditions have also altered the region’s fragile ecosystem, leading to changes in flora and fauna patterns. Species once suited to colder climates are either moving to higher altitudes or facing survival challenges, while invasive species adapted to warmer temperatures are increasingly appearing. Normally, snowfall begins in late October or early November, but a rise in temperature has altered this pattern. Recently, snowfall has been delayed by a month and no longer occurs on time in the valleys. A recently published study on the Uttarakhand Himalayan region has reported pre-monsoon elevation-dependent cooling and winter heating scenarios from 2000 to 2020 using a series of observed and remotely sensed datasets, where they emphasized large-scale changes in the global atmospheric teleconnections, thus altering regional snowfall patterns (Banerjee et al., 2021). According to Tiwari et al. (2016), winter snowfall is important because it feeds glaciers, which slowly release water during the summer, which in turn recharges springs, feeds rivers, and also provides water for irrigation. The annual (p-value 0.000) and seasonal (summer p-value 0.008 and winter p-value 0.003) trends of precipitation show a significant increasing trend in Lahaul-Spiti. The Mann–Kendal and Sen’s slope trend tests for monthly data show a major change in precipitation in January (p-value 0.030), April (p-value 0.032), June (p-value 0.004), July (p-value 0.027), and August (p-value 0.002) (Table 6). Additionally, the changing precipitation patterns, with reduced snowfall and more erratic rainfalls, are disrupting traditional agricultural practices that rely on predictable seasonal cycles. The study found that precipitation is increasing in the form of rainfall instead of snowfall due to high-elevated warming, which transforms solid to liquid precipitation. This change is a negative sign for the Lahaul-Spiti region as it is made up of completely sedimentary rocks that are very susceptible to rainfall. Snowfall feeds glaciers, which ensures water supply during the summer season, and people use snow/glacier meltwater for irrigation and household activities. However, snowfall has decreased in Lahaul-Spiti in the last three to four decades resulting in a severe water scarcity problem. The decreasing snow cover area in the region can be linked to the broader impact of climate change. Rising temperatures, changes in precipitation patterns, and altered snowfall contribute to reduced snow accumulation and earlier melting. Additionally, human-induced changes including improper land utilization and massive urbanization collectively accelerate regional warming because of augmented greenhouse gas emissions, which further long-transported to the Himalayan region and settle down on the snow surface, thereby resulting in decreased surface albedo and high altitudinal warming (Banerjee et al., 2023; Banerjee et al., 2024; Tiwari et al., 2016). Occasionally, the study found that agriculture in the region heavily relies on water received from snowmelt and glaciers. Shrinking water sources affect crop productivity and the livelihoods of the local people. Reducing the availability of water from traditional sources puts pressure on the supply of drinking water to communities. This can lead to conflicts over water resources. It is essential for stakeholders, including the government, local communities, and environmental organizations, to collaborate in implementing sustainable strategies to address the decreasing snow cover and water scarcity challenges in the Lahaul-Spiti district. This may involve a combination of short-term measures to alleviate immediate concerns and long-term strategies to adapt to the changing climatic conditions. Ongoing research and monitoring of water resources, glacial changes, and climate patterns provide valuable data for informed decision-making.

Socioeconomically, these climate shifts are deeply affecting the livelihoods of the region’s residents, who depend on agriculture, horticulture, and tourism. Shorter winters with less snowfall have hampered winter tourism, which relies on snow-based activities. Agricultural productivity has been adversely affected by both the reduction in snow cover, which naturally irrigates fields, and the increased occurrence of cloudbursts or sudden heavy rains, leading to soil erosion and crop damage. The changes are also leading to increased water scarcity during the crucial growing season, making local communities more vulnerable to food insecurity and economic instability. The combined effects of these changes threaten the sustainability of both the environment and the economy in Lahaul-Spiti.

The findings of the study can help in addressing the policy implications of increasing temperature, declining snowfall, snow cover, and effects on water availability, particularly in regions dependent on snowmelt for their water supply. Policymakers can formulate water management policies to ensure sustainable water usage, equitable distribution, and adequate storage to compensate for reduced snowmelt runoff, with the help of the present study.


6.1 Limitations of this study

The major constraint of this research is the availability of high-resolution datasets, while station-observed data records are also limited due to the inapproachable Himalayan surface topography and inhospitable weather conditions. Therefore, relying on remotely sensed datasets is the only available option to carry out such an investigation. Previously, several studies have used satellite data records to estimate long-term climate trends. However, they have reported that some datasets have significant over-or underestimation capacity to predict actual precipitation and temperature counts and suggested to use of monthly means to eradicate such issues (Du et al., 2024; Dollan et al., 2024). Moreover, another recent study by Kim et al. (2024) has reported a significant overestimation of regional temperature counts (nearly 4°C) due to the presence of intense snow cover. Additionally, high-altitudinal intense cloud cover during the monsoon period, seasonal snow cover area, and coarse resolution of satellite images have collectively impacted the investigation of long-term climate and cryospheric monitoring.



6.2 Suitable policies to mitigate such environmental issues

It is notable that regional temperature is increasing day by day in the Uttarakhand Himalayan region along with declined precipitation, which has a significant implication on regional agricultural productivity. Therefore, regional and central governments should take necessary actions to reduce such environmental dilapidations.

a. Strong environmental and social impact assessments are required to mitigate climate issues.

b. Increasing public awareness about protecting the environmental structure is crucial, as it can help alleviate climate-induced changes.

c. Implementing precise land utilization practices and minimizing the rapid urbanization near the Himalayan foothills are also effective for addressing environmental challenges.

d. Capacity building and early warning systems can be installed more widely to save people and their infrastructures from unpredicted events.

e. Massive-level plantations near the river banks are also effective in reducing hazard intensities, as in recent decades, the Himalayan regions have often witnessed several floods, cloudbursts, and earthquake events, which caused massive destruction downstream.

f. Overall, cross-border scientific collaboration and intensive investigations of future climate change and associated risks can be helpful in reducing environmental issues, thus enhancing long-term sustainability.




7 Conclusion

The conclusion can be drawn on the basis of the findings of the study. The computed p-values of the annual and seasonal trends of temperature are greater than the significance level of alpha 0.05. Hence, the null hypothesis H0 was not rejected. Further study investigated the trend of temperature on a monthly basis. The results indicated that a significant increasing trend in temperature was observed in October (p-value 0.011) and December (p-value 0.050). This is a clear indication of the rising temperature in the Lahaul-Spiti district. The results of the annual, seasonal, and monthly trend analyses of precipitation showed an increasing trend. This indicates that a significant change had occurred in precipitation and exceptionally showed an increasing trend in Lahaul-Spiti in the last 40 years. The obtained trend of precipitation and temperature showed a clear indication of climate change. Until a few years ago, the region received 70–80% precipitation in the form of snowfall and scanty rain as it is situated in a rain shadow region. Currently, precipitation started occurring in the form of rainfall, and it has become a common phenomenon in the valleys. Rainfall has a negative impact on the region as it does not remain for long, unlike snow/glaciers, due to the steep slopes of the valleys. Increasing precipitation in the form of rainfall has a greater impact than the increase in temperature. In earlier decades, snowmelt water flowed through kuhls almost the whole year, except for a few months in the freezing winter. However, in recent years, water availability in kuhls has massively reduced due to decreased snowfall and rising temperatures. Currently, water no longer flows in kuhls throughout the year, creating an alarming situation for the valleys. Lahaul-Spiti does not get adequate water to irrigate agricultural fields, thereby causing a massive drop in crop production as well as in its quality. An increase in precipitation may be the result of a regional temperature increase. The valley is composed of sedimentary rocks, and if heavy rainfall occurs on a large scale, it could lead to significant disasters in the future, including landslides, mudflow, floods, and other related events.

The Lahaul-Spiti district is very susceptible to climate change, and changing climate will have a negative impact on the lives of the mountain dwellers in the long run. Continued monitoring of climatic variability is recommended using the Mann–Kendall, Sen’s slope, and other trend identification tests. The findings of the study can help in the further analysis of possible causes behind the increase or decrease in precipitation and temperature patterns.
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