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Abstract

:

The western Himalayan region is susceptible to minor climate changes because of its fragile ecology, which might threaten the valley’s prestigious ecosystems and socio-economic components. The Himalayas’s local climate and weather are vulnerable to and interlinked with world-scale climatic changes since the region’s hydrology is predominantly dominated by snow and glaciers. The Himalayas, notably the Jammu and Kashmir region in the western Himalayas, has clearly shown distinct and robust evidence of climate change. This study used observed data to examine the climatic variability and trends of change in precipitation and temperature for the Kashmir valley between 1980 and 2020. Gulmarg, Pahalgam, Kokernag, Qazigund, Kupwara, and Srinagar (Shalimar) meteorological stations in the Kashmir valley were studied in detail for long- and short-term as well as localized fluctuations in temperature and precipitation. The annual temperature and precipitation fluctuations were calculated using Sen’s slope approach, and the sloping trend was determined using linear regression. The research showed statistically insignificant growing trends in maximum and minimum temperatures throughout the Kashmir valley. The average annual temperature in the Kashmir valley increased by 1.55 °C during the last 41 years (from 1980 to 2020), with a higher rise in maximum and minimum temperature by 2.00 and 1.10 °C, respectively. However, precipitation showed a non-significant decreasing trend concerning time series analysis over 1980 to 2020 in Kashmir valley. Results of annual average maximum temperature at all the stations revealed that Pahalgam (2.2 °C), Kokernag (1.8 °C), and Kupwara (1.8 °C) displayed a steep upsurge and statistically significant trends; however, annual average minimum temperature followed an increasing trend from 1980 to 2020 at all the stations except Shalimar. However, non-significant declining trends in precipitation were recorded at all the locations in Kashmir valley. This changing pattern of temperature and precipitation could have significant environmental consequences, affecting the western Himalayan region’s food security and ecological sustainability.
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1. Introduction


The major environmental issues affecting the earth and humanity are climate variability and change [1,2,3,4]. Among the significant implications ascribed to climate change include rising of sea water levels [5], glacier retreat [6], changing patterns of precipitation [7], and shifting species distribution [8]. Temperature and precipitation are the utmost essential indicators used to quantify the degree and extent of climate change and variability among the issues faced by climate change [9]. Additionally, a study on spatial and temporal elements of climatic variability is needed because global average temperature and precipitation variability seem somewhat comparable among climate models and climate reconstructions [10]. Regional differences in temperature and precipitation have been found to be substantially large, with significant temporal and spatial fluctuation between climatically distinct regions [11]. Observations of past climate on a global scale might be less beneficial for native or regional planning [12].



The Indian sub-continent has experienced consistent warming [13]. Although there have been studies reported from India that focus on observed variability in climate and changes in temperature, including precipitation fluctuations, there are still significant ambiguities in comprehending climatic variability and its influence at regional levels [14]. The Himalayan Mountain system has a considerable impact on the climate of a large region, and on-going climatic changes such as rising temperatures and decreasing precipitation trends are increasingly influencing this mountain system [15,16]. Weather variables have a critical impact on agricultural production [17]. Earth’s warming is now undeniable due to the discharge of Greenhouse Gases (GHGs), and atmospheric CO2 concentrations have increased dramatically over the previous century, causing the mean global temperature to rise by 0.74 °C compared to the pre-industrial period [18].



Climate change is already posing a considerable challenge by obstructing attempts to eliminate poverty and encourage sustainable and economic development [19]. Temperature and precipitation are two of the most critical variables of climate research and hydrology. They are frequently used to evaluate the severity and extent of changing climate and its variability [20]. Rainfall patterns and variability often explain numerous socio-economic difficulties, such as food insecurity in regions where low-productivity rainfed agriculture is the primary source of income [21]. Recently, researchers have paid a lot of attention to trend analysis of climatic variables [22]. Climate change must be quantified to determine the changes that have happened and make projections and improve readiness. Between 1971 and 2003, the average yearly temperature in India has increased considerably by 0.05 °C per year [23]. There has been a significant increase in maximum and minimum temperature in summer over the Deccan plateau and a general reduction in DTR over Northwest Kashmir [24]. An increase in air temperature of 1.6 °C in the northwest Himalayan region has been recorded over the last century based on three stations, viz., Leh, Shimla, and Srinagar [25]. Surface temperature increase to land-use change in recent research on the effect of urbanization on climate has been observed [26,27,28]. Surface warming of 0.27 °C per century has been induced by changes in land cover [26]. It is clear from the facts mentioned above that there are many scopes to study the behavior of the weather variables. In this regard, the current study was conducted to better understand the annual trends of meteorological parameters (maximum temperature, minimum temperature and rainfall) at six locations (Gulmarg, Kokernag, Kupwara, Qazigund, Pahalgam, and Shalimar) of the Kashmir Valley for the period of 1980–2020. The present study was conducted for 40 years with an objective to study the long-term weather data for any significant change in weather variables so that volume of change will be used in simulation studies for crop production in the future using crop simulation tools. The time series of actual observations were evaluated for climate variability and its trend over the selected region. However, the magnitude of a time series trend and the real slope of an existing trend, such as the amount of change per year, was determined using Sen’s estimator nonparametric approach, and the tests were performed using Origin Pro software.




2. Materials and Methods


2.1. Study Area


The Union territory of Jammu and Kashmir is located between 32°17′ and 37°5′ North and 73° 26′ and 80°30′ East. The state’s central area is mountainous and located at Asia’s center. Jammu and Kashmir account for roughly two-thirds (2.3 million hectares) of India’s 3.5 million ha mountainous region. The region has four macro-climatic zones: (i) Sub-Tropical, (ii) Valley Temperate, (iii) Intermediate, and (iv) Cold. The temperate zone encompasses the districts of Anantnag, Budgam, Baramulla, Bandipora, Ganderbal, Pulwama, Kulgam, Shopian, Srinagar, and Kupwara in Kashmir’s valley. Winters in this temperate zone are wet and often severe, with rain, frost, and snow, while summers are dry and mild. During the summer, when rainfall is scarce, snowfall, an essential kind of precipitation, aids in maintaining an adequate moisture supply. The plain valley is 1560 m above sea level, increasing from 1950 m in low altitude Karewas in the mid belts to 2400–3000 m in the upper belts and 4200 m in snowbound places. The soils of the Kashmir valley are alluvial in nature, with 62 per cent of the land irrigated. The zone experiences around 680 mm of annual precipitation, with almost 70 per cent of that falling during the winter and spring months (December to May). With a cool thermal index and humid hydric index, the total average temperature varies from 1.2 to 24.50 °C throughout the year.



Though the topography of six locations varies, they can be broadly divided into two major groups: (i) Plain regions (Srinagar, Kokernag, Qazigund, and even Kupwara) and (ii) mountain regions (Gulmarg and Pahalgam). The Kashmir valley is categorized into three physiographic regions: the Greater Himalayas, the Jhelum valley floor, and the Pir Panjal [29]. Six meteorological stations representing all sections of the valley viz., Gulmarg, Pahalgam, Kokarnag, Shalimar (Srinagar), Kupwara, and Qazigund were chosen for analysis of observed weather parameters with various mean sea levels. Particulars of the stations are given in Figure 1 and Table 1.



The Kashmir territory encompasses a total geographic area of 15,948 km2 and is divided into two distinct physiographic zones: Valley and Montane zones.



The valley zone includes the central valley basin and many smaller valley basins, located between 1300–1800 m above sea level. The montane site consists of the mountains and hillocks surrounding the central and adjacent valleys and meadows and forests above 1800 m altitude. These zones include a diverse range of ecosystems, each with its own set of species and physiognomic traits [29]. The valley of Kashmir has a Mediterranean climate and substantial seasonal variations [30], with four different seasons, spring (March–May), summer (June–August), autumn (September–November), and winter (December–February) [31]. Western disturbances bring heavy precipitation to the South Asian Mountain ranges, including the Kashmir valley and are most common throughout the freezing winter and early spring [2]. Winters are generally complicated and cold, and summers are warm, whereas the spring season remains wet and autumn is typically dry. Such seasonal combination makes the annual temperate range in the valley varies between −10 to 35 °C.




2.2. Data Analysis


Annual average rainfall, maximum and minimum temperature data of six metrological stations of Kashmir valley from 1980 to 2020 (41 years) were observed and analyzed collectively received from the regional station of India Meteorological Department (IMD), Srinagar. To ensure homogeneity among all six stations, adequate repository observation data for the 41 years was selected. The time series of actual observations were evaluated for climate variability and its trend over the selected region. The trend is described as a sort of long-term variance in the dependent variable over a long duration (time) or the general or overall movement of a series over a longer period (time) [32]. The significance of rainfall and temperature trends was determined by using statistical approaches such as regression analysis and coefficient of determination (R2). The trend was determined by the correlation between the variable factors, rainfall and temperature, and their temporal resolution. However, the magnitude of a time series trend and actual slope of an existing trend, such as the amount of change per year, was determined using Sen’s estimator nonparametric approach [33], and the tests were performed via Origin Pro software. A negative value of Sen’s slope designates a descending or declining trend, whereas a positive value signifies ascending or inkling trend in time series.



Origin Pro software was used to conduct the trend analysis of time series by including both amplitude of the trend and its statistically significant difference [34]. Regression analysis or Sen’s estimator approach were commonly used to estimate the degree of trend in a time series, and a linear trend was assumed in each of these techniques. In Regression analysis, rainfall/temperature was used as a dependent variable. In contrast, time was an independent variable and analysis was carried out directly on time series of anomalies (i.e., deviation from the mean). Regression can be used to match a linear equation, y = mt + c, denoted by c (intercept) with m (slope). Linear trend value signified by the slope of simple least-square regression line provided the rate of rising or fall in the variable. Sen’s estimator is used in hydro-meteorological time series to calculate the magnitude of a trend. The slopes (Ti) of all data pairs are determined by:


  T i =   X j − X k   j − k     For   i = 1 ,   2 ,   … ,   N  



(1)







Data values at time j and k are represented by xj and xk respectively, and the value of j > k.



Sen’s estimate of slope is obtained as the median of these N values of Ti slope, calculated as


            β =  {       T    N + 1  2                                                              N   i s   o d d                    1 2   (   T   N 2    +  T    N + 2  2     )              N   i s   e v e n        



(2)







A negative and positive value of β designates a trend of decreasing (downward) and increasing (upward).





3. Results


The descriptive statistics for maximum and minimum temperature and rainfall of all the five location of the valley viz., Gulmarg, Pahalgam, Kokarnag, Shalimar (Srinagar), Kupwara, and Qazigund were discussed as below:



Shalimar: The employed descriptive statistics for maximum and minimum temperature and rainfall are presented in Tables S1–S3, respectively. Long-term weather data (1985–2020) revealed that maximum temperature increased by 1.80 °C (from 190 °C to 20.80 °C) at Shalimar between 1985 and 2020, with a slope of 0.04 and R2 value of 0.19, which is the value coefficient of determination, describes 19 per cent of the variability in the maximum annual temperature (Figure 2A,B and Figure S1a). However, minimum temperature has not shown any significant impact (slope = −0.0034) and decreased to the tune of 0.45 °C from the last 41 years (Figure 2C,D and Figure S1b). Precipitation shows a decreasing trend concerning for time series analysis. However, it failed to show any significant effect (slope = −0.55) (Figure 2E,F and Figure S1c).



Qazigund: The descriptive statistics for maximum and minimum temperature and rainfall of Qazigund station are given in Tables S1–S3. The analysis of weather data (1980–2020) revealed that maximum temperature has increased but not significantly from 1980 to 2020 to the tune of 1 °C from 19 °C to 20 °C with a slope of 0.016 and R2 value of 0.05 (Figure 3A,B and Figure S2a). The minimum temperature with a slope of 0.0047 failed to show any significant impact and increased from 6.30 °C to 6.50 °C to the extent of 0.20 °C from the last 41 years (Figure 3C,D and Figure S2b). Precipitation followed a decreasing trend with respect to time series analysis; however, it failed to show any significant impact and has a slope of −5.37 (Figure 3E,F and Figure S2c).



Pahalgam: The analysis of weather data (1980–2020) for maximum, minimum temperature and rainfall of Pahalgam station as mentioned in Tables S1–S3, respectively, revealed that, from 1980 to 2020, maximum temperature followed an increasing trend and has increased significantly from 15.80 °C to 18 °C with an increase of about 2.20 °C during last 41 years with a slope of 0.061 and R2 value of 0.2019 (Figure 4A,B and Figure S3a). The minimum temperature with a slope of 0.06 has also increased significantly to the extent of 2 °C from 2 °C to 4 °C during the last 41 years (Figure 4C,D and Figure S3b). Precipitation with a slope of −4.20 failed to show any significant impact and followed a decreasing trend with respect to time series analysis (Figure 4E,F and Figure S3c).



Gulmarg: Tables S1–S3, showed the results of analysis of the observed meteorological data of maximum and lowest temperature and rainfall, respectively, at Gulmarg station for the years 1980 to 2020. The data revealed that maximum temperature with a slope of 0.013 followed an increasing trend with respect to time series analysis and has increased significantly from 1980 to 2020 to the extent of 0.5 °C (Figure 5A,B and Figure S4a). However, minimum temperature with a slope of 0.01 showed a non-significant impact and increased to the tune of 1 °C from the last 41 years (Figure 5C,D and Figure S4b). Still, precipitation exhibited a non-significant declining trend of a negative slope of −6.07 (Figure 5E,F and Figure S4c).



Kupwara: Kupwara station’s weather data was analyzed from 1980 to 2020 for maximum and minimum temperature and rainfall, as presented in Tables S1–S3. It was found that maximum temperature has increased significantly (Figure 6A,B and Figure S5a) from 19.20 °C to 21.00 °C to the degree of 1.80 °C throughout 1980–2020 with a slope of 0.045 and R2 value 0.23, while, minimum temperature with a slope of 0.0073 has not shown any significant impact but followed an increasing trend and increased to the extent of 0.3 °C from last 41 years (Figure 6C,D and Figure S5b). Precipitation with a slope of −3.58 showed a decreasing trend regarding time series analysis but failed to show any significant impact (Figure 6E,F and Figure S5c).



Kokernag: The analysis of weather data (1980–2020) of Kokernag station (Tables S1–S3) revealed that maximum temperature had increased significantly from 17.20 °C to 19 °C to the degree of 1.80 °C (Figure 7A,B and Figure S6a) from 1980 to 2020 with a slope of 0.041 and R2 value of 0.20. Further, it was observed that minimum temperature with a slope of 0.01 has increased significantly to the extent of 0.7 °C from the last 41 years and followed an increasing trend (Figure 7C,D and Figure S6b). However, precipitation with a slope of −1.79 failed to show any significant impact and followed a decreasing trend with respect to time series analysis (Figure 7E,F and Figure S6c).



Kashmir Valley: Table S4 shows the results of a statistical study of meteorological data (maximum and minimum temperatures and rainfall) from 1980 to 2020. It was found that maximum temperature with a slope of −0.55 and R2 value of 5.49 followed an increasing trend with respect to time series analysis (Figure 8A,B and Figure S7a) but was not significant and has increased to the range of 2.0 °C. Moreover, it was observed that minimum temperature followed the increasing trend over Kashmir valley but was not significant (slope = −5.37) and increased to the extent of 1.10 °C from the last 41 years (Figure 8C,D and Figure S7b). However, precipitation with a slope of −1.79 showed a non-significant decreasing trend with respect to time series analysis from 1980 to 2020 in Kashmir valley (Figure 8E,F and Figure S7c).




4. Discussion


Most climate research has concentrated on variations in average climate to establish temperature and precipitation trends across a specific region over a particular time series, with less emphasis on climate changeability. As per the World Meteorological Organization (WMO), the period between 1961 to 1990, is still used to study long-term climate change [35]. As the region’s hydrology is characterized and controlled by snow and glaciers, the Himalayan Mountain system is highly vulnerable to global climatic fluctuations, rendering it a model indicator to spot early global warming detection [36]. Based on collected meteorological data from 1980 to 2020, we evaluated the average yearly climatic variability in the Kashmir valley. We reported the trend and amplitude for maximum and minimum temperature and rainfall.



The findings regarding positive temperature trends across the Kashmir valley [37,38,39,40,41] and finding across the Himalayan region of India [38,40] also support the rising temperature trends observed in this study. Our outcomes discovered that maximum and minimum temperatures have elevated by 2 °C and 1.10 °C from 1980 through 2020 in the Kashmir valley. Similar results were reported by researchers who observed that temperatures are increasing over the region of Jammu and Kashmir [42]. Data patterns with significant variability, which might be attributable to a high frequency of extreme values, become difficult to interpret. Still, these anomalies may not always reflect long-term statistical trends. A running average time series data of ten-year has been proposed to identify long-term trends [41].



Furthermore, the increasing trend for maximum temperature was more noticeable and significant at Shalimar, Pahalgam, Gulmarg, Kupwara, and Kokernag; on the other hand, Qazigund does not portray any definite trend. However, the minimum temperature at Kokernag and Pahalgam showed significant increasing trends. In contrast, Qazigund, Gulmarg, and Kupwara depicted non-significant growing trends for 1980–2020 and a non-significant declining pattern for minimum temperature was recorded at Shalimar. The reason may be due to the vegetation cover, massive snow cover, and more ecosystem stability [43]. Thus, it can be stated that the climate system over the Himalayan region is fluctuating in the direction of a system dominated by a higher temperature that will cause early snowmelt [30], forcing glacier decline [44] and alterations in species distribution [40]. Recent studies have revealed that increasing snowmelt and diminishing glaciers could contribute to increase warming. The melting of snowcaps and glaciers potentially modifies the region’s surface albedo, elevating the atmospheric temperature [45]. A decrease in glacier and snow cover in the Kashmir Himalayas in the past few decades might be one of the causes of increased warmth, particularly at the higher elevations of Pahalgam and Gulmarg [46].



Overall, the seasonal and yearly average temperatures have been rising [47]. The Himalayan area has warmed by roughly 1.80 °F since the 1970s [48]. Similar results were reported while studying weather variables of North-Western Himalayas (Upper Indus basin), where the temperature was shown to rise faster throughout the winter season [49]. According to recent research, Himalayan snow and glaciers significantly impact meteorological variables; hence, this might be one of the most important bases for predicting increased warming in seasonally snow-covered locations. During the winter season, the Himalayas receive most of its precipitation by western disturbances (WDs) mainly in the form of snow, but a decline in snowfall has been observed in the last few years [50]. In addition to this, a divergent pattern has also been noticed in recent decades over total precipitation. Over the Himalayas, rising precipitation trends were reported [49], whereas a large-scale decadal fluctuation was observed with rising and falling precipitation intervals [51]. Complex topography impacts the form and intensity of precipitation in several ways and becomes more complicated by an exponential rise in temperature, which might generate large-scale energy exchanges.



Regarding rainfall throughout 41 years (1980–2020) for Kashmir valley, our results indicated a non-significant declining pattern in yearly precipitation at different stations (intra-station variability) and the Kashmir valley. These results are supported by researchers who recorded decreasing trend in annual rainfall at Srinagar, Kulgam, and Handwara and an increasing trend at Kokernag and Qazigund [51]. Between 1901 and 2015, there was no apparent trend in annual rainfall throughout the Indian subcontinent. However, the yearly precipitation series indicates a declining tendency from 1951 to 2015 and from 1986 to 2015. On a century-scale, the seasonal summer rainfall trend aggregated throughout India’s peninsula does not display any consistent trend, where the contribution from rising extreme rainfall events was being compensated by decreasing moderate rain events [52]. Between 1951 and 2004, there was a declining precipitation trend over the Indian sub-continent [45]. However, summer precipitation decreased at an increased pace between 1971 and 2002, as evidenced by numerous datasets [53].



During the period 1980–2014, a steeper increase in annual mean maximum temperature than mean yearly minimum temperature has been observed by several researchers [54]. In addition, they studied that mean maximum temperature in plain regions has shown a higher rate of increase when compared with mountainous areas. The lower increase in elevated mountainous regions may be attributed to the enormous expanse of snow and glacier, vegetation diversity, and high ecosystem stability in the mountain areas, exerting a buffer action on global climate change. In the case of mean minimum temperature, mountainous regions have shown a higher rate of increase. Analysis of precipitation data for the same period shows a decreasing trend, with mountainous areas having the highest rate of decrease, which can be hazardous for the fragile mountain environment of the Kashmir valley housing many glaciers [54].



Moreover, clear trends of both increasing and decreasing precipitation on a monthly, seasonal, and yearly basis have been observed in the Kashmir region; however, mean annual and winter rain has followed a declining trend [55]. This unusual change or variation in temperature and precipitation is probably due to significant scale changes in the land use–land cover witnessed by the study area. The annual mean temperature of Srinagar is projected to increase by 0.60 °C up to the year 2031, whereas the mean annual precipitation is projected to decrease by 6.1 mm by the year 2031 [55]. Thus, such an increase in temperature and a decrease in precipitation over Srinagar may pose a severe threat on agriculture, drinking water supply, horticulture, availability of water for irrigation, water resources, economy, recreational use of water, and tourism. Thus, it can be stated that across the Kashmir valley, precipitation changes are uncertain, with uneven peaks and valleys that could have serious environmental and ecological consequences.




5. Conclusions


The present study has examined the trends of the annual mean of three climate variables—minimum and maximum temperature along with rainfall from 1980 to 2020.



	➢

	
The results of mean maximum temperature indicated significantly increasing trends at Shalimar, Gulmarg, Kupwara, Kokernag, and Pahalgam for annual basis but a non-significant increasing trend at Qazigund.




	➢

	
It was found that Pahalgam was the hottest among all stations as the mean maximum temperature has raised by 2.2 °C from 1980 to 2020. However, it was observed that the annual mean maximum temperature over the Kashmir valley followed a non-significant increasing trend from 1980 to 2020.




	➢

	
The average annual mean maximum temperature over Kashmir valley increased by 2.0 °C from 1980 to 2020.




	➢

	
The results of minimum temperature from 1980 to 2020 indicated non-significant increasing trends for annual basis at Qazigund, Gulmarg, and Kupwara but significant increasing trends at Kokernag and Pahalgam, except Shalimar that followed a non-significant decreasing trend.




	➢

	
It was found that the annual mean minimum temperature over the Kashmir valley followed a non-significant increasing trend from 1980 to 2020. The average annual mean minimum temperature over the Kashmir valley increased to the extent of 1.10 °C from 1980 to 2020.




	➢

	
Precipitation showed a non-significant decreasing trend with respect to time series analysis over 1980–2020 at all the stations and in Kashmir valley.




	➢

	
These changes will affect both the hydrological processes and environmental systems, which ultimately can affect the ecological balance of the Himalayan region.







As Kashmir valley has uneven topography, huge variations with respect to weather variables have been found. However, for the minute study, the future monthly analysis of all the three weather variables will be taken into account to understand climate change better, if any.
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Figure 1. Location map of various meteorological stations of Kashmir valley. 
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Figure 2. Descriptive statistics of weather parameters viz., Maximum and Minimum Temperature and Rainfall of location Shalimar. 
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Figure 3. Descriptive statistics of weather parameters viz., Maximum and Minimum Temperature and Rainfall of location Qazigund. 
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Figure 4. Descriptive statistics of weather parameters viz., Maximum and Minimum temperature and rainfall of location Pahalgam. 
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Figure 5. Descriptive statistics of weather parameters viz., Maximum and Minimum temperature and rainfall of location Gulmarg. 
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Figure 6. Descriptive statistics of weather parameters viz., Maximum and Minimum temperature and rainfall of location Kupwara. 
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Figure 7. Descriptive statistics of weather parameters viz., Maximum and Minimum temperature and rainfall of location Kokernag. 
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Figure 8. Descriptive statistics of weather parameters viz., Maximum and Minimum temperature and rainfall of location Kashmir valley. 
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Table 1. Details of different stations of Kashmir valley.
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	Station
	Location
	Alt. (m asl.)





	Shalimar (Srinagar)
	34°05′ and 74°50′
	1588



	Qazigund
	33°35′ and 75°05′
	1690



	Pahalgam
	34°02′ and 75°20′
	2310



	Gulmarg
	34°03′and 74°24′
	2706



	Kupwara
	34°25′ and 74°18′
	1609



	Kokernag
	33°40′ and 75°17′
	1910
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