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Abstract: This paper investigates the annual and seasonal variations in the minimum and maximum
air temperature (Tmin and Tmax) and precipitation over Kashmir valley, Northwestern Himalayas
from 1980–2019 by using the innovative trend analysis (ITA), Mann-Kendall (MK), and Sen’s slope
estimator methods. The results indicated that the annual and seasonal Tmin and Tmax are increasing
for all the six climatic stations, whereas four of them exhibit significant increasing trends at (α = 0.05).
Moreover, this increase in Tmin and Tmax was found more pronounced at higher altitude stations, i.e.,
Pahalgam (2650 m asl) and Gulmarg (2740 m asl). The annual and seasonal precipitation patterns for
all climatic stations showed downward trends. For instance, Gulmarg station exhibited a significant
downward trend for the annual, spring, and winter seasons (α = 0.05). Whereas, Qazigund showed
a significant downward trend for the annual and spring seasons (α = 0.05). The overall analysis
revealed that the increased Tmin and Tmax trends during the winter season are one of the reasons
behind the early onset of melting of snow and the corresponding spring season. Furthermore, the
observed decreased precipitation trends could result in making the region vulnerable towards drier
climatic extremes. Such changes in the region’s hydro-meteorological processes shall have severe
implications on the delicate ecological balance of the fragile environment of the Kashmir valley.

Keywords: climate change; innovative trend analysis; Jhelum basin; Kashmir Himalayas; Mann
Kendall test

1. Introduction

Climate change is a natural phenomenon, though extensive research indicates that the
anthropogenic activities in the 20th century are one of the major reasons for the temperature
increase [1–3]. Increasing air temperatures and fluctuating precipitation patterns have
gained a lot of attention in recent years because of their importance in understanding the
climate change of any region [4,5]. An average increase in air temperature of 0.74 ◦C has
been reported worldwide over the next 100 years [6]. In contrast to global predictions,
the estimations of regional climate change rates differ due to differing methodology and
datasets used to estimate future climate change [7–9].

Precipitation and temperature are considered key climatic variables affecting the spa-
tiotemporal patterns of regional water resources availability [10,11]. Numerous studies
have shown that assessing the implications of climate change on regional economic devel-
opment, agriculture, and human society requires measuring fluctuations in regional air
temperature and precipitation [12–15]. The most significant parameters in hydrometeorol-
ogy are to evaluate a region’s climate and estimate the consequences of changing climate,
which are the air temperature and precipitation [16].
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In recent years, substantial research has been carried out to quantify the climate change
consequences by identifying the precipitation and temperature trends at various spatiotem-
poral scales in order to regulate regional resources of water and related hazards [17].
Significant warming trends with a magnitude of 0.16 ◦C per decade in air temperature
were reported during the 20th century over the Tibetan Plateau [18–20]. According to [21].

According to Shrestha and Devkota (2010), in most regions of the Hind-Kush Hi-
malayan (HKH), the warming rate is higher in the winter compared to other seasons [22].
In the last few decades, annual and winter precipitation has increased over the Tibetan
Plateau and Indus basin. However, in these regions, an incoherent spatial pattern was
witnessed for long-term precipitation variability [23]. Several studies have used method-
ologies to evaluate the temperature and precipitation variations, such as Mann-Kendall
(MK) test, Sen’s slope estimator, linear regression (LR), and Spearman’s rho (SR) tests [24].
However, MK test is considered as the most common method used and has been applied in
many regions worldwide to detect the changes in the hydro-meteorological variables. The
MK test was employed by [25] to examine annual daily maximum precipitation trends and
showed a significant increase. Pingale et al. (2014) examined the spatiotemporal mean and
extreme rainfall and temperature trends using the MK test and Sen’s slope estimator and
found equally positive and negative trends for Rajasthan state urban centres [26]. Using
LR and the SR tests [27] evaluated the significant upward trends for heatwaves and air
temperatures in northwest Mexico. Gemmer et al. (2011) for observing the spatiotemporal
characteristics for trends of rainfall used the MK test and found that while some stations
showed annual trends in rainfall, monthly rainfall time series showed significant positive
and negative trends in entire China’s Zhujiang River Basin [28]. In another study, the
results of the precipitation and temperature trend analysis were used to manage the scarce
water resources of such regions for future water resource management development [29].

Few studies have been carried out in the Kashmir valley by using traditional statistical
tests for trend analysis in hydro-meteorological data. Gujree et al. (2017), using Sen’s slope
estimator and MK test analyzed the spatial variability of precipitation and temperature
extremes [30]. They showed that areas in plains exhibited an upward trend in Tmax extremes,
while in the near future the mountain areas may showcase more extreme events in Tmin
and precipitation. Shafiq et al. (2019) assessed the changing trends of precipitation and
air temperature variables using the non-parametric tests in the Kashmir valley at various
elevation zones [31]. Dad et al. (2021) examined the significance of trends and estimated
the magnitude of trends in air temperature and precipitation on annual, seasonal, and
monthly scales for all six meteorological stations positioned throughout the Kashmir valley
employed non-parametric method. Ahmad et al. (2021) used non-parametric tests to assess
the trend significance of air temperature and precipitation for the whole Kashmir valley [32].
Zaz et al. (2019) used statistical tests, such as Student’s test, cumulative deviation, MK, and
LR to examine the annual and seasonal precipitation and temperature changes in the six
meteorological stations of the Kashmir valley [33].

However, traditional trend analysis methods can only detect the monotonic trends
through pure statistical calculations and cannot identify the trends in different subcategories
of the time series [34]. The innovative trend analysis (ITA) technique had been widely
utilized to check trends predicted by existing methods and identify unseen trends in
high, medium, and low-value categories utilizing springy graphical tools [17,34]. ITA is
an intuitive and straightforward method that can be applied irrespective of distribution
assumptions to identify trends in various time series subcategories [35]. In many parts of
the world ITA has been used for investigating the hidden trends in hydro-meteorological
variables. Ay and Kisi [36] carried out ITA-based trend analysis at six different provinces
of Turkey for monthly precipitation and observed significantly upward trends at Trabzon
and Samsun regions along with other four regions that were found insignificant. Similarly,
Elouissi et al. [35] used this ITA method for assessing monthly precipitation to conduct trend
analysis for 25 stations and observed a downward trend towards the northern parts and an
upward trend towards the southern parts of the Macta watershed, Algeria. Tosunoglu and
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Kisi [37] analyzed drought variables for nine stations by means of the modified ITA and
MK tests. Moreover, the results showed that the MK test depicted trendless results for the
investigated stations, whereas the modified MK showed a significantly decreasing trend at
10% significance level. The results for the Coruh River basin in Turkey, on the other hand,
were consistent. Wu and Qian [38] assessed the 14 stations for annual and seasonal rainfall
trends using the ITA, MK, and linear regression methods at Shanxi Province, China. They
concluded that their results were good agreement across the tests and perfect covenant
among tests showing significant trends.

Kashmir valley, the north-western part of the Himalayas, showed pronounced indica-
tors of climate change. The Himalaya has complete control over the meteorological and
hydrological conditions in Kashmir’s valley. Even a little alteration in their climate has the
potential to have severe effects for people’s socioeconomic existence. Previous studies have
used monotonous statistical techniques predominantly (MK-based tests) to understand
key climatic indicators (air temperature and precipitation). However, studies have shown
that it does not significantly address the reasons behind the changing hydrological regime
of the Kashmir Valley [28–30,32,39–41]. In the present study, ITA based trend analysis
method is explored to understand the climatic variability in high, medium, and low values
of precipitation and air temperature over the last few decades in the Jhelum basin (Kashmir
valley). As previously stated, this technique has been used all around the world to uncover
hidden trends in Hydro-meteorological variables. Specifically, the present study aims to
evaluate the regional climatic variability of the Kashmir valley by analyzing the time-series
of air temperature and precipitation data between 1980 and 2019 using an ITA-based ap-
proach. It also aims to assess whether this technique is more reliable in terms of revealing
better insights on the climatic variability of the region compared to MK test and Sen’s slope
approach. The main objectives of the study include: (i) Spatio -Temporal variations for
air temperature and precipitation for Kashmir valley. (ii) Detection and quantification of
trends in air temperature and precipitation. (iii) Comparision between the different trend
analysis approaches.

2. Materials and Methods
2.1. Study Area

Kashmir Valley on the south is bordered by the Pir Panjal range and by the western
Himalayan peaks on the north side [42]. The Himalayan complex has a pervasive influence
on the valley’s geographic entity. The total area of the region is about 15,948 km2. The oval-bowl
shaped valley extends from latitudes, 32◦22′–34◦43′ N and longitudes, 73◦52′–75◦42′ E with an
elevation range of 1300–1800 masl as shown in Figure 1. It is traversed by the Jhelum river,
one of the Indus basin tributary. The weather in the Kashmir valley keeps on fluctuating
owing to elevational differences [30].

Figure 1. Location of study area (a) Indian political map; (b) Jammu & Kashmir map; (c) Kashmir
valley map.
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Summer monsoons originating in the Indian Ocean and Central Siberia’s winter air
masses are separated by the mountain ranges of the valley that act as a barrier to them [29].
Westerly troughs moving during the winter at higher altitudes enter the west and northwest
of the valley, while the greater Himalayas obstruct their influx. The climate is unpleasant
above the tops of surrounding mountains due to micro-level variations but generally warm
and temperate over the valley. With more than 105 glaciers, the Kashmir valley is an
important watershed of the upper Indus basin (UIB) [43]. Based on mean temperature
and precipitation, the Kashmir valley’s climate is characterized as sub-Mediterranean
type with four seasons, spring (March–May), summer (June–August), autumn (September–
November), and winter (December–February), [44]. The winters are usually cold and
unpleasant, and summers are scorching, while spring is usually wet and autumn is dry.
The valley’s annual temperature ranges from −10 to 35 °C. Winter precipitation is coupled
with western disturbances, dominates the rainfall pattern in the valley [45], while snowfall
occurs primarily in the winter and early spring [46,47].

2.2. Datasets

The Himalayas (Greater), valley floor (Jhelum), and the Pir Panjal divide the Kashmir
valley into three physiographic regions. Six well-distributed meteorological stations with
varying mean sea levels, namely Gulmarg station (2740 m), Pahalgam station (2600 m),
Kokarnag station (2000 m), Srinagar station (1600 m), Kupwara station (1670 m), and
Qazigund station (1650 m), were chosen to represent the entire valley for analyzing the
spatiotemporal variations in climatic variables (Table 1 and Figure 1). These six stations’
topographic setting is characterized into two groups: (1) stations located on the plains
(Qazigund, Kokarnag, Srinagar, and Kupwara) and (2) stations located in the mountainous
areas (Pahalgam and Gulmarg) [32]. The data used were collected from the IMD-Srinagar
and IMD-Pune centers for the period of 40 years (1980–2019) of six ground-based mete-
orological stations. This time series was deemed adequate for trend analysis to observe
the fluctuations in different time scales at various climatic variables in the region. In order
to understand climatic fluctuations over the region, inter and intra-annual trend analysis
was carried out. The double-mass curve analysis method was utilized to cross-examine
and check the data’s homogeneity and consistency, which might have occurred due to
instrumentation error [48].

Table 1. List of data ranges, basic geographic characteristics, and variables for those stations used in
this study.

S.No. Met Stations Latitude Longitude Resolution Time Period Variables

1 Srinagar 34.05 74.80 Monthly 1980–2019 Tmax, Tmin, Precp
2 Gulmarg 34.06 74.39 Monthly 1980–2019 Tmax, Tmin, Precp
3 Kupwara 34.53 74.27 Monthly 1980–2019 Tmax, Tmin, Precp
4 Phalgham 34.02 75.33 Monthly 1980–2019 Tmax, Tmin, Precp
5 Qazigund 33.60 75.17 Monthly 1980–2019 Tmax, Tmin, Precp
6 Kukarnagh 33.59 75.30 Monthly 1980–2019 Tmax, Tmin, Precp

In prior studies on meteorological time series data, different statistical approaches
(parametric and non-parametric) were used for determining whether the observed values
of a hydro-meteorological time series are increasing, decreasing, or trendless. However,
parametric methods with many restricted measures such as normal distribution and serially
independent data are considered more powerful than non-parametric approaches, which
is hardly true when it comes to meteorological time series data [49]. Non-parametric ap-
proaches, on the other hand, have been employed to identify trends in hydro-meteorological
time series data since they don’t need data to be distributed normally; nonetheless, this
is the necessity for data to be free of serial correlation. A pre-whitening method was
used to remove the serial correlation prior to using the MK test on the meteorological
time series data [50]. Using the pre-whitening method on time series data, on the other
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hand may compromise the uniqueness of the data and erase a trend component that is
truly present [51,52]. As a result, [53] suggested ITA technique that does not require such
preprocessing in addition to having broad applications.

The results of the ITA approach are compared with those of MK and Sen’s slope tests
to assess the approach’s trustworthiness. The annual and seasonal precipitation and air
temperature time series were analyzed using ITA method for six stations across the valley.
The monthly data were averaged for temperature and precipitation to develop the seasonal
and annual precipitation time series [49,54]. Further, the air temperature and precipitation
time series trends were analyzed at 10 percent, 5 percent, and 1 percent levels of significance
using the ITA, MK, and Sen’s slope approaches. A significance threshold of 10 percent level
was used to establish a significant trend.

2.3. MK and Sen’s Slope Tests

The non-parametric MK test is one of the robust statistical trend method for hydro-
meteorological time series to detect the monotonic trends because of outlier’s insensitivity
and normal distribution [55–57].

The MK statistics, S is known as:

S =
n−1

∑
k=1

n

∑
j=k+1

sgn(Yj −Yk) (1)

sgn(Yj −Yk) =


i f (Yj −Yk) < 0; then −1
i f (Yj −Yk) = 0; then 0
i f (Yj −Yk) > 0; then 1

 (2)

Here, Yk and Yj are successive data points of time-series with period k and j, n defines
the no. of points, sgn represents the fn. taking the values of 1, 0, and −1; if >, Yj = Yk and
Yj < Yk, respectively. +ve values of S define the upward trend, and −ve values of S denote
a decreasing trend in the hydro-meteorological time series [58]. The size of the sample for
which n > 10, the test has to be escorted through a normal distribution (σ2 = 1) and average
(µ = 0) with variance (Var) and probability (E) as presented below:

E[S] = 0 (3)

Var(S) =
n(n− 1)(2n + 5)−∑

q
p=1 tp(tp − 1)(2tp + 5)

18
(4)

where q is the taut groups signifying observations having the common value, excluding
unique rank numbers position, tp defines the no. of data points of the pth group, symbol
(∑) describes all the tied groups summation. Var(S) is the variance after manipulating
from Equation (4), the test statistics standardized value (ZMK) is evaluated by means of the
eqn. below:

ZMK =


S− 1√
VAR(S)

, i f S > 0

0, i f S = 0
S + 1√
VAR(S)

, i f S < 0

(5)

Normal distribution with variance is followed by the regular ZMK values follow a “1”
and means “0,” and is employed for calculating the variational weight. It is employed for
checking the null theory, H0. If ZMK is bigger than Zα/2, consequently, the data series shows
trends that are significant. Such a calculated estimation of ZMK is matched with the two-
tailed test table for normal distribution pertaining to α confidence level = 10%. However,
for tests that is two-tailed, the null theory (H0) is settled for zero (no) trend if the calculated
estimation of ZMK falls from—Z1-α/2 through Z1-α/2, and so, H1 is excluded. In our study,
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the meteorological time series data trends are assessed for the levels of significance of 1%,
5%, and 10%.

The non-parametric Sen’s slope estimator test is used for assessing the trend’s weight
in time series data [59,60]. The slope for n number of pairs of data-values is assessed by
means of the equation given below.

bi = median
[Yj−Yk

j−k

]
∀(k < j) (6)

where Yj and Yk defines data points at time j and k. The n number of values that are median
of bi actually depicts Sen’s slope of trend. The +ve values of bi denote an increasing trend,
while −ve values reveal the downward trend. Here, n = odd number, consequently the
slope of the trend using Sen’s method is calculated as:

Qmed = b[(n+1)/2] (7)

where, n = even number, now the trend slope using Sen’s method is estimated as:

Qmed =
1
2

(
b[n/2] + b[(n+2)/2]

)
(8)

Finally, a two-tailed test is used to verify Qmed at desired confidence interval, and the
real trend magnitude of the slope can be assessed through a non-parametric test [61].

2.4. Innovative Trend Analysis (ITA) Method

Most studies have employed the innovative trend analysis (ITA) approach in con-
junction with many further trend analysis approaches to find disparities in climatological,
meteorological, and hydrological data time series around the world due to its advantages
over other non-parametric approaches. The trustworthiness of ITA is proven, however, by
matching its results to those with the MK test results. The initial stage in this strategy is
to divide hydro-meteorological time series data into 2 equal halves and position each one
in increasing order separately. The second stage involves, the first 1/2 of the sub-series
(Xi; i = 1, 2 . . . n/2) positioned at X-axis, with the second 1/2 (Xj; j = n/2 + 1, n/2 + 2 . . . n)
is positioned at Y-axis of cartesian coordinate system, as illustrated in Figure 2. Both the
axes (vertical & horizontal) necessarily have the same range. A series of clusters can be used
to describe the domain variance of each sub-series (subgroups). This type of graph provides
a quick visual inspection of the nature of time-series trends. Each subgroup’s range can
be resolute qualitatively or numerically. Data values on the scatter plot may be collected
on the 45◦-1:1 linear line. The hydro-meteorological time series has no trend. Otherwise,
data values accumulating at the area of triangulation below or above the linear line specify
an upward trend or a downward trend within the time series, respectively [53]. On com-
puting the average difference between the Xj and Xi values at every point, the increasing
or downward longitudinal trend in the time series can be evaluated. The horizontal and
vertical distance from the linear line can be used to calculate this absolute difference. When
comparing the amplitude of two subseries’ trends, however, these average disparities
should be normalized. The first half of the time series is used to determine the trend change.
As a result, the indicator of trend is derived by dividing the mean difference between the
linear line and the time series’ first 1/2. On multiplying by ten the ITA trend indicator has
represented the scale of the Sen’s slope estimator and MK test at a 10% significance level as
shown in the equation below:

D =
1
n

n

∑
i=1

10
(
Yj −Yi

)
µ

(9)

Here, D denotes the indicator of trend, n the number for data points in each sub-
series, Yi and Yj denote the 1st and 2nd sub-series data points, respectively µ denotes the
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first subseries average. However, the +ve or −ve values of D represent an increasing or
decreasing trend, respectively. If the value of observational data in the original time-series
are found odd, at that time the initial results might be omitted earlier when dividing it into
two equal halves so as to make the recent records are fully utilized.

Figure 2. Illustration of upward, downward, and trendless portions in the ITA method.

3. Results
3.1. Spatio-Temporal Variations of Tmax, Tmin and Precipitation for Kashmir Valley Stations

Seasonal Tmax, Tmin, and precipitation time series at six stations were investigated for
spatiotemporal changes in Kashmir valley are presented in Figure 3. The average observed
monthly Tmax, Tmin, and precipitation at six dissimilar stations was combined to signify
the overall temporal distribution of Tmax, Tmin, and precipitation throughout the Kashmir
valley. Due to the northern side of the Himalayas, the valley (Kashmir) is influenced by
several climate regimes such as westerly disturbances, monsoonal effects, and orographic
fluctuations, making it a complicated region. The annual Tmax, Tmin, mean temperature
and precipitation in the valley stations were approximately 20 °C, 7.6 °C, 13.8 °C, and
723.8 mm for Srinagar, 19.3 °C, 6.4 °C, 12.8 °C and 1212.7 mm for Qazigund, 16.6 °C,
3.1 °C, 9.8 °C and 1288.9 mm for Pahalgam, 20.1 °C, 6.3 °C, 13.2 °C and 1081.2 mm for
Kupwara 18.1 °C, 4.1 °C, 11.1 °C, and 1080.2 mm for Kukarnagh 11.7 °C, 2.4 °C, 7.0 °C and
1485.1 mm for Gulmarg station for the period of forty years (1980–2019) as shown in Table 2.
Furthermore, the precipitation was mainly concentrated in the spring and winter in all
stations across the valley, with summer precipitation contributing a good portion also.
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Figure 3. Spatiotemporal distribution for annual Tmax (a,b) Tmin (c,d) and precipitation (e,f) for entire
Kashmir valley.

The mean monthly Tmax, Tmin and precipitation over the Kashmir valley are presented
in Table 2. The annual precipitation over the Kashmir valley was governed by two climatic
systems, the Indian summer monsoons (ISM) and the Western Disturbances. Over three-
quarters of precipitation (71.54%) account for Western Disturbances from October to May,
with the peak monthly precipitation occurring in Mar through May of the spring season.
However, the residual 28.46% of rainfall falls between June and September, with a cluster
of highest monthly precipitation in September Figure 3e,f, which is attributed to the
Indian Summer Monsoon (ISM). Kashmir valley is influenced by mid-latitude westerlies
considerably and is captured by the northern part represented by the two IMD stations,
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Gulmarg and Kupwara, while the south side of the valley was influenced by ISM and was
captured by three IMD stations (Kukarnagh and Pahalgam and Qazigund) [30,62].

Table 2. Tmax, Tmin, and Mean temperature and precipitation mean in Kashmir valley stations over a
multi-year period.

Stations
Name Seasons

Tmax Tmin
Mean-

Temperature Precipitation

1980–2019 1980–2019 1980–2019 1980–2019

Srinagar Annual 20.0 7.6 13.8 723.8
Spring 20.1 7.7 13.9 281.0

Summer 29.3 17.0 23.2 173.0
Autumn 21.7 6.7 14.2 93.0
Winter 8.8 −1.1 3.9 172.5

Qazigund Annual 19.3 6.4 12.8 1212.7
Spring 19.4 6.3 12.8 135.9

Summer 27.7 15.3 21.5 82.5
Autumn 21.4 5.8 13.6 43.8
Winter 8.7 −1.9 3.4 129.1

Pahalgam Annual 16.6 3.1 9.8 1288.9
Spring 16.6 2.9 9.7 463.9

Summer 25.0 11.2 18.1 300.1
Autumn 18.6 3.2 10.9 181.6
Winter 6.1 −4.9 0.6 332.6

Kupwara Annual 20.1 6.3 13.2 1081.2
Spring 19.8 6.2 13.0 442.4

Summer 29.5 15.3 22.4 207.7
Autumn 22.5 5.6 14.1 138.9
Winter 8.6 −1.9 3.3 281.4

Kukarnagh Annual 18.1 4.1 11.1 1080.2
Spring 18.4 6.4 12.4 394.3

Summer 27.0 14.9 21.0 259.3
Autumn 19.9 6.8 13.3 151.2
Winter 7.1 −2.1 2.5 267.7

Gulmarg Annual 11.7 2.4 7.0 1485.1
Spring 10.8 1.9 6.4 176.3

Summer 20.0 10.7 15.3 104.3
Autumn 13.2 3.1 8.2 63.3
Winter 2.6 −6.0 −1.7 439.6

3.2. Annual and Seasonal Tmax Variations over Time

The annual and seasonal Tmax over the Kashmir valley stations are examined us-
ing the MK test and their results are summarized in Table 3. Annual Tmax showed
significant increasing trends at Srinagar, Pahalgam, Kupwara, and Kukarnagh stations
(α = 0.01, α = 0.05) whereas Qazigund and Gulmarg stations also exhibited an increasing
trend but statistically insignificant trends. Spring Tmax showed significantly increasing
trends at Kupwara (α = 0.01), Srinagar, Qazigund, Pahalgam, and Kukarnagh stations
(α = 0.05) and Gulmarg (α = 0.1). The summer Tmax showed a decreasing trend at Srinagar,
Qazigund, Pahalgam, and Gulmarg stations, while Kupwara and Kukarnagh stations
exhibited increasing trends. Autumn Tmax showed a significantly increasing trend for
Srinagar and Pahalgam stations (α = 0.05, α = 0.1) and a significantly decreasing trend
for the Qazigund station (α = 0.05). Winter Tmax indicates a significantly increasing trend
for all the stations, Srinagar (α = 0.01) Pahalgam and Kupwara (α = 0.001) Kukarnagh
(α = 0.05) Qazigund and Gulmarg station (α = 0.1) as presented in Figure 4.
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Table 3. Summarized results for the seasonal Tmax time series using ITA method statistic D, MK test
statistic Z and Sen’s slope estimator β.

S.No. Station
Name Annual Spring Summer Autumn Winter

ITA Zmk
Sen

Slope
(β)

ITA Zmk
Sen

Slope
(β)

ITA Zmk
Sen

Slope
(β)

ITA Zmk
Sen

Slope
(β)

ITA Zmk
Sen

Slope
(β)

1 Srinagar 0.57 2.92 ** 0.04 0.88 2.23 * 0.05 0.04 −0.20 0.00 0.37 2.34 * 0.04 2.17 2.81 ** 0.06
2 Qazigund 0.22 1.13 0.01 0.70 2.16 * 0.04 −0.06 −0.62 0.00 −0.13 −2.11 * −0.03 1.32 1.85 + 0.04
3 Pahalgam 0.56 2.80 ** 0.04 0.94 2.21 * 0.05 −0.13 −1.00 −0.01 0.36 1.68 + 0.03 3.45 3.93 *** 0.08
4 Kupwara 0.58 3.18 ** 0.04 1.06 2.62 ** 0.07 0.20 1.06 0.02 0.15 1.06 0.02 2.04 3.30 *** 0.06
5 Kukarnagh 0.60 2.57 * 0.04 0.96 2.20 * 0.06 0.07 1.25 0.01 0.27 0.73 0.01 2.75 2.57 * 0.06
6 Gulmarg 0.25 0.85 0.01 1.55 1.71 + 0.05 −0.20 −0.83 −0.02 −0.50 −0.52 −0.01 2.44 1.78 + 0.04

*** if trend at α = 0.001 level of significance. ** if trend at α = 0.01 level of significance. * if trend at α = 0.05 level of
significance. + if trend at α = 0.1 level of significance. If the cell is blank, the significance level is greater than 0.1.

Figure 4. Using the MK approach, seasonal trends in Tmax over Kashmir Valley.

The annual and seasonal trends of Tmax based on Innovative Trend Analysis (ITA)
over the Kashmir valley stations are summed-up in Table 3 and Figure 5. The trends for the
annual Tmax showed positive values of ITA statistic D dominated statistics, showing mostly
significant increasing trends. At Srinagar, Kupwara, Kukarnagh, Pahalgam and Qazigund
stations, significantly increasing and decreasing trends for the annual Tmax data points
were observed falling above 10% range from the 1:1 line, In comparison, Gulmarg station’s
majority of temperature data points fall in +10% range showing increasing trend with few
points fall in −10% range from the 1:1 line during the period of forty years (1980–2019).
The trends for Tmax for the spring season statistics exhibited by significant (positive) values
of ITA D, which is evidence of an increasing trend, are summarized in Table 3.

Srinagar, Qazigund, Pahalgam, Kupwara, and Kukarnagh stations showed increasing
and decreasing trends for Tmax data points, falling above 10% range from 1:1 line depicting
a significantly positive trend. In comparison, Gulmarg station exhibited the increasing and
decreasing trend for Tmax data points which falls on +10% range from the 1:1 line. Summer
Tmax trends exhibited positive values of ITA statistic D increasing trend for three stations
(Srinagar, Kupwara, and Kukarnagh) and negative values for three stations (Qazigund,
Pahalgam, and Gulmarg). The combination of Tmax data points falls within the range
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of 10% from the 1:1 line, which exhibits the decreasing trend for Srinagar and Qazigund
stations. In contrast, Kupwara Pahalgam stations showed a decreasing trend for Tmax data
points falling in the 10% range. The results suggest that Tmax trends for the autumn season
showed four stations with significant positive values (Srinagar, Pahalgam, Kupwara, and
Kukarnagh) and two stations with significant negative values (Qazigund and Gulmarg). In
autumn, most Tmax data points for Srinagar, Pahalgam, Kupwara, and Kukarnagh stations
fall on the +10% range from the 1:1 line with an increasing trend. In comparison, Qazigund
and Gulmarg showed Tmax data points falling over the −10% range with an insignificant
decreasing trend. The Tmax for the winter season showed that all the station’s ITA statistics
for D exhibit positive values with a significant increasing trend. Moreover, an increasing
and decreasing trends combination for Tmax data points that fall above the 10% range from
the 1:1 line exhibit a significantly positive trend for all the stations except Gulmarg station.
The latter exhibited that the Tmax data points falling on the +10% range of 1:1 linear line
with an upward trend.

Figure 5. ITA method results for different seasons Tmax at 6 stations.

Results depict an overall increase in the annual temperature is largely attributed to
a mean Tmax. It is clear for Figure 5 that it is reasonable to conclude that the climate in



Atmosphere 2022, 13, 764 12 of 21

the Kashmir valley is fluctuating towards a system subjugated by high temperatures; as a
result, the spring and winter seasons are changing in their durations.

3.3. Annual and Seasonal Tmin Variations

Significant increasing trend based on Mann Kendall (MK) were noticed at Srinagar,
Pahalgam (α = 0.01), Qazigund (α = 0.001) and Kupwara (α = 0.05) stations whereas
Kukarnagh and Gulmarg stations displayed an increasing but insignificant trend in the
annual Tmin as summarized in Table 4. Spring Tmin exhibited a significantly increasing
trend for Kupwara, Srinagar, Pahalgam, and Kukarnagh stations (α = 0.05, α = 0.01) while
Qazigund and Gulmarg exhibited an increasing but insignificant trend. The summer Tmin
indicates a significantly increasing trend for Pahalgam Srinagar, Qazigund, Kupwara, and
Kukarnagh (α = 0.01), whereas for Gulmarg exhibited decreasing but an insignificant trend.
Autumn Tmin exhibited a significantly increasing trend for Srinagar, Pahalgam, Kupwara,
Kukarnagh, and Gulmarg (α = 0.001), with Qazigund showing decreasing but insignificant
trend. Winter Tmin exhibits a significant increasing trend for Kupwara (α = 0.001), Gulmarg
(α = 0.01), and Pahalgam (α = 0.05) while Qazigund and Kukarnagh exhibit an increasing
trend with Srinagar showing a significantly decreasing trend as presented in Figure 6.

Table 4. Summarized results for the seasonal Tmin time series using ITA method statistic D, MK test
statistic Z and Sen’s slope estimator β.

S.No. Station Name Annual Spring Summer Autumn Winter

ITA Zmk
Sen

Slope
(β)

ITA Zmk
Sen

Slope
(β)

ITA Zmk
Sen

Slope
(β)

ITA Zmk
Sen

Slope
(β)

ITA Zmk
Sen

Slope
(β)

1 Srinagar 0.58 2.83 ** 0.02 0.80 2.50 * 0.02 0.20 1.43 0.01 0.96 3.55 *** 0.04 −1.47 −0.15 0.00
2 Qazigund 0.14 0.85 *** 0.00 0.21 0.43 0.00 0.11 0.94 0.01 −0.59 −0.10 0.00 −1.61 0.62 0.01
3 Pahalgam 2.72 3.66 ** 0.04 1.62 2.14 * 0.03 1.27 2.91 ** 0.05 2.01 3.45 *** 0.03 −1.23 2.18 * 0.04
4 Kupwara 0.62 1.27 0.04 1.10 1.62 0.07 0.31 0.97 0.02 0.53 1.06 0.02 −0.63 −0.48 0.06
5 Kukarnagh 0.77 2.27 0.02 1.41 2.18 * 0.03 0.21 0.66 0.01 0.60 1.29 0.01 −4.44 1.20 0.03
6 Gulmarg 0.40 0.97 0.01 7.00 1.32 0.03 −0.81 −0.90 −0.02 −2.14 1.06 0.02 −1.45 2.62 ** 0.05

*** if trend at α = 0.001 level of significance. ** if trend at α = 0.01 level of significance. * if trend at α = 0.05 level of
significance. If the cell is blank, the significance level is greater than 0.1.

Figure 6. Using the MK approach, seasonal trends in Tmin over Kashmir Valley.

Annual (annual) and seasonal Tmin trends based on Innovative Trend Analysis for
Kashmir valley are summed up in Table 4 and Figure 7. The trends for annual Tmin for all
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the stations showed that the statistics for ITA D were dominated by positive values evident
of increasing trend. The combination of increasing and decreasing trends for Tmin data
points falls above the 10% range for Srinagar and Pahalgam stations. However, Qazigund,
Kupwara, Kukarnagh, and Gulmarg’s Tmin data points fall on a +10% range from the
1:1 line. The trends for spring Tmin for all the stations showed that the statistics were
significantly positive dominated. Moreover, the combination of upward and downward
trends for Tmin data points falls on the +10% range for Qazigund and Gulmarg stations. In
contrast, Srinagar, Pahalgam, Kupwara, and Kukarnagh have Tmin data points that mostly
fall >10% range from the 1:1 line. The trends for summer Tmin for all the stations showed
that the statistics for ITA D were positively dominated, which exhibits the insignificant
increasing trend except for the Gulmarg station, which exhibits a negative trend. However,
Pahalgam station exhibits a significant increasing trend, as summarized in Table 4. The
combination of increasing and decreasing trends for Tmin data points falls on +10% range
for Srinagar, Qazigund, Kupwara, and Kukarnagh stations whereas, Gulmarg station is
at −10% with Pahalgam station as exception data points falls >10% range from 1:1 line.
The trends for autumn Tmin for Srinagar, Pahalgam, Kupwara, and Kukarnagh showed
positive values, with significantly increasing trends for Srinagar and Pahalgam. Further,
the combination of increasing and decreasing Tmin data points for Qazigund, Kupwara,
Kukarnagh, and Gulmarg stations falls within the 10% range.

Figure 7. ITA method results for different seasons Tmin at six stations.
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In comparison, Srinagar and Pahalgam station’s Tmin data points fall above the 10%
range from the 1:1 line. The trends for winter Tmin for all the stations showed negative
values for ITA of D-dominated statistics. Most of them were significantly decreasing trends,
which are summarized in Table 4. The combination of increasing and decreasing for Tmin
data points for Srinagar, Qazigund, and Kupwara stations falls in the +10% range, while
Pahalgam, Kukarnagh, and Gulmarg stations Tmin data points fall above the 10% range
from 1:1 line. The overall results suggest that Tmin is in comparison with the Tmax. It may be
noted that the spring and winter seasons are warming in this region than the autumn and
summer seasons. This anomaly contributes towards a reduction in the snow depth/cover
and shrinking of glaciers.

3.4. Annual and Seasonal Precipitation Variations over Time

Table 5 represents the annual (annual) and seasonal trends using Mann Kendall (MK)
test over Kashmir valley. Annual precipitation exhibited decreasing trend but was signifi-
cant for the Gulmarg station (α = 0.05), while the rest of the stations exhibited insignificant
decreasing trends. Spring precipitation indicated a significantly decreasing trend for Gul-
marg (α = 0.01), Qazigund, Pahalgam (α = 0.05), and Kupwara (α = 0.1), while Srinagar
and Kukarnagh stations exhibited decreasing insignificant trend. Summer precipitation for
Srinagar, Kupwara, and Gulmarg stations displayed a downward trend while Qazigund,
Pahalgam, and Kukarnagh stations exhibited an increasing significant trendMeanwhile,
autumn precipitation showed an increasing trend for all stations except Kupwara, which
exhibited an insignificant decreasing trend. Winter precipitation exhibited a significantly
decreasing trend for Gulmarg (α = 0.05) while Qazigund, Pahalgam, Kupwara, and Kukar-
nagh exhibited decreasing trends except for Srinagar station, which showed an increasing
but significant trend as presented in Figure 8.

Table 5. Summarized results for the seasonal precipitation time series using ITA method statistic D,
MK test statistic Z and Sen’s slope estimator β.

S.No. Station Name Annual Spring Summer Autumn Winter

ITA Zmk
Sen

Slope
(β)

ITA Zmk
Sen

Slope
(β)

ITA Zmk
Sen

Slope
(β)

ITA Zmk
Sen

Slope
(β)

ITA Zmk
Sen

Slope
(β)

1 Srinagar −0.78 −0.36 −1.08 −2.09 −1.27 −2.02 −0.48 −0.34 −0.22 1.88 0.15 0.15 −0.30 0.08 0.09
2 Qazigund −1.64 −1.18 −5.59 −2.72 −2.53 * −5.31 −0.46 0.66 0.60 −2.55 0.10 0.18 −1.14 −1.55 −2.96
3 Pahalgam −0.61 −0.42 −1.29 −2.20 −2.28 * −4.73 0.26 0.77 0.70 1.27 1.26 1.65 0.23 −0.26 −0.60
4 Kupwara −1.03 −1.57 −5.57 −2.28 −1.85 + −3.71 −1.45 −1.35 −1.28 0.61 −0.17 −0.19 1.03 −0.17 −0.32
5 Kukarnagh −0.58 −0.20 −0.68 −0.90 −1.50 −2.99 −0.68 0.70 0.77 0.69 0.27 0.31 −0.44 −0.61 −1.09
6 Gulmarg −2.42 −2.34 * −12.30 −3.36 −2.64 ** −2.37 −0.90 −0.69 −0.40 0.51 0.45 0.27 −3.10 −2.41 * −5.69

** if trend at α = 0.01 level of significance. * if trend at α = 0.05 level of significance. + if trend at α = 0.1 level of
significance. If the cell is blank, the significance level is greater than 0.1.

The annual (annual) and seasonal precipitation trends results based on Innovative
Trend Analysis (ITA) for Kashmir valley stations are presented in Figure 9 and Table 5.
The annual precipitation trends for all the stations showed negative values for ITA of D
dominated statistics, with Qazigund, Kupwara, and Gulmarg stations showing significantly
decreasing trends, as summarized in Table 5. The grouping of increasing/decreasing trends
for precipitation data points falls <10% range for Qazigund and Gulmarg stations. However,
Srinagar, Kupwara, and Kukarnagh showed that the precipitation data points fall in the
−10% range, with Pahalgam station showing a majority of data points below and some on
+10% range from the 1:1 line. The trends for spring precipitation for all the stations showed
that statistics for ITA of D values were negatively dominated, while Srinagar, Qazigund,
Pahalgam, Kupwara, and Gulmarg stations were showing significant decreasing trends
as summarized in Table 5 and presented in Figure 9, while Kukarnagh station showed an
increasing trend but not significant. The increasing and decreasing trends combination for
precipitation data points falls in <10% range for Srinagar, Qazigund, Pahalgam, Kupwara,
and Gulmarg stations, with Kukarnagh station majority of data points −10% and some
points fall in +10% range from the 1:1 line. The trends for summer precipitation for all
the stations showed that negative values dominated statistics (decreasing trend), but all
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insignificant, as summarized in Table 5. The increasing and decreasing trends combination
for precipitation data points falls in −10% range for Srinagar, Qazigund, Pahalgam, Kukar-
nagh, and Gulmarg stations with Kupwara station, showing that majority of precipitation
data points ranges below from the 1:1 line and some are present on no trend line. The
trends for autumn precipitation for all the stations showed that statistics of ITA of D were
positively dominated, with Qazigund station as an exception showing negative values
(decreasing) trend but insignificant. The increasing and decreasing trends combination
for data points precipitation falls between 10% range on the 1:1 line for all observatories.
The trends for the winter precipitation of all stations showed negative values of ITA for D
dominated statistics with Pahalgam and Kupwara as exceptions showing positive (increas-
ing trend), but all insignificant except for Gulmarg station, which is showing significant
trend as summarized in Table 5. The increasing and decreasing trends combination for data
points of precipitation falling between the 10% range for all stations except Gulmarg station,
showing a majority of precipitation data points below (<) and some points are at −10%
range from the 1:1 line. The results for overall precipitation suggest drought conditions for
Kashmir valley; however, decreases in spring and winter precipitation are in agreement
with the temperature suggesting seasonal inconsistency and strong inter-station, which
results in a visible shift in precipitation pattern.

Figure 8. Using the MK approach, seasonal trends in Precipitation over Kashmir Valley.
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Figure 9. ITA method results for different seasons precipitation at 6 stations.

3.5. Comparison of ITA, MK, and Sen Slope Estimation Approach Results

On 40 years data annual and seasonal time series, MK and Sen’s slope estimator tests
have been used for assessing the reliability of the ITA method. Except for the Gulmarg
station, winter season of Tmin and precipitation, nine (09) time series on a seasonal time-
scale prove significant trends at dissimilar observatories that are sign-steady under the
above-mentioned approaches. In order to match the ITA results for all significant and
insignificant trends, scatter plots were generated in between the Zmk of the MK with
statistic D of the ITA technique and Sen’s slope estimator with statistic D of the ITA method
as depicted in Figure 10a,b. The results demonstrate 80% widely held of the scatter points
fall in between the 1st and 3rd quadrants, indicating all these methods are in general
agreement. The other 20% of the points fall in between the 2nd and 3rd quadrants, with
same sign fluctuation; nevertheless, the trends are insignificant, and their S, i.e., the scale
of Sen’s slope is minimal. The Figure 10a,b also showed a high agreement between the
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ITA statistic D and the MK statistic Zmk and Sen’s slope estimator. As a result of this
comparison, it is evident that ITA results are consistent across all trend detection approaches,
indicating that it is a reliable and successful tool. The reason for this is its ability to assess
meteorological and hydrological data patterns from graphical representations at low to
high values. When compared to the MK test, which has various limitations such as seasonal
cycle, normality of distribution, serially independent data, and time-series length, the ITA
technique has universal applicability [38,49,53].

Figure 10. Scatter-plot results of (a) Zmk, MK test compared to D of ITA approach, (b) β, Sen’s slope
estimator, compared to D of ITA approach.

4. Discussion

The observed annual and seasonal Tmin and Tmax increase for six observational stations
in the valley (Kashmir) has profound implications on the various land system and socio-
economic processes operating in the region. These findings have substantiated the results
of many previous studies on trend analysis for hydro-meteorological data from the Kashmir
region. According to Kumar and Jain [42], Tmax in the region (Kashmir) showed a significant
increase (+0.04 to +0.05 ◦C/year) and Tmin in the region (Jammu) (+0.030 to + 0.080 ◦C/year)
had been detected when analyzed over the period 1980–2012. According to Singh et al. [63],
Western Himalayas showed an increase in air temperatures, which are in line with the
observed temperature trend for the Northwest Himalayas and the present study. [30]
analyzed station-wise spatiotemporal variation of observed temperature in the Kashmir
valley and found that Tmax and Tmin in the Valley showed an increase by 0.0350 ◦C and
0.0220 ◦C, respectively.

Shafiq, et al. [29] concluded that minimum temperatures in various topographic zones
of the Kashmir valley increased at a relatively consistent rate of around 0.020 ◦C/year,
with the peak rate of increase in the mountains (0.020 ◦C/year). Further, Zaz et al. [32],
found that the annual mean temperature has increased by 0.8 degrees Celsius over 37 years
(from 1980 to 2016), with Tmax (0.97 ◦C) increasing faster than Tmin (0.76 ◦C). The study
also found that the Pahalgam (1.13 ◦C) and Gulmarg (1.04 ◦C) being at high altitudes have
significantly increasing trends in temperature consistent with the results of the present
study. This changing temperature pattern shall have serious environmental consequences,
affecting food security and ecological sustainability in the region and water availability and
other natural resources. Moreover, in all observational stations in the valley, the annual and
seasonal precipitation patterns were found to have downward trends, consistent with the
results of the previous studies. Zaz, et al. [32] studied the long and short-term precipitation
patterns using LR, MK, Student’s t-tests, and cumulative deviation; however, the results
from the study showed that spring precipitation is decreasing. Shafiq, et al. [29] examined
the annual and season-wise precipitation in Kashmir Valley from 1980 to 2016 and found
a −5.1 mm/year decline in annual precipitation. The long-term upward trend results for
precipitation at Pahalgam and Gulmarg stations for two seasons (spring, summer), which
are also compatible with the [32]. It had been observed that the northern stations of the
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Kashmir valley (Jhelum basin) recommend a moderately stronger monsoonal influence;
meanwhile, two stations within the Kashmir valley (Jhelum basin) revealed a considerable
increase in precipitation.

An obvious shift in precipitation regime can be seen from the north to the south of
the basin, consistent with earlier research findings in this region which can be linked to
the Western disturbances’ movements (WD). The seasonal precipitation in the region is
controlled by large-scale circulations from western disturbances (WDs), and it affects the
supply and inventory of water resources of the Kashmir valley (Jhelum basin) [64]. It is
hence concluded that, in winter, precipitation gets increased, but in spring, it decreases, and
this phenomenon linked to specific variations in the WD precipitation trends. This observed
winter precipitation increase is inconsistent with observations and future projections of
the incursions of western disturbances, combined with the drying of the spring season
in the region. This also designates a less erratic future WD regime [32]. However, the
beginning of snowmelt from the Jhelum basin is expected to change as the changes in
the western disturbances become more common in the future, as projected by the climate
models. Understanding the Kashmir valley’s climatic variability is crucial for improved
management and use of the valley’s available water resources where the population is
dependent on agriculture activities. As the Himalayan hydrology is controlled by snow and
glaciers, the changing climate of the region is bound to have drastic impacts on its water re-
sources. Climate change impacts are evident in the Kashmir Himalayas. Natural calamities
such as landslides and floods posing a significant threat to the people and infrastructure
of this region which are climate change consequences [65,66]. Due to increased climatic
variability associated with the ongoing changing climate, the region has recently witnessed
one of the worst flooding disasters of the century [32,67]. Moreover, changing precipitation
patterns have already impacted the recharge of groundwater, water supply in the streams
during lean periods, and agriculture. The increase in the trends of Tmax and Tmin in the
valley, as observed in the present study, has led to the early onset of spring and snowmelt,
thus affecting the region’s ecological setup. Moreover, as observed in the present study,
decreasing trends in precipitation affect the water supply and management scenarios.

Hence assessing the trends in hydro-meteorological parameters such as Tmax, Tmin
and Precipitation have helped to understand the variability associated with the changing
climate in the fragile Kashmir valley in North-Western Himalayas [68]. It is because of the
variability of trends at different stations, further extensive research on the climate of this
region at the micro-level are needed. In order to check how climate may get changed, trend
analysis is used to assess the hydro-metrological data, which may impact river discharge
in the Kashmir Himalayas. However, the trend analysis will help us to know how river
discharge will behave under projected climate scenarios for kashmir valley under different
models like BCC-CSM2-MR, CNRM-CM6-1 and IPSL-CM6A-LR.

5. Conclusions

The present study addressed the climatic variability assessment for the Jhelum basin
(Kashmir valley) using different statistical methods. The investigation of the annual and
seasonal variations of the temperature and precipitation using the MK, Sen’s slope estimator,
and ITA approaches revealed some interesting findings related to the changing climatic
scenario in the Kashmir valley. The rising temperature in two seasons (spring and winter)
was credited for this major warming trend. Tmax was observed to be significantly increasing
at spring and winter seasons as well as annually, in almost all the stations except the
Gulmarg, which exhibited an increasing but non-significant trend. The mean annual Tmin
followed the same significant trends as Tmax, barring Kukarnagh and Gulmarg stations
which exhibited non-significant increasing trends. Tmin in the spring season also shows
a significant positive trend for all stations except Qazigund and Gulmarg stations across
the 1980–2019 time period. This rise in temperature across the valley, coupled with a
considerable surge in spring and winter temperatures, reveals that less snowfall in the
winter season results in decreased snow cover/depth. However, even at a small increase
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in temperature, a good amount of snowmelt is happening on the glaciers, clearing the
way for early springs. Furthermore, annual precipitation showed decreasing trends for
all the stations across the Kashmir valley. A significant decreasing trend in precipitation
was detected for Qazigund, Pahalgam, Kupwara stations for the spring season, whereas
for Gulmarg station, spring and winter seasons exhibited significantly decreasing trends
since 1980–2019. This changing temperature and precipitation patterns in the region might
have catastrophic implications for agriculture, hydropower, and drinking water supplies,
affecting the region’s food security and ecological sustainability.

However, understanding the climatic variability has various intrinsic uncertainties,
which may arise from the secondary source data and area characteristics, particularly in
mountainous in the Himalayan mountainous regions like Kashmir valley. Unavailability
of the long-term time series data for air temperature and precipitation hinders the more
accurate assessment of the region’s climate variability, owing to only six meteorological
stations representing 15,500 km2 area. However, the major findings from this research
confirm well with the large-scale land system changes taking place in the form of increased
melting rates of snow and glacier resources in the valley.
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