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ABSTRACT. The present study attempts to explore the variations and linkages between precipitation and
temperature and its impact on the Cryosphere Himalayan Highland Region (CHHR) and the dynamics of the cryosphere.
The precipitation and Temperature data between the years 1981 and 2019 have been collected and trend analysis is
performed using the Mann-Kendell trend test (o < 0.05; o < 0.10) and Sen’s slope. The Precipitation Anomaly Index
(PAI) was computed to understand the temporal patterns and variations of precipitation and there existed a trend in the
precipitation over 39 years. Monthly, seasonal and annual temperature anomalies were also calculated and it was
observed that there was a distinct pattern of cooling and warming cycles. Seasonal and annual mean temperature and
precipitation were calculated using linear regression and it was found that R? is robust for MAM and JJA seasons. The
NDSI and LST were computed for which values show that the melting of snow has been accelerating over the years. This
study is useful for developing appropriate strategies to mitigate the adverse impact of climate change in the mid-
Himalayan region.

Key words — Cryosphere, Himalayan highland region, Mann-Kendell, NDSI, LST, Precipitation Anomaly
Index (PAI), Anomaly.

1. Introduction considered a Water Tower of the world, from which major
rivers originate and drain the fertile land in Asia.

The cryosphere is the abode of snow, ice sheets, Understanding of cryosphere provides the insight to assess
glaciers and endless glacial and peri-glacial features. mountain ecosystems which is vital for the sustainability

Cryosphere Himalayan Highland Region (CHHR) is of the environment and the livelihood of people at the
29
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local level (Ranjan and Anand, 2017; Ranjan et al., 2016,
2020). It is amongst the most fragile environments due to
human interferences (Kothawale and Rupa Kumar; 2005).
Analysis of long-term data is an appropriate way to learn
about variations in climate variables. Climatic indicators
like rainfall and temperature have a key role in impacting
the entire ecosystem (da Conceicdo Lima et al., 2017,
Mishra and Pandey, 2019). Therefore, an analysis of the
occurrence of anomalies would be an essential step for
understanding climate change outcomes (Ranjan et al.,
2020). The natural resources in the high altitude regions
provide life-supporting, regulating and other vital
ecosystem services to locals as well as to downstream
people (Pandey et al., 2004). These climate anomalies
have a deep impact on the natural resources and socio-
economic activities of local people in the cryospheric
highland. The need and novelty of this study lie in the fact
that climate change adaptation is insignificant without
understanding the anomalies in the climatic components
of the mountain environment. (Duan and Yao, 2003;
Chase et al., 2003; Pielke, 2002).

The spatial-temporal changes in temperature,
precipitation and snow cover alter the livelihood options
and lifestyle in cryosphere highland (Chase et al., 2003;
Duan and Yao, 2003; Pielke et al., 2007). The variations
in all forms of precipitation and fluctuations in surface
temperature have been experienced over the last couple of
decades in the Mid-Himalayan Region (Kothawale
and Rupa Kumar; 2005). Cryosphere dynamics
assessment can provide meaningful insights into adaptive
strategies for changing ecological conditions (Khadka
et al., 2020; Tahir et al., 2011). Hence, the monitoring
and analysis of anomalies in climatic indicators in
cryosphere highland and the correlation between
precipitation and temperature are the main objectives of
the present study.

2. The study area

The study area is the Uttarkashi district in
Uttarakhand, India. It lies between 30° 28' N to 31° 28' N
and 77° 49' E to 79° 25' E (Fig. 1). It covers an area of
8016 sq km. The altitude varies between 1200 m to
7000m. Uttarkashi has a rugged topography with huge
anticlines and synclines of the middle Himalayas. It is
surrounded by Tibet (China) and Himachal Pradesh from
the North, Tehri district from the South, Chamoli and
Rudraprayag district from the Eastern side and Dehradun
district in the west.

It is the largest district of Uttarakhand as per the total
area. The general elevation of the region varies from
850 m to 7000 m. The mean temperature varies from near
0°C during winters to 35°C during summers. This is
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Fig. 1. Location map of study area
Source : Prepared by authors using Cartosat-1, Bhuvan, 2021

followed by monsoons and post Monsoon Seasons
(October to December) (IMD, 2021). The Northern part of
the district is snow-covered throughout the year with a
Sub-arctic type climate.

Since the location of the study area is in the middle
Himalayas, population distribution is largely sparse and
isolated in clusters. According to the 2011 Census, the
population of Uttarkashi district is 330,086 which are 3.27
Per cent of the total population of the state. The sex ratio
of the district is 958 which are below the state average of
963. Population Density is only 3/km? whereas the literacy
rate stands at 77.20 per cent. Male and female literacy is
86.31 per cent 63.56 Per cent, respectively (Census of
India, 2011).

3. Dataset and methodology

Data for the study have been collected from the
National Aeronautics and Space Administration’s (NASA)
as the open data source. The data includes long-term (39
years), from 1981 to 2019, climatology data on
precipitation and temperature. This data has been retrieved
from the NASA Power Project from the grid having a
spatial resolution of 0.5° latitude by 0.5° longitude. The
trend analysis on the climatological data is useful to
understand the Spatio-temporal patterns and variations of
temperature and rainfall (Longobardi and Villani, 2010).

The Spatio-temporal patterns and trends were
analysed by the Mann-Kendall test. The Mann-Kendall
test was developed by Mann (1945) as a non-parametric
test (Lehmann, 1975) to analyse the variations of Spatio-
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temporal trends and patterns. In addition, the anomaly was
calculated using a Z score to see the deviation of values
from the long term average.

3.1. The Man-Kendell formula has been applied for
the calculation is :

S= Z:: Z?:m Sgn(xj B Xi)

where, n = data points; x; and xj = data values; i and
j = time series

1)

+11if Xj - x>0

-1if x; —x <0
3.2. Calculation of Anomaly
X —
¢="E ©)
(e}

In the above-mentioned equation,

¢ = Standardised Anomaly; xi = Observations;
p = mean of observations; ¢ = Standard deviation.

3.3. Calculation of Sen’s slope

To calculate the slope of trend in the data having n
pairs, a non-parametric procedure developed by Sen
(1968) was utilized. A linear model was utilized in Sen’s
equation to calculate the trend of the slope using:

X=X,

- for i=1..n
j—k

Qi (4)

where,

Xj-X = data values at times j and k (j>k)
For one Datum =N =n(n - 1)/2 or,
Multiple Data = N<n(n - 1)/2

The n values of Q; are ranked from smallest to
largest and the median of slope or Sen’s slope estimator is
calculated as :

if n isodd

\ ©

2
2

HA

if n iseven
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TABLE 1

Precipitation Anomaly Index for Uttarkashi district
between 1981 to 2019

PAI Range Classification
Above 4 Extreme Precipitation
Precipitation 2to4 Heavy Precipitation
Anonz:kll)lndex Oto2 Average Precipitation
-2t00 Less Precipitation
Below -4 Extremely Less Precipitation

Source : Computed by the Authors, Adapted from Freitas (2005)

To calculate the confidence interval of the time slope
one can go for the fogauka:

Ca = Zl—a/Z Vvar(s)

3.4. Precipitation Anomaly Index (PAI) calculation

(6)

From the data obtained for the precipitation, the
Precipitation Anomaly Index (PAI) was used to analyse
the variation in the intensity of the precipitation over some
time. The PAI used for the calculation of the intensity of
precipitation between 1981 to 2019 is based upon the
Rainfall Anomaly Index (RAI) developed by Van Rooy
(1965) (Machiwal et al., 2016; Costa & Rodrigues, 2017)
and it was later adopted by Freitas (2005). The following
formula was used for the calculation of the PAL:

_ﬂ for positive anomalies @)

PAI-3 ﬁ_N
M —-N

.4
N — . .

PAI - 3“ X E_F‘r for negative anomalies (8)

where,

N = vyearly rainfall

N = vyearly average rainfall of the historical series

(mm)

M = average of the ten highest monthly/yearly
precipitations of the historical series (mm)
X = average of the ten lowest monthly/yearly

precipitations of the historical series (mm)

Based on PAI scores, different categories were
formed. PAI closer to O is indicative of average rainfall,
whereas the greater difference is reflective of extreme
climatic events like drought and flood (Table 1).
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3.5. Relationship  between and

precipitation

temperature

To analyse the relationship between temperature
and precipitation, simple linear regression was applied
for understanding the mean annual and mean
seasonal relationships of temperature and precipitation.
Regression was calculated using the following
formula;

)

where, y is the dependent variable, x is the
independent variable, o is the y-intercept and P is the
slope.

y=a+Bx

In this analysis, the mean temperature (The X
variable) is the independent variable whereas the
precipitation (The Y variable) is dependent. A Scatter
plot has also been used to see the interrelation of
observations.

Z score enabled to compare two scores having
different means and standard deviations. The formula
utilized to calculate Z scores for anomalies where x
is the raw score, x is the mean and ¢ is the standard
deviation.

(10)

The value of the z-score revealed the number of
standard deviations from which the variables are away
from the mean. If a z-score is equal to 0, its means value is
on the mean point. A positive value of z-score indicates
that the raw score is comparatively higher than the mean
value and a negative Z score indicates the raw score to be
lower than the mean average. Anomalies were plotted to
see the linear combination of anomalies for temperature
and precipitation.

Land Surface

3.6. For the calculation of

Temperature (LST)

Following formula has been used accordingly,
(Zhengming and Dozier, 1996; Sekertekin, 2019).

For Landsat 5 TM
Step1 Conversion DN to Radiance

LA = [(LMAXA — LMIN A)/(QCALMAX —QCALMIN )

*(QCAL — QCALMIN )+ LMIN 2]
(11)
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where,

LA = Spectral radiance at the sensor’s
aperture in [Watts/(m? * sr * pm)]
Quant. and Calibrated Std. is in
Digital nos.

LMINA = Spectral radiance  scaled to
QCALMIN in [Watts/(m2 * sr *
Hm)]

LMAXA = Spectral radiance scaled to
QCALMAX in [Watts/(m? * sr *
Hm)]

QCALMIN = Minimum quantized calibrated pixel
value  (correspondingly to L
Minimum A) in Digital No. =1

QCAL = Maximum is also in Digital
values = 255

Step2 Conversion of Spectral Radiance to

Temperature (In kelvin)
T:—K2 12)
In ﬁ+l
Ll

where,

T = Effective at-satellite temperature in Kelvin

K2 = Calibration constant 2

K; = Calibration constant 1

L, = Spectral radiance in watts/(meter squared *

ster * um)

After then retrieved temperature unit has been
converted from kelvin to Degree Celsius

For Landsat-8 OLI/TIRS (Sekertekin, 2019; Garcia-
Santos et al., 2018)

Step1 Conversion DN to Radiance

LA = MLQcal + AL (13)
L = Spectral radiance [W/ (m? * sr * pm)]
ML = Radiance multiplicative scaling factor

for the band
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Fig. 2. Mean Monthly Precipitation in Uttarkashi District, 1981-

2019. Source : Computed by the Authors, 2021

AL is showing Radiance additive scaling factor for
the band

Q Cal. = Level 1 pixel value in Digital Nos.

Step 2 Conversion of Spectral Radiance to
Temperature (In kelvin)

T-—K (14)

In ﬁ+1

LA

where

T = Effective at-Satellite temperature (in K)

K, = Calibration constant 2

K; = Calibration constant 1

L, = Spectral Radiance (in W) after the
temperature unit has been converted from K
to °C

Step 3 Convert Temperature (In kelvin) to Degree

Celsius
°C=K-273.15
3.7. For the calculation of the Normalized

Difference Snow Index (NDSI) following formula has been
adopted: (Valovcin, 1978; Duran-Alarcon et al., 2015;
Hall & Riggs, 2011; Hauser & Schmitt, 2021).

_ Geen —SWIR

NDSI =
Green +SWIR

(15)

To calculate the NDSI from Landsat 5 TM band 2
(Green) and band 5 (SWIR) were used for 2000, 2010. In
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Fig. 3. Mean Annual Precipitation in Uttarkashi District, 1981-

2019. Source : Prepared by the Authors, 2021

Landsat 8 OLI/TIRS Green and SWIR Bands used for
2020 (Hauser & Schmitt, 2021).

4. Results and discussion
4.1. Mean monthly precipitation

Mean monthly precipitation for the taken period
1981 to 2019, has been plotted to see the pattern of
precipitation. Over the years, it has been observed that
Uttarkashi receives the lowest amount of precipitation in
November (5.35 mm), followed by December (9.12 mm)
and October (16.15 mm) (Fig. 2). Most of the
precipitation in January and February comes in the form
of snowfall and is supplied by fresh snow or glaciers. The
maximum amount of precipitation occurs during the
monsoon, i.e.,, in August (253.28 mm) and July
(257.75 mm) (Fig. 2). This huge amount of rainfall during
monsoon triggers flashfloods, landslides and rockfall in
this high altitude and removes the thin soil cover
(Pandey, 2002).

4.2. Mean annual precipitation

The mean distribution of precipitation over 39 years
(1981-2019) in the Uttarkashi District has been studied.
The Average Annual Precipitation of Uttarkashi District
over 39 (1981-2019) years is estimated at 913.37 mm. The
maximum amount of rainfall happened in 2014. There is a
fluctuation in precipitation almost every year since 1981.
But the long term polynomial trend line over the same
period shows that there is a gradual increase in
precipitation from 1981 till 2014, from then the
precipitation is falling every year (Fig. 3).

4.3. Mann-Kendall
precipitation

Test for the mean annual

The data for 39 years was collected and analysed for
the maximum and minimum precipitation. This shows that
Uttarkashi district received minimum precipitation of
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Fig. 4. Mann-Kendall Trend Test Graph for Prec. (mm) between the
years 1981 to 2019.

Source : Prepared by the authors, 2021
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Fig.5. Annual Precipitation Anomaly
Uttarkashi District, 1981-2018.
Source : Computed by the authors, formula adapted from

Van Rooy (1965) and Freitas (2005)

TABLE 2

Mann-Kendall trend test / two-tailed test (ANN)

Kendall's tau 0.293

S 217.000

Var(S) 6833.667
p-value (Two-tailed) 0.009
alpha 0.05

Source : Computed by the Authors, 2021

3.060 mm and maximum precipitation of 1705.160 mm
over the observance period.

When calculated on the Mann-Kendall trend test to
analyse the trend. It was found that the p-value of the test
was lower than the significance level alpha = 0.05. One
should reject the null hypothesis Ho and accept the
alternative hypothesis Ha (Table 2). Where, it is very
important to note that Hy signifies the null hypothesis that
says that there existed no trend in the precipitation
between 1981 to 2019 that prefers rejecting Ha that is the
alternative hypothesis that denotes that there existed a
trend in the precipitation between 1981 and 2019.
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The p-value is computed using the exact method of
the Mann-Kendall test and it was found the risk of
rejecting the null hypothesis Ho while it is true that it is
lower than 0.90 per cent. Therefore, one can see that there
is a trend in the precipitation between 1981 to 2019
(Fig. 4).

4.4. Precipitation Anomaly Index (PAI)

The following graph in Fig. 4 represents an upward
trend in precipitation in the years 1981, but in 2017 and
2018 the precipitation decreased sharply in the district. To
see the changes in the variation the precipitation anomaly
was also calculated.

Fig. 5 indicates that there are absolutely no cases of
extreme rainfall and heavy precipitation in the last 39
years. Out of the 39 years of precipitation, 17 years (1983,
1984, 1987, 1988, 1989, 1990, 1994, 1999, 2001, 2008,
1982, 1985, 1986, 1991, 1998, 2017 and 2018) are the
years when the precipitation was less than the average. In
2017 and 2018 the precipitation received in the district
was average. A similar situation was recorded in 1986
when the precipitation was far below the average
(Table 3). It is to be noted that authors have left 2019 for
PAI analysis due to insufficient climatic data recorded for
the period.

4.5. Mean temperature

The month-wise mean temperature range distribution
in the Uttarkashi district reveals that the district records
the highest temperature in June that goes up to 24 °C. The
minimum average temperature in the district goes near
-1.59 °C in January.

Similarly, the annual average temperature between
1981-2019 reveals that the annual average temperature of
39 years remained firm within the range of 10.79 °C to
near 13.32 °C. The mean annual temperature trend using
the polynomial trend line shows that mean temperature
increased sharply after 1981 and had its peak in 1988 and
then we observe a steady decline of the temperature till
1997. From 1997 till 2017, the temperature is stable but
post 2017, there is a slight decline.

4.6. Temperature anomalies

Mean temperature anomalies reflect the deviation of
mean temperature for a particular month the observation
from 39 years’ average temperature has been calculated.
An anomaly near zero implies that values are near to the
mean and vice versa. Monthly temperature anomalies for
each month and all the 12 months have been depicted in
the graph and it shows that for January, the year 1988,
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TABLE 3

Precipitation Anomaly Index for Uttarkashi district between 1981 to 2018

PAI Range Classification Results
Above 4 Extreme Precipitation
2to4 Heavy Precipitation
R - 1981, 1992, 1993, 1995, 1996, 1997, 2000, 2002, 2003,2004, 2005
Precipitation 0to2 Average Precipitation ' ' ' ' ' ' ’ ’ ' ’ '
Anomaly Index 2006, 2007, 2009, 2010, 2011, 2012, 2013, 2014, 2015, 2016
-2to ess Precipitation , , , , , , , , ,
(PAI) 2t00 Less Precipitati 1983, 1984, 1987, 1988, 1989, 1990, 1994, 1999, 2001, 2008
-2to-4 Very less Precipitation 1982, 1985, 1986, 1991, 1998
Below -4 Extremely Less Precipitation 2017, 2018

Results are arranged based on the decreasing amount of precipitation by year

Source : Computed by the Authors, Adapted from Freitas (2005), 2021
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Fig. 6.

Mean Annual Temperature Anomaly in Uttarkashi District,
1981-2019. Source : Computed by the Authors,2021

1990, 1992, 2000, 2003, 2006, 2007, 2009 and 2016 were
warmer whereas 1989, 1995, 2011, 2012 and 2019 were
significantly colder. The polynomial trendline since 1981
is an increasing trend till 1995 and there is a stable trend
thereafter until 2016. After 2016, there is a decrease till
2019.

The month of February 2006 was significantly
warmer than other years whereas in the years 2000, 2014
and 2019 it was colder than the average. The trend
analysis shows that since 2005, there is an increasing
trend in mean temperature till 2016 and afterwards it
shows a declining trend. For March, the year 1984, 1985,
2004 and 2010 were significantly warmer. The
polynomial trend line shows that since 1998, the average
temperature is showing an increasing trend till 2016 from
which it is declining. For April 1982 was significantly
colder whereas 2010 was the warmest till now. Trendline
analysis reflects that April is warmer from 1999 to 2016
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and afterwards it is getting colder. The month of May was
significantly warmer in 1984, 1988, 2000, 2010 and 1988
while the same is much colder in 1982 and 1997. The
trendline analysis shows that since 1985, the temperature
is above from mean till 2000 when it became stable and
started rising again until 2016 after which the month is
getting relatively colder. The hottest June was recorded in
the year 1990 whereas the coldest was in 2011. The month
was warmer from 1982 till 1999 and later it is relatively
colder (Fig. 7). The month of July shows the same trend as
of June, the month is warmer from 1981 till 1998
afterwards it is colder. The warmest August was recorded
in 1987 whereas the coldest one was in 2008. This month
is warmer till 1999 and later it is colder but the
temperature is nearing to mean after 2016. The month of
September is warmest in 1987 and 1999 and the
polynomial trend line shows that year from 1984 till 1995
is warmer than it becomes colder till 2010 and again
warmer during post-2010.

The trend for October over the years shows that
since 1983, it was warmer till 1991 afterwards until 2006
the month was colder and since then again it is getting
warmer nevertheless the difference is getting smaller for
the mean temperature. The month of November was
significantly warmer in 2015 whereas it was much colder
in 1981. The polynomial trendline analysis shows that it is
getting warmer after 2006. 2016 was the warmest month
and the coldest in 1981. Since 2000, this month is getting
warmer till 2012, after which it shows a decreasing trend

(Fig. 7).

The overall mean annual temperature anomaly shows
that 1987 was the hottest recorded year whereas 1997 is
the coldest recorded year till now. Other significantly
warmer years are 1999, 2002, 2006, 2009, 2010, 2015,
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Land Surface Temperature of Uttarkashi District, 2000, 2010 and 2020.

Source : Landsat 5TM and Landsat 80OLI/TIRS, Retrieved from USGS Portal, Computed on ArcGIS 10.3 by the Research Team, 2021

2016 and 2017. Other significantly colder years are 1993,
1982, 2001, 2003, 2004, 2005, 2008, 2011, 2012, 2013,
2014, 2018 and 2019. The overall trend analysis using
polynomial regression shows that from 1981 to 1983 there
was a negative anomaly trend, which became positive till
1996. From 1996, it again became negative till 2007 and
positive thereafter till 2017. The trend after 2017 shows a
negative anomaly which implies that it is getting cooler
lately (Fig. 6).

4.7. LST change over time

Calculation of the land surface temperature of the
study area can help in identifying the influence of climatic
variables on the cryospheric highland of the Uttarkashi
district. The Land Surface Temperature (LST) of the
district was calculated for the years 2000, 2010 and 2020
(Fig. 8). Retrieved data showed the minimum temperature
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in the district in the year 2000 was about -36.70 °C and
that further decreased to -38.44 °C by the year 2010. It
was further observed that the minimum temperature of the
district increased to -29.97 °C by the year 2020. The
maximum temperature in the district in the year 2000 was
38.77 °C that decreased to 36.08 °C by the year 2010 and
further decreased to 35.70 °C by the year 2020 (Fig. 8).
Therefore, LST analysis shows that there are fluctuations
in LST over the years as evident from climatic data
analysis as well.

4.8. Relationship  between  temperature and
precipitation in the study area

The simple linear regression model was used to see
the relationship between temperature and precipitation for
seasonal and annual trends. The seasonal trend was
analysed for all IMD designated seasons of December-
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January-February (DJF), March-April-May (MAM), June-
July-August (JJA) and September-October-November
(SON). The relationship of mean temperature with mean
precipitation in all the seasons show a negative
association, R? model is more robust in MAM and JJA as
the rainfall is possible only during the summer and rainy
seasons in this part of the Himalayas. The value of R? is
very less during winters (DJF) and autumn (SON). This is
particularly due to the amount of precipitation falling in
the form of snow. Across the world, it has been observed
that temperature is more associated with rainfall trends
than snowfall trends. There are other local factors
responsible for the weak models including elevation,
slope, vegetation, orientation, etc. [Figs. 9(a-d)].

The relationship between annual mean temperature
and annual mean precipitation is also negative. The model
R? is even weaker explaining just 4 percent of the total
variation. The major reason for a weak model is that
multiple factors are working that determine the amount of
precipitation over a year, particularly distant sea surface
temperatures, elevation, slope, vegetation, etc. (Fig. 10).

Linear association of mean annual anomalies of
temperature and precipitation shows a mixed pattern. And
from 1983 till 1995 there is a similarity in the anomalies
(Fig. 11).

The similarities were visible again in 2002, 2009-
2011 and in 2016-17. In other years the similarities of
anomalies were not observed. This might be due to other
confounders that impact the pattern of precipitation and
temperature over the years (Fig. 11).

4.9. Impact of Climatic Anomalies on Cryosphere
Dynamics

Normalized Difference Snow Index (NDSI) : Snow
plays an important role in deciding the frequency and
intensity of hydrological phenomena and ecological risks
and hazards (Ranjan et al., 2020; Hauser & Schmitt,
2021). In the Uttarkashi district of Uttarakhand, snow is
mostly found in the higher elevations and most often this
is the reason behind natural hazards like glaciated lake
outbursts and floods. The NDSI is an index developed to
identify the presence of snow in pixels and is very
effective in detecting the snow cover.

The NDSI algorithm explains that values between
0.0 to 1.0 (Fig. 12). The NDSI value for the years 2000,
2010 and 2020 was calculated as 0.97, 0.95 and 0.75,
which shows that snow cover is declining slowly in the
district of Uttarkashi. The most proximate reason for
shrinking snow cover is temperature fluctuations and high
variability in precipitation over the years.

40

5. Conclusions

In the present study, the trend of precipitation
anomalies and temperature anomalies has been estimated
with the help of daily measured data of 39 years to
understand the state of climate change over the long term.
Along with this, the data received from satellites were also
analysed to verify whether the changing amplitude has
any effect on physiography. It was observed that out of the
39 years of precipitation, 17 years witnessed a declining
trend than the average precipitation. There were only 2
years when the average precipitation was extremely low.
The analysis of temperature anomalies shows that since
1981 there is an increasing trend in temperature till 1995
and thereafter till 2016 temperature pattern is stable. After
2016, the mean annual temperature anomaly is falling till
2019, these trends reflect that there are significant
fluctuations over the observed years, strong enough to
impact the Cryosphere dynamics. Positive anomalies are
reflective of high mean annual temperature over mean
long term annual period (1981-2019). This was again
validated by NDSI analysis over the years using satellite
images that area under the snow coverage has shrunk.
Understanding the threshold of these fluctuations is a
complex process and there is no universal numerical cut-
off point of cryosphere shrinking as other factors such as
soil type, rock type, vegetation cover and soil moisture
varies from place to place (Tang et al., 2014).

Another significant observation was that February in
the year 2006 was comparatively warmer than the other
years and April month is getting warmer since 1999 and
continues to remain so till 2016. It is observed that
between temperature and precipitation, a robust negative
correlation was identified for the seasons MAM and JJA,
computed over the long term average of 30 years. These
are typically summer and rainy seasons respectively. In
this higher altitude, precipitation mostly occurs in the
form of snow. With the increasing temperature, there has
been a declining precipitation and hence snow and
moisture content. This is also validated by analysing the
satellite data and calculating the snowfall index (NDSI) as
there is a declining trend of snow cover over the past
thirty years.

Therefore, this study on the trends of the
precipitation, temperature, land surface temperature and
snow cover focuses on their role in understanding the
weather patterns and associated changes in the
Cryospheric Himalayan Highland Region (CHHR),
respectively. The influence of temperature and
precipitation anomalies over the years has been reflected
in the relatively odd seasonal characteristics and weather
patterns. Land Surface temperature and snow cover are
subjective to this changing temperature and precipitation
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trends and hence changes in the Cryospheric Himalayan
Highland Region (CHHR).
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