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Climatic variability at Gangtok
and Tadong weather observatories
in Sikkim, India, during 1961-2017
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The present study documents the long-term trends in the temperature and precipitation of a poorly
represented region, the Sikkim, eastern Himalaya using the Mann-Kendall non-parametric test and
the Sen’s slope estimator. Additionally, the normal distribution curves and Cusum charts have been
used to identify the shifts in extreme events and to detect the points of change in the climatic data
series for robust analysis. The minimum temperatures recorded a positive trend in Gangtok (0.036 °C
year-! from 1961 to 2017) as well as in Tadong (0.065 °C year-! from 1981 to 2010) stations, while the
maximum temperatures showed no trend in Tadong station from 1981 to 2010 which is consistent
with the trend in Gangtok station for the overlapped period. However, it was negative for the overall
assessed period (- 0.027 °C year-' from 1961 to 2017) in Gangtok. The average temperatures in
Gangtok recorded no trend whereas a positive trend (0.035 °C year-' from 1981 to 2010) was observed
at Tadong station. A similar positive trend in the average temperatures has been detected at Gangtok
also for the overlapped period. Accelerated warming was noticed during the last two decades with an
increase in the probability of extreme events of temperatures (minimum, maximum, average) at the
higher end. Precipitation was found to be more variable across the observed period and suggested no
trend in the study area.

Climate change is the most sensitive and disputed subject in recent times. Studies have suggested warming and
increasing pluvial conditions since the twentieth century at the global level’~” and wider impacts of the global
climatic changes on the existing eco-cultural landscape®. Nevertheless, discrepancies exist, particularly in under-
standing the pattern and trend of climate at the local and regional level which can eventually be improved by
increasing research in the under-represented regions of the world. Key issues like restricted accessibility, remote-
ness and unavailability of instrumental climatic data have led to alpine environments been under-represented in
the global climatic predictions. As of today;, a little is known about the existing climatic scenario in the regions
located at different latitudes and relief. It is noteworthy that the alpine environments encompass diverse geo-
environmental settings and are most sensitive and vulnerable to the diverse impacts of climate change®. Therefore,
intensive studies need to be carried out in these regions.

In this context, climatic studies in different parts of the Himalayas (comprising of immense relief and transition
of climates) have become a crucial and utmost need as large population exists in the forefield of these mountains.
It is widely acknowledged that poor economies of the world are more vulnerable to climate changes with serious
implications for billions of people!®!! which further strengthens the reason for more studies in the region. How-
ever, the paucity of the long-term instrumental climatic data in the Himalayan region has limited the scientific
observations. The available limited climatic studies, suggesting warming trends at diverse rates '>12-14 have largely
focused on the western and central Himalayas. With regard to the analysis of the precipitation as well, the central
and NW Himalaya dominates the results'>™"". Therefore, it clearly envisages that there is certainly a need to have
research from the underrepresented regions including the eastern Himalaya, which eventually pave the way for
the representation of the complex climatic system of the region.

Sikkim Himalaya, a part of the eastern Himalaya, which is influenced by the tri-junction of climatic sys-
tems largely dominated by the SW monsoon and receive limited winter rain from the Mediterranean westerly, and
North-east monsoon, provides a vantage location to understand the complex responses of the climatic changes.
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Figure 1. The relative location of the study area. (A) Mean annual temperature??, (B) annual precipitation® and
(C) the Digital elevation Model (SRTM) of the Sikkim Himalaya along with the location of Gangtok and Tadong
observatories. ISM (Indian Summer Monsoon) AS denotes to Arabian Sea branch and ISM BB to Bay of Bengal
branch. The figure is prepared using ArcGIS 10.2.

The Sikkim Himalaya is also known to be a part of the biodiversity hotspot. The major population of the Sikkim
Himalaya is rural (~ 75%) and economically dependent on climatically sensitive sectors such as agriculture and
tourism for its livelihood'®. Besides, the area also contains more than 100 glaciers which are the lifeline to the
region. Therefore, the climatic study of this region is not only important to understand the physical atmospheric
system but is also crucial to assess the influence of any climatic change on the biophysical and socio-economic
setup of this region. However, understanding the region’s climate is still underrated as only a few studies have
been carried out on the Sikkim Himalayas. Rahman et al. (2008) and Seetharam (2008) have presented a primary
discussion about mean monthly temperatures and precipitation on a decadal scale in Sikkim Himalaya'*%.
Sharma and Shrestha (2016) analyzed the perceptions on climate change among people of Sikkim and tried to
validate the results with trends of instrumental data of temperature and precipitation between 1978 and 2009'8.
However, they did not provide any information about the level of understanding of respondents regarding climate
and weather systems. The present study, therefore, focuses on Sikkim Himalaya to fill the gaps in understanding
of the climatic changes in detail and its impact on the region. The paper further attempts to analyze the climatic
trends in the region from 1961 to 2017 (longest period than any other study have reported from the region). The
study also investigates the behavior of monthly extreme events of temperature and precipitation and attempts to
pin-point the year of change in the trend of climatic data.

The study area lies within the lower Teesta River basin in Sikkim Himalaya, India (Fig. 1). The basin shares
its boundaries with Bhutan by the Chola range in the East, with Nepal by Singalila range in the west, and Tibet
by Greater Himalaya and Chola range on the north and north-east. The famous Kanchenjunga peak (8586 m)
shares the western boundary of the study area. The altitude varies between~280 and 8,586 m from south to north
transects. The spectacular relief of the study area controls the atmospheric processes in the region. There are only
two weather observatories found in the study area, namely; Gangtok and Tadong which are located at 27°20" N,
88°37' E and 27°20" N, 88°38' E, respectively, for long term records. The stations are situated on a ridge in the
Teesta valley confined by the tributaries; Roro Chu and Ranikhola. Gangtok observatory is located in the city
area of Gangtok, the capital city of the state of Sikkim and is located at an elevation of~1812 m whereas Tadong
is situated at~1322 m. The climate varies with the altitudinal zones. Precipitation is mainly concentrated during
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the summer and monsoon period, lasting from May to October. Higher temperatures are recorded from June to
August, while the lower ones prevail from December to January which would also witness snowfall. The area is
a transitional zone between the Arabian Sea branch and Bay of Bengal branch of the Indian Summer Monsoon
(Fig. 1B). During monsoon, the area faces the thrust of both the branches resulting in heavy orographic rainfall
in the region. The elevated topography of the Higher Himalayas further controls the distribution of rain by the
aspect and height of the valleys.

The upper catchment of the Teesta basin is dominated by the glacier processes and occupies an area 0f~346.63
km?. The basin has more than 100 glaciers of varying size, of which Zemu (26 km) is the largest one?'. Many
glaciers including Zemu and E. Rathong originate from the eastern slopes of Kanchenjunga and enter into the
study area feeding the two major river systems of the region i.e. Teesta and Rangit.

Material and methods

Datasets. The study used monthly and annual temperatures (minimum, maximum and average) and pre-
cipitation data to analyze climatic trends for Gangtok and Tadong stations. The climatic data of temperature and
precipitation were procured from the Indian Meteorological Department (IMD), the most accepted and reliable
source of climatic data in the Indian scenario. As a standard practice, the IMD carries out occasional quality
checks to make the data error-free to ensure the quality before releasing it in the public domain?. The duration
of these data lasts 57 years (1961-2017) for Gangtok whereas for Tadong it is relatively limited, 30 years (1981 to
2010). Any missing value, which was lesser than 1% in the data series has been filled up by using the temporal
interpolation method as suggested by Bhutiyani et al. (2007)*. Pettitt’s test is used to inspect the homogeneity
of the data sets for both the stations and it reveals that the data series of Gangtok station is inhomogeneous and
has a point of change while the data series for Tadong is homogenous. The discrepancy in terms of homogeneity
of the data for both the stations may be attributed to their relative locations. Gangtok is an urban area that may
have affected homogeneity by human development processes e.g. urban heat island, whereas Tadong is located
a few kilometers outside Gangtok city.

Trend analysis. The study used the Mann-Kendall non-parametric test to know the presence or absence of a
trend in climatic parameters along with Sen’s slope estimator to calculate the magnitude of shift over time. These
methods are widely used in the trend analysis of climatic variables'®'#?3-2%, The study used the Mann-Kendall
test as it overcomes the abrupt breaks caused by inhomogeneity in time series and does not require the data to be
normally distributed™®. The test validates the null hypothesis, Hy (no trend) against the alternative hypothesis H,,
assuming that there is a positive or negative trend?'. It is calculated as follows after Mann-Kendall.

n—1 n
S= Z sign(yi — yi)s (1)
k=1 i=k+1
where,
-1, ifx<0,
sign(x) =< 0, if x=0, )
1, if x>0.

The null hypothesis, H, will be rejected if |S| is less than the specified significance level of the test, a in the
table of probability®’. For a two-tailed test, the tabled probability level corresponding to the absolute value of S
is doubled before the comparison with significance level a*. This method is applicable if the number of observa-
tions in the time series data is 40 or less, i.e., n<40. For 7 larger than 40, the normal approximation test is used?®.
First, we compute the variance of S as follows.

1 g
Var($) = ln(n = 1)@n +5) - E ty(tp — 1) (2tp +5)1, 3)
p=1

where g represents the number of tied groups and t, is the number of observations in the p™ group. For example,
in the sequence of measurements in time {21, 18, 23, 18, 24, 30, 6, 30, 24, 24, 30, 23, 29, 30} we have g=4 tied
groups, for which t, =2 for the tied value 18, t,=2 for the tied value 23, t,=3 for the tied value 24, and t,=4 for
the tied value 30. When there are ties in the data due to equal values or non-detects, it is adjusted by a tie cor-
rection method®. The MK test statistic (Zyx) is computed as follows™.

e if $>0,

JVARG)
Zyg =40 " if =0, 4)
JVARG) if $<0.

The probability (p-value) associated with this normalized test statistic is computed using probability density
function for a normal distribution. The value of mean and standard deviation is 0 and 1 respectively and is given
by:

22

1
fle) = N (5)
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Kendall’s Tau (7): Kendall’s tau is an important measure with the Mann-Kendall test to measure the correla-
tion between two ranked variables and can be defined as follows?>.

C—-D C—-D
T= C+D = n(n—1) ° (6)
2

where C and D represent the number of Concordant and Discordant pairs, respectively. A pair of the point is
concordant if the rank of the second variable is greater than the rank of the first variable and discordant if the
rank of the second variable is equal or less than the rank of the first variable®.

All the tests are carried out by using a 95% confidence level. The testing of the null hypothesis is based on
a comparison of the P-value (two-tailed) and alpha value. If the exact p-value could not be computed then an
approximation has been used to compute the p-value.

Sen’s slope estimator. Sen’s slope estimator was proposed by Sen®. This slope may also be estimated by
computing the least-square estimate using the slope of the linear regression method. The result of the linear
regression method is highly sensitive to gross error in the data and outliers present in the data. However, Sen’s
slope estimator is less affected by outliers and robust in case of missing data. Let (f, x,), (£, x,), ...... (t,, x,) are
the n observation of time series data where x; is observed at time #. Now calculate the slope M,, for all pair of
point (x;, x;), i <j using formula as>”.
x]‘ — X
Ml,] = tj s (7)

For n number of observations, there is N=n (n-1)/2 number of slopes. Arrange these N slopes in ascending
order and let it be s, s,, ...... sy- The median of slopes is given by:

th .
(#) term, when N is Odd,
(%)[hterme(%Jrl)thterm
2

Median = { (8)

,  when N seven.

This calculated median is the slope estimate and is known as Sen’s slope estimator.

Normal distribution curve. The normal distribution is helpful to explain a family of continuous prob-
ability distributions. Each distribution has the same general shape but differing in their location (mean) and
scale parameters (standard deviation)?®. The graph of its probability density function is the symmetric and bell-
shaped curve®. The normal distribution is the most established model to characterize the quantitative variation
of the original data. The normal distribution is also known as the Gaussian distribution since it was first discov-
ered by the German mathematician, Gauss (1777-1855). A continuous random variable X is said to have normal
distribution if its probability distribution function is as follows*.

1 2952
f@) = —z=e 20 9)

o+/2m

where p is the mean and o is the standard deviation of the distribution respectively. The normal distribution is
an appropriate method to analyze the pattern of lower, upper, and extreme events in terms of temperature and
precipitation. It completely dependents on mean and variance and hence any change in the shape of its curve
will reflect the changes in the distribution of events*. Additionally, the One Way ANOVA test is used at a 95%
confidence level to check whether there are any statistically significant changes in mean for given data trends,
which may suggest the shift in the means of minimum, maximum, average temperatures, and precipitation.

Cumulative sum (CUSUM) control chart. The CUSUM (CUmulative SUM) control chart is a sequential
analysis technique used for change detection®!. It exhibits the cumulative sums of the deviations from a target
value. The CUSUM would result in zero if there is no deviation from the target value in the data series. The
more deviation from the target value reflects the more unevenness of variables'**2. Several studies have used the
Cusum chart to detect the point of change in climatic data series'>*2,

Let xy, x;... x,, be the n observations observed on some time scale. Let T be the target mean of the observa-
tions. The cumulative sum for each observation is calculated as follows*.

Co=0

Ci=C1+@xi—1), i=12....n (10)

An expert can select any value as a target mean using his/her expertise. The mean of the observations can also
be used as the target mean. After finding all ¢;, plot the ¢; and the resultant chart is a CUSUM chart.

The tabular CUSUM chart is an algorithmically approach for change detection. For a target value t and a
reference value k, define the following two measures:

Cl.'*' = max{0,x; — (1:+k)—|—Ci+_1} (D)
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p-value
Std. Kendall’s (two- Sen’s

Min. Max. Mean deviation | CV (%) tau S Var(S) Zyk tailed) alpha | Trend | slope
Gangtok
Min. temp 7.43 13.27 11.69 1.18 10.09 0.51 807.00 21099.67 5.55 <0.0001 0.05 Y+ 0.036
Max. temp 17.72 20.89 19.09 0.75 3.92 -0.36 - 568.00 21100.67 -3.90 <0.0001 0.05 Y- -0.027
Avg. temp 12.90 16.48 15.39 0.71 4.61 0.10 166.00 21102.67 1.14 0.26 0.05 N 0.005
Precipitation® 2229.40 4422.50 3547.00 398.84 11.24 -0.03 —-54.00 21102.67 -036 |0.72 0.05 N -1.354
Tadong
Min. temp 12.02 15.03 13.93 0.85 6.10 0.59 255.00 3141.67 4.53 <0.0001 0.05 Y+ 0.065
Max. temp 22.37 24.28 23.34 0.37 1.58 0.05 22.00 3140.67 0.37 0.71 0.05 N 0.002
Avg. temp 17.73 19.61 18.63 0.47 2.52 0.53 230.00 3140.67 4.09 <0.0001 0.05 Y+ 0.035
Precipitation® 2361.30 3529.50 3006.54 313.36 10.42 0.05 21.00 3141.67 0.36 0.72 0.05 N 4.358

Table 1. Trends of annual temperatures (*C) and precipitation (mm) at Gangtok (1961-2017) and Tadong
(1981-2010) using the Mann-Kendall trend test and Sen’s slope estimator. Y— refers to negative and
Y +indicates positive and N indicates no trend in the data. *Annual precipitation at the observed stations.

C; =max{0,(r — k) —x; + C_;} (12)

1

Starting with G = C; = 0.
If the c0+ or C, exceeds a decision interval H then the process is out of control. To detect a change of process
mean to a new mean say T;, then the value of k is calculated using the following:

=1
2

k (13)
In the present study, the target value is the long period average of each data series. Deviation from the target
value is compared with the upper and lower limits of Cusum that is 3¢ for this study.

Results

Trend analysis of climatic parameters at Gangtok station. Table 1 represents the trends in tem-
peratures and precipitation at Gangtok and Tadong stations. The study recorded a positive trend in the mini-
mum temperature at Gangtok as the computed p-value (<0.0001) of the Mann-Kendall test is lower than the
significance level alpha (0.05). The p-value suggests that the null hypothesis HO is rejected (no trend), and the
alternative hypothesis H1 is accepted (a trend is recorded). The Sen’s slope estimator furthers support the find-
ing and suggests an increase of 2.05 °C at the rate of 0.036 °C year™! from 1961 to 2017 (Table 1 and Fig. 2A).
The minimum temperature recorded a mean of 11.69 “C along with a standard deviation (SD) and coefficient of
variation (CV) of 1.18 °C and 10.09%, respectively for the observed period.

Differing from the trend of minimum temperature, the maximum temperature showed a negative trend as the
computed p-value (<0.0001) of the Mann-Kendall test is lower than the significance level alpha (0.05). Similar
to the minimum temperature, in case of the maximum temperature, the null hypothesis HO is rejected and the
alternative hypothesis H1 is accepted, but with a negative trend. The Sen’s slope estimator indicates a total decline
of — 1.53 °C at the rate of — 0.027 °C year—' which is contrary and smaller than the minimum temperature for
the same assessment period (Table 1 and Fig. 2B). The maximum temperature recorded a mean of 19.09 °C along
with a standard deviation of 0.75 °C. The maximum temperature showed lesser variation as CV stands at 3.92%
in comparison to the minimum temperature for the same assessment period.

The average annual temperature showed no trend with a mean of 15.39 °C for the same assessment period.
It registered an SD of 0.71 *C and a CV of 4.61% suggesting lesser variability (Table 1 and Fig. 2C). Similarly,
the annual precipitation also did not indicate any trend. The mean for the annual precipitation was recorded
3,547 mm along with SD of 398.84 mm for the assessed period at Gangtok (Fig. 2D). The recorded CV for pre-
cipitation was 11.24% indicating a larger variability in the precipitation at Gangtok.

In brief, Gangtok recorded a positive trend for the minimum temperature, a negative trend for the maximum
temperature, and reflected no trend in the average temperature and precipitation. The minimum temperature
and precipitation exhibit larger variability.

Trend analysis of climatic parameters at Tadong station. Analysis of the minimum temperature
at Tadong station suggests a positive trend (p-value <0.0001) along with a mean of 13.93 °C (greater than the
mean of minimum temperature at Gangtok) for the observed period from 1981 to 2010. However, it recorded
lesser variation as SD and CV stand at 0.85 *C and 6.10%, respectively. The trend is very much evident in Fig. 2E,
which shows a sharp rise in the minimum temperature. The Sen’s slope estimator further supports the finding
as it shows an increase of 1.95 °C with a rate of 0.065 °C year™ for the observed period. The rise in minimum
temperature at Tadong is similar to the rise in minimum temperatures trend at Gangtok.
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Figure 2. Trends of (A) minimum temperature, (B) maximum temperature, (C) average temperature, (D)
precipitation at Gangtok station, and (E) minimum temperature, (F) maximum temperature, (G) average
temperature, (H) precipitation at Tadong station.

Unlike the negative trend at Gangtok, Tadong recorded no trend in maximum temperature (Table 1, Fig. 2F).
Comparatively, Tadong recorded a higher mean of 23.34 °C in maximum temperature with the least variation
as SD and CV stand at 0.37 "C and 1.58%, respectively for the observed period.

The aforementioned divergent trend continues between Gangtok and Tadong in the case of the average tem-
perature as well. As the Mann-Kendall test suggests a positive trend (p-value of <0.0001) in average temperature
at Tadong but no trend for Gangtok. The Sen’s slope estimator showed an increase of 1.05 °C with a rate of 0.035
°C year™ for the same assessment period (Fig. 2G). The mean of average temperature at Tadong is found to be
18.63 °C (higher than the mean of average temperature at Gangtok) along with a standard deviation and CV of
0.47 °C and 2.52%, respectively.
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Figure 3. The pattern of distribution of events of (A) minimum temperature, (B) maximum temperature,
(C) average temperature, and (D) precipitation at Gangtok, and (E) minimum temperature, (F) maximum
temperature, (G) average temperature, and (H) precipitation at Tadong station on decadal scale.

The annual precipitation at Tadong was recorded at 3,006.54 mm (lower than Gangtok) and fluctuated with
a standard deviation of 313.36 for the assessment period. Mann-Kendall test indicates no trend in the precipita-
tion at Tadong as well (Fig. 2H). The estimated CV value (10.42%) suggests a similar variation in precipitation
as recorded in the case of Gangtok too.

Pattern of extreme event distribution. The study analyzed the frequency of upper-end and lower-end
events of monthly temperatures and precipitation on decadal scale at Gangtok and Tadong stations. Figure 3
shows the normal distribution fit for the minimum, maximum and average temperatures along with precipita-
tion. The two vertical red lines at the 5th percentile and the 95th percentile demarcate the lower end and upper-
end extreme events (Fig. 3). In the distribution curves, the decades of 1961-1970 for Gangtok and 1981-1990
for Tadong are taken as the base decade (termed as the first decade) to assess the direction of shift of extreme
events. The One Way ANOVA test suggests a statistically significant shift in the means of minimum, maximum,
and average temperatures over the decades at Gangtok as the computed p-values of these shifts are <0.0001 for
minimum temperature, 0.002 for maximum temperature and 0.033 for average temperature, lower than the
significance level alpha value (0.05). In the case of Tadong, only minimum and average temperatures showed a
significant shift with p-values of 0.030 and 0.037, respectively. However, any statistically significant shift was not
detected in the case of precipitation at both the stations. The decadal analysis of the monthly minimum tempera-
ture at Gangtok suggests that the means of the second (1971-1980) and third (1981-1990) decades have shifted
continuously to the left (toward the lower-end) of the mean of the base decade (1961-1970) which indicate that
the probability of lower-end events has increased during these two decades. However, during the fourth (1991-
2000) and fifth (2001-2010) decade, the means have shifted continuously towards the right of the base decade
denoting an increased probability of upper-end events (Fig. 3A) at Gangtok. Similar types of shifts have been
detected at the Tadong station for the decades of 1991-2000 and 2001-2010 which also indicate the increased
probability of upper-end events (Fig. 3E). Differing from the pattern of the minimum temperature, the means of
the maximum temperature of all the decades have shifted to the left of the mean of the base decade at Gangtok,
indicating an increased probability of lower-end events (Fig. 3B). The same pattern of the shift towards the lower
end is observed in the maximum temperature at Tadong as well but with apparently lower magnitude (Fig. 3F).
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Figure 4. CUSUM graphs show the point of change at Gangtok station—(A) minimum temperature, (B)
maximum temperature, (C) average temperature, (D) precipitation and at Tadong station—(E) minimum
temperature, (F) maximum temperature, (G) average temperature, (H) precipitation.

The average temperature at Gangtok, during the second (1971-1980) and third (1981-1990) decade, has
shifted to the left of the base decade (1961-1970), indicating an increased probability of lower-end events.
However, from the fourth (1991-2000) decade onwards the means and curve of the average temperature started
to shift towards the right of the preceding decades whereas in the decade of 2001-2010 the shift turns to the
right of the base decade (Fig. 3C). In the case of Tadong, the means and curve of the average temperature have
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shifted towards the right of the base decade during 1991-2000 and 2001-2010 which is similar to Gangtok sta-
tion (Fig. 3G). In the case of precipitation, no pattern was noticed (Fig. 3D, H). To summarize, it is evident from
Fig. 3 that the second and third decade witnessed an increase in the lower-end events at Gangtok whereas the
upper-end event dominated from the fourth decade onward at Gangtok as well as at Tadong.

Detection of variability and change in the climatic parameters. The representative charts
(CUSUM) in Fig. 4 show the cumulative sums of the deviation of the observed minimum, maximum, average
temperatures and precipitation at both the stations. Figure 4A, E shows that the minimum temperature dipped
down the lower threshold of the Cusum chart and hence suggests that the minimum temperature at both Gang-
tok and Tadong recorded a phase of cooling for almost a similar period from 1983 to 1995. However, it is noticed
that the minimum temperature started to shoot up after 1995 and crossed the upper cusum limit by 2005 at both
the stations (Fig. 4A, E). Other than these phases of warming and cooling, the minimum temperature was within
the threshold limit, hence no trend was observed.

Interestingly, the maximum temperature shows a warming period from 1965 to 1984 when the minimum
temperature showed no trend at Gangtok. After the warming phase in maximum temperature, Gangtok recorded
a continuous cooling phase from 1991 to 2008. However, no particular phase was detected in case of maximum
temperatures at Tadong station as the temperature fluctuated within the upper and lower limits of the cusum
(Fig. 4B, F), with more positive deviation from the normal being observed in Fig. 4F.

The average temperature suggests a cooling phase from 1983 to 2000 at Gangtok station. A similar cooling
phase in average temperature is also detected at Tadong station from 1986 to 1995. However, a warming phase
started after 2005 at bothTadong and Gangtok stations (Fig. 4C, G). Precipitation values did not cross the limits
of the upper and lower Cusum chart at both the station (Fig. 4D, H). In brief, the warming is clearly visible in
the case of the minimum and average temperatures.

Discussion

The present study discusses the pattern of climatic trends, monthly extreme events and climatic variability in the
study area. The study records similar positive trends (2.05 °C & 1.95 °C) in the minimum temperatures at both
Gangtok and Tadong observatories. In the case of maximum temperature, Gangtok recorded a negative trend
(- 1.53 °C) while Tadong showed no trend. The average temperature showed no trend at Gangtok and a positive
trend (1.05 °C) at Tadong for the respective assessment periods. The dissimilarity in the case of maximum and
average temperatures between both the stations may be attributed to the different duration of analyzed data for
each station. However, it is evident from the analysis of data of overlapping periods for both the stations, that
similarities do exist in case of maximum and average temperatures as well for both the stations (Supplementary
table S1). During the overlapping periods, the maximum temperatures and average temperatures at Gangtok
show no trend and a positive trend, respectively, similar to the trends at Tadong station. The higher increasing
trend of minimum temperatures and lower or no trend of maximum temperature in the Sikkim Himalaya is
also fully or partially supported by the results of other studies on the northeast region of India as an increase
of ~2.1 °C* in the minimum temperature and lower or not-systematic changes in maximum temperature have
been reported*~*¢. Precipitation did not record any particular trend at both the stations.

To validate the traits of these trends and variations, the present study analyzed the pattern of monthly events
of the climatic parameters at both the stations. In the case of the minimum temperatures, the probability of
extreme events on the upper-end has increased continuously from the base decades at both the stations which
may explain the observed positive trend. However, the maximum temperature recorded the dominance of the
lower-end events for the initials decades but showed a gradual shift towards the upper-end in the later decades
at both Gangtok and Tadong stations. The average temperature recorded dominance of lower-end events in the
early 1980s to 1990s at Gangtok; however, it also recorded a shift towards the upper-end events thereafter at
Gangtok as well as at Tadong. The observed warming trends in the later decades (Fig. 3) at both the stations may
be attributed to the shift in the monthly events towards the upper-end.

The positive trends in the minimum temperatures and negative or no trend in the maximum temperatures
at both the stations can be understood with the help of seasonal characteristics of the Indian Summer Monsoon
(ISM) and western disturbances in this part of the Himalaya. Eastern Himalaya (present study area) experiences
dominance of Bay of Bengal branch of ISM, which remains active for a longer period from June to October
(4-5 months), resulting in extensive cloud cover and heavy downpours*. Possibly, it results in a controlled
maximum temperature during the peak summer season in the eastern Himalayas. However, during the winter
season, the negligible impact of the western disturbances is observed in the Eastern Himalaya and the sky
remains comparatively clear, which might have resulted in the increased minimum temperatures as the same is
also reported in a similar study on the Sikkim region'®.

A comparative analysis with existing studies on other parts of the Himalaya including Nepal and Bhutan has
been helpful to develop a climatic synthesis for the whole Himalayan region. The climatic studies on Nepal and
central Himalaya conducted by Shrestha et al. (1999) and Kattel and Yao (2013)'>"3, Bhutiyani et al. (2007) on
north-west Himalaya'* and Shekhar et al. (2010) on the western Himalaya suggested warming trends at diverse
rate*®. However, the western Himalayas and the central Himalayas observed contrary trends in minimum and
maximum temperatures in comparison to the eastern Himalayas. Bhutiyani et al. (2007) suggested a positive
trend in both the maximum (1.6 °C) as well as minimum (1.1 °C) temperatures, with the maximum temperature
increasing more rapidly in northwestern Himalaya'®. Similarly, in the case of central Himalaya too, Kattel and
Yao (2013) suggested a higher magnitude of warming in the maximum temperatures (1.95 °C) and exhibit larger
variability such as positive, negative, or no change in the case of minimum temperatures. Whereas, on account
of the positive trend in maximum temperature in western and central Himalaya, the present study differs and
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suggests negative and no trends in the eastern Himalaya. Furthermore, the present study observed a positive trend
in the minimum temperatures in the eastern Himalaya which is contrary to the central and western Himalaya.
This antinomy in the trends of maximum and minimum temperatures may be assumed to originate from the
different precipitation regimes dominating over the western and eastern Himalayas. Such results suggest the
control of ISM, western disturbances and resultant varying duration of cloud cover across the Himalayas*’. The
shorter duration of ISM in central and western Himalaya provides clear sky in the summer season giving enough
time to heat up the landscape attaining the peaks in the temperatures which may in turn result in the increased
maximum temperatures in the region. Additionally, the contrary case of the decreasing minimum temperatures
in the western and central Himalaya could be attributed to the comparatively increased cloud cover during the
winter season due to western disturbances in the region.

On account of precipitation, the study suggests no particular trend which is in conformity with the works
of Borgaonkar and Pant (2001) that detects no precipitation trend over the western Himalayas®. Shrestha et al.
(2000) also suggested similar results from Nepal Himalayas'>. However, large ambiguity exists on part of the
understanding of the precipitation trend in the Himalayas. As Kumar et al. (2005) on one hand suggests a posi-
tive trend in the annual rainfall and on the other, report a negative trend in monsoonal rainfall in the parts of
the Himachal Himalayas*’. Basistha et al. (2009) reported temporal variation and suggested increasing trend
up to 1964 (corroborating with all India and nearby plains), followed by a decreasing trend from 1965 to 1980
in parts of Uttrakhand Himalaya'¢. On the other hand, Bhutiyani et al. (2010) monitoring seasonal variation
indicated insignificant increasing trend in the winter precipitation and a decreasing trend in the monsoon and
overall annual precipitation from 1866 to 2006 in the northwestern Himalaya'”.

The reported warming has left its imprints on the water resources available in the form of glaciers in the
region. Several studies have reported on the glaciers of this region and found that glaciers have lost ~20% area
on an average in the recent decades®~*. Similarly, studies have also reported an expansion up to ~24% in the
size of glacial lakes which pose a great threat to the down valley in the form of glacial lakes outburst floods®*.
Moreover, the reported warming may cause shifts in the altitude based climatic zones in the region that may
affect ecological settings and agricultural practices, directly or indirectly. The impacts of warming and the strate-
gies to tackle the same are very well evident in the adopted climate change action plans by the Sikkim state.

Conclusions

Overall, the study suggests that the minimum temperatures recorded a positive trend at both the stations. How-
ever, the maximum temperatures have shown a negative trend for the entire assessed period and no trend for
the overlapping period at Gangtok. The maximum temperatures have recorded no trend at Tadong as well. The
average temperatures have recorded no trend for the entire assessed period but a positive trend for the overlap-
ping period at Gangtok and similar positive trends at Tadong. The warming conditions were more prominent
in the last decades, better reflected in the minimum temperature. These conditions are contrary to the trend in
the western and central Himalayan regions which further suggests different climatic drivers in these regions.
Precipitation remains fluctuating throughout the observed period.
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