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ABSTRACT
The Köppen classification of climate integrates precipitation and temperature information with natural vegetation 

patterns to create a precise representation of any particular region’s climate. This integration depends on the empirical 
relationship of climate and vegetation, which indicates that distinct locations in the same class have similar vegetation 
attributes. Köppen climatic classification factors are explained and Sikkim’s climate characteristics are regionalized 
based on it. The method for making representations of air temperatures and precipitation has been described, and an 
illustration of Sikkim’s climatic zones with variability is generated as a result of these changes. The geographic pattern 
of climatic types and subtypes in Sikkim has been briefly addressed using an available high-resolution gridded dataset 
(ERA5-Land). This is described that the constraints of microclimatic zonation emanate from the empirical prerequisite 
of climate classifications, as well as the nature of data selection and the methodologies employed for climate variability 
analysis and classification. Based on the Köppen classification for the long term (1980–2021), the Sikkim Himalaya 
contains three primary climatic classes, particularly ETc (cold, tundra, and cool summer), Cfc (moderately warm, 
humid, and cool summer), and Cfb (moderately warm, humid, and warm summer). Climate variability on the basis 
of temperature and precipitation change with respect to 1980–2021 over the entire Sikkim Himalaya concludes that 
the climatic pattern of the Sikkim has been changed from cold-dry to warm-wet. The alteration in the corresponding 
climatic pattern is further supported by changes in LULC and NDVI. The results suggest that the precipitation change 
in the past two decades (1980–2000) is negative, while a significant positive change has been noticed in the recent two 
decades (2001–2021). Subsequently, the number of extremely wet days decreases in the entire ETc and Cfc climate 
zones. Regardless, the southern part of the Cfb climatic zone has experienced an increase in extremely wet days. This 
study’s findings will significantly contribute to the development of future policies and initiatives by providing insights 
crucial for achieving sustainable development, environmental protection, and climate change adaptation.
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1. Introduction
Climate is the collection of averaged typical at-

mospheric variables that define a particular region 
and have a significant impact on ecosystems [1]. The 
climate affects Human endeavors, especially agricul-
tural and livestock establishment [2,3]. The particular 
effects on crops and livestock are different by ac-
cessibility, depending on the regional environment, 
terrain, and farming/ranching strategies. Several 
economically developing nations (like India, and 
Pakistan, along with other Asian countries) centered 
substantially on the crops and livestock, rendering 
them particularly exposed to climate-related chal-
lenges [4]. As a result, understanding the microcli-
mate beforehand is of the utmost importance for 
agricultural development. Therefore, a prior under-
standing of the regionalized climate is essential for 
agricultural development [5]. Climate classification 
is a strategy for characterizing climatic categories 
as well as spatiotemporal variability in the climate 
system [6,7]. Besides, Holdridge (1967), Flohn (1950), 
Camargo (1991), Thornthwaite (1948), and Köp-
pen and Geiger (1928) there are numerous other 
climatic classifications [8]. Though, one of the most 
frequently used approaches to classify climates is 
the Köppen classification. Considering, that since 
natural vegetation provides an accurate representa-
tion of the climate over a particular area, the Köppen 
algorithm fundamentally integrates precipitation and 
temperature with the pattern of natural vegetation [7]. 
Recent studies have considerably improved the Köp-
pen-Geiger climate classification maps at a 1-kilo-
meter resolution over the entire globe [9–11]. The time 
period covered by these maps has also been extend-
ed, with data spanning from 1901 to 2020 and future 
projections up to 2099, offering precise information 
on climate patterns globally using multiple climate 
models [9,11]. The Köppen classification has been em-
ployed in various fields of study such as agrometeor-
ology, geography, and climatology in some European 
nations, China, Brazil, India and globally [5,11–17]. In 
the context of the current climate crisis, this is one 
of the most concerning areas of research for the sci-
entific community. Frequently extreme events (such 

as torrential downpours, floods, and droughts) are an 
imminent risk to agriculture, ecological health, and 
socioeconomic well-being in the broader picture of 
global and regional changing climates [17,18]. Climate 
change is also largely driven by variations in dryness 
and wetness. Changes in dryness and wetness have 
a significant effect on climate change; this is easily 
quantified, particularly using the Köppen climate 
classification system. For example, extreme fluc-
tuations over dry and wet circumstances may have 
negative consequences for entire local and micro-re-
gions [19]. Consequently, a quantitative analysis of the 
development of local dry/wet patterns is essential to 
safeguard regional watersheds in considering climate 
change [17]. 

The Himalaya is one of the important water re-
sources for India as well as neighboring countries. 
Climate variability over mountainous regions is 
becoming more evident as global temperatures rise 
at a faster rate. The Köppen classification system 
has also been used to investigate the changing pat-
tern of climatic characteristics for the mountainous 
region [5,13–17]. Regional changes are occurring as 
the Köppen climatic region changes with latitude 
and altitude [11]. Besides the effect of rising temper-
atures is not uniformly distributed. Some regions 
and months, especially the high mountain region, 
have experienced a much warmer temperature than 
the global mean [11,17]. Therefore, the microclimate 
zonation provides an overview for analyzing a range 
of environmental and socioeconomic events and in-
formation as well as aids in our understanding of the 
type and subtype of climate. Furthermore, regional 
vegetation productivity is more adversely affected by 
the higher frequency and severity of extreme weath-
er events than by long-term climate change. As an 
alternative, the use of vegetation activities as a proxy 
for changes in climate extremes became frequent [20]. 
The application of the daily normalized difference 
vegetation index (NDVI) reveals the understanding 
of how vegetation responds to short-term climatic 
events [21]. Moreover, the analysis of land use and 
land cover (LULC) and NDVI are useful in evalu-
ating changes in regional geo-meteorology, particu-
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larly in mountainous regions. The spatial-temporal 
change in LULC over some parts of the Himalayan 
regions has been studied to understand the geospatial 
variation and its connection with human-induced 
climate change [22,23]. The Indian Himalayan Region 
(IHR) has experienced significant increases in urban 
areas, agricultural land, and built-up areas, mean-
while decreasing forest cover and water bodies [22–25].  
These variations are triggered by economic pres-
sures, climate variability, and population growth [23,26].  
Furthermore, changes in LULC have an impact on 
Land Surface Temperature (LST) patterns, with 
shifts from low to medium and high LST categories 
resulting from LULC class conversions, such as 
agricultural land to horticulture and built-up areas 
in Indian Himalayan states [27]. Additionally, there 
are many studies reported in order to understand the 
relationship involving various aspects (i.e., glacier, 
hydrology, aerosols, agriculture, and geography) of 
LULC and its spatial-temporal evolution of Sikkim 
Himalaya [28–32]. However, a deeper understanding of 
the regional spatial-temporal effects of climatic vari-
ability, LULC, NDVI, and microclimatic zonation in 
the Sikkim Himalaya is still needed.

To establish an extensive understanding of re-
gional climate zone shifts and variability, this work 
starts with an investigation into climate zone clas-
sifications. It discusses the development and appli-
cation of the Köppen classification system and its 
connections to extreme weather events, LULC, and 
NDVI change. The findings could support the timely 
monitoring of extreme rainfall events utilizing re-
mote sensing and reanalysis datasets. Furthermore, 
understanding how terrestrial vegetation responds to 
extreme weather events might have implications for 
the micro-level of the Himalayan mountains.

2. Study region
Sikkim is a state in northeastern India recognized 

for its distinct terrain. Sikkim’s peculiar topography 
and climate have influenced its history, culture, and 
economy, making it a compelling and diverse region. 
The significant elevation variation in the Sikkim 
Himalaya (e.g., India), ranging from 300 m to 7000 m,  

has profound implications for the local climate and 
the study of the region. This diverse topography 
influences the formation of distinct climatic zones, 
leading to typical cold, snowy winters and warm 
summers, characteristic of an alpine climate as per 
the Köppen classification [33,34]. The varying eleva-
tions contribute to the complexity of the region’s cli-
mate patterns, affecting agricultural practices, water 
availability, and local livelihoods [34,35]. Additionally, 
the elevation gradient plays a crucial role in the dis-
tribution of glacial and high-altitude lakes, impact-
ing the potential for glacial lake outburst floods and 
necessitating continuous monitoring due to climate 
change-induced glacier melting [36]. Understanding 
the implications of elevation differences is vital for 
assessing climate vulnerabilities, adaptive capacities, 
and sustainable development strategies in the Sikkim 
Himalaya (Figure 1a). The political boundary sep-
arates it into six districts, Mangan previously called 
north Sikkim. Others are Gangtok, Pakyong (as east 
Sikkim), Namchi (as south Sikkim), Soreng, and 
Gyalshing or Geyzing (as west Sikkim). The streams 
and tributaries of the Teesta River have a complex 
network over the entire Sikkim region until its con-
fluence downstream into the Rangit River (Figure 1a). 
The springs and streams are the major source of the 
Drinking water in Sikkim. On the basis of the Köp-
pen classification Dash et al. (2012) have suggested 
that there are typical cold, snowy winters and warm 
summers in the state of Sikkim, which have an al-
pine climate [37]. The climatic classes in the Sikkim 
Himalaya are crucial due to the significant impact of 
global climate change on the region’s environment 
and human activities [36,37]. The changing climatic 
factors have led to the enlargement of glacier-fed 
lakes, posing a threat to downstream communities 
in case of breaches [38,39]. Additionally, rising global 
temperatures and altered rainfall patterns are affect-
ing the glaciers that feed the rivers in the Himalayas, 
leading to water stresses in a region known for its 
water abundance [40,41]. These environmental changes 
are accelerating cryosphere thawing, resulting in the 
formation of new lakes and the expansion of exist-
ing ones, increasing the potential for glacial lake 
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outburst floods and highlighting the urgent need for 
monitoring and adaptation strategies to mitigate the 
impacts of climate change in the Sikkim Himalaya.

Moreover, in this study classification has been 
computed for a 42-year long-term period using the 
Köppen classification system with temperature and 
precipitation data (Table 1). Three classes have been 
found for such a long period. These are ETc, Cfb, 
and Cfc (Figure 1b). That explains ETc for cold, 
tundra, and cool summer climate; Cfb for mod-
erately warm, humid, and warm summer climate; 

and Cfc for moderately warm, humid, and cool 
summer climate zone (Table 2). The temperature for 
the measured automatic weather station (AWS) and 
ERA5-Land for the monthly average of 2021–2022 has 
been shown in the supplementary figure (Figure S1).  
This shows limitation (underestimation) in the 
ERA5-Land dataset over the Indian Himalaya [42–44]. 
There are 8 AWS stations that lie in different cli-
matic zones, three in the north Sikkim (ETc) zone, 
two in the east, and three in the south Sikkim (Cfb)  
zone.

Table 1. The details of the dataset used in the present study.

Variable used Data type Period
Resolutions

Source Reference
Spatial Temporal

T (2 m air temperature) ERA5-Land
(gridded) 1980–2021 0.1° × 0.1° Hourly ECMWF Muñoz-Sabater et al., 

2021P (total precipitation)
LULC Landsat-5, 7, 8, 9

(raster) 1989–2021 30 m Once at a time USGS 
EarthExplorer

Masek et al., 2006; 
Vermote et al., 2017NDVI

Topography ASTER- GDEM-
003 (DEM) 2011 30 m 2011 USGS 

EarthExplorer Meyer et al., 2011

Population density Population 
GPWv4 (gridded) 1990–2020 30 arc-second for every five 

years 
NASA 
(SEDAC)

Warszawski et al., 
2016

Source: Muñoz-Sabater et al. [45–49].

Table 2. Criteria for Köppen climate classification.

Climate class Name Attributes

A Tropical humid climate Lowest Tmon > 18 ºC

B Dry climate
Dry boundary (boundary toward forests) is: for the precipitation period in winter: 
Pannual < 2 Tannual for fuzzy precipitation: Pannual < 2 Tannual + 14 for the precipitation period 
in summer: Pannual < 2 Tannual + 28

C Moderately warm climate The lowest Tmon is between 18 ºC and −3 ºC

D Moderately cold climate Highest Tmon > 10 ºC, and the lowest Tmon < −3 ºC

E Cold climate Highest Tmon <10 ºC

Type Name Attributes

S Steppe climate
The boundary between the steppes and the deserts are: for the precipitation period 
in winter: Pannual = Tannual for fuzzy precipitation period: Pannual = Tannual + 7 for the 
precipitation period in the summer: Pannual = Tannual + 14

W Desert climate Pannual < 250 mm

f Humid climate No dry season

m Monsoon climate The rainy period compensates for the scarcity in the dry season

s Dry summer Summer is the driest season

w Dry winter winter is the driest season

T Tundra climate The highest Tmon is between 0 ºC and 10 ºC

F Climate of the eternal frost Highest Tmon below 0 ºC
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Figure 1. (a) Topography, stream, and river of Sikkim Himalaya, 
(b) Köppen climate classification for 1980–2021, and Landsat-9 
image of 2021 (in the background). 

3. Data and methods 
The various data sets utilized in this study are 

important in a broad aspect of environmental and 
climatological investigations (Table 1). The NDVI 
dataset provides essential information for assessing 
ecosystem health and dynamics. The land use land 
cover (LULC) data is an essential tool for land use 
planning, urban growth forecasting, and climate con-
trols. Its monitoring relies heavily on remote sensing 
imagery. Temperature measurements have applica-
tions for investigating the impacts of climate change. 
Hydrometeorological evaluations require precipita-
tion records, which emphasizes the significance of 
choosing relevant data with different geographical 
and temporal resolutions. Furthermore, the Köppen 
classification contributes to regional climate evalu-
ations and a greater understanding of climate trends 
and categories. The significance of each dataset to 
the many study goals; which ranged from vegetation 
analysis to land cover change, effect evaluations of 
climate change, and investigations into precipitation 
variability, was taken into consideration while adopt-
ing data. The methods for all points are discussed in 
the subsections below:

3.1 NDVI calculation

The Normalized Difference Vegetation Index 
(NDVI) is a remote sensing technique that measures 
the health and abundance of vegetation. This is com-
puted by deducting the reflectance of red light from 
that of near-infrared (NIR) light and dividing it by 
the sum of these reflectances. The following calcula-
tion normalizes the variances within the two bands, 
producing a number between –1 to +1. The present 
study uses various data sets for the analysis (Table 1). 
The calculation of NDVI has been conducted for the 

Subtype Name Attributes
h Hot climate Tannual > 18 ºC
k Cold climate Tannual < 18 ºC, and the highest
a Hot summer Highest Tmon > 22 ºC
b Warm summer Highest Tmon < 22 ºC, and least
c Cool summer Less than 4 Tmon > 10 ºC, and the lowest Tmon > −38 ºC
d Very cold winter Lowest Tmon < −38 ºC

Source: Adopted after Milovanović et al., 2017 [50]. 

Note: Tmon: mean monthly temperature; Tannual: mean annual temperature; Pannual: the amount of precipitation.
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years 1989 and 2004 using Landsat (LT) 5 (Band 
3 & 4), and for 2021 using LT 9 (Band 4 & 5). The 
acquired LT Collection 2 Level 2 (C2L2) 16-bit 
unsigned images were processed to derive surface 
reflectance values within the range of 0 to 1. Subse-
quently, the NDVI was computed for each respective 
year. Notably, glaciers and snow cover exhibit very 
low NDVI values, while areas with thriving vege-
tation exhibit high NDVI values [51–53]. To identify 
areas of high recent to old i.e., post to pre-changes, 
differential NDVI (dNDVI) is calculated [54,55]: 

The differential NDVI was calculated as,
dNDVI = NDVI (Post) – NDVI (Pre)

(1)

Using the equation dNDVI was calculated be-
tween the years 1989, 2004, and 2021 (Figure 2).

To evaluate the health of the vegetation and track 
changes in its cover, the NDVI and its change over 
time (dNDVI) are essential measures. NDVI, which 
is produced using satellite data such as Landsat and 
MODIS, offers important insights into the dynamics 
of vegetation over an extended period and makes 
it possible to identify certain seasonal and regional 
trends. Research has indicated that seasons, land use, 
and climate all affect NDVI values. Precipitation is a 
major component in determining NDVI fluctuations 
in some areas. High-resolution NDVI chronology 
information can also be used to precisely supervise 
terrain to maximize vegetation productivity by high-
lighting the link between vegetation growth patterns 
and land characteristics. Moreover, dislocation and 
decline patterns in plant cover across time can be 
revealed by employing landscape metrics to analyze 
multitemporal NDVI observations. This is crucial for 
evaluating biodiversity and promoting sustainable 
landscape management.

3.2 LULC classification

Land use land cover (LULC) denotes the physi-
cal composition and features of the Earth’s surface, 
which includes both human-induced activities and 
natural components. This is a fundamental concept 
in satellite imagery and geographic information 

systems for analyzing and regulating anthropogenic 
and natural environmental effects on landscapes. 
The process of LULC classification is essential to 
comprehending and managing the environment. 
This includes categorizing the surface of the Earth 
into various classifications according to human as 
well as natural interaction. The usefulness of LULC 
classification in terms of growth, urban planning, 
environmental management, and climate change 
study is precisely what makes this method signifi-
cant. The analysis encompasses the spatial and tem-
poral variabilities in LULC, spanning from 1989 to 
2021. To achieve this, an iso cluster unsupervised 
classification technique was employed on Landsat 
(LT) Collection 2 Level 2 (C2L2) images [56–58]. The 
iso cluster unsupervised classification technique, 
as described, uses techniques for clustering such as 
maximal likelihood classification to process Landsat 
images for environment monitoring. This approach 
attempts to categorize pixels into discrete land cov-
er classes such as bare soils, watersheds, forests, 
ice-covered regions, and others, adding to nature 
conservation and sustainable development efforts in 
locations like Sikkim.

The iso cluster is a powerful classification tech-
nique, widely used for mapping land use and land 
cover types, monitoring environmental changes, and 
assessing damage after natural disasters [57,58]. The 
study focused on utilizing C2L2 data from various 
LT satellites: LT 5 for 1989, 1994, 2004, and 2009; 
LT 07 for 2000; LT 08 for 2015; and LT 09 for 2021 
within the state of Sikkim. Data acquisition occurred 
in December for all years except for 2004, where 
data from November was utilized. Additionally, data 
selection ensured that the imagery contained less 
than 10% cloud cover. The classification approach 
was employed to categorize Sikkim’s LULC into five 
distinct classes: forests, barren land, and scattered 
built-up areas, talus slopes and debris, glacier geo-
morphs, and glaciers and snow (Figures 3 and 4). 

3.3 Climate variability analysis

For Köppen classification, temperature and pre-
cipitation daily data have been used for 1980-2021. 
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The ERA5-Land dataset is gridded and covers the 
entire globe. However, we have utilized it for Sik-
kim. Furthermore, the daily data has been converted 
to the long-term monthly average for the Köppen 
classification. However, for extremely wet days, dai-
ly precipitation is used. We computed wet days (daily 
precipitation greater than 1mm, i.e., P ≥ 1mm) and 
then the 99th percentile using 1961–1990 precipi-
tation as a reference period. However, precipitation 
anomaly from the long-term average has been com-
puted for each year 1990–2020, to see the anoma-
lous behavior of the annual precipitation over the 
region. For climate variability, the study period has 
been divided into four decades D1: 1980–1990; D2: 
1991–2000; D3: 2001–2010; and D4: 2011–2021. 
The corresponding decades’ temperature change 
(∆TDn) and precipitation percentage change (∆PDn(%)) 
have been computed as Equations (2) and (3). 

∆TDn = 

(2)

∆PDn(%) =  × 100
(3)

where , and  , the ‘n’ is the 

number for the corresponding decades (as D1, D2, 
D3, and D4), and ‘t’ is the time period for the dec-
ades. The investigation of precipitation changes over 
several decades provides useful insights into shifting 
rainfall patterns. Several reasons contribute to these 
patterns, including regional climatic systems, global 
warming, and internal mechanisms of climate varia-
bility such as ISM, ENSO, and IOD. The ‘m’ is the 
complete period (1980–2021) of the study. Equations 
(2) and (3) are used for the decadal variability of the 
climate system over the entire Sikkim. as output is 
visualized as temperature vs precipitation change.

The significant change has been assessed using a 
one-tailed t-test as the t-test [59] has been applied for the 
significant difference and trend values as Equation (3).

t-test = 

(4)

where (D1), (D2), σ1, σ2, and n1 = n2 = 10 years are 
the mean of first-time D1 (from 1980 to 1990) of 
the variables, means of second-time series D2 (from 
1991 to 2000) (similarly for D3 and D4) standard 
deviation for the first decade D1, standard deviation 
for the second decade D2, total number years for the 
first decade 1980 to 1990 (11 years), and total num-
ber of years for the second decade 1991 to 2000 (10 
years), respectively for D3 and D4. This is used to 
find the p-values and significant investigation with a 
p-value table [60]. 

The Mann-Kendall test is a popular non-paramet-
ric tool for trend estimation in a variety of domains, 
especially climatology and hydrology. It is used to 
find monotonic trends in time series, like precipita-
tion patterns or temperature, by determining whether 
there is a constant increase or decrease over time [61].  
However, the Mann-Kendall test has limitations, 
such as the requirement for serially uncorrelated data 
to minimize errors in determining trends [62]. To ad-
dress this, pre-whitening approaches have been de-
vised to reduce autocorrelation effects while improv-
ing test performance [63]. The Mann-Kendall trend 
analysis [64,65] is made for the assessment of rising 
and declining patterns of extremely wet days over 
the entire Sikkim. This is important to divide the 
study period into decades since this enables a more 
thorough examination of long-term trends and fluc-
tuations in variables like temperature and rainfall. 
This approach presents important insights for sus-
tainable planning and decision-making by assisting 
in the identification of trends, changes, and possible 
effects throughout time. Because the Mann-Kendall 
trend analysis is a useful statistical test for identify-
ing monotonic trends in time series data, it certainly 
makes it reasonable to apply this technique.
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Figure 2. Normalized Difference Vegetation Index (NDVI) and change of four decades (1980–2021) over the Sikkim (Landsat 5 and 9). 
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Figure 3. Land Use Land Cover (LULC) for the study period (1980–2021) of the available dataset (Landsat-5, 7, 8, and 9). 
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Figure 4. Land Use Land Cover (LULC) (percentage change) for the study period (1980–2021) of the available dataset Landsat-5, 7, 8, 
and 9 over the entire Sikkim. 
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4. Results 

4.1 NDVI change

Figure 2 shows the NDVI for different years and 
changes for 2004–1989 and 2021–2004. Analysis 
of NDVI data from 1989, 2004, and 2021 reveals a 
significant expansion of vegetation cover to higher 
altitudes (Figures 2a–2h). Areas that were previ-
ously covered by snow and devoid of vegetation are 
now occupied by shrubs and grasslands. The contrast 
in change is relatively minor between the years 1989 
and 2004 (Figures 2d and 2e). 

However, a considerable change is evident from 
2004 to 2021; vegetation has distinctly encroached 
upon the elevated regions of the northeastern and cen-
tral-northern parts of the state (Figures 2e and 2f).  
Furthermore, the NDVI study confirms the decrease 
and loss of snow cover in the state’s southeast re-
gions, which was determined by the LULC classifi-
cation.

In the year 1989 (Figure 2d), the southeastern 
corner was characterized by snow cover, as reflected 
by very low NDVI values. NDVI values gradually 
increased in 2004 (Figure 2e) and considerably more 
in 2021 for this specific area (Figure 2f), indicating 
a decrease in snow cover and subsequent vegetation 
encroachment [40]. The observation indicates that in 
the studied area when the snow cover diminishes and 
the previously covered land becomes exposed and 
barren, there is a shift in the NDVI value from the 
negative to the positive side. Between the years 1989 
and 2004, the dNDVI reveals a significant and pro-
nounced negative change in the western central and 
southern regions of the state (Figure 2g). 

This indicates instances of degradation or loss in 
vegetation cover in the southern regions, which is no-
ticeable in the LULC classification (Figures 3a–3g). 
The classification reveals a 6% rise in barren land 
and sparsely distributed built-up areas, along with a 
2% and 7% reduction in the forest and snow cover 
of Sikkim (Figure 4). On the other hand, a strong 
negative dNDVI at parts of central northwestern Sik-
kim is attributed to positive snow coverage between 
1989 and 2004 in this specific area. The 6 % increase 

in Barren land and built-up (Figures 4a–4g) is also 
associated with the positive dNDVI at the southeast-
ern corner where the previously snow-covered area 
changed to Barren rugged topography. Other areas 
of positive dNDVI and vegetation encroachment 
to snow-covered areas are the central west, central 
north, and northeastern part of mountains (Figures 
2g and 2h). 

The dNDVI analysis spanning from 2004 to 2021 
reveals notable changes primarily observed in the 
northern, northeastern, and northwestern regions of 
the State (Figures 2g and 2h). The rise in vegetation 
density in the central northeastern area of Sikkim is 
evident from the positive values of dNDVI (Figures 
2g and 2h). This aligns with the earlier LULC clas-
sification, which demonstrated a 4% augmentation 
in vegetation cover (Figures 4a–4g). On the other 
hand, the negative dNDVI values in the northern 
mountain ranges of the state are linked to a 2% re-
duction in snow cover, a 3% decline in glacier geo-
morphology, and a 1% increase in barren land (Fig-
ures 4a–4g).

4.2 LULC change

Figure 4 shows the percentage and area of the 
various classifications in different years for the en-
tire Sikkim. Sikkim, situated amidst harsh climatic 
conditions, particularly in its northern and western 
regions due to elevated mountains and glaciers, ex-
periences a challenging environment. As a result, a 
significant portion of the state is composed of glacier 
geomorphology and permafrost-related talus slopes 
and debris[56-58]. Given the context of shifting cli-
matic patterns and the diminishing cryosphere, this 
classification scheme places heightened emphasis on 
the interconnected aspects of climate and landform 
variations. The forest cover within the state displays 
minimal fluctuations throughout the study period, 
ranging from 43% to 55%. Specifically, the forest 
cover accounted for 45% of the total area i.e., 3208 
sq. km in 1989, and maintained at 47% i.e., 3356 sq. 
km in 2021 (Figures 4a–4g). 

The most extensive forest cover was observed 
in 2015 i.e., 55%, while the lowest was noted in 
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2000, and 2004 i.e., 43% (Figures 4d–4g). It’s im-
portant to note that the classification incorporates 
all forms of vegetation under the “forest” category. 
Consequently, there’s a possibility that changes in 
various vegetation types over the period might have 
been overlooked in the results. Blue, Green, and 
Red (BGR) composite images from the LT satellite 
reveal that significant portions of the higher-altitude 
northern and north-western regions of the state have 
experienced an increase in scattered vegetation cover 
in recent years (Figures 2a–2c). 

The expanse of Barren Land and Built-up areas 
within the state has exhibited a steady increase over 
the studied timeframe. This category encompassed 
16% of the total area i.e., 1122 sq. km in 1989, and 
by 2021, it had expanded to cover 22% of the region 
i.e., 1545 sq. km (Figures 4a–4h). The increase in 
barren land has notably stood out in the northern re-
gions of the state, while the expansion of built-up ar-
eas has become evident in multiple dispersed urban 
clusters across the state, primarily concentrated in 
the southern, south-eastern, and south-western parts. 
A substantial rise in barren land has been particularly 
observed in the southeastern corner of the state in re-
cent decades. This area of the state, previously blan-
keted by perpetual snow, has undergone a complete 
transformation, with the loss of snow resulting in the 
emergence of barren and rugged topography.

The presence of numerous and extensively dis-
tributed talus slopes and debris-covered regions 
within the state indicates a decline in permafrost due 
to climate change. This particular LULC class also 
demonstrates an expansion from 10%, equivalent to 
717 sq. km, to 13%, covering 933 sq. km, over the 
duration of the study (Figure 4h). Talus and debris 
slopes are significant features in the high-altitude 
mountainous areas of Sikkim. The increased cover-
age of this class holds implications for the reduction 
of permafrost, heightened erosion processes, and 
other related effects. Unstable debris slopes could 
potentially pose a risk of stream or river blockages 
in certain areas, leading to the formation of artificial 
lakes, which, in turn, negatively impact ecological 
aspects and elevate hazard vulnerability downstream. 

Glacier geomorphology constitutes a significant por-
tion of the northern and north-western regions of the 
state. This specific LULC category consistently oc-
cupied an area of 14% to 15% of the total land area 
from 1989 to 2004. 

Subsequently, there was a decline in coverage, 
reaching 8% in 2015. As of 2021, glacier geomor-
phology encompasses 860 sq. km, equivalent to 
12% of Sikkim’s total area (Figure 4h). This class 
primarily includes elongated stretches of debris-cov-
ered glaciers and moraines. The reduction in cover-
age in this category signifies a decrease in the extent 
of debris-covered glacier tongues. This observation 
is reinforced by the concurrent increase in the area 
classified under the talus and debris slope category. 

4.3 Climate zonation with climatic variability 

The class with the most consistent reduction in 
area is glaciers and snow. In order to ensure unbiased 
observation of its changes, all LT images used for 
the analysis were taken in the month of December, 
except for the year 2004 when they were acquired in 
November. In 1989, glaciers and snow occupied an 
area of 15%, totaling 1097 sq. km. 

By 2000, this snow and glacier coverage de-
creased to 4%. As of the most recent year, 2021, 
glaciers and snow now encompass an area of 422 sq. 
km, accounting for 6% of Sikkim’s total land area. 
The reduction in the cryosphere’s extent is noticea-
ble in the LT BGR composite imagery as well. Dur-
ing the period from 1989 to 2004, the south-western, 
south-eastern, and north-eastern parts experienced 
a decline in snow cover. Conversely, lower-altitude 
southern, eastern, and south-western areas have 
witnessed a reduction in densely forested regions. 
Therefore, the apparent lack of notable variation in 
overall forest or vegetation cover between 1989 and 
2021 in Sikkim could be attributed to the compen-
satory growth of high-altitude grasslands counter-
balancing the loss of dense forests in lower-altitude 
populated regions. Especially southern part of Sik-
kim (i.e., Gangtok, Pakyong, Namchi, Soreng, and 
Gyalshing or Geyzing) has a notable change in pop-
ulation from 1990 to 2020 (Figures S2 and S3). That 
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is the Cfb climate classification zone favorable for 
thriving human life, however, in recent decades this 
climatic zone has been facing significant warming 
(Figures S4 and S5), especially the southern tip of 
the study region. Moreover, new climate types (Efc 
and Cfa) intrusion in the southern part of the zone 
have been observed (Figure 5). All grids of the study 
region have altered from cold-dry to warm-wet from 

D1 to D4 (Figure 6). 
Climate change-induced glacier and snow cover 

loss in Sikkim jeopardize local ecosystems and wa-
ter resources. Sikkim’s decreasing snow cover and 
increased debris and glacier lakes have disturbed 
the regional climate balance, affecting daily moun-
tain lifestyles and farming methods. The Sikkim 
Mountains have shown that glacial retreat and snow 

Figure 5. Climate variability for four different decades (1980–2021) as D1, D2, D3, and D4, based on the Köppen climate pattern. 
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Figure 6. The climate variability based on temperature and precipitation change concerning 1980–2021 over the entire Sikkim 
Himalaya (here each point represents one grid of the region) using ECMWF, ERA5-Land dataset. 

loss restrict runoff, influencing reservoirs and the 
availability of streams. Furthermore, the production 
of glacial lakes due to glacier shrinkage is a serious 
concern, with the number of glacial lakes increasing 
rapidly over decades, representing potential cata-
strophic risks and dangers to the region’s topography 
and water supplies [66].

However, significant changes were observed in 
the major glaciated region located in the north-west-
ern part between the years 2004 and 2021. The 
warming over the entire Sikkim has been evidenced 
from –0.6 °C to +0.8 °C with respect to precipita-
tion raised from -10% to +18% from the first decade 
(1980–1990) to the recent decade (2011–2021) (Fig-
ure 6). This justifies the significant changes observed 
in the major glaciated region. The anomalous high 
precipitation in recent two decades, mostly over the 
southern part of the state is indicating to rising trend 
of extremely wet days (Figures 7 and 8). The oppo-
site for the northern district (i.e., Mangan) has been 
witnessed (Figures 7–9). 

Figure 8 represents the spatial distribution of ex-
tremely wet days annually over Sikkim. The extreme 
wet days over the central part of the Sikkim (i.e., up-
per part of the Cfb climate zone). Figure 9 suggests 
the precipitation change in different decades, the 
first two decades difference D2 and D1 (Figure 9a) 
shows a negative change in the precipitation with a 
small portion of the region on significance over the 
southern part of the Sikkim. But, a strong positive 
over the northern part of the state. Furthermore, for 
the recent two decades difference between D4 and 
D3 (Figure 9b) shows significantly positive change 
over the entire Sikkim (except northernmost having 
insignificantly negative). Figure 9c shows the spa-
tial distribution of trends in extremely wet days for 
the study period (1980–2021). The negative trend 
has been found over the entire northern part (ranges 
from –0.04 to –0.1) but the southern part has a posi-
tive trend value ranging from 0.06 to 0.1 day/year. It 
is also observed that the temporal trend of extremely 
wet days is declining (Figure S6). 
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Figure 7. Spatial distribution of total precipitation anomaly from the long-term mean (1980–2021) for the study period over Sikkim 
using ECMWF, ERA5-Land dataset. The lines represent the climatic zonation ‘black for ETc’, ‘blue for Cfc’, and ‘magenta for Cfb’.

Understanding and resolving Sikkim’s trends is 
critical not only for local people but also for larger 
attempts to mitigate the effects of climate change 
globally. The observed patterns in Sikkim show the 
importance of adopting preventive steps to ensure 

long-term agricultural practices and water resource 
management in the face of changing climate sce-
narios [67]. The elevation-dependent warming in the 
Sikkim Himalaya is also affected by global climate 
change [41]. 
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Figure 8. Extremely wet days for the study period with reference to 1961–1990 using ECMWF, ERA5-Land dataset. The lines 
represent the climatic zonation ‘black for ETc’, ‘blue for Cfc’, and ‘magenta for Cfb’.
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5. Discussion 
Sikkim’s challenging environment, with elevat-

ed mountains and glaciers, leads to diverse LULC 
patterns. Forest cover remained relatively stable 
throughout the study period, fluctuating between 
43% and 55% [68]. The apparent lack of signifi-
cant variation in overall forest or vegetation cover 
might be due to compensatory growth of high-al-
titude grasslands counterbalancing forest loss in 
lower-altitude areas [69,70]. Higher-altitude northern 
and north-western regions experienced increased 

scattered vegetation, while lower-altitude southern 
and eastern areas saw reduced forested regions [71,72]. 
Barren land and built-up areas expanded from 16% 
(1122 sq. km) in 1989 to 22% (1545 sq. km) in 2021. 
Extensively distributed talus slopes and debris-cov-
ered areas expanded from 10% to 13%. This expan-
sion reflects a decline in permafrost due to climate 
change, with implications for erosion and hazard 
vulnerability downstream [73]. Glacier geomorpholo-
gy coverage decreased from 14%–15% to 8%, then 
increased to 12% in 2021. This change indicates a 
reduction in debris-covered glacier tongues, linked 

Figure 9. Total precipitation change (dots represent 95% significance level) in (a) past decade D1: 1980–1990; D2: 1991–2000, and (b) 
recent decades D3: 2001–2010; D4: 2011–2021. (c) the linear trend of extremely wet days for a long period of time (1980–2021) using the 
ECMWF, ERA5-Land dataset. The lines represent the climatic zonation ‘black for ETc’, ‘blue for Cfc’, and ‘magenta for Cfb’.
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to an increase in talus and debris slope areas [68,74]. 
Glacier and snow coverage decreased significantly 
over the years, from 15% in 1989 to 6% in 2021. 
Notable changes were observed in various parts of 
the state, especially the major glaciated region in the 
northwest [68,70,72]. The decrease in snow cover has led 
to the emergence of barren and rugged topography 
in previously snow-covered areas [71,72]. Reduction in 
glacier and snow cover aligns with global trends of 
diminishing cryosphere due to anomalous warming 
and climate change [75]. The climatic zone of eastern 
Gangtok (east Sikkim) especially the Nathula region 
has evidenced the microclimatic classification transfor-
mation from ETc, Cfc to Efc in the recent decades. 

The analysis of NDVI data over the years re-
veals a significant expansion of vegetation cover to 
higher altitudes, especially in the northeastern and 
central-northern parts of the state [68,70,76]. There’s a 
minor contrast in change between 1989 and 2004, 
but a notable transformation from 2004 to 2021, 
suggesting an accelerated encroachment of vegeta-
tion onto elevated regions. The reduction of snow 
cover in the southeastern regions is not only evident 
through LULC classification but also reflected in the 
NDVI analysis. The study applies enhanced accuracy 
assessments of supervised LULC-classified remote 
sensing imagery. The supervised LULC-classifica-
tion remote sensing imagery method widely applied 
is the least biased in terms of image classification 
and comprehension [56]. The shift in NDVI values 
from negative to positive in the southeastern corner 
indicates that the decline of snow cover exposes the 
previously covered land, leading to the growth of 
vegetation [71,72,76,77]. Between 1989 and 2004, nega-
tive dNDVI values in the western central and south-
ern regions suggest significant degradation or loss of 
vegetation cover. From 2004 to 2021, positive dND-
VI values in previously snow-covered mountainous 
northern, northeastern, and northwestern regions 
indicate notable increases in vegetation cover[78]. 
The contrast in change is more pronounced in recent 
years (2004 to 2021) compared to earlier years (1989 
to 2004), indicating potentially accelerated envi-
ronmental changes. The decline of extremely wet 

days is a consequence of anomalous warming over 
the mountainous region [41,79]. Extremely wet days 
decline is directly linked to most of the precipitation 
occurrence in the shorter period of time [41]. It can 
be seen from the recent decades’ significant precip-
itation rise. Apparently understandable behavior of 
climate variability in the microclimatic region, the 
recent decades’ significant precipitation has risen but 
at the same time, the extremely wet days have de-
clined.

6. Conclusions 
The current study determined three distinct cli-

mate classes (i.e., ETc, Cfc, and Cfb) in the Sikkim 
Himalaya based on the Köppen classification for the 
long term (42 years). Thus, it has been emphasized 
that the empirical basis of climate classifications, as 
well as the nature of data selection and the method-
ologies used to analyze climate variability and clas-
sification, are constraints on microclimatic zonation. 
Köppen classification system relies on precipitation 
and temperature data from various global datasets, 
highlighting uncertainties in climate types that could 
be due to dataset variations (AWS data as well). 
Over the entire Sikkim Himalaya, climate variability 
based on changes in temperature and precipitation 
from 1980 to 2021 comes to the conclusion that Sik-
kim’s climate has changed from cold-dry to warm-
wet (e.g., temperature rise from –0.6 °C to +0.8 °C, 
percentage increase in precipitation from –10% to 
+18%). In Sikkim, the effects of climate change on 
the environment and socioeconomics are devastating 
and multifaceted. Adequate policies for adaptation 
need to take into account the prospective near and 
long-term impacts of climate change and integrate 
community involvement, environmentally friendly 
practices, and reliable climate evaluating mecha-
nisms.

Moreover, the Köppen climatic pattern from D1 
to D4 is changing the regime with new classifications 
of Cfa, and Efc. The change in precipitation over 
the last two decades has been determined to be both 
negative in the past and notably positive in recent. 
Thereafter, extremely wet days are declining over 
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the entire ETc and Cfc climatic zones. Nevertheless, 
extremely wet days are rising over the southern part 
of the Cfb climatic zone. This suggests that temper-
ature rise is the reason for the intense precipitation 
occurring more often within shorter periods, and 
urging the decreasing number of extremely wet days. 
The future implication of changing LULC scenarios 
for Sikkim to increasing pressure on land resources, 
driven by population growth and economic develop-
ment. This could lead to further deforestation, biodi-
versity loss, and degradation of ecosystem services, 
necessitating proactive adaptation strategies focused 
on sustainable land management, biodiversity con-
servation, and climate-resilient development. The 
conclusions of this study performed in the Sikkim 
Himalaya will be useful in developing future strate-
gies for environmental conservation, climate change 
adaptation, and sustainable development.
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Supplementary materials

Figure S1. (a) The position of the AWS station in microclimatic zonation of ERA5-Land data. (b) ERA5-Land, and (c) AWS 
temperature data representation for the basic idea of the region.
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Figure S2. Population density of Sikkim for the year (1990, 2000, 2005, 2010, 2015, 2020) using SEDAC (NASA) dataset. 
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Figure S3. Population density change (percentage) of Sikkim for the study period using the SEDAC (NASA) dataset.
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Figure S4. Spatial distribution of annual temperature for the time period of 1991 to 2020. The lines represent the climatic zonation 
‘black for ETc’, ‘blue for Cfc’, and ‘magenta for Cfb’. 
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Figure S5. The spatial distribution of temperature anomaly for the periods 1991–2020 with respect to the 1980–2021 long-term 
average. The lines represent the climatic zonation ‘black for ETc’, ‘blue for Cfc’, and ‘magenta for Cfb’.
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Figure S6. Man Kendall trend line with 95% significant shading of extremely wet days for 1980–2021.


