
ABSTRACT This study analyzed the BC associated with PM1 and the contribution of 
biomass burning to the BC using a portable seven-channel Dual spot Aethalometer in 
and around Gangtok, the capital city of Sikkim, India, during April 2021. Additionally, CO2 
and meteorological parameters (Temperature, Pressure, and Relative Humidity) was mea-
sured. The minimum concentration of BC was found in rural areas where the contribu-
tion of biomass burning to the BC is highest. The observed spatial variability of BC over 
Gangtok Municipal Corporation (GMC) area is minimal. Five days back-trajectory analysis 
was done using the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) 
model to understand the regional influences of air masses at Gangtok. The air mass of 
the studied region is under influence of trans-regional transport from Indo-Gangetic 
Plains affecting the BC concentration over the studied region. The black carbon presence 
in the ambient air near the glacier heights in the Eastern Himalayan region may signifi-
cantly cause localized warming, thereby enhancing glacier melts. The results have signifi-
cant bearing for the policy-makers to take corrective steps in addressing the issue of ris-
ing BC concentration in high altitude regions. A further detailed study is needed to 
examine the effect of BC on radiative forcing and its large-scale effect on the East Asian 
summer monsoon using regional climate models. 
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1. INTRODUCTION

Black Carbon (BC) is a strong light-absorbing component in the atmosphere 

(Bond et al., 2013) and has ability to alter the radiative forcing of the earth and thus 
contributing to climate change (Kang et al., 2020; Grivas et al., 2019). BC is a by-
product of incomplete combustion of biofuels, fossil fuels, and biomass burning 
and water insoluble agglomeration of carbon sphere (Khan et al., 2020; Sarkar et al., 
2015). It is easily transportable both horizontally and vertically over a large region 

(Brooks et al., 2019; Dumka et al., 2010), hence considered to be one of the vital 
atmospheric constituents altering regional and global climate (Bansal et al., 2019). 
The high concentration of BC in the atmosphere can form smog, causing visibility 
depletion (Chatterjee et al., 2020; Zhou et al., 2012). BC affects the climate by heat-
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ing the atmosphere, revamping the optical and physical 
properties of clouds (Prakash et al., 2020). BC deposition 
on glaciers reduces snow albedo that accelerates the melt-
ing of ice and snow (Dou and Xiao, 2016; Flanner et al., 
2009). In addition, it causes atmospheric instability and 
affects regional circulation and precipitation patterns 

(Talukdar et al., 2019). BC associated with fine particula- 
tes have an adverse effect on public health. Also, fine par-
ticles, generally referred as PM1 and PM2.5, and PM10 are 
considered to be the primary reason for the degradation 
of visibility (Gong et al., 2015). Long-term exposure of 
BC can cause cardiovascular mortality, while the short-
term exposure of BC causes pulmonary inflammation 
and other respiratory complications (Shehab and Pope, 
2019; Lin et al., 2011).

The total global emission of BC is estimated as 4.8-7.2 

Tg year-1 (Kant et al., 2020). Residential combustion of 
fuels contributes 60 percent of global anthropogenic BC 
emissions followed by 24 percent from the transport sec-
tor (Helin et al., 2018; Klimont et al., 2017). Such a huge 
amount of BC aerosols in the ambient atmosphere can 
trap heat subsidizing climate warming (Ramanathan and 
Carmichael, 2008). BC is the most significant human-
induced emission after CO2 in terms of climate forcing. 
The total climate forcing of black carbon is larger than 
the direct force reported in the fourth IPCC report. The 
total climatic forcing estimate of + 1.1 Wm-2 takes into 
account biofuel and open-biomass sources of black car-
bon, as well as cloud effects not specifically mentioned  
in the IPCC report (Bond et al., 2013). About one third  
of the global carbon burden is contributed by India and 
China (Lu et al., 2011). India’s standalone contribution 
of BC emission is found to be 0.41 Tg year-1 (Kant et al., 
2020; Venkataraman et al., 2005). The majority of BC 
emissions in India is contributed by biofuel (42%) fol-
lowed by open burning (33%) and fossil fuel (25%) (Ven- 
kataraman et al., 2005). The biomass burning in Indo-
Gangetic Plains (IGP) has significantly increased the BC 
concentration in the atmosphere over the region (Singh 
et al., 2018; Latha et al., 2017). The transport of BC origi- 
nating from IGP, and low-land foothills play a major role 
in aerosol loading and warming over the Eastern Himal- 
aya region before the onset of summer monsoon (Rama- 
nathan et al., 2007). Thus, the BC aerosols over the East-
ern Himalaya is associated with the long-range transport 
from IGP (Kumar et al., 2011; Dumka et al., 2010) in 
addition to the local emissions from transport and dome- 
stic consumptions of fuels. The increasing concentra - 

tion of BC over the Himalayan region has shown adverse 
impact on the health of glaciers in recent years (Zhao et al., 
2017; Kulkarni et al., 2007). The importance of the Hima-
layas and its glaciers are evident as it is the source of three 
major river systems in the world viz. Indus, Ganges, and 
Brahmaputra that feed almost one-third of the world’s  
population. The natural sink for the ambient BC aerosols 
is the deposition over the glaciers, thereby creating micro 
heating zones enhancing the glacier melt. The present 
study indicates the dominant source contribution for BC 
in aerosol and its possible association with other vari-
ables revealing potential options for its control and regu-
lations. The BC concentrations in the ambient air may 
further affect the delicate radiative balance in the sensi-
tive glacier regions of the Himalayas that may have cli-
matic consequences in the long run. Any increase in the 
early melting of glaciers due to BC deposition may have 
subsequent effects on water supplies downstream affect-
ing large populations (Ramachandran et al., 2020; Kang  
et al., 2019). A significant amount of BC aerosol in the 
ambient atmosphere over the Himalayas is also linked 
with the mountain air circulations (Chatterjee et al., 2020; 
Decesari et al., 2010). Despite the severe impact of BC on 
Himalaya, the studies on monitoring of BC aerosols over 
Eastern Himalaya is very limited (Chatterjee et al., 2012). 
However, Chatterjee et al. (2012), Adak et al. (2014), Sar- 
kar et al. (2015), and Roy et al. (2017) investigated BC 
concentration over the Darjeeling, a part of Eastern Himal- 
aya. It has been observed that the total BC loading over 
Darjeeling was from local emissions, long-range trans-
port, and mountain wind transport. Moreover, the con-
centration of BC in Darjeeling is noted to be higher than 
any other high-altitude stations in India and Nepal and 
even higher or comparable with some of the metro cities 
in India. 

Sikkim in recent years has also experienced rapid urban- 
ization, high vehicular pollution load, traffic congestion, 
and large-scale construction activities which in turn may 
have effects on the ambient air quality which has not been 
explored so far. Gangtok is the capital city of Sikkim and 
the largest urban centre in the region and hence consid-
ered in the present study as the representative urban area 
of the region. Being one of the favorite tourist destina-
tions and the cleanest city of Northeast India with a good 
air quality index, this city has emerged as an important 
aspect of Sikkim tourism. The pristine ambient environ-
ment of Gangtok, in the lap of Himalaya, adds to its attrac- 
tion among the tourists. Therefore, the ambient air quali-
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ty has a significant bearing on the overall growth of the 
tourism sector in the state where tourism has the major 
share in the state GDP. The present study is carried out 
as an effort to fill the research gap that exists in air pollu-
tion research in Sikkim Himalaya. An attempt has been 
made to monitor the BC and its possible sources in this 
part of Eastern Himalaya. 

2. MATERIALS AND METHODOLOGY

2. 1   Study Area 
Gangtok is the capital city of Sikkim in the Eastern 

Himalayan region at an altitude of approximately 1,650 m 
above mean sea level (amsl). It has a monsoon-influenced 
subtropical highland climate with a year-round mild tem-
perate climate. The average minimum and maximum 
temperature for 30 years (1981-2010) in the city ranged 
between 5°C in winter to 22°C in summer (Hyvärinen et 
al., 2009). The weather in Gangtok during April is most-
ly warm and moist, with around 99 mm month-1 of rain-
fall. April marks the spring season, and the daytime maxi-
mum average temperature is around 24°C, and at night 
14°C is normal.

Gangtok does not have major industries except some 
pharmaceutical manufacturing units in the suburbs and 
outskirts of the city. It is also one of the popular destina-
tions for both domestic and international tourists. Around  
two million tourists have visited Sikkim in the year 2018, 
which is more than three times of the total population of 
Sikkim (Pradhan, 2018). As per the City Development 
Plan for Gangtok 2011, the capital has approximately 98% 

of the total combined share of vehicles in the state whereas 
public transport makes up only 1% of vehicle share. In 
addition to the state traffic load, there is also a high traffic 
influx from neighboring states (Pradhan, 2017). 

2. 2   Experimental Design and Data 
The measurement of BC associated with particulate 

matter having an aerodynamic diameter less than 1 µm 

(PM1) was carried out between 08:00:00 to 18:00:00 
hour during the period from 04-04-2021 to 15-04-2021. 
In this period, the anthropogenic BC emission was very 
limited due to the COVID pandemic. The BC measure-
ments were carried out across 13 locations in and around 
Gangtok. The characteristics of sampling sites (Table 1) 
vary from urban, sub urban to rural locations as detailed 
in the study area map (Fig. 1). 

The BC measurement was done with a portable seven 
channel “Dual Spot” Aethalometer (Model: AE 33-7, Magee 
Scientific, USA), having a flow rate of five liters per min-
ute with a base time of 60 seconds at 13 sites in and aro- 
und Gangtok. The carbon dioxide (CO2) was measured 
using a CO2 sensor (Vaisala-GMP343) and meteorologi-
cal parameters were measured using an ambient meteoro-
logical sensor (AMES-TRP159). The accuracy of meteo-
rological sensors viz. temperature, humidity and pressure 
are ±0.15°C, ±2% and ±1 mbar respectively. Similarly, 
the measurement precision (excluding noise) at 25°C 

(77°F) and 1,013 hPa for CO2 sensor is ±0.5%. The inlet 
of the aethalometer was mounted at a height of 1.5 m 
above ground level. A minimum 20-minute run time was 
selected for the collection of BC particles at each site. A 
description of an aethalometer follows the study of San-

Table 1. Characteristics of sampling site.

S. No. Place Site name Site characteristics Latitude (°N) Longitude (°E) Altitude (m)

1 Marchak, Ranipool MCK Suburban 27.286 88.591 893
2 Adampool ADP Urban 27.311 88.586 919
3 Banjhakri Fall BJF Suburban 27.35 88.602 1,233
4 Lingding LIN Urban 27.322 88.603 1,265
5 Ranka Monastery RKM Sub urban 27.329 88.577 1,330
6 Rumtek Monastery RTM Suburban 27.297 88.574 1,398
7 Pakha PKH Rural 27.246 88.667 1,502
8 Namgyal Institute of  Tibetology NIT Urban 27.316 88.605 1,529
9 Bakthang Fall BKF Urban 27.359 88.620 1,671

10 Ridge Park RDP Urban 27.329 88.616 1,726
11 Tashi Viewpoint TVP Suburban 27.372 88.617 1,878
12 Ganesh Tok GTM Urban 27.342 88.621 1,992
13 Hanuman Tok HTM Suburban 27.344 88.630 2,187
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dradewi et al. (2008) and its application details are pro-
vided by Drinovec et al. (2015). The aethalometer asses- 
ses the attenuation at seven different wavelengths ranging 
from near-ultraviolet to near-infrared (370, 470, 520, 
590, 660, 880 and 950 nm), and the BC concentration 
was determined from the change in optical attenuation at 
880 nm. Aerosols other than BC absorb very little at 880 

nm therefore the absorption at this wavelength is mainly 
attributed to BC alone (Drinovec et al., 2015; San-
dradewi et al., 2008a). The measurement uncertainty of 
an aethalometer due to filter loading and multiple scat-
tering effects is reported to be about ±10% (Raju et al., 
2020). The instrument also provides signatures of bio-
mass burning to black carbon concentration in ambient 
air using the Sandradewi et al. (2008) model. It uses the 
different source contributions based on the differences in 
the spectral dependencies of absorption coefficients.

The data obtained from aethalometer, and other mete-
orological variables obtained from Indian Meteorologi-
cal Department (IMD) were further subject to Multivari-

ate Principal Component Analysis (PCA) using “Facto 
MineR” and “factoextra” packages in R. The data were 
subsequently segregated into 4 different altitude classes 
namely “500-1,000 m”, “1,000-1,500 m”, “1,500-2,000 

m” and “>2,000 m”. This mixed data (Altitude class with 
other variables) was then used in Factor Analysis of Mixed 
Data (FAMD) that has the ability to integrate categori- 
cal values similar to multivariate correspondence analysis.

To ascertain the movement of the air mass over the 
studied region during the sample collection time i.e., 
April 2021, Hybrid Single Particle Lagrangian Integrated 
Trajectory model (HYSPLIT - http://www.arl.noaa.gov/ 
HYSPLIT_info.php accessed on 06/08/2021) was used. 
HYSPLIT model has the feature for computing simple air 
parcel trajectories, complex air mass transport, dispersion, 
chemical transformation, and deposition which is widely 
used in air pollution dispersion studies and backward and  
forward trajectory analysis (Draxler and Rolph, 2012; 
Draxler, 2003, 1992). For HYSPLIT model configuration, 
National Centers for Environmental Prediction (NCEP)  
reanalysis data was obtained - from the National Oceanic 
and Atmospheric Administration (NOAA) website (ftp:// 
ftp.arl.noaa.gov/pub/archives/reanalysis accessed on 06/ 
08/2021). The HYSPLIT model control file has been 
configured to run the model at different heights for the 
backward and forward trajectory analysis. The relative 
differences in the trajectory were found to be non- signif-
icant (at 95% confidence limit) for 5 days. Therefore, five 
days backward trajectories were drawn from the sampling 
sites to investigate the movement of air mass to the sam-
pling locations.

3. RESULTS 

The results were compiled and aggregated for six dif- 
ferent variables namely, Black Carbon (BC), contribution  
of biomass burning to BC in percentage (BB), Carbon  
Dioxide (CO2), Relative Humidity (RH), Pressure (PR) 
and Temperature (TM). The average values with stan-
dard deviation recorded at each sampling site for all the 
six variables are presented in supplementary Table 1 and 
the temporal variability is shown in supplementary Fig. 
1. The average maximum BC concentration was obser- 
ved at Linding area (LIN) (12.61 µg m-3), an urban site 
with high settlement and heavy traffic, and minimum 
was observed at Pakha (PKH) (5.11 µg m-3) which is a 
rural area (background) with low settlement and mini-
mal traffic. Fig. 2 shows a graphical representation of the 

Fig. 1. Study area map showing sampling locations.
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variation present in the dataset of an individual variable 
when compared to z-normalized values of Altitude 

(ALT), Biomass Burning (BB), Black Carbon (BC), Tem-
perature (TM), Humidity (RH), Pressure (PR) and Car-
bon dioxide (CO2). Three outliers have been observed in 
the dataset that exceed the upper quartiles when repre-
sented in the box-whisker plot (Fig. 2).

The BC concentrations, CO2 concentration and the 
humidity have outliers in the data set as evident from the 
values that exceed the maximum whisker. The results also 
indicate strong variance in these variables across the 
Gangtok city. The highest biomass burning contribution 
to the observed BC concentration in PM1 was found at 
rural site Pakha (PKH) (40.02%) where the total BC con-
centration is rather minimal in comparison to other sites. 
However, Ridge Park area (RDP) (34.19%) and Lingding 

(LIN) (24.44%) - a densely populated urban settlement 
has a relatively lower contribution from biomass burn - 
ing. The reason may be attributed to the higher aerosol 
load due to enhanced traffic emissions thereby reducing 
the relative contribution of BB in total biomass. It is 
worth noting that the wood burning is the major source 
of household energy requirement viz. cooking and heat-
ing mostly in rural regions where wood is readily avail-
able as fuel. Although the contribution of BB to BC is 
greatest in rural regions such as PKH, the absolute BC 
concentration is rather low due to the region’s extremely 

low population density.
The maximum observed standard atmospheric CO2 

concentration over the study area was found at ADP 

(534.84 ppm, altitude = 919 m) followed by MCK (442.80  

ppm, altitude = 893 m) and RTM (418.81 ppm, altitude =  
1,398 m), whereas lowest CO2 concentration was obser- 
ved at HTM (325.10 ppm, altitude = 2,187 m). It is perti-
nent to mention that the CO2 concentration has strong 
altitudinal dependence as evident from the observed 
CO2 concentrations (Fig. 3).

The comparative evaluation of observed BC concentra-
tion in Gangtok, Sikkim with other locations across India 
revealed rather uniformity in the BC concentration distri-
butions irrespective of higher altitude and nature of sour- 
ces. This points towards the influence of trans-boundary 
circulations of air masses in determining the concentra-
tion at high altitude regions. It is further verified through 
back trajectory model analysis which is carried out taking 
average wind field distribution during the days of sam-
pling. The back trajectories simulation runs were done for 
the past five days i.e. 120 hours using HYSPLIT model. 
The back trajectories for 4 different days i.e. 5th, 8th, 11th,  
and 14th April 2021 at an interval of 3 days during the 
sampling episode were constructed (Fig. 4). It is evident 
from the results, that the most dominating contribution 
at high altitude came from high altitude westerlies passing 
over North Indian plains that are highly populated with 
large swaths of agricultural fields notorious for agricultu- 
ral biomass burning ( Jeelani et al., 2017; Dumka et al., 
2014). At lower altitudes (red lines), wind turbulence was 
more prominent due to northeast - southwest valley align-
ment.

In order to understand the nature of variability present 

Fig. 2. Box-whisker plot for Altitude (ALT), Black Carbon (BC), 
Contribution of biomass burning to BC (BB), Carbon Dioxide 

(CO2), Relative Humidity (RH), Pressure (PR) and Temperature 

(TM).
Fig. 3. Altitudinal variation of Black Carbon and Carbon Dioxide 
over the Gangtok. 
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in the dataset, normality test (supplementary Table 2) 
was carried out following KS test, Shapiro-Wilk test and 
Jarque Bera test. The test was conducted assuming the 
normal data as null hypothesis. As evident from the res- 
ults, the data at most of the sites reject the null hypothe-
sis indicating strong non-gaussian nature. Therefore, to 
analyse the statistical similarity and dissimilarity among 
the data across the sites, non-parametric Kruskal Wallis 
test was carried out (Table 2). All the variables reject the 
null hypothesis, indicating the presence of strong vari-
ance across the length and breadth of the city.

The Principal Component Analysis (PCA) and Factor 
Analysis of Mixed Data (FAMD) (Kassambara, 2017) 
were carried out to ascertain the degree of association 
among the variables at different locations in the city and 
at different altitudes using the “FactoMineR’’ package  

in R Programming language. The PCA analysis was car-
ried out taking 9 variables with 84 average observations 
across the city, out of which two variables namely, alti-
tude and sites are categorical in nature and rest are nume- 
ric. After PCA, 3 components (using the criteria Eigen-
Value ≧1) were extracted that account for more than 
76% of the data variations (supplementary Table 3). Fig. 
5 shows an association between (a) BC concentration 
and ambient temperature along dimension 1 and 2, (b) 

Fig. 4. Air Mass back trajectory plot (from HYSPLIT model) at different days during the sampling period.

Table 2. Results of Kruskal Wallis test.

  BC BB TM PR RH CO2

Statistics 1,288.4 94.1 1,475.3 2,173.2 1,386.7 1,435.7
P value 0 0 0 0 0 0



Black Carbon Concentration during Spring Season at High Altitude Urban Center in Eastern Himalayan Region of India

www.asianjae.org      7

BB contribution with altitude along dimension 1 and 2. 
It is pertinent to mention that dimension 1 and 2 repre-
sents principal component (PC) axis 1 and 2 respective-
ly. The length of the arrow shows the contribution of 
individual variables to the aligned PCs and angle with the 
axis indicates the degree of association of individual vari-
ables to the PCs. As evident from Fig. 5, the BC concen-
trations and ambient temperature are strongly correlated 
with PC 2. BB contribution to BC concentration and 
altitude are aligned together along dimension 1 (PC1), 
however, the association between BB and altitude are 
rather weak. In this PCA analysis, BC from fossil fuel 

(BCff) and BC from biomass burning (BCbb) are taken in 
terms of percent of total that expresses the relative contri-
bution of both in the local air. Since, PCA analysis was 
carried out using a scaling function, the distortion due to 
large value (affected due to large value of traffic sources) 
does not arise. This method of doing PCA with scaled 
values is widely used to negate the effect of large scaling 
differences in the data.

The concentration of different variables is evidently 
dependent on the elevation factor when sampling loca-
tions were classified into four different elevation groups. 
The elliptical circle denotes 95% significance line and the 
data points that exceed the corresponding elliptical line 
have a significant variance with the group mean (Fig. 6). 
The relative contribution of two categorical variables 
namely site and elevation to the total variance on a facto-
rial biplot (are presented in Fig. 7), where Principal com-
ponent 1 explains ~19% of total variance followed by PC 
2 that explain ~14% inertia. The maximum contribu-
tions were made by the variables at elevation <1,500 m 
i.e. lower valley region and high-altitude regions of height 

>2,000 m. Mid altitude regions (1,500-2,000 m) are 
more aligned with high BB and BC concentrations in 
comparison to the other regions. The properties of BC 
and BB are strongly dependent on the elevation. With 
the exception of 1,500 to 2,000 m height region, the BC 
and BB properties differed significantly with elevations 

(Fig. 3). As evident from Fig. 7, sites ADP and MCK at 
height 500-1,000 m elevation range, have contrastingly 
opposite signatures from sites at 1,000 to 1,500 m eleva-
tion ranges such as BJF, RTM, RKM and LIN. Similarly, 
properties observed at HTM at more than 2,000 m 
height has significantly different from other elevations.

The BC concentrations and BB contribution were fur-
ther, interpolated using Inverse Distance Weighting (IDW)  
method in ArcGIS software (Fig. 8) and overlaid with dif-
ferent wards of Gangtok Municipal Corporation (GMC).  
The results point towards high BC concentration on 
mostly western and northern regions of the city with low 
contribution towards the south and eastern periphery of 

Fig. 5. Correlation biplot over principal component axis 1 and 
axis 2.

Fig. 6. Bivariate Factor Map over principal component axis 1 and 
axis 2.

Fig. 7. Factor analysis of Mixed data (FAMD) plot over bi-variate 
factorial map where Dim1 represents principal component 1 and 
Dim2 represents principal component 2.
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the city boundary. However, the contribution of the BB to 
the BC is lower in the urban area. In contrast the BC con-
centration in the rural area is relatively lower but the con-
tribution of BB to BC is higher.

The results were in agreement with the findings of 
Sarkar et al. (2015) that showed strong seasonal variations 
in BC concentrations with the maximum concentration 
during pre-monsoon (5.0±1.1 µg m-3) followed by win-
ter (3.9±2.2 µg m-3), post-monsoon (2.9±1.0 µg m-3) 
and minimum during monsoon (1.7±0.7 µg m-3). The 
total BC loading over Darjeeling was found to be from  
local emissions (56%), long-range transport (27%) and 
mountain wind transport (17%). When compared with 
the nearby mountainous region of Darjeeling, the bio-
mass burning during winter and pre-monsoon dust trans-
port (natural) processes contribute equally to the radia-
tion effect over the Eastern Himalaya (Darjeeling), and 
their differential effects are also very similar. 

It is evident that BC concentration over Gangtok dur-
ing spring is found to be much higher than other high alti-

tude stations like other parts of the Himalaya viz. Lac-
hung (Arun et al., 2021) and Darjeeling (Sarkar et al., 
2015) in Eastern Himalaya. Whereas hill stations in west-
ern Himalaya viz. Dehradun (Kant et al., 2020), Manora 
Peak (Babu et al., 2011) and Mukteshwar (Hyvärinen et 
al., 2009), Hanle (Kompalli et al., 2016) and in central 
Himalaya viz. Nagarkot and Langthang (Carrico, 2003) 
and NCOP Nepal (Marinoni et al., 2010) have reported 
lower concentration of BC than Gangtok. 

Although present aerosol concentrations are low in the 
region, the relatively high BC concentration due to BB in 
the region that is very close to glacier height enhances the 
risk to the already fragile Eastern Himalayan ecosystem. 
The findings suggest that the black carbon concentration 
is quite comparable to other major urban centers in nor- 
thern India. Any subsequent increase in the BC concen-
tration may cause deterioration in air quality and put add- 
itional stress on the tourism sector thereby affecting the 
state’s overall economic well-being. It is therefore recom-
mended to keep constantly monitoring the aerosol load  
at high altitude regions and their possible impact on near-
by glaciers, as they are the major sources of freshwater for 
the ever increasing Indian population. BC effects on radi-
ative forcing over the eastern Himalayas and its effects on 
the East Asian summer monsoon using regional climate 
models is further required to understand the BC impacts 
over the regions. 

4. CONCLUSION 

The black carbon aerosols have a known impact on 
environment. It is considered the second most important 
anthropogenic forcing agent for climate change. The 
black carbon concentration in PM1 was measured with an 
aethalometer during spring in the month of April 2021  
when there was travel restrictions due to COVID pan-
demic and less traffic on the road. The observed BC con-
centration (8.02±1.82 µg m-3 to 12.61±4.29 µg m-3) in 
this part of the Himalaya during spring was found to be 
similar to the reported concentration from other parts of 
urban clusters of India, suggesting the strong influence of 
atmospheric circulation on BC concentrations in remote 
areas. The concentration of black carbon associated with 
PM1 shows significant correlation with altitude, humidi-
ty and temperature at Gangtok. The frequency of occur-
rence of maximum BC concentration is found to be high  
at the mid altitude region. The high BC associated with 

Fig. 8. Black carbon distribution over Gangtok (East Sikkim).
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low biomass burning reveals the high probability of trans-
boundary contribution. Therefore, the contribution of 
anthropogenic and biomass burning for BC mass concen-
trations depends on the altitude and transportation route. 
The absolute values of BC concentration are more likely  
to be influenced by the anthropogenic sources than the 
amount of biomass burning in Gangtok. The CO2 has 
also shown a strong altitudinal dependence with lower 
concentration with increasing height. The back trajecto-
ry analysis reveals a strong trans-boundary contribution 
of Black carbon from central and western Indo Gangetic 
plains. The study has significant implications for the 
regional and global climate models as the BC aerosol and 
its implications create strong uncertainty in the model 
estimates for future climate projections. The BC concen-
trations variations and the influence of long-range trans-
port of biomass burning induced black carbon at high 
altitude glacier melts further enhances the rapidly reced-
ing glacier mass. It would be interesting to incorporate 
the effect of BC concentrations in glacier melts in global 
and regional model estimates.

ACKNOWLEDGEMENT

This work was funded by the Department of Science and 
Technology, Government of India to the project DST’s  
Centre of Excellence (CoE), at Department of Geology, 
Sikkim University (DST/CCP/CoE/186/2019 (G)). 
The authors also acknowledge anonymous reviewers for 
constructive suggestions to improve the quality of the 
manuscript. 

CONFLICT OF INTEREST

The authors declare that they have no conflict of inter-
est. 

REFERENCES 

Adak, A., Chatterjee, A., Singh, A.K., Sarkar, C., Ghosh, S., 
Raha, S. (2014) Atmospheric Fine Mode Particulates at East-
ern Himalaya, India: Role of Meteorology, Long-Range 
Transport and Local Anthropogenic Sources. Aerosol and 
Air Quality Research, 14(1), 440-450. https://doi.org/10. 
4209/aaqr.2013.03.0090

Arun, B.S., Gogoi, M.M., Hegde, P., Borgohain, A., Boreddy, S. 
K.R., Kundu, S.S., Babu, S.S. (2021) Carbonaceous Aerosols 

over Lachung in the Eastern Himalayas: Primary Sources 
and Secondary Formation of Organic Aerosols in a Remote 
High-Altitude Environment. ACS Earth and Space Chemis-
try, 5(9), 2493-2506. https://doi.org/10.1021/acsearth 
spacechem.1c00190

Babu, S.S., Chaubey, J.P., Krishna Moorthy, K., Gogoi, M.M., 
Kompalli, S.K., Sreekanth, V., Bagare, S.P., Bhatt, B.C., Gaur, 
V.K., Prabhu, T.P., Singh, N.S. (2011) High altitude (~4520 

m amsl) measurements of black carbon aerosols over west-
ern trans-Himalayas: Seasonal heterogeneity and source 
apportionment. Journal of Geophysical Research: Atmo-
spheres, 116(D24), n/a-n/a. https://doi.org/10.1029/2011 
JD016722

Bansal, O., Singh, A., Singh, D. (2019) Characteristics of Black 
Carbon aerosols over Patiala Northwestern part of the IGP: 
Source apportionment using cluster and CWT analysis. 
Atmospheric Pollution Research, 10(1), 244-256. https://
doi.org/10.1016/j.apr.2018.08.001

Bond, T.C., Doherty, S.J., Fahey, D.W., Forster, P.M., Berntsen, 
T., DeAngelo, B.J., Flanner, M.G., Ghan, S., Kärcher, B., 
Koch, D., Kinne, S., Kondo, Y., Quinn, P.K., Sarofim, M.C., 
Schultz, M.G., Schulz, M., Venkataraman, C., Zhang, H., 
Zhang, S., Bellouin, N., Guttikunda, S.K., Hopke, P.K., Jacob-
son, M.Z., Kaiser, J.W., Klimont, Z., Lohmann, U., Schwarz, 
J.P., Shindell, D., Storelvmo, T., Warren, S.G., Zender, C.S. 
(2013) Bounding the role of black carbon in the climate sys-
tem: A scientific assessment. Journal of Geophysical Res- 
earch: Atmospheres, 118(11), 5380-5552. https://doi.org/ 
10.1002/jgrd.50171

Brooks, J., Liu, D., Allan, J.D., Williams, P.I., Haywood, J., High-
wood, E.J., Kompalli, S.K., Babu, S.S., Satheesh, S.K., Turner, 
A.G., Coe, H. (2019) Black carbon physical and optical prop-
erties across northern India during pre-monsoon and mon-
soon seasons. Atmospheric Chemistry and Physics, 19(20), 
13079-13096. https://doi.org/10.5194/acp-19-13079-
2019

Carrico, C.M. (2003) Urban aerosol radiative properties: Mea-
surements during the 1999 Atlanta Supersite Experiment. 
Journal of Geophysical Research, 108(D7), 8422. https://
doi.org/10.1029/2001JD001222

Chatterjee, A., Dutta, C., Jana, T.K., Sen, S. (2012) Fine mode 
aerosol chemistry over a tropical urban atmosphere: cha- 
racterization of ionic and carbonaceous species. Journal of 
Atmospheric Chemistry, 69(2), 83-100. https://doi.org/10. 
1007/s10874-012-9231-8

Chatterjee, A., Dutta, M., Ghosh, A., Ghosh, S.K., Roy, A. 
(2020) Relative role of black carbon and sea-salt aerosols  
as cloud condensation nuclei over a high altitude urban 
atmosphere in eastern Himalaya. Science of The Total Envi-
ronment, 742, 140468. https://doi.org/10.1016/j.scitotenv. 
2020.140468

Decesari, S., Facchini, M.C., Carbone, C., Giulianelli, L., Rinaldi, 
M., Finessi, E., Fuzzi, S., Marinoni, A., Cristofanelli, P., 
Duchi, R., Bonasoni, P., Vuillermoz, E., Cozic, J., Jaffrezo, J. 
L., Laj, P. (2010) Chemical composition of PM10 and PM1 at 
the high-altitude Himalayan station Nepal Climate Observa-
tory-Pyramid (NCO-P) (5079 m a.s.l.). Atmospheric Chem-
istry and Physics, 10(10), 4583-4596. https://doi.org/10. 



                       Asian Journal of Atmospheric Environment, Vol. 16, No. 1, 2021149, 2022

10      www.asianjae.org

5194/acp-10-4583-2010
Dou, T.-F., Xiao, C.-D. (2016) An overview of black carbon 

deposition and its radiative forcing over the Arctic. Advances 
in Climate Change Research, 7(3), 115-122. https://doi.
org/10.1016/j.accre.2016.10.003

Draxler, R.R. (1992) Hybrid Single-Particle Lagrangian Inte-
grated Trajectories (HY-SPLIT): Version 3.0 - User’s guide 
and model description. NOAA Technical Memorandum 
ERL ARL - 195 (p. 84). Silver Spring, MD.

Draxler, R.R. (2003) Evaluation of an Ensemble Dispersion 
Calculation. Journal of Applied Meteorology, 42(2), 308-
317. https://doi.org/10.1175/1520-0450(2003)042<0308: 
EOAEDC>2.0.CO;2

Draxler, R.R., Rolph, G.D. (2012) Evaluation of the Transfer 
Coefficient Matrix (TCM) approach to model the atmosphe- 
ric radionuclide air concentrations from Fukushima. Journal 
of Geophysical Research: Atmospheres, 117(D5), n/a-n/a. 
https://doi.org/10.1029/2011JD017205

Drinovec, L., Močnik, G., Zotter, P., Prévôt, A.S.H., Ruckstuhl, 
C., Coz, E., Rupakheti, M., Sciare, J., Müller, T., Wieden- 
sohler, A., Hansen, A.D.A. (2015) The “dual-spot” Aetha-
lometer: an improved measurement of aerosol black carbon 
with real-time loading compensation. Atmospheric Measure-
ment Techniques, 8(5), 1965-1979. https://doi.org/10. 
5194/amt-8-1965-2015

Dumka, U.C., Moorthy, K.K., Kumar, R., Hegde, P., Sagar, R., 
Pant, P., Singh, N., Babu, S.S. (2010) Characteristics of aero-
sol black carbon mass concentration over a high altitude 
location in the Central Himalayas from multi-year measure-
ments. Atmospheric Research, 96(4), 510-521. https://doi.
org/10.1016/j.atmosres.2009.12.010

Dumka, U.C., Tripathi, S.N., Misra, A., Giles, D.M., Eck, T.F., 
Sagar, R., Holben, B.N. (2014) Latitudinal variation of aero-
sol properties from Indo-Gangetic Plain to central Himala-
yan foothills during TIGERZ campaign. Journal of Geophy- 
sical Research: Atmospheres, 119(8), 4750-4769. https://
doi.org/10.1002/2013JD021040

Flanner, M.G., Zender, C.S., Hess, P.G., Mahowald, N.M., Pain- 
ter, T.H., Ramanathan, V., Rasch, P.J. (2009) Springtime 
warming and reduced snow cover from carbonaceous parti-
cles. Atmospheric Chemistry and Physics, 9(7), 2481-2497. 
https://doi.org/10.5194/acp-9-2481-2009

Gong, W., Zhang, T., Zhu, Z., Ma, Y., Ma, X., Wang, W. (2015) 
Characteristics of PM1.0, PM2.5, and PM10, and Their Rela-
tion to Black Carbon in Wuhan, Central China. Atmosphere, 
6(9), 1377-1387. https://doi.org/10.3390/atmos6091377

Grivas, G., Stavroulas, I., Liakakou, E., Kaskaoutis, D.G., Bougia-
tioti, A., Paraskevopoulou, D., Gerasopoulos, E., Mihalopou-
los, N. (2019) Measuring the spatial variability of black car-
bon in Athens during wintertime. Air Quality, Atmosphere 
& Health, 12(12), 1405-1417. https://doi.org/10.1007/
s11869-019-00756-y

Helin, A., Niemi, J.V., Virkkula, A., Pirjola, L., Teinilä, K., Back-
man, J., Aurela, M., Saarikoski, S., Rönkkö, T., Asmi, E., Tim-
onen, H. (2018) Characteristics and source apportionment 
of black carbon in the Helsinki metropolitan area, Finland. 
Atmospheric Environment, 190, 87-98. https://doi.org/ 
10.1016/j.atmosenv.2018.07.022

Hyvärinen, A., Lihavainen, H., Komppula, M., Sharma, V.P., 
Kerminen, V., Panwar, T.S., Viisanen, Y. (2009) Continuous 
measurements of optical properties of atmospheric aerosols 
in Mukteshwar, northern India. Journal of Geophysical Res- 
earch, 114(D8), D08207. https://doi.org/10.1029/2008JD 
011489

Jeelani, G., Deshpande, R.D., Shah, R.A., Hassan, W. (2017) 
Influence of southwest monsoons in the Kashmir Valley, 
western Himalayas. Isotopes in Environmental and Health 
Studies, 53(4), 400-412. https://doi.org/10.1080/1025601
6.2016.1273224

Kang, S., Zhang, Q., Qian, Y., Ji, Z., Li, C., Cong, Z., Zhang,  
Y., Guo, J., Du, W., Huang, J., You, Q., Panday, A.K., Rupak- 
heti, M., Chen, D., Gustafsson, Ö., Thiemens, M.H., Qin, D. 
(2019) Linking atmospheric pollution to cryospheric change 
in the Third Pole region: current progress and future pros-
pects. National Science Review, 6(4), 796-809. https://doi.
org/10.1093/nsr/nwz031

Kang, S., Zhang, Y., Qian, Y., Wang, H. (2020) A review of black 
carbon in snow and ice and its impact on the cryosphere. 
Earth-Science Reviews, 210, 103346. https://doi.org/10. 
1016/j.earscirev.2020.103346

Kant, Y., Shaik, D.S., Mitra, D., Chandola, H.C., Babu, S.S., 
Chauhan, P. (2020) Black carbon aerosol quantification over 
north-west Himalayas: Seasonal heterogeneity, source 
apportionment and radiative forcing. Environmental Pollu-
tion, 257, 113446. https://doi.org/10.1016/j.envpol.2019. 
113446

Kassambara, A. (2017) Practical guide to principal component 
methods in R: PCA, M (CA), FAMD, MFA, HCPC, facto-
extra (Vol. 2). Sthda.

Khan, A.L., Rittger, K., Xian, P., Katich, J.M., Armstrong, R.L., 
Kayastha, R.B., Dana, J.L., McKnight, D.M. (2020) Biofuel 
Burning Influences Refractory Black Carbon Concentrations 
in Seasonal Snow at Lower Elevations of the Dudh Koshi 
River Basin of Nepal. Frontiers in Earth Science, 8, 371. 
https://doi.org/10.3389/feart.2020.00371

Klimont, Z., Kupiainen, K., Heyes, C., Purohit, P., Cofala, J., 
Rafaj, P., Borken-Kleefeld, J., Schöpp, W. (2017) Global 
anthropogenic emissions of particulate matter including black 
carbon. Atmospheric Chemistry and Physics, 17(14), 8681-
8723. https://doi.org/10.5194/acp-17-8681-2017

Kompalli, S.K., Babu, S.S., Bharatan, L.N., Moorthy, K.K. (2016) 
Spring-time enhancement in aerosol burden over a high-alti-
tude location in western trans-Himalaya: results from long-
term observations. Current Science, 111(1), 117-131.

Kulkarni, A.V., Bahuguna, I.M., Rathore, B.P., Singh, S.K., Ran- 
dhawa, S.S., Sood, R.K., Dhar, S. (2007) Glacial retreat in 
Himalaya using Indian Remote Sensing satellite data. Current 
Science, 92(1), 69-74. http://www.jstor.org/stable/24096 
824

Kumar, R., Naja, M., Satheesh, S.K., Ojha, N., Joshi, H., Sarangi, 
T., Pant, P., Dumka, U.C., Hegde, P., Venkataramani, S. 
(2011) Influences of the springtime northern Indian bio-
mass burning over the central Himalayas. Journal of Geo-
physical Research, 116(D19), D19302. https://doi.org/10. 
1029/2010JD015509

Latha, R., Murthy, B.S., Lipi, K., Srivastava, M.K., Kumar, M. 



Black Carbon Concentration during Spring Season at High Altitude Urban Center in Eastern Himalayan Region of India

www.asianjae.org      11

(2017) Absorbing Aerosols, Possible Implication to Crop 
Yield - A Comparison between IGB Stations. Aerosol and 
Air Quality Research, 17(3), 693-705. https://doi.org/ 
10.4209/aaqr.2016.02.0054

Lin, W., Huang, W., Zhu, T., Hu, M., Brunekreef, B., Zhang, Y., 
Liu, X., Cheng, H., Gehring, U., Li, C., Tang, X. (2011) 
Acute Respiratory Inflammation in Children and Black Car-
bon in Ambient Air before and during the 2008 Beijing 
Olympics. Environmental Health Perspectives, 119(10), 
1507-1512. https://doi.org/10.1289/ehp.1103461

Lu, Z., Zhang, Q., Streets, D.G. (2011) Sulfur dioxide and pri-
mary carbonaceous aerosol emissions in China and India, 
1996-2010. Atmospheric Chemistry and Physics, 11(18), 
9839-9864. https://doi.org/10.5194/acp-11-9839-2011

Marinoni, A., Cristofanelli, P., Laj, P., Duchi, R., Calzolari, F., 
Decesari, S., Sellegri, K., Vuillermoz, E., Verza, G.P., Villani, 
P., Bonasoni, P. (2010) Aerosol mass and black carbon con-
centrations, a two year record at NCO-P (5079 m, Southern 
Himalayas). Atmospheric Chemistry and Physics, 10(17), 
8551-8562. https://doi.org/10.5194/acp-10-8551-2010

Pradhan, B.K. (2017) Climate Action: It Has To Start Right 
now, Right Here, and Right From Us Sikkim can show a path 
of light to other Himalayan states. PANDA, 10(4), 30-35.

Pradhan, B.K. (2018) Climate Change: How Vulnerable is Sik-
kim?. PANDA, 11(1), 73-79.

Prakash, J., Vats, P., Sharma, A.K., Ganguly, D., Habib, G. (2020) 
New Emission Inventory of Carbonaceous Aerosols from 
the On-road Transport Sector in India and its Implications 
for Direct Radiative Forcing over the Region. Aerosol and 
Air Quality Research, 20(4), 741-761. https://doi.org/10. 
4209/aaqr.2019.08.0393

Raju, M.P., Safai, P.D., Sonbawne, S.M., Buchunde, P.S., Pan-
dithurai, G., Dani, K.K. (2020) Black carbon aerosols over a 
high altitude station, Mahabaleshwar: Radiative forcing and 
source apportionment. Atmospheric Pollution Research, 
11(8), 1408-1417. https://doi.org/10.1016/j.apr.2020.05. 
024

Ramachandran, S., Rupakheti, M., Lawrence, M.G. (2020) Black 
carbon dominates the aerosol absorption over the Indo-Gan-
getic Plain and the Himalayan foothills. Environment Interna-
tional, 142, 105814. https://doi.org/10.1016/j.envint.2020. 
105814

Ramanathan, V., Li, F., Ramana, M.V., Praveen, P.S., Kim, D., 
Corrigan, C.E., Nguyen, H., Stone, E.A., Schauer, J.J., Carmi-
chael, G.R., Adhikary, B., Yoon, S.C. (2007) Atmospheric 
brown clouds: Hemispherical and regional variations in 
long-range transport, absorption, and radiative forcing. Jour-
nal of Geophysical Research, 112(D22), D22S21. https://
doi.org/10.1029/2006JD008124

Ramanathan, V., Carmichael, G. (2008) Global and regional cli-
mate changes due to black carbon. Nature Geoscience, 1(4), 
221-227. https://doi.org/10.1038/ngeo156

Roy, A., Chatterjee, A., Sarkar, C., Das, S.K., Ghosh, S.K., Raha, 
S. (2017) A study on aerosol-cloud condensation nuclei 

(CCN) activation over eastern Himalaya in India. Atmo-
spheric Research, 189, 69-81. https://doi.org/10.1016/

j.atmosres.2017.01.015
Sandradewi, J., Prévôt, A.S.H., Alfarra, M.R., Szidat, S., Wehrli, 

M.N., Ruff, M., Weimer, S., Lanz, V.A., Weingartner, E., Per-
ron, N. (2008) Comparison of several wood smoke markers 
and source apportionment methods for wood burning par-
ticulate mass. Atmospheric Chemistry and Physics Discus-
sions, 8(2), 8091-8118.

Sandradewi, J., Prévôt, A.S.H., Szidat, S., Perron, N., Alfarra, 
M.R., Lanz, V.A., Weingartner, E., Baltensperger, U. (2008a) 
Using Aerosol Light Absorption Measurements for the Quan- 
titative Determination of Wood Burning and Traffic Emis- 
sion Contributions to Particulate Matter. Environmental Sci-
ence & Technology, 42(9), 3316-3323. https://doi.org/10. 
1021/es702253m

Sarkar, C., Chatterjee, A., Singh, A.K., Ghosh, S.K., Raha, S. 
(2015) Characterization of Black Carbon Aerosols over Dar-
jeeling - A High Altitude Himalayan Station in Eastern India. 
Aerosol and Air Quality Research, 15(2), 465-478. https://
doi.org/10.4209/aaqr.2014.02.0028

Shehab, M.A., Pope, F.D. (2019) Effects of short-term exposure 
to particulate matter air pollution on cognitive performance. 
Scientific Reports, 9(1), 8237. https://doi.org/10.1038/
s41598-019-44561-0

Singh, N., Banerjee, T., Raju, M.P., Deboudt, K., Sorek-Hamer, 
M., Singh, R.S., Mall, R.K. (2018) Aerosol chemistry, trans-
port, and climatic implications during extreme biomass burn-
ing emissions over the Indo-Gangetic Plain. Atmospheric 
Chemistry and Physics, 18(19), 14197-14215. https:// 
doi.org/10.5194/acp-18-14197-2018

Talukdar, S., Venkat Ratnam, M., Ravikiran, V., Chakraborty, R. 
(2019) Influence of Black Carbon Aerosol on the Atmo-
spheric Instability. Journal of Geophysical Research: Atmo-
spheres, 124(10), 5539-5554. https://doi.org/10.1029/ 
2018JD029611

Venkataraman, C., Habib, G., Eiguren-Fernandez, A., Miguel, 
A.H., Friedlander, S.K. (2005) Residential Biofuels in South 
Asia: Carbonaceous Aerosol Emissions and Climate Imp- 
acts. Science, 307(5714), 1454-1456. https://doi.org/10. 
1126/science.1104359

Watson, J.G., Chow, J.C., Chen, L.-W.A. (2005) Summary of 
Organic and Elemental Carbon/Black Carbon Analysis 
Methods and Intercomparisons. Aerosol and Air Quality Res- 
earch, 5(1), 65-102. https://doi.org/10.4209/aaqr.2005.06. 
0006

Zhao, Z., Wang, Q., Xu, B., Shen, Z., Huang, R., Zhu, C., Su, X., 
Zhao, S., Long, X., Liu, S., Cao, J. (2017) Black carbon aero-
sol and its radiative impact at a high-altitude remote site on 
the southeastern Tibet Plateau. Journal of Geophysical 
Research: Atmospheres, 122(10), 5515-5530. https://doi.
org/10.1002/2016JD026032

Zhou, C., Penner, J.E., Flanner, M.G., Bisiaux, M.M., Edwards, 
R., McConnell, J.R. (2012) Transport of black carbon to 
polar regions: Sensitivity and forcing by black carbon. Geo-
physical Research Letters, 39(22), n/a-n/a. https://doi.
org/10.1029/2012GL053388



                       A
sian Journal of A

tm
ospheric Environm

ent, Vol. 16, N
o. 1, 2021149, 2022

12      w
w

w.asianjae.org

Table S1. Summary statistics of BC, BB, CO₂, RH, PR, and TM at different sampling sites during the sampling period.

Sampling site Altitude (m) BB (%) BC (µg m-3) TM (°C) RH (%) PR (hPa) CO2 (ppm)

MCK 893 28.88±11.92 9.73±3.30 21.77±3.54 64.14±22.75 910.72±2.80 442.8±130.84
ADP 919 28.88±12.74 10.20±6.20 23.06±3.50 61.57±23.03 906.5±2.56 534.84±306.72
BJF 1,233 26.24±12.00 11.12±8.81 26.02±1.10 40.48±6.82 874.22±1.34 366.07±14.58
LIN 1,265 24.44±9.36 12.60±6.27 19.76±1.27 60.73±13.79 874.86±1.71 370.7±15.83
RKM 1,330 30.33±13.61 8.09±3.41 24.41±1.71 43.69±6.50 864.03±3.56 357.43±11.12
RTM 1,398 32.22±12.07 8.17±1.78 23.59±3.31 50.35±15.51 859.68±11.96 418.81±106.43
PKH 1,502 40.02±28.11 4.10±6.53 16.37±3.08 72.56±8.50 849.19±1.34 353.36±9.82
NIT 1,529 29.79±10.60 9.88±3.51 19.76±1.12 54.7±6.87 848.97±1.80 357.11±14.27
BKF 1,671 27.16±17.25 12.06±8.06 23.00±1.26 45.43±5.98 831.64±0.74 355.38±21.57
RDP 1,726 34.19±13.58 9.39±2.66 20.29±1.22 52.48±6.61 827.22±0.98 344.57±33.04
TVP 1,878 28.48±11.82 9.81±7.67 20.97±1.73 51.26±10.62 811.39±0.88 330.98±12.05
GTM 1,992 25.13±10.13 11.35±12.29 21.19±1.72 49.72±7.72 801.26±1.20 332.16±33.25
HTM 2,187 29.04±11.49 8.02±4.57 20.09±1.81 47.34±8.68 785.59±3.96 325.1±23.41

Table S2. Results of normality test.

Sites

BB BC TM RH PR CO2

KS-
test

Shapiro-
Wilk-
test

Jarque-
Bera-
test

KS-
test

Shapiro-
Wilk-
test

Jarque-
Bera-
test

KS-
test

Shapiro-
Wilk-
test

Jarque-
Bera-
test

KS-
test

Shapiro-
Wilk-
test

Jarque-
Bera-
test

KS-
test

Shapiro-
Wilk-
test

Jarque-
Bera-
test

KS-
test

Shapiro-
Wilk-
test

Jarque-
Bera-
test

RDP 0.131 0.005 0.143 0.060 0.000 0.000 0.012 0.000 0.006 0.166 0.022 0.208 0.014 0.000 0.023 0.000 0.000 0.000
HTM 0.019 0.000 0.006 0.000 0.000 0.000 0.127 0.000 0.024 0.015 0.000 0.003 0.000 0.000 0.001 0.000 0.000 0.000
GTM 0.327 0.160 0.589 0.000 0.000 0.000 0.056 0.000 0.023 0.004 0.000 0.077 0.000 0.000 0.000 0.000 0.000 0.000
TVP 0.268 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.707 0.019 0.175 0.017 0.000 0.003 0.000 0.000 0.000
BKF 0.026 0.000 0.000 0.000 0.000 0.000 0.020 0.000 0.027 0.065 0.001 0.059 0.005 0.000 0.021 0.039 0.000 0.000
BJF 0.149 0.003 0.079 0.000 0.000 0.000 0.001 0.000 0.006 0.001 0.000 0.002 0.060 0.000 0.103 0.000 0.000 0.000
RKM 0.019 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.080 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
RTM 0.156 0.000 0.129 0.031 0.000 0.000 0.015 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.012 0.000 0.000 0.000
ADP 0.424 0.003 0.087 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000
MCK 0.049 0.000 0.019 0.697 0.003 0.002 0.022 0.000 0.004 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
LIN 0.009 0.000 0.014 0.082 0.000 0.000 0.030 0.000 0.014 0.004 0.000 0.002 0.003 0.000 0.202 0.000 0.000 0.000
NIT 0.204 0.001 0.042 0.000 0.000 0.001 0.000 0.000 0.007 0.002 0.000 0.007 0.000 0.000 0.104 0.026 0.000 0.000
PKH 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Table S3. Results showing PCA analysis

Principal components Eigen value Total inertia (%) Cumulative inertia

1 2.285 32.64 32.64
2 2.007 28.67 61.31
3 1.041 14.87 76.18
4 0.921 13.16 89.34
5 0.650 09.29 98.63
6 0.088 01.26 99.89
7 0.007 0.1 100.00

Total 7.000

Fig. S1. Time series plot showing interrelationship among different variables (BB%, BC, Temp, RH, PR, CO2).
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