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Abstract. Black carbon (BC) and brown carbon (BrC) both have a versatile nature, and they have an apparent
role in climate variability and changes. As anthropogenic activity is surging, BC and BrC are also reportedly
increasing. So, the monitoring of BC and BrC and observations of land use land cover change (LULCC) at a
regional level are necessary for the changes in various interconnected meteorological phenomena. The current
study investigates BC, BrC, CO2, BC from fossil fuels (BCff), BC from biomass burning (BCbb), and LULCC
and their relationship to the corresponding meteorological conditions over Gangtok in the Sikkim Himalayan
region. The concentration of BC (BrC) was found to be highest during March 2022 (April 2021) at 43.5 µgm−3

(32.0 µgm−3). Surface pressure exhibits a significant positive correlation with BC, BCff, BCbb, and BrC. Higher
surface pressure results in a calmer and more stable boundary layer, which effectively retains deposited con-
taminants. Conversely, the wind appears to facilitate the dispersion of pollutants, showing a strong negative
correlation. The fact that all pollutants and precipitation have been shown to behave similarly points to moist
scavenging of the pollutants. Despite the dense cloud cover, it is clear that the area is not receiving convective
precipitation, implying that orographic precipitation is occurring over the region. Most of Sikkim receives con-
vective rain from May to September, indicating that the region has significant convective activity contributed
from the Bay of Bengal during the monsoon season. Furthermore, monsoon months have the lowest concentra-
tions of BC, BCbb, BCff, and BrC, suggesting the potential of convective rain (as rainout scavenging) to remove
most of the pollutants.

1 Introduction

Black carbon (BC) and brown carbon (BrC) are components
of fine particulate matter in air pollution, which has a de-
ceptive role in climate variability and change. BC and BrC
are short-lived climate pollutants with a lifetime of only days
to weeks after release into the atmosphere (Pierrehumbert,
2014). During this short period of time, BC and BrC can
have significant direct and indirect impacts on the climate,
the cryosphere, agriculture, and human health (Shindell et al.,

2012). BC and BrC consist of pure carbon in several inter-
connected forms. BC is formed through the incomplete com-
bustion of fossil fuels, biofuel, and biomass and is one of
the main types of particles in both anthropogenic and nat-
urally occurring soot (Bond et al., 2004). BrC in the atmo-
sphere has been attributed to the burning of biomass and
fossil fuels; the biogenic release of fungi, plant debris, and
humic matter; and multiphase reactions between gas-phase,
particulate, and cloud microdroplet constituents in the atmo-
sphere (Laskin et al., 2015). BC and BrC are transported
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from their source to many locations across the world (Ra-
manathan and Carmichael, 2008). The BC and BrC released
into the atmosphere exhibit a vertical distribution and fol-
low the prevailing wind speed and direction. They engage
with various atmospheric components before eventually set-
tling on the Earth’s surface through either wet or dry depo-
sition processes. Their hygroscopic properties render them
more prone to cloud seeding and cloud formation, thereby
contributing directly to the precipitation mechanism in re-
gions with high humidity (Stevens and Feingold, 2009). In
addition, they absorb both incoming and outgoing radiation.
Atmospheric BC and BrC modify radiative forcing; disturb
atmospheric stability, regional circulation, and rainfall pat-
terns; affect cloud albedo; cause material damage; reduce
agricultural productivity; degrade the ecosystem; and affect
human health (Zhang et al., 2013). However, due to an in-
sufficiency of observations, BrC is one of the least under-
stood and uncertain warming agents (Yue et al., 2022). Nu-
merous studies have been conducted to analyse the global
distribution of BC and BrC, including research focused on
these species within India as well (Reddy and Venkataraman,
2002a, b; Venkataraman et al., 2006; Park et al., 2010; Sloss,
2012; Helin et al., 2021; R. R. Kumar et al., 2020; Watham
et al., 2021; Bhat et al., 2022; Runa et al., 2022; Yue et al.,
2022; P. Kumar et al., 2018). However, the overall worldwide
BC emission is estimated to be 4800–7200 Ggyr−1 (Klimont
et al., 2017). In 2001, India’s total BC emissions were pro-
jected to be 1343.78 Gg (Sloss, 2012). Residential fuel burn-
ing and transportation contribute a maximum to the global
anthropogenic BC emission (Helin et al., 2021). About 60 %
to 80 % of residential fuel (coal and biomass) emissions are
reported from Asian and African countries, whereas approx-
imately 70 % of diesel engine emissions are found to be from
Europe, North America, and Latin America (Johnson et al.,
2019; Ayompe et al., 2021; Adeeyo et al., 2022; Sun et al.,
2022).

On the other hand, emissions on the Indian subcontinent
have increased by 40 % since the year 2000 (Kurokawa and
Ohara, 2020; Sun et al., 2022). According to Reddy and
Venkataraman (2002a, b), the estimated BC emissions in In-
dia are fossil fuels (100 Gg), biofuel (207 Gg), and open
burning (39 Gg) with a climatic forcing of +1.1 Wm−2.
Black carbon is the second-most-significant human emis-
sion in the current atmosphere (Sharma et al., 2022). BC
concentration was measured by Zhao et al. (2017) in the
south-eastern Tibetan Plateau (TP). Daily mean BC loadings
ranged from 57.7 to 5368.9 ngm−3, demonstrating a high
BC burden even at free-tropospheric altitudes (Zhao et al.,
2017). Black carbon (BC) deposition was estimated at the
Nepal Climate Observatory at Pyramid (NCO-P) site in the
Himalayan region during the pre-monsoon season (March–
May). A total BC deposition rate of 2.89 µgm−3 d−1 was
estimated, resulting in a total deposition of 266 µgm−3 for
March–May (Yasunari et al., 2010). From the Indian per-
spective, several key short-term incidents have contributed

to a rise in India’s BC concentration from biomass burn-
ing and other sources (R. R. Kumar et al., 2020). Burning
agricultural waste (stubble) is widespread in India and sev-
eral other nations. Many studies suggest that increased BC in
northern India, notably the Indo-Gangetic Plain (IGP), is the
global absorbing aerosol hotspot (Venkataraman et al., 2006;
Ramanathan and Carmichael, 2008). In India, post-monsoon
paddy crop waste burning occurs in the months of October
and November in the north and north-west parts of India
(Venkataraman et al., 2006). In the north-western IGP (espe-
cially Punjab, Haryana, and western Uttar Pradesh), stubble
burning is a popular practice (Venkataraman et al., 2006).
Long-distance transport of BC aerosols, mostly from Asia
to the North Pacific and South America to the south-west
Atlantic, is often recognised as a significant factor in local
concentration (Evangelista et al., 2007). However, in India,
only local sources (89 %) affect BC concentrations (Zhang
et al., 2013), as there is not much movement of transboundary
aerosols over the IGP (M. Kumar et al., 2018; Kedia et al.,
2014; Ramachandran and Rupakheti, 2022; Ramachandran
et al., 2020). Both marine and continental air masses con-
tributed to total aerosol loading over the central IGP (Kumar
et al., 2017; Shukla et al., 2022).

Black carbon is a light-absorbing particle that is re-
leased into the atmosphere directly in the form of ultrafine
(< 0.1 µm) to fine particles (< 2.5 µm) (Gupta et al., 2017).
BC is a good tracer for particle deposition as it is non-
volatile, insoluble, and chemically inert, and it can also mix
well with other aerosol species in the atmosphere (Kiran
et al., 2018). As a result, BC deposition data are important,
not just for BC sinks but also for a broader understanding
of aerosol deposition. BC emissions are mostly influenced
by significant changes in the energy sector, fuel usage, and
industrial expansion and an increase in the number of vehi-
cles (Bisht et al., 2015). Residential fuels like wood, agri-
cultural waste, and cow dung used for cooking and biomass
usage for home purposes are the primary sources of BC emis-
sions (Venkataraman et al., 2006). The Asian mainland is a
substantial contributor to global BC emissions and has been
identified as a hotspot (Gupta et al., 2017). BC has a high
absorption ability, accounting for 90 %–95 % of total atmo-
spheric aerosol absorption (Hansen et al., 1984). It can ab-
sorb solar energy in the visible–infrared band and warm the
environment. In comparison to carbon dioxide, BC has a
much shorter life cycle in the atmosphere. As a result, mit-
igation or reduction has a greater positive impact on the at-
mosphere (Kirchstetter et al., 2004; Takemura and Suzuki,
2019). Changing land use land cover (LULC) has a very sig-
nificant impact on weather, climate, and aerosols (Mahmood
et al., 2010). It is a well-established fact that land use land
cover change (LULCC) is directly related to land surface
temperature, vehicular emission, and anthropogenic activity
(Aithal et al., 2019). This motivated the present study for fur-
ther analysis of LULCC in the Sikkim region and its relation
with temperature and BC and BrC for March 2021–March
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2022. The current study’s objectives are to assess the intra-
annual variability of black and brown carbon (BC and BrC)
(diurnal, daily, monthly) during the study period March 2021
to March 2022 and the interrelationship between meteoro-
logical conditions and BC and BrC, along with LULCC for
3 decades (2000, 2010, and 2020) and its relationship with
anthropogenic activity over Gangtok.

2 Study location

The Gangtok Municipal Corporation (GMC) has been se-
lected for the present study on the basis of its urban exposure
and settlement change for 3 decades, as well as congruent
temperature rise (Fig. S1 in the Supplement). The sampling
was carried out in the Pani House area in Gangtok, GMC,
with a latitude of 27.323° N and a longitude of 88.609° E.
Sikkim is surrounded by Nepal, China, and Bhutan from the
west, north, and east, respectively, and is part of the Trans-
Himalaya and Greater Himalayan range. Moreover, Sikkim
has one of the most fragile forest covers. However, Gang-
tok is a densely populated city and the capital of the state of
Sikkim; it is situated in the East Sikkim district (see Fig. 1a).
The population of Sikkim has been found to have increased
as per the Indian census for 3 decades, as can be seen in Ta-
ble S1 in the Supplement.

2.1 Data and methodology

The real-time sampling of BC was carried out from 10 March
2021 to 17 March 2022 at Gangtok using the seven-channel
dual-spot aethalometer (Model AE-33-7, Magee Scientific,
USA). The Aethalometer AE-33 is an aerosol instrument
with a detection limit of < 0.005 µgm−3 for a 1 h period
and a measuring range of 0.01 to 100 µgm−3. It has a pro-
grammable measuring frequency of 1 s or 1 min and a pro-
grammable flow rate of 2 to 5 lpm. The data were collected
for the measurement of BC and BrC associated with particu-
late matter with an aerodynamic diameter of less than 2.5 µm
(PM2.5). The concentrations of BC, BrC, BCbb, and BCff
have been estimated by the Carbonaceous Aerosol Analy-
sis Tools (CAAT) software tool from the Magee Scientific
Aethalometer, model AE33 (Hansen and Schnell, 2005). The
carbon dioxide (CO2) was measured using a CO2 sensor
(Vaisala-GMP343), which is attached to the aethalometer.
The inlet of the aethalometer was mounted at a height of 15 m
above ground level. One of the main sources of uncertainty
in utilising aerosol absorption measurements to estimate the
BrC absorption coefficient at 370 nm is the potential contri-
bution of other species, such as black carbon and dust, to the
measured absorption. This can result in an overestimation of
BrC mass concentration, especially in environments where
these species coexist. However, the Sikkim region stands out
for having one of the highest precipitation levels globally and
a minimal dust pollution contribution. Consequently, there is
likely to be less over- or underestimation. Therefore, in this

study, mass concentration was employed to address these un-
certainties.

A new dataset of BC, BrC, black carbon from biomass
burning (BCbb), black carbon from fossil fuels (BCff), the
percentage contribution of biomass burning to BC (BB%),
and CO2 has been generated over the unreported region of
Sikkim Himalaya. The diurnal and monthly datasets of BC,
BCbb, BCff, BrC, BB%, and CO2 have been given in de-
tail in Table S2 and S3 in the Supplement. In addition to
this, the meteorological data have been selected for ERA5
reanalysis for the study. LULC data have been taken from
USGS Earth Explorer of Landsat-5 data for 2000 and 2010,
Landsat-8 data for 2020, and Sentinel-2 data for 2021 (Karra
et al., 2021). LULC data have been chosen for the month
of December to minimise the cloud cover. The details of the
LULC calculation steps used are given in Sect. S1.3 in the
Supplement. Brief details of the dataset are given in Table 1.

2.2 Estimation of BrC

Carbonaceous Aerosol Analysis Tools (CAAT) software
from the Magee Scientific Aethalometer, model AE33, was
utilised to estimate the concentrations of BC, BrC, BCbb, and
BCff. The absorption coefficients of BC and BrC were de-
termined using the multi-wavelength absorption coefficients
provided by the aethalometer. The presence of BrC was iden-
tified by observing the maximum light absorption between
370–590 nm, but its absorption may increase significantly be-
low this range depending on its composition. The attenuation
of illumination measured in this study using the aethalome-
ter was attributed solely to the contribution of BC and BrC.
It is believed that the absorption coefficient at 370 nm mea-
sured by the aethalometer represents the combined absorp-
tion coefficients of BC and BrC, which is denoted as σBC+BrC
(370 nm). This assumption is similar to the model used in the
multi-wavelength absorbance analyser (MWAA) approach
for source allocation, as described in Massabò et al. (2015).
Equation (1) was used to calculate the σBrC (370 nm) absorp-
tion coefficient (Sect. S1 in the Supplement), which involved
subtracting the contribution of BC (σBC, 370 nm) from the
observed absorption coefficient (σBC+BrC (370 nm)).

σBrC(370nm)= σBC+BrC(370nm)− σBC(370nm) (1)

The σBC (370 nm) was calculated by applying the power-
law fit to absorption data in the 590–950 nm wavelength
range provided in Eq. (1).

σBC(λ)= βλ−AAEBC (2)

The absorption Ångström exponent of BC is denoted as
AAEBC, with β being a constant value. As BC is a signif-
icant contributor to light absorption at wavelengths beyond
590 nm, the contribution of other aerosol species can be ne-
glected, and AAEBC can be calculated using Eq. (3), as stated
in Rathod and Sahu (2022). The AAE for both BC and BrC

https://doi.org/10.5194/acp-24-11585-2024 Atmos. Chem. Phys., 24, 11585–11601, 2024



11588 P. Kumar et al.: Measurement report: Intra-annual variability of black and brown carbon in Gangtok, Sikkim

Table
1.T

he
details

ofdatasets
used

forthe
presentstudy.

V
ariables

D
atasets

Y
ears

(span)
R

esolution
Source

R
eference

Tem
poral

H
orizontal

B
lack

and
brow

n
carbon

O
bservation

and
analysis

data
generated

using
A

ethalom
eter

A
E

33

M
arch

2021–
M

arch
2022

W
eekly

Point
location
(G

angtok)

O
riginaldata

generated
Presentstudy

Totalprecipitation
E

R
A

5
(E

C
M

W
F)

2021
to

2022
H

ourly
0.25°

×
0.25°

E
C

M
W

F
H

ersbach
etal.

R
elative

hum
idity

https://doi.org/10.24381/cds.adbb2d47
(2023,2020)

Tem
perature

(2
m

)

W
ind

(surface
w

ind)

Surface
pressure

D
ew

pointtem
perature

N
et

solar
and

therm
al

radiation
dow

nw
ard

L
U

L
C

L
andSat-5,L

andSat-8,and
U

SG
S

E
arth

E
xplorer

D
ecem

ber
2000,

D
ecem

ber
2010,

D
ecem

ber2020

2000,
2010,
2020

30
m

,30
m

U
SG

S
E

arth
E

xplorer
https://earthexplorer.usgs.gov/
(lastaccess:22

A
ugust2024)

U
SG

S
E

arth
E

xplorer

L
U

L
C

Sentinel-2
E

sriInc.
D

ecem
ber2021

2021
10

m
E

sriInc.
https://w

w
w

.arcgis.com
/hom

e/item
.htm

l?id=
d3da5dd386d140cf93fc9ecbf8da5e31
(lastaccess:22

A
ugust2024)

K
arra

etal.(2021)

Atmos. Chem. Phys., 24, 11585–11601, 2024 https://doi.org/10.5194/acp-24-11585-2024

https://doi.org/10.24381/cds.adbb2d47
https://earthexplorer.usgs.gov/
https://www.arcgis.com/home/item.html?id=d3da5dd386d140cf93fc9ecbf8da5e31
https://www.arcgis.com/home/item.html?id=d3da5dd386d140cf93fc9ecbf8da5e31


P. Kumar et al.: Measurement report: Intra-annual variability of black and brown carbon in Gangtok, Sikkim 11589

Figure 1. The study location and land use land cover for 2000, 2010, 2020, and 2021 for December over Gangtok and the Sikkim region
using Landsat-5, Landsat-8, and Sentinel-2 datasets.

can be expressed as σ , and in this study, the AAE definition
by Moosmüller et al. (2011) was used instead of the AAE
specified for a wavelength pair. This value is determined by
Eq. (3), which calculates the negative log–log slope of the
absorption spectrum at wavelength λ.

AAEBC =−
dlnσBC

dlnλ
(3)

Instead of the conventional approach where AAEBC is as-
sumed to be 1, we utilised the AAEBC that was observed on-
site to calculate σBC(λ). Equation (4) was employed to deter-
mine σBrC (370 nm) by substituting σBC(λ) at 370 nm, which
was obtained using Eq. (2) (Wang et al., 2020), into Eq. (4)
(refer to Sects. S1.1 and S1.2 and Fig. S2 in the Supplement
for details).

σBrC(370nm)= σBC+BrC(370nm)−β(370nm)−AAEBC (4)

To calculate σBrC(λ) at 470 nm and 520 nm, we can sub-
tract the modelled BC from the measured absorption coef-

ficients in a similar manner. It is worth noting that the BrC
absorption coefficients are very low at wavelengths beyond
590 nm (Wang et al., 2020), according to Rathod et al. (2017)
and Rathod and Sahu (2022); hence they are not taken into
account (Sect. S1 in the Supplement; referred to Eqs. S1
to S13).

2.3 Data analysis

LULCC also has a direct impact on vehicular emissions
and other anthropogenic activities. Urbanisation, conceiv-
ably, can lead to increased vehicle traffic and emissions,
which can contribute to air pollution and climate change.
Changes in land use can also affect the amount and type
of vegetation, which can influence the carbon cycle and the
amount of greenhouse gases in the atmosphere. ERA-5 re-
analysis data have been used for meteorological analysis viz.
wind pattern, precipitation, relative humidity, and tempera-
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ture (Hersbach et al., 2020). The hourly data have been taken
for the analysis, and then the daily, monthly, and seasonal av-
erages have been computed for the study period over Sikkim
and surrounding states for a better understanding of the mete-
orological conditions influencing the BC and BrC. The total
precipitation is computed as a sum of the hourly data for a
day to daily total precipitation and further, it was summed
for monthly cumulative total precipitation using the sum for-
mula as follows:

monthly cumulative total precipitation=
n∑
i

X, (5)

where i is the initial, n is the last date, and X is the hourly
total precipitation taken from ERA5. The wind circulation
has been computed using the u component and v component
of wind and the wind speed, calculated as follows:

wind speed=
√
u2+ v2. (6)

The temperature and relative humidity averaged have been
computed using the mean formula as follows:

average=

n∑
i

X

n
, (7)

where i is the initial, and n is the last date of the variables
such as temperature, relative humidity, and wind compo-
nents.

Let x and y be two real-valued random variables such that
the Spearman and Pearson correlation coefficients can be cal-
culated between the BC and BrC and meteorological param-
eters. The coefficient of Pearson correlation (PCC) (Pearson,
1909; Benesty et al., 2009) is calculated as

PCC=
n
(∑

xy
)
−
(∑

x
)(∑

y
)√[

n
∑
x2−

(∑
x
)2][

n
∑
y2−

(∑
y
)2] , (8)

where n is the population size of the variables used for the
study.

Table 1 contains additional information about the dataset,
and a more detailed methodology can be found in Sect. S1 in
the Supplement.

3 Results and discussions

Anthropogenic activities in Gangtok have drastically in-
creased in the last 20 years. As evident from Fig. 1b–d,
LULC has been changed from 2000 to 2020 over the Gang-
tok Municipal Corporation (GMC). Population change and
growth have also been observed in the Sikkim (Table S1).
LULC during the years 2000 and 2010 evidently shows that
most of the fallow land has been built up due to a recent
change in the policy of construction in Sikkim, suggesting ur-
ban settlement load over Gangtok has increased significantly.

As a result, there has been a significant increase in built-up
areas in the GMC for the last 20 years. The vegetation cover
also reduced from 2000 to 2020 (Fig. 1b–d). The rainfed wa-
ter bodies are reducing in the GMC. However, due to the sea-
sonal nature of the regional water bodies, streams emerged
less often in 2020, which perhaps shows the precipitation
pattern alteration over the GMC due to the highly built-up
sprawl. The built-up extent has been sprawling and consum-
ing dense vegetation regions as well. This increases the study
region’s urge to be acknowledged so that Sikkim’s future pol-
icymakers can consider the effects of rising anthropogenic
activities. This anthropogenic activity leads to a heavy load
on the environment over one of the cleanest states of India.
Long-term spatiotemporal variation of 2 m air temperature
justifies the LULCC and warming pattern (Chu et al., 2022)
over the Gangtok region (Fig. S1a–e). The decadal warm-
ing rate is varying from 0.25 to 0.45 °C (Fig. S1e). BC and
BrC over Gangtok have been measured to report the issue
and attract more attention from the scientific and local com-
munity. The higher anthropogenic activity releases a higher
amount of emission in the name of development due to the
population load on the region (Shaddick et al., 2020) (i.e.
the growth rate has risen from 12.89 % to 13.05 % in re-
cent years) (Table S1). Diurnal variation of the BC, BrC,
BCbb, BCff, and CO2 shows two peaks. BC, BCff, and CO2
have almost similar time of peaks observed. The first peak is
found during 08:00–10:00 IST (India standard time), and the
second peak is observed during 20:00–22:00 IST. However,
BrC and BCbb have peak concentration during 10:00–11:00
and 18:00–20:00 IST (Fig. 2a), suggesting the peak biomass
burning time over the region. The meteorological conditions
observed are the low dewpoint, low temperature, high surface
pressure, low wind speed, and high relative humidity dur-
ing 08:00–10:00 IST, while the opposite is found in 20:00–
22:00 IST; see Fig. 2b.

The daily time series of the BC, BCbb, BCff, BrC, BB%,
and CO2 show the highest fluctuation from 20 to 30 March
in both 2021 and 2022 years, respectively. The maximum
BC (BrC) content was found in March 2022 (April 2021),
at 43.5 µgm−3 (32 µgm−3). The lowest fluctuation is ob-
served from 15 May to 15 September 2021 (Fig. 3a). The
intense peaks of BC, BCff, and CO2 were observed from
10 October to 15 November 2021 (Fig. 3a), which may be
linked to the heavy tourist season of the state and indicate
the traffic overload in Gangtok (Sharma et al., 2022). The
meteorological conditions also favour similar circumstances
to accumulate the pollutant from 10 October to 15 Novem-
ber 2021 (Fig. 3b). The lowest surface pressure with mini-
mum fluctuation and the highest temperature and dewpoint
temperature with minimum fluctuation were noticed from
15 June to 20 September 2021 (Fig. 3b). BrC is found to
be the highest, with significant variability from 10 January
to 30 March, pointing to winter wood burning for livelihood,
which is also supported by BCbb. The monthly variations of
BC, BCbb, BCff, BrC, and BB% are discussed in Fig. 4a,
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Figure 2. (a) The hourly observation of black carbon, black carbon through biomass burning, black carbon through fossil fuel, brown carbon,
biomass burning percentage, and carbon dioxide (BC, BCbb, BCff, BrC, BB%, and CO2, respectively) (BC, BCbb, BCff, and BrC are given
in µgm−3; BB% in percent (%); and CO2 in parts per million (ppm)) for 16 March 2021 to 10 March 2022 over the study location (27.32° N,
88.61° E). The light colour shading refers to ± σ standard deviation for each variable. (b) Same as Fig. 2a but for meteorological parameters
such as dewpoint temperature (DewPT), temperature (Temp), surface pressure (SrfPres), wind speed, total precipitation (TP), and relative
humidity (RH) from 16 March 2021 to 10 March 2022.

and the highest value of standard deviation was observed dur-
ing March 2022 for BC and BCff and during April 2021 for
BCbb, BrC, and BB%. The CO2 is observed to be almost
constant, with a small value of standard deviation. The max-
imum concentration of the BC and BCff is found in March
2022. However, BCbb and BrC were measured to be highest
in April 2021. This is probably related to the high tourist sea-
son (i.e. vehicular emission) as well as random wood burn-
ing at higher-altitude regions surrounding Gangtok. The min-
imum concentration of the BrC was seen in the month of Au-
gust 2021 as the highest total precipitation month with high
wind speed, temperature dewpoint temperature, and relative
humidity (Figs. 4b, and S3 and S4 in the Supplement) (Rana
et al., 2023).

The good correlation between BC and BCff showed that
the primary source of BC is fossil fuel combustion (Osborne
et al., 2008; Jung et al., 2021). A significant correlation be-
tween BCbb and BrC indicates that biomass burning is a ma-
jor contributor to BrC (Prabhu et al., 2020), which is sup-
ported by the BB% and BrC (Fig. 5). The positive correla-

tion between CO2 and BC and BCff suggests that fossil fuel
burning is influencing the CO2 concentration (Rana et al.,
2023). Dewpoint temperature and CO2 have a significant
positive correlation, suggesting positive radiative forcing of
CO2 (Huang et al., 2017; Stjern et al., 2023). A similar re-
lationship has also been observed for temperature. BCbb and
BrC and temperature have a significant negative correlation
suggesting the negative radiative nature of the BCbb and BrC
(Fig. S5 in the Supplement). Moreover, net thermal and solar
radiation (STR and SSR) and BC and BrC have a signifi-
cant positive correlation (Figs. 5 and S5) (Liu et al., 2020). A
significant positive correlation between surface pressure and
BC and BCff (BCbb and BrC ) has been observed (Fig. 5).
Higher surface pressure creates calm conditions and a stable
boundary layer, which keeps the pollutants accumulated in
the boundary layer (Igarashi et al., 1988; Lee et al., 1995;
Bharali et al., 2019; Liu et al., 2021). However, the opposite
has been observed for the wind, indicating the dispersion of
pollutants with a strong negative correlation. A similar rela-
tionship has been observed between total precipitation and
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Figure 3. (a) The daily mean of black carbon, black carbon through biomass burning, black carbon through fossil fuel, brown carbon,
biomass burning percentage, and carbon dioxide (BC, BCbb, BCff, BrC, BB%, and CO2, respectively) (BC, BCbb, BCff, and BrC are given
in µgm−3; BB% in percent (%); and CO2 in parts per million (ppm)) for 16 March 2021 to 10 March 2022 over the study location (27.32° N,
88.61° E). The light colour shading refers to ± σ standard deviation for each variable. (b) Same as Fig. 3a but for meteorological parameters
such as dewpoint temperature (DewPT), temperature (Temp), surface pressure (SrfPres), wind speed, total precipitation (TP), and relative
humidity (RH) from 1 January 2021 to 31 March 2022.

all the pollutants, indicating the process of wet scavenging
of pollutants (Yoo et al., 2014; Ohata et al., 2016; Ge et al.,
2021; Wu et al., 2022). The relative humidity also shows a
similar result to the total precipitation, with greater coeffi-
cient values. The negative correlation between total precipi-
tation and surface pressure suggests that the rain falls over the
region mostly occurs in a low-pressure system that is caused
due to the vertical rising of an air parcel, causing condensa-
tion and precipitation (Johnson and Hamilton, 1988; Sarkar,
2018). Aerosols, including black carbon (BC) and absorb-
ing organic aerosol (brown carbon, BrC), play a vital role as
cloud condensation nuclei (CCN) for cloud-droplet growth,
and a fraction of mineral particles initiate the freezing of su-
percooled cloud droplets, leading to the release of precip-
itation in the form of snow, hail, and rain (Mason, 1999).
However, cloud condensation nuclei formation and precipi-

tation are prompted by primary aerosols, secondary aerosols
(such as nitrate, and sulfate), and BC and BrC (Ohata et al.,
2016; Liu et al., 2020; Moteki, 2023). Moreover, BC parti-
cles are mainly hydrophobic and less efficient as CCN com-
pared to more hydrophilic particles; they can still act as CCN
under certain conditions. These conditions include the size
and mixing state of the particles, as well as the atmospheric
conditions such as relative humidity and temperature (Ohata
et al., 2016; Moteki, 2023; Liu et al., 2020). The conditions
required for BC particles to efficiently play the role of CCN
depend on several factors, including their size, mixing state,
and atmospheric conditions (Moteki, 2023; Liu et al., 2020).
For example, smaller BC particles are more efficient as CCN
than larger ones (Moteki, 2023). The mixing state of BC par-
ticles also plays a role, as externally mixed BC particles are
less efficient as CCN than internally mixed ones (Liu et al.,
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Figure 4. (a) The monthly mean of black carbon, black carbon through biomass burning, black carbon through fossil fuel, brown carbon,
biomass burning percentage, and carbon dioxide (BC, BCbb, BCff, BrC, BB%, and CO2, respectively) (BC, BCbb, BCff, and BrC are given in
µg m−3; BB% in percent (%); and CO2 in parts per million (ppm)) for 16 March 2021 to 10 March 2022 over the study location (27.32° N,
88.61° E). The error bar shows ± σ standard deviation for each variable. (b) Same as Fig. 4a but for meteorological parameters such as
dewpoint temperature (DewPT), temperature (Temp), surface pressure (SrfPres), wind speed, total precipitation (TP), and relative humidity
(RH) during January 2021 to March 2022.

2020). Atmospheric conditions such as relative humidity and
temperature also affect the efficiency of BC particles as CCN
(Moteki, 2023). For example, higher relative humidity and
lower temperatures can increase the efficiency of BC parti-
cles as CCN (Moteki, 2023). Additionally, relative humid-
ity over the study region is very high during the entire year,
with favourable temperature. BC and BrC have a crucial role
in the precipitation mechanism (Zhu et al., 2021; Li et al.,
2023) over the study region. Total precipitation and wind
circulation indicated that the study region received precipi-
tation throughout each month of the study period (i.e. most
of the time in the form of rain and occasionally as snow).
Hence the maximum is observed in August and the mini-
mum in March 2022. The wind pattern illustrates the mon-

soon seasonal strong influence from May to September 2021
(Fig. 6). The wind converses in the valley and diverges from
the mountain for the rest of the period (Fig. 6). Because the
strong wind and heavy rainfall indicated pollution scaveng-
ing (rainout or washout), it is significantly negatively corre-
lated in terms of TP vs BCbb, TP vs BCff, and TP vs BrC
(Fig. 5).

Relative humidity and temperature follow the same pat-
tern when the temperature gradients change from January to
December, resulting in a decrease in moisture content in the
atmosphere (Fig. S6 in the Supplement). The lowest is ob-
served in the month of February, and the temperature gradi-
ent gets steep from November (Fig. S6). The dewpoint tem-
perature contour and surface pressure shading match well,
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Figure 5. Correlation among BCbb, BCff, BrC, BB%, CO2, dewpoint temperature (DTmp), temperature (Temp), surface pressure (Press),
wind, total precipitation (TP), relative humidity (RH), net solar radiation (SSR), and net thermal radiation (STR). ∗∗∗ shows 99 % signif-
icance, ∗∗ shows 95 % significance, ∗ shows 90 % significance, and no asterisk shows no significance. The correlation coefficient values
(−0.3 to −0.49) or (0.3 to 0.49) are considered a “good correlation”, and values ≤ (−0.5) or ≥ (0.5) are considered a “strong correlation”.

suggesting that the surface pressure creates the dewpoint
temperature gradient and keeps it sustained and stable at-
mospheric condition (Jung et al., 2023) (Fig. S7 in the Sup-
plement). During the month of June, it is very peculiar that
the dewpoint temperature contours are wide and a very small
gradient is observed (Fig. 7). This points toward warm con-
ditions during June over the entire Sikkim region. The cloud
cover and convective precipitation over Sikkim are discussed
in Fig. 7. It is clear from Fig. 7a–d that the region does not
receive much convective precipitation, even if there is huge
cloud cover, which leads to a conclusion of orographic pre-
cipitation over the region (Fig. 7). However, the relative hu-
midity is very high over the sampling site from the lower to
upper middle level of the atmosphere during the study pe-
riod (Fig. S3). Most of the Sikkim region receives convective
rain from May to September, which indicates that the region
has strong convective activity added from the Bay of Bengal
during the monsoon season (Rahman et al., 2012; P. Kumar
et al., 2020; Kakkar et al., 2022; Biswas and Bhattacharya,
2023). Again, from October to April, the region does not re-

ceive convective rain, even though there is strong cloud cover
pointing toward orographic rainfall over the entire Sikkim
(Kumar and Sharma, 2023). This makes the weather condi-
tions in Sikkim unique (Figs. S3 and S4). In addition, the
lowest concentration of BC, BCff, BCbb, and BrC is ob-
served during the monsoon months. This observation sup-
ports the convective rain, as rainout scavenging, of all pol-
lutants (Liu et al., 2020; Moteki, 2023). During the mon-
soon season, the region experiences high convective activity,
which is added from the Bay of Bengal (Brooks et al., 2019;
Liu et al., 2020; Moteki, 2023; Sankar et al., 2023). Convec-
tive rain is an effective process for removing air pollutants
from the atmosphere (Liu et al., 2020; Moteki, 2023). Wet
removal of BC and BrC occurs via cloud particle formation
and subsequent conversion to precipitation or impaction pro-
cesses with hydrometeors below clouds during precipitation
(Liu et al., 2020; Moteki, 2023; Sankar et al., 2023). The BC
and BrC have a significant positive correlation with thermal
and solar radiation (Zhang et al., 2020; Wang et al., 2021; Li
et al., 2023). A stronger negative correlation between CO2
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Figure 6. Monthly total precipitation (cumulative) and wind circulation pattern during January 2021 to March 2022. The shading shows
precipitation patterns, and the streamline shows wind circulation. The (+) mark is a representation of the sampling location.

and surface thermal radiation (STR) and surface solar radia-
tion (SSR) would have significant implications (Fig. 5). The
negative correlation between CO2 and STR implies that as
the concentration of CO2 in the atmosphere increases, the
amount of heat radiating from the Earth’s surface into space
decreases (Zhang et al., 2020). This can lead to an increase in
Gangtok’s temperature, which can have various impacts on
climate and weather as well (Figs. S1 and 5). The negative
correlation between CO2 and SSR implies that as the con-
centration of CO2 in the atmosphere increases, the amount
of solar radiation absorbed by the Earth’s surface decreases
(Davis, 2017; Zhang et al., 2020; Li et al., 2023) (Fig. 5).
Overall, a significant negative correlation between CO2 and
STR and SSR would indicate a stronger influence of green-

house gas concentrations on the surface’s radiation balance
(Chiodo et al., 2018) and would have important implications
for climate change as well as anomalous warming over the
Gangtok region (Fig. S1).

4 Conclusions

In accordance with the LULC between 2000 and 2010,
Sikkim’s recent changes to its development regulations have
resulted in the majority of fallow land being consumed by
construction, which suggests that Gangtok’s urban settlement
load has increased significantly. In addition, the LULC for
2020 depicts a booming built-up region over the GMC. From
2000 to 2020, the vegetation cover likewise decreased. How-
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Figure 7. Monthly convective rain and total cloud cover during January 2021 to March 2022. The shading shows a convective rain pattern,
and the contour shows a total cloud cover fraction. The (+) mark is a representation of the sampling location.

ever, due to the seasonal nature, streams emerged less often
in 2020, indicating precipitation pattern variation over the
GMC. The areas covered in dense vegetation are also being
consumed by the expanding built-up area. The present study
is the report of newly produced data BC and BrC for the frag-
ile region of the Himalayas and their relation with meteoro-
logical conditions. It has been observed that the temperature
over Gangtok is increasing as well. Peak concentrations of
BC and BrC have been found during October 2021, March
2021, and March 2022. The diurnal distribution of BC and
BrC suggests two peaks in a day, first at 08:00–10:00 IST
and second at 09:00–11:00 IST. The meteorological condi-
tions for the same have been observed to be favourable to
diurnal variation of BC and BrC concentration. The monthly
variation of the BC and BrC delineated the peak concentra-

tion of BC, BCbb, and BCff, during March 2022. However,
BrC and BB% have a maximum concentration during April
2021. BB% and BrC as well as BB and carbon dioxide have
a strong significant positive correlation coefficient, which is
evidence that biomass burning is a substantial factor in the
rise in carbon dioxide levels. In addition to this, there is a
strong, positive correlation between CO2 and BC and BCff,
indicating that burning fossil fuels is also one of the causes of
rising CO2 levels. The relationship between net thermal ra-
diation, net solar radiation, and BC and BrC suggests that
BC and BrC have positive radiative forcing. Furthermore,
the monsoon months show the lowest concentrations of BC,
BCbb, BCff, BrC, and BB%, demonstrating the ability of
convective rain (i.e. rainout scavenging) to remove a ma-
jority of contaminants. BC particles in the atmosphere have
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a strong ability to absorb solar radiation, and their lifetime
depends on atmospheric transport, ageing, and wet scaveng-
ing processes. Organic aerosols, including BrC, can undergo
photochemical ageing, affecting their ability to act as cloud
condensation nuclei (CCN). The effective density of BC is a
crucial factor in evaluating its climate effect, and variations
in BC density can lead to uncertainties in predicting CCN
number concentration.

Data availability. Data are provided in the Supplement,
and further details are available from the correspond-
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