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Abstract

Black carbon (BC), a strong light-absorbing aerosol, is a significant contributor to atmospheric
warming, particularly over high-altitude cryospheric regions. This study presents BC measurements
using a seven-wavelength Aethalometer (AE-33), at Yumthang Valley (~3800 m a.s.l.), a high-
altitude region in Eastern Himalaya. Monthly mean BC concentrations ranged from 1.04 pg m™
(August) t0 9.55 pg m > (April), with peaks during the pre-monsoon period and minima in the
monsoon months. Elevated pre-monsoon concentrations are attributed to regional biomass burning,
long-range transport, and seasonally enhanced atmospheric stability, while reduced concentrations
during monsoon is due to wet scavenging. Fossil fuel combustion accounts for 58% of the total BC,
with peak contribution in February (78%) and lowest in September (40%). Long-range transport
models indicate an influx of pollutants from the Indo-Gangetic Plain and adjacent valleys with
increased biomass burning activity. Seasonal variations reflect tourism-driven emissions and local
biomass burning, with the lowest concentration observed in the early morning hours. The Santa
Barbara DISORT Atmospheric Radiative Transfer (SBDART) model results an estimated increase in
temperature at rates of 0.83 K day ' in the region due to BC induced atmospheric heating. These
results underscore the vulnerability of Himalayan high-altitude valleys to transported pollutants and
highlight the importance of BC in altering radiative forcing and accelerating cryospheric melt.

3

1. Introduction

Black carbon (BC) is a critical atmospheric component produced during the incomplete combustion of
biomass, fossil fuels, and biofuels, and it constitutes a major fraction of atmospheric light-absorbing aerosols
(Bond et al 2013). They have an atmospheric lifetime ranging from a few days to weeks and can be transported
over long distances, reaching remote regions such as the Arctic (Stohl et al 2006), Antarctic (Tomasi et al 2007,
Chaubey et al2011) and the Himalaya (Hyvirinen et al 2009, Marinoni et al 2010, Dumka et al 2010). BC is
primarily emitted from diesel engines, coal-fired power plants, residential biofuel combustion, open biomass
burning, and agricultural residue fires. Biofuel and open-fire emissions together contribute up to ~60% of total
BC, although their relative importance varies across urban and remote environments (Ramanathan and
Carmichael 2008). BC has been observed in remote mountain and polar regions, for example, in the Andean
mountains (Rowe et al 2019, Lapere et al 2023), European Pyrenees/Alps (Tinorua et al 2024), across the Rocky
Mountains (Rahimi et al 2020), Hindu-Kush Himalaya (Singh et al 2023) and on the Tibetan Plateau (Zhao
etal 2017) demonstrating its long-range transport and cryospheric impacts. The Hindu-Kush Himalaya and
Tibetan Plateau (HTP) region with its snow/ice cover is vulnerable because of its positioning between East Asia
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https://doi.org/10.1088/2515-7620/ae51fc
https://orcid.org/0000-0002-8517-9913
https://orcid.org/0000-0001-8745-3923
https://orcid.org/0000-0001-7672-6631
mailto:rkranjan@cus.ac.in
https://doi.org/10.1088/2515-7620/ae51fc
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7620/ae51fc&domain=pdf&date_stamp=2026-03-27
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7620/ae51fc&domain=pdf&date_stamp=2026-03-27
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0

10P Publishing

Environ. Res. Commun. 8 (2026) 035030 A Guptaetal

and South Asia, two major BC sources (Bond et al 2007, Ohara et al 2007, Xu et al 2009, Lamarque et al 2010,
Menon etal 2010).

BC has a significant influence on the regional and global climate by altering the Earth’s radiative balance and
atmospheric energy budget (Lau and Kim 2006, Ramanathan and Carmichael 2008, Flanner et al 2009,

IPCC 2013). It strongly absorbs electromagnetic radiation across wavelengths from ultraviolet (UV) to near-infra-
red (NIR) due to its chemical structure, optical properties and relatively long atmospheric lifetime (Drinovec et al
2015). Such absorption drives several atmospheric feedback mechanisms, such as alterations in the stability of the
atmosphere, large-scale circulation regime, rain duration, rain size distribution and overall hydroclimatic varia-
bility (Koch and Del Genio 2010). It is also capable of mixing with different primary and secondary chemical
species along with acting as substrate/catalyst for atmospheric processes (Wang et al 2016). It alters the regional
and global climate by absorbing solar radiation, which reduces surface-reaching sunlight and modifies the albedo
of clouds and snow (Ramachandran and Rajesh 2007). The BC effect over snow/ice cover has been found to
enhance heating in the range of 0.02 to 0.09 Wm ™ * globally increasing net shortwave radiation at the snow surface
by 1to3 Wm ™2 (IPCC 2013). This results in a warming of approximately 0.05 °C-0.3 °C (Ménégoz et al 2014)
accelerating snow and glacier melt (Déry and Brown 2007, Ménégoz et al 2013).

The radiative impact of BC becomes pronounced at higher altitudes due to reduced air density, amplifying
atmospheric warming. The vast cryospheric regions of the high-altitude Himalayas, including numerous gla-
ciers, snowfield and snow-covered regions (Kiéb et al 2012, Ménégoz et al 2014) are vulnerable due to high
radiation levels and their proximity to anthropogenic BC sources in the Indian subcontinent. This region is
directly affected by the northward transport of BC-loaded air masses from the densely polluted Indo-Gangetic
plains (IGP) (Lawrence and Lelieveld 2010). Strong convective uplift over the IGP and adjacent tropical land-
masses can lift BC above the boundary layer into the entrainment zone (Babu et al 2008), where relatively stable
atmospheric conditions prolong its residence time and enhance atmospheric heating (Satheesh et al 2008, Babu
etal2011Db).

BC concentration in the atmosphere is therefore a significant constituent influencing large-scale climatic
feedback as well as enhancing atmospheric heating, especially in high altitude (>3000 masl) regions. In-situ
BC concentration have been reported from the Western Himalaya including Machaoi, Drass valley (0.28 to
3.7pg m ) (Romshoo et al 2022), Lahaul and Spiti Valley (0.005 t0 0.35 pg m ) (Arun et al 2019) and Hanle,
Ladakh (0.007 to 0.3 pg m ) (Nair et al 2013). Similar BC concentrations have been reported from other high-
altitude region in central Himalaya such as Mount Everest ranging from 0.09 to 2.7 pg m > (Kang et al 2022),
and Yala Glacier ranging from 0.1 to 4 jug m ™ in Langtang Valley, Nepal (Gul et al 2021). However, the Eastern
Himalaya remains poorly characterized in terms of BC observations at high altitudes, despite being susceptible
to transported and local emissions. To the best of our knowledge, no field-based measurements of BC have
been reported from any high-altitude location in the Eastern Himalaya. This is in strong contrast to the
Western and Central Himalaya, where the in situ BC measurements provide valuable insight into BC
characteristics, variability and transport mechanisms.

Sikkim, a part of the Eastern Himalaya, is highly vulnerable to the impacts of BC, including accelerated
glacier melting and regional climate changes, due to its proximity to major BC source regions such as the IGP.
In recent years, BC concentrations have been explored using remote sensing data, which reported an increase of
~7% in BC column optical depth over Sikkim (Agrawal et al 2014). The only field-based BC measurements
available is for Gangtok, an urban centre (~1700 masl) (Sharma et al 2022, Kumar et al 2024). To address this,
the present study reports two years of in sit BC measurements from a remote high-altitude site (Yumthang
Valley, ~3800 m a.s.l.) in North Sikkim, Eastern Himalaya. The study investigates the temporal variations in BC
concentrations, potential source contributions, and assessment of their radiative impacts in this climate-sensi-
tive cryospheric region. This study will help in the characterisation of BC and understanding its role in chan-
ging the radiative balance, and its implications for glacier melt and atmospheric warming in the region. It will
also help bridge the data gap for in situ BC measurements allowing for understanding the spatial heterogeneity
in BC concentration due to regional differences and meteorological influences.

2.Study area

The study was conducted at Yumthang Valley (27.7993°N, 88.7037°E; ~3800 m a.s.L.), located in North Sikkim,
south of the Tibetan Plateau in the Eastern Himalaya (figure 1). The valley lies approximately 150 km north of
Gangtok, the state capital, and 23 km north of Lachung village, the nearest inhabited settlement. The area
experiences distinct seasonal variability influenced by the Southwest Monsoon and mid-latitude westerlies.
About 80% of annual precipitation occurs during the monsoon season, mainly as rainfall, whereas winter
precipitation is dominated by snowfall (Kakkar ef al 2022). Mean temperatures range from 13.9 °Cin July to
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Figure 1. Study area map illustrating the geographical context of the research site. (a) shows the part of political boundary of India
with Sikkim highlighted in pink. (b) zooms into Northern Sikkim (marked by a red box) with glacier boundaries, major tourist
attractions (pink triangles), road networks (black lines), and the Cryospheric Data Acquisition Centre (CDAC) (pink circle) where
aethalometer is installed. (c) provides a close-up view of the high-altitude CDAC research facility. Source: Esri, Maxar, Earthstar
Geographics, and the GIS User Community.

—17.1 °Cin February, and the annual mean relative humidity is approximately 80.8%), varying from ~45% in
December to >89% during monsoon months.

Topographically, the site lies in the valley floor of a large U-shaped valley bounded by steep mountain
ridges. Lachung Chhu, originating from glacier-fed meltwaters, flows through the valley, linking the high-alti-
tude basin to downstream inhabited regions. It is a major tourist destination, attracting visitors throughout the
year due to its alpine meadows, rhododendron forests, and proximity to snowfields and glaciers. The natural
beauty of the region attracts approximately 500,000 visitors during the entire observation period (Market
Research and Statistics, Sikkim Tourism). Tourist activity peaks between March and June, but a continuous
influx of visitors occurs even during other months, with small temporary roadside stalls operating only during
the daytime. Domestic heating using firewood and vehicular traffic in Yumthang and Lachung contribute to
localized emissions that, under favourable meteorological and orographic conditions, may be uplifted toward
higher elevations. Nonetheless, Yumthang’s high-altitude location, situated far from any major industrial or
population centers, ensures that observed aerosols predominantly reflect long-range transported pollutants,
particularly those originating from the IGP. This makes the site ideal for evaluating the efficiency of regional -
scale aerosol transport processes and for characterizing the background atmospheric composition of the East-
ern Himalaya. Yumthang lies in proximity to the glaciers and remains snow-covered during winter, with snow-
melt beginning in late spring. This provides a natural environment for investigating aerosol-snow interactions
and radiative effects. The deposition of BC on nearby snow and ice surfaces can lead to significant surface
darkening, albedo reduction, and accelerated melt, making this site particularly suitable for assessing BC-
induced cryospheric effects in the region.

3. Data & methodology

3.1. Instrumentation and data processing

A dual-spot, multi-wavelength aethalometer (AE-33, Magee Scientific) placed at Cryospheric Data Acquisition
Centre (CDAC) (27.7993 °N, 88.7037 °E) in Yumthang valley was used to measure the BC concentrations ata
1-min temporal resolution and at a flow rate of 5 litres per minute from May 2022 to April 2024. The
instrument operates across seven optical wavelengths, ranging from near-infrared (370 nm) to near-ultraviolet
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(950 nm). It is designed to enable real-time compensation for filter loading effects by comparing light
attenuation between a measurement spot and a reference spot. The instrument determines the real-time
concentration of optically absorbing aerosols by measuring the rate of change in light attenuation through
aerosol-laden filters and is calculated using equation (1), (for details, see (Drinovec et al 2015, Magee
Scientific 2018)):

ATN = —100 x (i) 1)
Lo

where I represent the intensity of light passing through the aerosol-laden filter and I represents the intensity of

light passing through the reference (clean) filter. This attenuation is then used to determine BC concentration

by using the mass absorption cross-section (MAC) value (7.77 m* g~ ' for 880 nm wavelength). The MAC value

converts the measured optical attenuation into a mass concentration of BC, expressed by:

babs

Oabs

BC = )
where b, represents the absorption coefficient and o, is the mass absorption cross-section. By
simultaneously sampling from two spots with different aerosol accumulation rates, the AE-33 mathematically
adjusts for nonlinearities, providing compensated values for particle light absorption and BC mass
concentration. This is calculated using the equation:

S x* (AAI?(;]')

C:
F(l — ) *0, *Cx*x (1 —kxATN) x At

3)

where Sis the spot area, F, is the measured flow, ( is the leakage factor, o, is the mass absorption cross-section,
C (setat 2.14) corrects for multiple light scattering effects of the filter fibres (Weingartner et al 2003) and k is the
compensation parameter.

3.2. Source apportionment

3.2.1. Fossil fuels (FF) and biomass burning (BB) source contribution

The Aethalometer model (equation (6)), developed by Sandradewi et al (2008), is used to quantify the
contributions to total BC mass concentration from the different sources such as fossil fuel and biomass burning
based on differences in their wavelength-dependent optical absorption. BC associated with biomass burning
exhibits stronger absorption in the UV range whereas BC from fossil fuel is predominantly absorbed at near-
infrared wavelengths (Kirchstetter et al 2004). The distinction is characterized using the AAE («), calculated
from absorption coefficients at two different wavelengths (A}, A;) (Resquin ef al 2018). In this study, AAEgc has
been calculated following the approach described in (Helin et al 2021). The total absorption at a given
wavelength is expressed as the sum of contributions from fossil fuel and biomass burning sources:

babs()\) = babs(A)ﬁ + babs(A)bb (6)

The wavelength dependency of the absorption coefficient for fossil fuel BC is expressed as:

bats (470)ff _ ( 470 )*“'ff "
babs (950)ff 950

Similarly, for biomass burning BC:
BetiTOls _ (170) .
Baps (950)pp 950

In this study, we have assumed o ~1.0 for fossil fuel and oy, ~ 2.0 for biomass burning emissions (Zotter
etal 2017, Kant et al 2020). BB contribution to total BC can be quantified by solving equations (6)—(8) and BCg
is calculated as follows:

BCﬁr = BC — BCy, )

3.2.2. Concentration weighted trajectory analysis

The HYSPLIT model, developed by NOAA (National Oceanic and Atmospheric Administration) was used to
perform backward trajectory while the concentration-weighted trajectory (CWT) analyses to determine the
potential sources of BC were performed using TrajStat software package (Wang et al 2009. The backward air
mass trajectories, generated using the HYSPLIT, were combined with long-term air pollution data using
TrajStat to assign a weighted concentration to each grid by averaging the concentrations of air mass trajectories
passing through that grid. In CWT (Hsu et al 2003), this is mathematically expressed as:

4
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1 M
Cij = i Z ClTijl (10)

Zl: 173l 1=1

where C;;is the weighted average concentration in the ijth cell, M is the number of trajectories, C;is the BC
concentration at arrival of trajectory I, and 7;;is the residence time of trajectorylin the #jth grid cell. A large C;;
value signifies that air masses moving through a specific grid cell are highly correlated with high BC
concentrations at the receptor site (Wang et al 2019).

To determine the sources of BC, HYSPLIT was utilised to compute the 3-day air mass back trajectories at
500 m above ground level (within the atmospheric boundary layer), based on meteorological data from the
GDAS global reanalysis dataset. CWT analysis was performed further to determine the dominant transport
pathways and potential source regions contributing to BC loading at the receptor site.

3.3.BCradiative forcing
To estimate BC radiative forcing, we utilized the Santa Barbara DISORT Atmospheric Radiative Transfer
(SBDART) model (Ricchiazzi et al 1998), which performs radiative transfer calculations in both the shortwave
(0.2 t0 4.0 pm) and longwave (4.0 to 40.0 pm) spectral regions. The SBDART model, based on the discrete
ordinate approach, effectively resolves radiative transfer in a vertically stratified, plane-parallel atmosphere,
incorporating multiple scattering processes. Its computational efficiency and reliability make it a widely used
tool in radiative forcing studies (Krishna et al 2019). Key aerosol optical parameters required for radiative
transfer modeling include the asymmetry parameter (g), aerosol optical depth (AOD), and single scattering
albedo (SSA). These properties were derived using the Optical Properties of Aerosols and Clouds (OPAC)
model (Hess et al 1998) under varying relative humidity conditions representative of Yumthang and have been
summarized in table 1. Input variables for OPAC included BC mass concentrations and relative humidity,
which were measured on-site and boundary layer height (BLH) which was obtained from ERA5. Based on the
measured BC concentrations, the continental average aerosol type was selected for the simulations.
Additionally, essential surface and atmospheric parameters were incorporated into SBDART, including
MODIS-derived surface reflectance, water vapour profiles and columnar ozone concentrations. Surface albedo
values were obtained from the MODIS MCD43A3 (500 m, Version 6) albedo dataset (Campagnolo et al 2016),
total column ozone was extracted from the OMI/Aura Level 3 OMTO3e product and water vapour profiles
were taken from ERA5. Due to the absence of in situ vertical atmospheric profiles, the mid-latitude winter
standard atmospheric profile provided by SBDART was adopted. The BC direct radiative forcing (DRF) was
computed at hourly intervals and aggregated to obtain monthly estimates. The radiative forcing (AF) was cal-
culated by determining the difference in radiative fluxes with and without aerosol presence. The equation used
in SBDART for calculating radiative forcing is:

AF = (Fwithaerosols J, - Fwithuerosols T) - (Fwithoutaerosols l _Fwithoutaerosols T) (1 1)

where F ivith aerosols» F \lm'thout aerosols» F Jvith aerosols» and F zvithout aerosols denote the downward and upward radiative
fluxes with and without aerosol, respectively. The atmospheric forcing, representing energy trapped within the
atmosphere, was computed as the difference between TOA and SUR forcings.
The atmospheric heating rate, is used to quantifies either cooling or warming of the atmosphere due to
atmospheric aerosol absorption (i.e. DRFs1y) was derived from Liou (2002):
or _ 8  AF

—_— 12
ot ¢ AP (12)

where 0T/Ot represents the heating rate (K/day), g represents the acceleration due to gravity, C, represents the
specific heat capacity of air at constant pressure (1006 J kg~ '-K), and AP represents the pressure difference.
Estimating BC radiative forcing using OPAC and SBDART involves several uncertainties. These mainly arise
from assumptions related to the atmospheric profile, the chosen aerosol type in OPAC, and inaccuracies in
measured BC mass concentrations, molecular scattering and absorption. Additional uncertainty arises from
surface albedo inputs, as MODIS albedo carries an estimated ~6% error that affects both Top-of-Atmosphere
(TOA) and surface forcing (SUR) calculations (Strahler et al 1999). Choices made in selecting the atmospheric
profile and aerosol type also impact the results. When combined, these factors can contribute to an overall
uncertainty of ~15% in the radiative forcing estimates (Srivastava et al 2011), with an overall accuracy of about
+2W m % (Satheesh and Srinivasan 2006).

4. Results and discussion

4.1. Temporal dynamics of BC
The annual mean BC concentration in Yumthang Valley during May 2022-April 2024 was found to be
5.07ugm > (SD = 16.54 ug m ). The reported BC concentrations are comparable with measurements at

5
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Figure 2. Monthly mean diurnal variation of BC concentration (g m ) and the corresponding contributions from biomass
burning (BB%) and fossil fuel (FF%). Each panel represents each month (January -December), showing hourly averages of BB% and
FF% (stacked bars, left y-axis) along with BC concentration (black line, right y-axis).

other high-altitude Himalayan stations, such as 2.4 + 2 ug m > in Gulmarg and 2.59 ig m ™~ in Srinagar
(Romshoo etal 2023),2.706 ug m ° in Kullu (Nair etal 2013),1.93 + 1.52 ng m° in Ranichauri (Pandey et al
2020),9.759 + 7.418 ug m ™ in Kathmandu, 4.765 4 1.878 ug m ™ in Dhulikhel (Singh et al 2023) and

3.4+ 1.9 pgm ” in Darjeeling (Sarkar et al 2015). The mean diurnal variation shows a bimodal pattern

(figure 2) with peaks in the morning (~08:00 IST, 9.14 ug m ) and evening (~18:00 IST, 8.67 ug m ). The
lowest concentrations (~0.8 pg m ™) occur during 00:00—05:00 IST, when anthropogenic activity is minimal
and atmospheric conditions are more stable. The period of high BC concentrations aligns with the time during
which the vehicular activity is high and the emissions from local tourism activities are higher. Yumthang
experiences substantial tourist inflow, with peak traffic occurring in the morning and evening hours. This is
also reflected in the FF% contribution during these hours. Additionally, local shops that rely heavily on wood
burning for heating and cooking are the most active during this period, further contributing to elevated BC
concentrations. This is visible in the BB% pattern in the months like July and August, when very few tourists
visitand these shops remain mostly inactive, causing the BB and FF% ratio to fall significantly. Seasonal
differences during pre-monsoon (Mar-May), monsoon (Jun-Aug), post-monsoon (Sep-Nov) and winter
(Dec-Feb) season further support this interpretation. During the monsoon and winter months, tourism is
minimal, leading to lower biomass burning activity. This is reflected by consistently higher FF% and
comparatively lower BB% during these periods, as only essential vehicular movement such as limited local
traffic persists. In contrast, in other months with higher tourist presence, greater variability in both BB% and
FF% is evident due to increased cooking related biomass burning along with extensive vehicle movement. The
diurnal pattern of BC concentration is also influenced by local meteorological factors, particularly boundary
layer evolution and mountain-valley wind circulations (Krishna Moorthy et al 2003, Nair et al 2007). As the day
advances and the land warms, an increase in BLH is observed around the study area which enhances vertical
mixing, allowing pollutants to disperse more effectively (figure 3). The increase in BLH during the daytime lifts
pollutants from lower down the valley, breaking the capping inversion formed overnight and resulting in the
transfer of pollutants to higher altitudes. Upslope winds during the day, driven by the radiative heating,
transport BC laden air parcels from lower in the valley to higher elevations. Similar diurnal variations have been
reported at other high-altitude locations, including Qomolangma (Mt. Everest), Darjeeling, and sites in the
Himalaya-Karakorum-Hindukush (HKH) region (Sarkar et al 2015, Chen et al 2018, Zeb et al 2020), where they
have been attributed to enhanced local emissions and vertical mixing.

6
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Figure 4. Monthly and seasonal variation of BC concentrations (jug m ) in the study area.

Table 1. List of datasets and instruments/
models used in this study.

Data Instruments/model
BC Aethalometer

BLH ERAS

RH AWS

AQOD, SSA, and AP OPAC

Albedo MODIS BRDF
water vapour ERA5

Ozone OMI

The monthly and seasonal mean concentration of BC is reported in figure 4 while their monthly statistics
are given in table 2. BC concentration shows considerable variations at the study location, with the highest
mean concentration during the month of April (9.55 ug m ™) and the lowest in August (1.04 pg m ). The
higher concentrations of BC during the pre-monsoon season in Yumthang valley are attributed to a combina-
tion of local and regional factors. Increased anthropogenic activities such as wood combustion, biomass

7
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Figure 5. Relationship between tourist numbers (in thousands) and BC concentrations (g m ™) in Sikkim. (Source: Tourism
Department, Govt. of Sikkim).

Table 2. Summary statistics of monthly mean BC concentration (g m )
computed from 1-min BC measurements.

Month Mean Median 25% 75% 10% 90%
January 2.52 2.00 0.98 3.49 0.66 4.86
February 1.29 0.53 0.00 1.99 0.00 3.35
March 3.67 1.84 1.49 4.45 0.95 7.65
April 9.55 4.05 1.92 9.34 1.33 23.96
May 6.97 2.04 0.59 7.60 0.28 17.13
June 8.27 1.63 0.39 8.24 0.08 20.72
July 2.83 0.33 0.15 0.61 0.04 1.33
August 1.04 0.32 0.13 0.75 0.03 1.80
September 6.66 0.92 0.17 2.07 0.00 10.83
October 6.71 0.53 0.00 3.84 0.00 15.07
November 6.03 2.23 0.41 5.82 0.07 12.32
December 3.36 0.78 0.39 1.26 0.16 2.20

burning, and intensified traffic emissions from diesel-powered vehicles, driven by the influx of tourists
(figure 5) amplify the BC concentration. The biomass burning contribution increases from about 20% in win-
ter to roughly 40% in pre-monsoon as shown in figure 6, and this rise in BB% is accompanied by higher AAE
values, together pointing to a stronger influence of biomass-derived carbonaceous aerosols at the site. Together
with BB% a simultaneous increase of FF% is also observed during the period. Long-range transport also plays
an important role; westerly winds carry aerosols, including emissions from agricultural burning in the IGP, as
confirmed by CWT analysis (figure 7). These pollutants are advected to higher altitudes due to enhanced BLH
and pre-monsoonal thermal convection (Lau et al 2006, Kumar et al 2011, Srivastava et al 2012, Vadrevu et al
2012), further elevating BC concentrations in the Himalayan region. Conversely, the sharp decrease in BC con-
centration in July and August as seen may be attributed to wet deposition from monsoonal precipitation.
Monthly mean BC concentration reduced by more than half during these months compared to June which can
be related to the onset of monsoon in Sikkim (IMD 2024). The monsoon season experiences a decline in BC
concentrations due to below-cloud scavenging by heavy rainfall, which effectively washes out aerosols along the
transport pathways. Although monsoon winds originate from the Arabian Sea and the Bay of Bengal, their
extensive continental overpass results in significant aerosol removal before reaching high-altitude sites like
Yumthang.

Additionally, minimal tourist activity during this period further reduces local emissions. The withdrawal of
monsoon and increased tourist activity in September contribute to a sudden rise in BC concentration in the
post-monsoon season. This increase is further influenced by valley wind transport mechanisms that modulate
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pollutant influx at high-altitude stations (Dhungel et al 2018). In the post-monsoon season, BC concentration
continues to rise moderately due to a combination of local emissions and long-range transportation of aerosols
from crop-residue burning around the IGP and its adjoining region (Singh et al 2020). Though BC concentra-
tion in post-monsoon remains high, they are lower than those observed during pre-monsoon period. During
the winter season, the decline in BC concentrations may arise from a reduced tourist influx as well as limited
activities in the seasonal eateries. The confined nature of the local boundary layer, often at lower elevation
further isolates the observational site from low-altitude pollution. Visual observations during winter mornings
reveal smoke plumes from valley households remaining vertically constrained and dispersing horizontally,
highlighting the limited vertical dispersion. However, with the onset of pre-monsoon, increased solar heating
of the mountain surface intensifies thermal convection, facilitating the upward transport of BC into the tropo-
sphere (Nair et al 2007). Along with this, the local sources such as biomass burning and vehicle emissions are
prominent, while the regional transport from the IGP is limited (Hyvirinen et al 2009, Dumka and

Kaskaoutis 2014).

Similar monthly variability in BC concentrations has been observed at other Himalayan sites, including
Qomolangma (Mt. Everest) (Chen et al 2018), Gangtok (Kumar et al 2024), Manora Peak (Dumbka et al 2010)
and Hanle (Babu et al 2011a). Although BC concentrations at Yumthang are significantly lower than in urban
South Asian regions (Gogoi et al 2017, Vaishya et al 2017), its presence over highly reflective surfaces, such as
snow-covered terrain, enhances their radiative forcing efficiency (Haywood and Shine 1995). The high stan-
dard deviation in BC concentrations, exceeding the mean value indicates the high variability during the study
period. This can be attributed to localized short-term events that lead to sharp spikes in local concentrations. As
the region is a popular tourist destination, periodic surges in visitor numbers increase the vehicular movement
and associated fossil-fuel emissions, resulting in elevated BC. This pattern is evident throughout the months
with high tourist load. The corresponding BB% and FF% further support this interpretation as shown in
figure 6. During May, when tourist activity peaks, the difference between BB and FF narrows because biomass
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burning also increases, largely due to wood burning for local energy requirements. In months with fewer tour-
ists, the disparity between BB% and FF% becomes larger, reflecting reduced local activity. For most months,
FF% dominates over BB% due to continuous vehicle movement. However, the seasonal pattern was more
evident in BB%. The same may be revealed by the monthly averaged AAE values over the region. It is imperative
to mention that higher BB% values correspond to low BC emissions and lower AAE values were mostly
observed for high FF emissions (Herndndez et al 2025). This may be the reason we have relatively lower value
for AAE during the pre-monsoon season and high values in post monsoon when biomass burning was more.

4.2. Source apportionment and transport pathways

Contribution from biomass burning (BB) and fossil fuel (FF) to the total BC concentrations reveals significant
seasonal and monthly variations, driven by both local and regional sources. BB contributes 37.74% to the
overall BC annual mass on average, with a maximum contribution in September (55%) while FF contributes
57% annually, with maximum contribution in February (77%).

FF fractions generally remain between about 45%-80%, while BB varies from ~20%-55%, indicating that
fossil-fuel combustion provides a persistent background onto which biomass-burning emissions are super-
imposed. During pre-monsoon and early monsoon , BB% rises from winter values around 20%-30% to above
50% in May-June, with a corresponding drop in FF% to about 40%—45%. This BB enhancement coincides with
elevated BCloadings at Yumthang which is also evident from the agricultural-residue burning over the IGP and
Himalayan foothills, strengthening BB influence at central and western Himalayan regions (Sandeep et al 2022,
Singh et al 2023). However, during the monsoon and winter season, BB contribution declines considerably due
toreduced anthropogenic activity and limited aerosol dispersion under shallow boundary layer conditions. BC
concentration during both seasons is largely associated with FF contribution from limited vehicular move-
ment. FF is the major contributor, accounting for more than 60% of BC emissions, as seen in other Himalayan
locations such as Nainital and Dehradun (Dumka et al 2014, Kant et al 2020).

Concentration Weighted Trajectory (CWT) analysis for source apportionment shows clear seasonal pat-
terns in regional transport influencing BC concentrations in the Yumthang Valley. During the pre-monsoon
and post-monsoon season , air masses from the IGP and Central Asia contribute to the high BC concentrations,
but their contributions are relatively low in comparison to local sources. Similarly, local sources such as vehi-
cular traffic and biomass burning for cooking and heating also become the dominant contributors in other
seasons. It, therefore, highlights dual transport regimes: (i) spring and autumn transport from the IGP and
Central Asia, enhancing pre-monsoon and post-monsoon BC, and (ii) local dominance throughout the year.
Densely populated regions associated with large-scale biomass burning, vehicular emissions and industrial
activities such as IGP, Middle Eastern nations, and Nepal emerge as source regions during long-range transpor-
tation (Gautam et al 2009, Vadrevu et al 2012). The widespread use of biofuels and frequent open biomass
burning in IGP adds to the carbonaceous aerosol burden, making it a key source region affecting the Eastern
Himalayan region (Sarkar et al 2017,2019). While these studies highlight a strong contribution from the IGP,
our results for the Sikkim Himalaya point to a predominantly local influence on BClevels. Although long-
range transport from the IGP is known to affect the Fastern Himalayan region, as also reported by Sarkar et al
(2017,2019) and Arun et al (2021), our analysis indicates that localized emissions play a more dominant role
than transported pollution at the Yumthang site. Regional modelling shows that South Asian emissions con-
tribute a large share of the BC that reaches Himalayan glaciers, but it also indicates that local valley-scale sour-
ces become more important closer to the mountain front and in complex terrain (Li et al 2016). At Yumthang,
the CWT maps highlight the strongest BC influence over Sikkim and nearby valleys, with only moderate con-
tributions from the distant IGP and Central Asia. The observed diurnal peaks and the BB/FF source fractions
also match local patterns in tourism, traffic, and household biomass burning. Taken together, this evidence
indicates that the high and variable BC levels in Yumthang are mainly driven by local emissions, while long-
range transport adds to the concentrations only during certain seasons.

4.3. BC direct radiative impact

BC concentrations play a significant role in augmenting the atmospheric radiative forcing (ARF), influencing
regional climate dynamics. Monthly aerosol optical properties, including AOD, SSA, and AP, were simulated
using the OPAC model at 550 nm for the study site. A good correlation (> 0.8) was observed between OPAC-
derived AOD and CAMS reanalysis AOD for coincident months. Previous studies have also reported
comparable agreement (Song et al 2021, Tiwary et al 2024). The OPAC-derived mean AOD over the study
period was 0.10 & 0.04 ranging from 0.02 to 0.29. These AOD values are lower than those reported from Mt.
Abu during April 2007 (Das and Jayaraman 201 1) and for HKH region (Zeb et al 2020) but are comparable to
those reported at other high-altitude sites, such as 0.05 at QOMS (Xu et al 2016) and 0.04 at EVK2-CNR (Gobbi
etal2010). The lowest mean AOD values were observed in August (0.016) and February (0.021) whereas higher
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Figure 8. (a): Monthly variation of radiative forcing (W m~?) at the surface (SUR), the top of the atmosphere (TOA), and within the
atmosphere (ATM), along with the atmospheric heating rate (K/day) over the study area. (b): Monthly variation of atmospheric
radiative forcing, black carbon, and boundary layer height over the observation site. The blue line shows atmospheric radiative
forcing (ATM, W m ™) on the left axis, the red line indicates near-surface black carbon concentration (BC, ng m ) on the right axis,
and the black dashed line represents boundary layer height (BLH, km) on the secondary right axis, illustrating their co-variability
across the year.

values observed in April (0.139) and June (0.131), in agreement with the corresponding seasonal variation in
BC concentrations as discussed above. The monthly mean BC-induced ARF at surface (SUR) within the
atmosphere (ATM), and the top-of-atmosphere (TOA) with corresponding heating rates (HR) are shown in
figure 8(a). ARF at TOA was found to be maximum during April (9.98 W m~ %) and minimum (0.70 W m™?)
during February at Yumthang. SUR forcing showed a reduction in incoming solar radiation, ranging from
—5.79W m %in Augustand —51.09 W m ™ %in December. The presence of atmospheric BC decreases the
amount of solar radiation reaching the Earth’s surface, resulting in negative SUR forcing and surface cooling,
while its strong absorptive properties contribute to positive TOA forcing by trapping solar radiation in the
atmosphere. The BC-induced ARF shows strong monthly variability within the ATM with a maximum in
December (57.27 W m™?) and minimum during August (6.60 W m~?). The Atmospheric forcing (ATM) was
positive, peaking in Dec (57.27 W m ™ ?), though this is an unusually high value likely reflecting local inversion
conditions and enhanced winter absorption (Srivastava and Ramachandran 2013). For comparison, typical
Himalayan sites report 15-30 W m ™~ > (Babu et al 2011, Dumka et al 2010), suggesting Yumthang experiences
episodic forcing intensification.

The positive ATM forcing is largely due to the absorption of solar radiation by the BC concentration in the
atmosphere over the region. Similar observations have also been reported in the IGP region (Srivastava and
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Ramachandran 2013). The variability in ARF is modulated by additional factors such as the concentration and
composition of coexisting aerosols, AOD, wind speed, site elevation, surface characteristics, and prevailing
meteorological conditions. Higher ARF values within the ATM were observed during pre-monsoon, moderate
during the monsoon and winter and lower in the post-monsoon period. It is evident from figure 8(b) that
during December month BLH layer is extremely low resulting in high ATM forcing due to relatively enhanced
BC concentration in the lower boundary layer. Therefore, a substantial atmospheric and surface radiative for-
cing was observed during November and December. The pronounced differences between TOA and SUR for-
cing, particularly in winter, suggest that a significant portion of solar radiation is absorbed and retained within
the atmosphere, contributing to enhanced atmospheric heating. This strong absorption of solar radiation plays
a crucial role in the alteration of the thermodynamic conditions in the atmosphere affecting the atmospheric
circulation (Lau and Kim 2006). BC induced heating rates were found to range between 0.21 K/day to

1.61 K/day. The heating rates show moderate correlation with the BC concentrations. Positive heating rates in
high-altitude regions affect the cryospheric system leading to increased rates of glacier and snow melts. BC
plays an important role in the regional energy balance and hence long-term monitoring is a necessary input for
improving climate models and better understanding the region's climate.

5. Conclusion

This study presents two years (May 2022—April 2024) of continuous black carbon (BC) observations from
Yumthang Valley in Eastern Himalaya one of the few high-altitude datasets available for this region. The results
reveal substantial seasonal and diurnal variability, with concentrations ranging from 1.04 g m > (August) to
9.55ug m~ > (April). Distinct bimodal diurnal peaks in the morning and evening correspond to tourist inflows,
local wood combustion, and boundary layer evolution. Seasonal maxima in the pre-monsoon reflect long-
range transport of biomass burning plumes from the IGP, while minima during the monsoon highlight efficient
wet scavenging. Source apportionment indicates that fossil fuels (57%) are the dominant contributor,
particularly in winter, while biomass burning (38%) is most influential during post-harvest periods. CWT
analysis confirms Yumthang’s dual exposure to local anthropogenic sources and regional inflow from IGP and
Central Asia . BC-induced radiative forcing showed strong seasonal contrasts. TOA forcing peaked at ~10

W m™2in April, while surface forcing was strongly negative in winter (—51 W m™2). The resulting atmospheric
forcing (ATM) reached up to 57 W m ™~ in December, significantly higher than typical Himalayan averages,
reflecting episodic wintertime trapping and enhanced absorption. The mean atmospheric heating rate was
~0.83 K/day, with maxima of 1.6 K/day, values consistent with those reported across the Himalaya—
Karakoram—Hindukush region. Importantly, in snow-covered conditions, the snow-albedo feedback likely
enhances effective forcing, accelerating melt. These findings demonstrate that Yumthang Valley is highly
vulnerable to both transported and locally generated BC, with implications for cryosphere health, hydrological
regimes, and regional climate stability. The increasing role of tourism underscores the need for targeted
mitigation policies, such as improved vehicle emission standards and sustainable tourism practices, . Long-
term BC and co-emitted aerosol monitoring in Eastern Himalaya is essential to improve climate projections,
inform regional adaptation strategies, and safeguard critical glacier-fed water resources.
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