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ABSTRACT

Wildfires release significant Black Carbon (BC), which can be transported over
long distances and deposited onto high-altitude Himalayan glaciers, altering
surface albedo and accelerating melt. This study investigates potential transport
pathways and seasonal patterns of wildfire-derived BC impacting the Khumbu
Glacier in 2021, alongside the glacier's surface energy balance (SEB). Hybrid
Single Particle-Lagrangian Integrated Trajectory (HYSPLIT) backward trajectory
analysis, combined with Visible Infrared Imaging Radiometer Suite (VIIRS) fire
data, identified key pre-monsoon (March-May) southwesterly transport pathways
originating from fire-prone regions, particularly in Nepal and India. Potential BC
emissions along these pathways, estimated using Intergovernmental Panel on
Climate Change (IPCC) equations based on burned area derived from Convex Hull
methods and satellite-based estimates, exhibited a pronounced seasonal peak,
totaling approximately 134 tonnes over March-April 2021, with a peak of around
93.8 tonnes in April. However, considerable uncertainty exists due to challenges
in accurately estimating burned areas. Independently, the glacier's SEB was
calculated using High Asia Refined (HAR) analysis data, including time-varying
albedo. This analysis identified the pre-monsoon onset as critical for melt
initiation, driven primarily by net shortwave radiation (S_net) leading to a positive
net energy balance (Qm). While direct quantification of BC deposition and its
specific albedo impact was beyond the study's scope, the SEB was shown to be
responsive to albedo reductions. The temporal coincidence of peak potential BC
emissions/transport with the glacier's heightened sensitivity to albedo changes
during the pre-monsoon suggests a plausible role for wildfire BC in modulating
the surface energy balance and potentially enhancing melt. These findings
underscore the significance of wildfire emissions for Himalayan cryosphere
dynamics and highlight the need for further research integrating BC transport and

deposition modeling to quantitatively evaluate this linkage.

Keywords: Black Carbon, Wildfires, HYSPLIT, Backward Trajectories,
Atmospheric Transport, Khumbu Glacier, Surface Energy Balance (SEB)
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CHAPTER 1. INTRODUCTION

1.1 Background

Black Carbon (BC) emissions are typically distinguished by their source, generated
through the incomplete combustion of biomass (forest fires, grass burning, etc.),
biofuels (firewood, charcoal, etc.), and fossil fuels (coal, petroleum products)
(Kostrykin et al., 2021a).If BC is incorporated into snow, it can lead to additional
warming due to its effect on the albedo of snow and ice, causing accelerated
melting (Jacobi et al,, 2015a). Due to its high light-absorbing efficiency over visible
and infrared wavelengths, BC has been considered the second largest
anthropogenic contributor to global warming after CO2 (Gul et al, 2021). In
addition, black carbon can be suspended as fine particles in the atmosphere for
approximately one week, transported far from its emission sources, and then
removed by both dry and wet deposition (Chen et al., 2018). Dry deposition is
typically smaller in magnitude compared to wet deposition (He et al., 2017);(Han
et al., 2020). Wet deposition is the primary process for removing BC, and it is
responsible for over 90% of its total deposition in the Arctic (Dou & Xiao, 2016).
Once deposited, BC remains in the upper layers of the snowpack, where it can
persist until melting redistributes or removes it, leading to prolonged surface

darkening and increased solar radiation absorption.

Understanding the transport pathways and seasonal variability of BC reaching the
Khumbu Glacier is essential for assessing its impact on glacier melt. Since 2006,
measurements taken at the Nepal Climate Observatory at Pyramid (NCO-P),
located at 5079 meters above sea level, have confirmed that aerosols, including
BC, can be effectively transported from their sources to high-altitude regions in
the Himalayas (Marinoni et al, 2010) and has been similarly reported by
(Bonasoni et al, 2010). This study utilizes Hybrid Single Particle-Lagrangian
Integrated Trajectory (HYSPLIT) trajectory analysis to investigate the transport
pathways of wildfire-induced BC and its seasonal impact on the Khumbu Glacier.
By analyzing backward trajectories, key source areas, such as industrial zones,
biomass-burning regions, and wildfire-affected areas, can be identified.
Additionally, Visible Infrared Imaging Radiometer Suite (VIIRS) fire data is used
to filter fire events along the trajectory pathways, providing insights into the role
of seasonal wildfires in BC transport. Emissions from wildfires, particularly crown
fires in the forest canopy, can easily rise to altitudes above 5 km, reaching up to 8-
9 km in the mid-troposphere above the forest crown (Vadrevu et al., 2012) and

(You & Xu, 2022). Wildfires emit massive volumes of BC particles into the
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atmosphere, which can reach the lower stratosphere and generate significant
radiative forcing(Ditas et al., 2018).

Wildfires are a growing concern in South Asia, significantly contributing to BC
emissions that can be transported over long distances and deposited onto high-
altitude glaciers. The Himalayan glaciers, including the Khumbu Glacier, are
particularly vulnerable to such deposition due to their proximity to frequent
biomass-burning events in Nepal, India, and China. During the pre-monsoon
season, wildfires become more intense due to dry conditions, increasing the
amount of BC in the atmosphere. Once deposited on glacier surfaces, BC reduces
albedo, enhances heat absorption, and accelerates glacial melt rates. The real-time
observations and simulation studies show that BC aerosols were transported
substantially to the snow-capped Mt. Everest region. Surface glacier melt was
affected by upwind wildfire activity by reducing surface albedo due to soot
deposition on the glacier and by altering atmospheric conditions above the glacier
through smoke (Aubry-Wake et al., 2022). The role of forest fires in contributing
to snow and glacier melt is gaining greater recognition (Kaspari et al., 2015) by
transfer and accumulation over the Himalayan area and its effect on snow albedo,
leading to accelerated snow and ice melt has been a prominent topic of discussion
in the research community (Gul et al, 2021). Because solar radiation is the
primary source of heat for surface melting on nearly all mountain glaciers, their
sensitivity to BC-induced changes in surface reflectance is critically important for
their survival (Hodson, 2014).

1.2 Objective of the Study

General Objective:
To investigate potential atmospheric transport pathways of wildfire-derived
BC towards the Khumbu Glacier, examine seasonal emission characteristics
and air circulation patterns, and evaluate the sensitivity of the glacier's surface
energy balance using regional climate data High Asia Refined (HAR)vZ2.
Specific Objectives:
1. Analyze seasonal transport pathways to Khumbu Glacier using the
HYSPLIT model.
2. To identify significant biomass-burning regions potentially impacting the
Khumbu Glacier during the pre-monsoon season.
3. To quantify potential BC emissions from fire sources along the transport

routes.
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4. To evaluate the seasonal surface energy balance sensitivity for Khumbu
Glacier using HARv2 datasets.
1.3 Problem Statement

In Nepal, wildfire “season” comes into activity in December (Mangsir-Poush), and
attains its highest point in April (Chaitra-Baishakh), and the rate subsequently
declines with the monsoon in June (Jestha-Asar) (Matin et al,, 2017).In spring
2021, Nepal experienced an unprecedented wildfire season, with the detection of
active fires occurring at a rate 10 times higher than the average observed between
2001 and 2020 (Pokharel, 2022).In Nepal, the Tarai region, especially the western
part, sees the most severe wildfires. The Siwalik region and the middle mountain
areas follow, with the second and third-highest incidences of fires, respectively
(Bhujel et al., 2019). The increasing emissions from Crop Residue Burning (CRB)
in regions like the Indo-Gangetic Plain (IGP) have led to arise in BC concentrations,
significantly affecting air quality and contributing to accelerated glacier melt in
nearby high-altitude areas, which poses both environmental and public health
risks (Sarkar et al., 2018).

While numerous studies have quantified the amount of BC deposited in the
Himalayan regions of Nepal, there is a notable gap in research specifically
addressing the impact of wildfire-induced BC on snowmelt acceleration. Most
existing research focuses on the overall contributions of black carbon from
various sources, but the distinct influence of BC originating from wildfires on the
rate of snowmelt remains underexplored. Despite glaciers in the Himalayan
region retreating, it remains unclear whether this retreat is driven by rising
temperatures or the deposition of BC and other Light Absorbing Impurities (LAI)
(Kaspari et al., 2014a).

1.4 Significance of the Study

This work is important because it tackles the rising issue of BC transmission to
Himalayan glaciers, especially the Khumbu Glacier, caused by wildfires. This study
highlights possible origins and seasonal fluctuations by using HYSPLIT backward
trajectory analysis to better understand how wildfire emissions from far-off

sources contribute to BC transport along atmospheric routes into the Himalayas.

1. This study provides insights into the atmospheric transport mechanisms
that carry BC from wildfire-prone regions in South Asia to high-altitude
glaciers, also emphasizing the role of pre-monsoon southwesterly winds

play in the long-distance movement of BC.
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2.

4.

The study illustrates how emissions from burning biomass in South Asia
might alter cryospheric systems by connecting regional wildfire events to
more general climatic implications.

The results highlight the necessity of better wildfire management
techniques and transboundary air pollution control in order to reduce BC
emissions. In South Asia and the Himalayas, the study supports initiatives
to create policies that address air quality, forest fire control, and climate
adaptation.

It offers a platform for further research on BC deposition in other glaciated

areas impacted by pollution from far-off sources.

This study is crucial for understanding the long-range transport pathways of

wildfire-related BC to the Himalayas and the seasonal patterns influencing its

movement. The findings provide valuable insights into atmospheric transport

dynamics, contributing to scientific research on wildfire emissions and their

potential implications for Himalayan glaciers.

1.5 Scope and Limitations

Scope:

1.

This study focuses on the Khumbu Glacier in the Himalayas, analyzing the
potential transport of wildfire-derived BC to this region in the year 2021
with a focus on seasonal variations, particularly during the pre-monsoon
period.

Estimation of potential BC emissions originating from identified fire
sources located along key atmospheric transport pathways leading
towards the study region during the pre-monsoon period.

Wildfire events are identified using VIIRS satellite fire data, overlaying with
the MODIS Vegetation data and back-trajectory pathways, helping to
pinpoint potential BC sources contributing to long-range transport.

This study will characterize the daily and monthly SEMB components of the
Khumbu Glacier during the 2021 pre-monsoon season, using
meteorological data, including observed albedo, to establish baseline

energy dynamics and identify the primary melt season.
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Limitations:

1. Backward trajectory models like HYSPLIT rely on meteorological input
data (e.g., GDAS, NCEP), which have their own spatial and temporal
resolution limitations and inherent model inaccuracies.

2. The satellite-based fire detection system VIIRS has drawbacks. Cloud cover
can mask active flames; minor or low-intensity fires may go undetected;
and the data reflects snapshots in time, potentially missing peak burning
periods or smoldering combustion, all of which generate BC.

3. Estimating BC emissions from identified fires poses high uncertainty. It
takes assumptions regarding fuel types (derived from land cover), fuel
loading, combustion efficiency, and acceptable BC emission factors, all of
which can vary greatly and are sometimes inadequately limited for
individual geographies or fire situations.

4. The study connects possible sources to the glacier region via trajectories,
but it does not explicitly model the complicated processes of air movement,
transformation (aging), and deposition (dry and wet) of BC onto the glacier
surface. The exact volume and spatial distribution of BC reaching and
depositing on the Khumbu remain unknown, and it is inherently
challenging.

5. Because the neighboring fire event source regions from the trajectory
might potentially aid in the transport of BC to the glacier, it is challenging
to pinpoint the precise source region of the possible wildfire events.

6. Accurately quantifying burned area for emission estimates faces
limitations across all methods. Satellite products (e.g., MODIS) and active
fire inferences (e.g., VIIRS clustering/hulls) suffer from potential
overestimation due to detection limits and algorithmic challenges.

7. The research utilizes trajectory analysis, HYSPLIT, and Surface Energy
Balance Model (SEMB) sensitivity, methods effective for source
identification and demonstrating potential melt impacts via albedo, but
insufficient for fully simulating the complex interactions of BC transport,
atmospheric processing, deposition, and snow physics. Accurately
quantifying these coupled processes requires integrated chemical
transport and sophisticated snow/ice models (e.g., WRF-Chem, SNICAR),
the application of which was beyond the scope of this study due to resource

and time constraints.
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CHAPTER 2. LITERATURE REVIEW

The impact of BC on glacier melt has been a subject of increasing scientific inquiry
due to its significant implications for water resources and sea-level rise. This
literature review aims to synthesize existing research on the role of wildfire-
induced BC in accelerating glacier melt, focusing on the Khumbu region of Nepal,
an area highly vulnerable to both the transport of BC from wildfire events and
following glacial retreat.

2.1 HYSPLIT Model for Trajectory Analysis

The Air Resource Laboratory (ARL) HYSPLIT model is a full-fledged system for
simulating both simple air parcel trajectories and complex dispersion and
deposition scenarios (Draxler & Rolph, 2010). The model uses a combination of
the Lagrangian and Eulerian approaches, with the former assuming air parcel
advection and diffusion from a starting point and the latter observing a fixed
three-dimensional grid across time (Castagna et al, 2021). In this study, the
Lagrangian technique within HYSPLIT is employed to compute backward
trajectories for identifying potential source regions of BC.HYSPLIT has been
previously used to compute 5-day backward trajectories for analyzing long-range
atmospheric transport of BC, helping identify source regions influencing the Arctic
air mass composition (Vinogradova & Vasileva, 2017). Additionally, the
integration of fire data with HYSPLIT trajectories revealed that 52.5% of wildfire
emissions detected at the monitoring station were due to long-range transport
(Castagna et al., 2021). Similarly, HYSPLIT simulations during the 2019 Siberian
wildfire season demonstrated that even short-duration fires can lead to significant
BC movement toward the Arctic under favorable wind conditions (Kostrykin et al.,
2021b). Back trajectory analysis over Pokhara revealed that aerosol transport to
the Himalayan foothills is strongly influenced by transboundary air masses from
the IGP and beyond, particularly during winter and pre-monsoon seasons (Regmi
et al,, 2020), while a similar study in Dhulikhel, Nepal, showed seasonal transport
of organic and elemental carbon from both local and regional sources, including
South Asia and the Middle East (Chaudhary et al., 2024) The model is used globally
to simulate pollutant transport and dispersion for applications such as air quality
and emergency response (Stein et al., 2015) and through spatial clustering of air
parcel trajectories based on endpoint similarity, it helps identify dominant

transport pathways with shared directional patterns (Draxler & Rolph, 2010).
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2.2 Black Carbon and its Atmospheric Transport
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Figure 2-1 Visualization of BC transport from wildfire and industrial emissions,
leading to atmospheric deposition on glaciers and potential downstream Impacts

Source: Black carbon impact on glacier melt and potential source contribution. (Gul et al,, 2021).

2.2.1 Chemical and Physical Properties

Compared to Organic Carbon (OC), which accounts for approximately 80% of the
total aerosol mass released from wildfires, BC makes up only about 10% of the
emitted aerosol mass. However, BC is significantly more absorptive. As a result,
BC plays a more critical role in influencing climate change factors, such as the
aerosol-radiative forcing caused by wildfires (Veira et al., 2016). BC, also known
as Soot, influences the atmosphere by changing the radiation balance, which in
turn can lead to the formation of clouds (Kim et al., 2005). Several factors influence
the increase in Top of Atmosphere (TOA) radiative forcing: (1) BC absorbs solar
radiation reflected by the Earth's surface, atmosphere, and clouds, thereby
lowering the planet's albedo; (2) soot deposited on snow and sea ice reduces
surface albedo; and (3) when soot is embedded in cloud droplets and ice crystals,
it enhances absorption, reducing the albedo of clouds (Ramanathan & Carmichael,
2008).

BC is a type of fine PM2.5 that results from incomplete combustion of fossil fuels,
biofuel, and biomass. It is made up of pure carbon in several linked forms.
According to the literature data, the size of aerosol particles containing BC ranges
from 0.01 to 1 micron, which is significant in understanding their transport and

climatic effects (Kostrykin et al, 2021a). Based on their optical properties,
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aerosols are broadly classified into scattering and absorbing types. Scattering
aerosols cool the Earth's surface by reflecting solar radiation, whereas absorbing
aerosols heat the atmosphere by absorbing it. BC aerosols, which are
carbonaceous, have the maximum absorption potential (Sandeep et al., 2022).

2.2.2 Long-Range Transport and Deposition

Wildfire smoke can drift to distant mountain ranges, darkening glacier surfaces,
which leads to increased ice melting by up to 10% compared to simulations where
the impacts of fire activity were removed (Aubry-Wake et al., 2022). The
interaction of wildfire emissions with atmospheric circulation plays a critical role
in determining the extent of BC deposition, with transport patterns shifting based
on seasonal wind conditions. The atmospheric BC contribution from Nepal and
India combined accounted for approximately 69% (ranging between 64% and 74%
depending on the season). This was followed by contributions of 22% from China,
3% from Bangladesh, 2% from Pakistan, and 1% from Bhutan, with the remaining
contributions coming from nearby regions (Gul et al., 2021). Though the High
Tibetan Plateau (HTP) is generally cleaner and still maintains a relatively pristine
environment, recent research has highlighted that atmospheric pollutants,
including BC, can be carried across the Himalayas and reach the interior of the HTP
(Neupane et al., 2019).Following wildfire events, BC concentrations in glacier
snow and ice have been recorded at levels higher than 20 ng/g. This suggests that
wildfires have played a substantial role in accelerating glacier melt in the
Himalayas, contributing to the overall retreat of these glaciers (You et al., 2016).
Additionally, the deposition of BC on glacier surfaces has been linked to changes
in surface roughness, further modifying the glacier’s melt dynamics and

influencing runoff patterns.

During the pre-monsoon season, a significant atmospheric phenomenon emerged
where strong brown cloud influence affected 20% of the days, resulting in a
substantial 5-fold surge in BC and PM1 concentrations compared to the seasonal
baseline (Bonasoni et al.,, 2010). Severe wildfires in East Siberia during 2019-
2021 have surely contributed significantly to increased BC levels in the Khumbu
region. Likewise, the PM generated by wildfires can accumulate to very high
concentrations, travel vast distances, and threaten densely populated areas far
from where the fires originated (Johnston et al., 2011). According to a study done
by (Bali et al., 2017), results suggest the potential advection and deposition of BC
and OC aerosols in the downwind direction from Uttarakhand to Nepal, as well as
over the upper Himalayan glaciated region. The increase in aerosol concentration

during the fire period also led to negative aerosol forcing at both the TOA and the
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surface, with the effect being more pronounced in Nepal compared to the

Uttarakhand region.
2.2.3 Wildfire Trends and Black Carbon Emissions

According to (Matin et al., 2017)From 2003 to 2013, MODIS detected 28,449 fire
incidents, which were refined to 21,147 by excluding those with a confidence level
below 50%. The fire season, which runs from March to June, accounts for 86.3%
of all recorded fires, with the highest activity occurring in April, representing 43.6%
of the total, followed by March at 16.31% and May at 15.63% (Vadrevu et al,,
2012). In the 2023-24 season, India reported 203,544 forest fire hotspots. While
this number indicates the frequency of fire incidents, the actual area burned is
typically less than the number of hotspots. For example, in 2016, Haryana alone
experienced stubble burning across over 208,000 hectares of land
(TheTimesoflndia, 2024). Annually, in the Study done in the Yala Glacier (Gul et
al,, 2021) Wildfires influence atmospheric conditions across different spatial and
temporal scales by releasing gases, particles, water, and heat, with emissions
primarily composed of CO, (71% by mass), while OC and BC contribute
approximately 0.24% and 0.02%, respectively (Liu et al., 2014). Since CO,
emissions are significantly higher, BC may seem negligible in terms of mass;
however, BC has a much higher absorption efficiency for solar radiation, making

it a critical factor in reducing surface albedo and accelerating glacier melt.
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Figure 2-2 Stacked BC emissions from 1960 to 2017 show contributions from (A)
wildfires (B) five anthropogenic sources and (C) fuel types (1960 and 2017)

Source from (Xu et al,, 2021)
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Figure 2-2 presents a comparative analysis of BC emissions in 1960 and 2017,
highlighting changes in anthropogenic and wildfire contributions over time. The
outer ring categorizes emissions by sector, including wildfires, residential,
industry, transportation, power stations, and other sources, while the inner ring
provides a detailed breakdown of fuel types such as coal, fuelwood, diesel,
biomass, and deforestation. A notable shift is observed in the growing
contribution of wildfires, particularly from forest and savanna fires, which have

become more dominant in 2017 compared to 1960.

The levels of BC exhibit a temporal pattern closely aligned with that of PM1,
displaying significant fluctuations during the pre-monsoon period (with peak
minute concentrations exceeding 5000 ng m=3) and markedly lower levels
throughout the summer monsoon season (Bonasoni et al.,, 2010).Soon after being
emitted, BC mixes with other aerosol components in the atmosphere. This mixing
increases its light absorption, enhances its ability to form liquid-cloud droplets,
alters its potential to create ice nuclei, and consequently influences its rate of

removal from the atmosphere (Bond et al., 2013).

2.3 Regional BC Impact on Himalayan Glacier

Glaciers in the western Himalayas were predominantly impacted by long-range
pollution transported from the Middle East and Central Asia (Gul et al., 2022).In
contrast, glaciers in the central Himalayas were primarily influenced by emissions
from local and South Asian sources, including Nepal, India, and China, particularly
during the pre-monsoon season. The varying sources of BC deposition across
different Himalayan regions highlight the complexity of transboundary pollution,
necessitating a more region-specific approach to emission mitigation and climate
adaptation strategies.(Kaspari et al., 2014b) found that BC and dust deposited in
the winter-spring period can accelerate glacier melt if they remain exposed during
the summer rather than being covered by fresh snowfall. Conversely, glacier
ablation can be further enhanced if melting results in the re-exposure of these
impurities. In situ measurements by (Rai et al.,, 2019) near Yala Glacier, Nepal
revealed that BC mass concentrations reached their highest levels during the pre-
monsoon season (707.9 + 541.8 ng m?), supported by elevated AOD values (0.058
+ (0.002). Mt. Everest could be regarded as a susceptible area under the influence
of BC aerosols.(Chen et al., 2018).. BC transport and deposition in high-altitude
glacier environments are strongly influenced by seasonal meteorological
processes and dominant circulation patterns, as observed in the central-western
Himalayas (Karakoti et al., 2023).
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2.4 Wildfire BC Emissions Transported to Himalayan Glaciers

Studies indicate that only a small fraction of BC from wildfires actually reaches
high-altitude Himalayan glacier regions like Khumbu. For example, observations
in Nepal’s central Himalayas suggest that on the order of 5% of aerosol pollution
emitted in the IGP is transported up to glaciated areas during the pre-monsoon
season (Black Carbon and Glacier Melt - ICIMOD, 2020).

This implies a low transport efficiency meaning only a few percent of BC emitted
atlower elevations (whether from biomass burning or other sources) is lofted and
carried to the elevation of glaciers such as Khumbu. One regional model study
found that local biomass burning within South Asia contributed only 3-4% of the
total BC depositing in the Himalaya Karakoram glaciers in the winter dry season
(Alvarado et al., 2018).In summer, regional contributions drop further as long-
range transport dominates (up to approx.87% of BC deposition came from outside
South Asia during the monsoon). This indicates that while nearby wildfires have
some impact, most BC on Himalaya snow originates from distant sources

transported by atmospheric currents.

Notably, distant wildfire smoke can still reach the Himalayas given favorable
winds. Adjoint sensitivity modeling by (He et al.,, 2017)showed that even sources
as far away as African savanna fires can measurably contribute BC to the
Himalayas and Tibetan Plateau (TP) (Kopacz et al., 2011).But overall, South Asian
sources (including crop residue burning and forest fires in the Indo-Nepal region)
remain the primary contributors in most seasons (Gul et al., 2024). A field study
at Yala Glacier (central Nepal) combining in situ data with WRF-Chem modeling
attributed approximately 28% of annual BC deposition to biomass-burning
sources (forest fires and open burning), versus around 72% from fossil fuel
emissions (Gul et al., 2024).This source split underscores that a significant share
of the soot on Himalayan snow originates from biomass burning, but fossil fuel
pollution is wusually larger on an annual basis. Similarly, radiocarbon
apportionment of Himalayan snow samples found biomass burning dominates
around 64% of BC in the snow (despite contributing only ~39% of BC in the air),
consistent with efficient transport and removal of wildfire smoke to the surface
(Qi & Wang, 2019).In short, only a few percent of wildfire-emitted BC makes it to
the high mountains, but biomass burning can still account for on the order of 20-
30% of the soot deposited on glaciers when averaged annually(Gul et al,,

2024)(higher during intense fire episodes).
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2.5 Fraction of Transported BC Depositing on Glacier Surface

Once BC-laden smoke reaches a glacier region, a large fraction of the aerosol is
likely to deposit, especially during precipitation events. Wet scavenging is
extremely effective at removing atmospheric BC onto snow and ice. For instance,
field measurements in the California Sierra found that snowfall efficiently
removes almost all of the atmospheric BC into the snowpack (Hadley, 2008).In the
Himalayas, the summer monsoon delivers heavy rainfall/snowfall that scrubs out
transported aerosols. Modeling by (Zhang et al, 2015) showed that during
monsoon, the BC removal timescale over the Himalayas is <1 day, meaning BC is
rapidly scavenged and deposited almost as soon as it arrives.

In the Yala Glacier study, wet deposition was around 196 times larger than dry
deposition annually (Gul et al.,, 2024), indicating that the vast majority of BC that
reaches the area is eventually washed out onto the surface. In other words, nearly
all transported BC particles will deposit on snow/ice given sufficient precipitation.
Even in winter when precipitation is lower, some dry deposition occurs; Yala’s
measured dry fall-out was around 4.6 pg m 2 day™?, totaling nearly 531 pug m™>
over the March-May pre-monsoon alone (Gul et al.,, 2024). This shows that a
substantial surface loading of roughly hundreds of ug per m? can accumulate from

a season of smoke transport.

Overall, studies imply that a large fraction on the order of 50-100% of BC aerosols
that reach a glacier will ultimately deposit there rather than simply pass overhead.
For example, a modeling analysis for Greenland’s ice sheet found that 85% of
simulated smoke BC deposition occurred via wet scavenging (Khan et al., 2023).
Once smoke was in the vicinity, most of it fell out with snow/rain. In the Himalayas,
precipitation efficacy is similar or higher. During one extreme fire season,
deposition records from an ice core on Dasuopu (central Himalaya) spiked to “60
times” higher than average BC levels, directly linked to drought-driven forest fire
smoke input (Barker et al., 2021).This dramatic case underlines that when dense
wildfire smoke does arrive, the deposition efficiency is near-total, yielding
massive BC loads in the snow. Thus, for estimation purposes, one can assume the
vast majority of BC that is transported to a glacier will deposit onto it, especially

under wet-deposition conditions.

2.6 Key Environmental Factors and Example Values

Atmospheric conditions and removal processes strongly modulate these transfer

ratios. Seasonality is critical: pre-monsoon spring brings frequent regional
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biomass burning and upslope transport, contributing ~50% of the annual BC
deposition to Yala Glacier in just the spring months (Gul et al., 2024). By contrast,
during the summer monsoon much of the incoming BC is scavenged quickly, and
local emissions are lower; external contributions dominate deposition then.
Meteorology thus controls both how much wildfire smoke reaches the glaciers
(transport) and how efficiently it is deposited. In general, dry, windy conditions
favor long-range transport, while precipitation events favor deposition. The
Himalayas in spring often experience regional fire smoke influx, followed by
snowfall that deposits the BC. For example, at Yala Glacier, about 25% of the entire
year’s BC deposition occurred in a single month (April) (Black Carbon and Glacier
Melt - ICIMOD, 2020). When regional forest fires peak and intermittent snow
showers efficiently remove the soot.

Modeled deposition fluxes provide a sense of magnitude: The WRF-Chem model
estimated total BC deposition on Yala Glacier at ~531 pg m™2 over spring 2017
(dry + wet) (Gul et al., 2024).0ver a full year (Sep 2016-Aug 2017), the model’s
dry deposition was ~1000 pg m~?, whereas measured wet deposition would be on
the order of 200 mg m™2 (given wet was 196x dry) (Gul et al., 2024)i.e. around 0.2
g m~2 of BC per year falling to the surface. This is comparable to observed BC
concentrations in snow: surface snow samples from Yala contained hundreds of
ng/g of BC, consistent with the modeled cumulative deposition. By comparison,
an Alpine glacier site (Sonnblick, ~3100 m in Austria) provides a useful analog: in
August 2013, an influx of North American wildfire smoke (mixed with Saharan
dust) was detected at Sonnblick, markedly increasing BC and particle loadings
aloft (Schauer etal., 2016). Such events illustrate that wildfire plumes can traverse

continents and still deposit on distant mountain glaciers.

In summary, only a few percent of wildfire BC emissions are transported to
Himalayan glaciers, but of that portion, nearly all can deposit given the efficient
scavenging (especially via wet deposition). Quantitatively, one might assume the
order of a 5% transport fraction (based on regional observations) and an 80-100%
deposition fraction of the transported BC (given dominant wet removal) for rough
estimates. These values are supported by peer-reviewed studies showing low
transport efficiencies but very high removal efficiencies(Hadley, 2008). Applying
such ratios, researchers can approximate BC deposition loads on glaciers from a
known wildfire emission, and compare the modeled pg m™2 to mg m~? deposition
with field measurements of BC in snow. This approach is in line with evidence that
biomass burning contributes a significant minority of Himalayan snow BC

(roughly one-quarter to one-half), with the rest from anthropogenic pollution(Gul
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etal.,, 2024), all subject to strong enhancement during episodic fire events (Barker
et al, 2021). Each cited study’s context (e.g. season, climate phase) should be
noted when adopting transfer ratios, but collectively they reinforce that wildfire
smoke can and does reach the Third Pole, and when it does, a substantial fraction

deposits onto glacier surfaces.

2.7 Overview of the Surface Energy Balance Model

The Surface Energy Balance Model (SEMB) provides a physically-based
framework to quantify glacier-climate interactions by solving for the energy
fluxes at the glacier surface. BC from wildfires can deposit on glacier surfaces,
darkening the snow/ice and reducing albedo. This has a direct impact on the
shortwave radiation term in the Surface Energy Balance. (Kayastha et al., 1999)
formulated a mass-balance model to calculate spatial and temporal variations of
energy-balance components, and hence ablation, over a glacier, which they
successfully applied to a small glacier in the Nepalese Himalaya. Similarly,(Rupper
& Roe, 2008) developed an SEMB to calculate annual glacier mass balance by
integrating energy fluxes and precipitation across the glacier surface. A physically-
based SEMB was used to simulate the summer mass and energy balance of the
Yala Glacier, revealing that net radiation was the primary energy source for
melting, followed by sensible heat and ground heat conduction (Acharya &
Kayastha, 2019). Net radiative energy (Rn) dominates energy exchanges at the
glacier-atmosphere interface (governed primarily by the variation in net
shortwave radiation), contributing on average 62% of the melt energy
(Assessment, 2009). BC deposition on glacier surfaces plays a significant role in
altering the radiation balance by reducing snow albedo, thereby enhancing the
absorption of solar energy and accelerating melt processes (Ming et al.,, 2013).

2.7.1 Radiative forcing and BC

Radiative transfer modeling constrained by field measurements at Mera La
indicated that BC concentrations in the winter-spring snow/ice horizons were
sufficient to reduce snow albedo by 6-10% (Kaspari et al.,, 2014b) resulting in
localized instantaneous radiative forcings of 75-120 W m™2, highlighting the
significant radiative impact of BC deposition on glacier energy balance. Estimated
BC deposition over the Himalayan glaciers NCO-P site and Yala Glacier range from
5 to 23 ug m? day?, leading to a 2-5% reduction in snow albedo and contributing

2

to radiative forcing between 1-3 W m™*, which enhances glacier melt during the

dry pre-monsoon season (Yasunari et al., 2013).
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CHAPTER 3. STUDY AREA

The Khumbu region is situated in northeastern Nepal, within the Solukhumbu
district of Koshi Pradesh, covering around 1,148 square kilometers (443 square
miles) and bordering Tibet to the north. Encircled by the majestic Himalayas, the
region is defined by snow-capped peaks, including Everest, Lhotse, Nuptse, and
Ama Dablam, which dominate the landscape. The Khumbu Glacier (27°957'N,
86°823'E) covers an area of about 17 km?, which includes its detached tributary
glaciers, Changri Nup and Changri Shar. (Vincent et al.,, 2016) and (Gibson et al.,
2018) and (Jacobi et al., 2015b) concluded that the concentrations of BC in the
Khumbu Valley exhibit a seasonal pattern, with lower levels during the post-
monsoon and winter seasons, and higher levels during the pre-monsoon, reaching

peak concentrations just before the monsoon begins.

In the Khumbu region, the climate features a summer monsoon season when
almost all of the annual rainfall, about 587 * 34 mm, occurs. The winters are cold
and dry with little precipitation (Zeller et al., 2024).Between 2000 and 2019, the
Khumbu region experienced an approximate 34% expansion in the area of its
glacial lakes, along with an estimated 42% rise in the total volume of liquid water
contained within these lakes (O’Neill, 2021). The Khumbu Glacier, the highest in
the world, is receding at about 30 meters per year (Writer, 2018).This study aims
to determine how much BC from wildfires has accelerated the melting of the

Khumbu Glacier, which is receding at a rate of approximately 30 meters per year.

The annual cycle can be divided into four distinct climatic periods instead of the
traditional seasonal classifications: winter (December to February), pre-monsoon
(March to May), Southwest monsoon (June to September), and post-monsoon
(October to November) (Tartari et al., 1998).We thus define the period “March of
May” as pre-monsoon and the period “end of May-September” as monsoon season
(Bonasoni et al.,, 2010).
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Figure 3-1 Location and topography of the Khumbu Glacier study area
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CHAPTER 4. RESEARCH METHODOLOGY

This methodology integrates HYSPLIT backward trajectory analysis, driven by
GDAS meteorological data to identify seasonal atmospheric pathways and
potential source regions. Wildfire activity along these pathways is identified using
VIIRS and FIRMS fire data, filtered by criteria such as brightness, confidence, and
Fire Radiative Power (FRP). Corresponding land use Land Use Land Cover (LULC)
information from GIS data allows for vegetation classification (e.g., temperate,
tropical, agricultural residue). These trajectory, fire, and land use data are
combined to estimate potential BC emissions originating along transport
pathways using IPCC emission factors. Separately, the SEMB components (S_net,
L_net, Qs, Ql, Qm) are calculated using variables obtained from the HARv2 dataset,
incorporating HAR's time-varying surface albedo. The results and discussion
synthesize the analysis of transport pathways, the seasonality of potential BC
emissions, and the calculated SEMB components (particularly net shortwave
radiation and energy available for melt), evaluating the glacier's sensitivity to

albedo changes representative of potential BC deposition.
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Figure 4-1 Flowchart illustrating the research methodology
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4.1 Data Sources

4.1.1 HYSPLIT Meteorological Data

The HYSPLIT Ready System (https://www.ready.noaa.gov/HYSPLIT_traj.php)
provides an online tool to calculate trajectories using global meteorological data.
Data sources include Global Data Assimilation System (GDAS) with 1° spatial
resolution (2006- present) and 0.5° (09/2007-06/2019), Global Forecast System
(GFS) with 0.25° resolution (06/2019- present), and NCEP/NCAR Reanalysis
(from 1948- present). The data used for this investigation is a 1° spatial resolution.
While the vertical velocity of GDAS with 0.25° must be determined by vertically
integrating the horizontal velocity, the vertical motion of the trajectory produced
by GDAS with 1°can be computed directly from the model output vertical wind
velocity (Su et al,, 2015). Data objects with greater variability are grouped in
distinct clusters, whereas clustering brings similar data objects together based on
similarity (Cui et al., 2021). This study groups comparable data using clustering
rather than classification. By identifying distinct trends in atmospheric transport,
this clustering technique improves the study and offers a greater understanding

of air parcel movements and their possible causes.
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Figure 4-2 Schematic diagram of the HYSPLIT model Simulation process for
backward trajectory analysis

This flow chart depicts the HYSPLIT model formulation method for trajectory

analysis. It starts with input data, which can be meteorological datasets such as
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the GFS, GDAS, or WRF model, all in gridded binary format. The user then sets the
simulation parameters, including the starting point (latitude, longitude, and
height), simulation type (backward or forward trajectory), run time(hours), and

output frequency.

Once these parameters are established, the HYSPLIT model is run, resulting in
atmospheric trajectory simulation. The obtained trajectories go through
frequency or clustering analysis, which aids in finding dominant transport
channels. The model then generates output files in various forms, including
PostScript, GIS outputs, and HYSPLIT ASCII. The PBL was taken 500m above
ground level. At 500 m above ground, within the Himalayan and Tibetan Plateau
boundary layer, anthropogenic emissions increase significantly, as winter
boundary layer heights typically range from 500 to 1000m (Ram & Sarin,
2010).The Meteorological Datasets used in this analysis are available from NOAA
ARL’s Archives (https://ready.arl.noaa.gov/archives.php).

Table 4-1 Datasets used for the HYSPLIT Model Simulation
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4.1.2 Satellite Imagery Analysis (VIIRS DATA)

The geographical coordinates and dates of fire occurrences were obtained from
NASA's active fire data. The active fire data from the Fire Information for Resource

Management System (FIRMS) was selected to analyze biomass burning emissions
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across the region during various seasons. (https://firms.modaps.eosdis.nasa.gov).
VIIRS provides high-resolution fire detection data, which includes FRP, brightness
temperature, and confidence levels. The VIIRS 375 m fire data demonstrated
notably better mapping accuracy than the existing Moderate Resolution Imaging
Spectroradiometer (MODIS) fire detection data, offering greater consistency in
delineating fire perimeters, especially for biomass-burning events that persist
over multiple days (Schroeder et al., 2014). The dataset was filtered based on
spatial and temporal criteria to identify fire events relevant to the study region.
Fire occurrences were mapped to determine their proximity to the Khumbu
Glacier and their potential contribution to BC deposition. Only high-confidence
fire detections were included in the analysis to ensure data accuracy. The fire
events were cross-checked with meteorological data to assess wind patterns and
atmospheric transport pathways. Additionally, the VIIRS dataset was processed
using GIS tools and Python scripts to overlay fire locations with HYSPLIT-derived
back trajectories, allowing for the identification of likely source regions of BC
emissions affecting the glacier. Further analysis included seasonal variations in
fire activity, correlating FRP with emission estimates. The integration of VIIRS fire
data with trajectory modeling provided insights into the transport and deposition
of wildfire-induced pollutants in the Himalayan region.

Table 4-2 Summary of fire detection parameters from satellite observations

Parameter Description Units

Latitude Geographical latitude of the detected fire | Degrees

Longitude Geographical longitude of the detected Degrees
fire

Acquisition Date Date when the fire was detected YYYY-MM-

DD
Acquisition Time Time of fire detection (UTC) HH: MM
Satellite Identifies the satellite that recorded the N/A

fire (e.g.,, NOAA-20, Suomi-NPP)

Confidence Level Confidence in fire detection (Low, Qualitative

Nominal, High)

Fire Radiative The energy emitted by the fire indicates | Megawatts
Power (FRP) its intensity. (MW)
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Brightness Temperature recorded at different Kelvin (K)

Temperature (BT) thermal bands

Scan Width of the satellite swath used for fire | Kilometers
detection (km)

Track Length of the satellite swath used for fire | Kilometers
detection (km)

Day/Night Flag Indicates whether the fire was detected D/N
during the day or night

4.1.3 Physical Data (Geographical Data) DEM

The datasets for the landuse and landcover for vegetation types were extracted

from

the

(https://developers.google.com/earth-

engine/datasets/catalog/MODIS 061 MCD12Q1) dataset provides global land

cover classification at a 500m resolution on a yearly basis. This dataset is derived

from both the Terra and Aqua satellites and uses various classification schemes,
including the IGBP and the University of Maryland (UMD). It includes data on land

cover types, vegetation properties, and surface hydrology, offering critical insights

for environmental monitoring and analysis of land use changes over time.

Table 4-3 Vegetation Classification based on MODIS MCD12Q1 datasets

[ | Final Class Mapped MODIS Land Cover Types | Latitude Rule (if
D (LC_Typel) needed)
1 | Tropical 2 (Evergreen Broadleaf), 5(Mixed | If latitude
Forest Forest) between? 23.5°
and +23.5°
2 | Temperate 1 (Evergreen Needleleaf), | If latitude < 50°,
Forest 3(Deciduous needleleaf), | and notin tropics
4(Deciduous Broadleaf), 5 ( Mixed
forest)
3 | Boreal Forest |1 (Evergreen needleleaf), | If latitude > 50°
3(Deciduous needleleaf), 5(Mixed
forest)
4 | Savanna & | 6 (Closed Shrublands), 7 (Open
Grassland Shrublands), 8 (Woody Savannas), 9
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(Savannas), 10 (Grasslands), 11 | No latitude
(Wetlands), 14 (Cropland/natural | condition

mosaic), 16 (Barren) needed
5 | Agricultural / | 12 (Croplands) No lattitude
Crop Residue condition
needed

6 | Unclassified 13 (Urban and Builtup lands), | No Lattitude
15(Permanent Snow and Ice) | Condition
17(Water Bodies) needed

4.1.4 HAR Datasets

The HAR, a regional atmospheric dataset, is produced by downscaling the FNL
with the WRF model and has been widely applied in scientific research (Wang et
al, 2021). Anew version, HAR v2, has a better domain of 10km grid spacing, which
will be used in this research where ERAS reanalysis data, provided by ECMWEF, is
used as forcing data. By using a Python script, these datasets were extracted and
utilized for further analysis. The dataset variables used for this research are as

follows;

Table 4-4 Variable used for the Surface Energy Balance Equations

Variable Name [Variable Description Type |Unit

albedo Albedo 2d -

hfx Upward Heat Flux at the Surface [2d W m™?

lh Latent Heat Flux at the Surface 2d W m™2

lwdown Downward Long Wave Flux at2d W m™2
Ground

psfc Surface Pressure 2d Pa

q2 Specific Humidity 2d kg m™2

swdown Downward Shortwave Radiation 2d W m™2

t2 Air Temperature at 2m 2d K

tsk Skin Temperature 2d K

v10 Wind Speed at 10m 2d ms™t

ulo U-component of Wind at 10m 2d ms™t
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The analysis uses a grid-based approach with cell sizes of 500 meters, derived
from the HAR dataset, to study the sensitivity of the Khumbu Glacier shown in
Table 4-4 The glacier area, which spans 16.9 km?, is covered by grid cells with
varying cell weights, representing the influence of different environmental
parameters on the glacier. The grid coverage is calculated as 0.17 cells, indicating
how the glacier is represented within the grid.

40N [*=
b 6000

30N

4000

20N

2000

10N

Eq. ; ' : @\

60E 70E 80E 90E 100E

10E
000 Projection: WRF Lambert Conformal © 2018 TU Berlin
£ Ll Datum: WGS-84 Chair of Climatology

Figure 4-3 Calculated Model domains of HAR

Source : (https://www.tu.berlin/en/klima/research/regional-climatology/high-asia/har)
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Figure 4-4 Spatial distribution of the Khumbu Glacier with grid cells of 500 meters,
showing the glacier area (16.9 km?) and the calculated grid coverage.

4.2 Estimating BC Emissions and Transport

4.2.1 Wildfire Source Identification

By tracing the trajectory backward, we can identify potential source regions
where the air mass originated or passed through. These regions could be sources
of BC or other pollutants. Suppose the trajectory passes over regions with active
wildfires (e.g., northern India, Nepal, or Tibet). In that case, it suggests that BC
from those fires could have been transported to the Khumbu Glacier.

The map provides a comprehensive visualization of potential sources of airborne
pollutants reaching the Khumbu Glacier by integrating LULC data, backward
trajectory pathways, and VIIRS fire detections. The LULC map serves as a
backdrop, depicting different land cover types such as forests, savanna and
grasslands, croplands, built-up areas, snow/glaciers, and barren land, which help
identify potential emission sources. The backward trajectories, represented by
black pathways, trace the movement of air parcels arriving at the glacier, revealing
transport patterns from various regions. The VIIRS fire data, shown as red
markers, indicates active wildfire locations, but only those that intersect with the
air trajectories are displayed, highlighting potential sources of BC. Additionally,
the map includes trajectory cluster percentages, illustrating the dominant

transport pathways and their relative contributions. For instance, 33% of air
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masses originate from Nepal and northern India, suggesting significant local
emissions, while 44% come from the west, indicating long-range pollutant

transport from regions such as Central Asia.
4.2.2 Assessment of Burned Area

VIIRS identifies fire hotspots but doesn’t explicitly define burned areas. So,
overlaying these fire points on vegetation data is subject to overestimation or
underestimation of the burned area. Each fire detection pixel is initially assigned
a square area corresponding to its sensor's nominal resolution (0.14 km? for
VIIRS). The core idea is to aggregate nearby detections that likely represent a
single, larger fire event rather than treating every pixel independently. Detections
are grouped if they are in proximity (Wiedinmyer et al., n.d.). The method used to
estimate the total burned area for a cluster of detections depends on the forest
cover fraction, which is determined later using the
(https://developers.google.com/earth-

engine/datasets/catalog/MODIS 061 MCD12Q1). The model defines a slightly

larger “detection rectangle” around each fire pixel (110% of the actual scan and

track dimensions for that pixel). Clusters are formed where the detection
rectangles overlap. Within a cluster, convex hulls are generated between pairs of
detection rectangles that directly intersect. The union (combined area) of all these
pairwise convex hulls forms the ‘extended fire polygon’. The area of this extended
fire polygon is used as the final burned area, for that fire cluster/event for that day.

This method aims to fill gaps between detections in large, contiguous wildfires.

The comprehensive global validation from (Boschetti et al, 2019) found that
MCD64A1 tends to significantly under-map burned area overall, but with a
notable commission (overestimation) component. Commission errors averaged
around 40% globally, meaning a substantial fraction of burned pixels detected by
MODIS were unburned. MODIS MCD64A1 exhibited a 37.5% commission error in
smallholder farms of Central India, falsely mapping unburned pixels as fire-
affected (Deshpande et al., 2022). The VIIRS-inclusive FINNv2.5 version estimates
~25% more emissions than MODIS-only, primarily due to improved small fire
detection. In this analysis, the burned area was calculated using the convex hull
approach, similar to the methodology implemented in FINNv2.5 (Wiedinmyer et
al, n.d.) to aggregate clustered fire detections into fire polygons. Upon comparison
with MODIS-derived burned area data along the trajectory of interest, it is
observed that MODIS significantly overestimated the actual burned area, a pattern
consistent with prior findings that reported substantial commission errors in
MODIS-based fire products.
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Figure 4-5 Fire occurrences across Nepal for March as detected by MODIS MCD64A1 burned area
product (red dots). The black dotted lines representing backward air mass trajectories
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Figure 4-6 Fire occurrences across Nepal for April as detected by MODIS MCD64A1 burned area
product (red dots). The black dotted lines representing backward air mass trajectories.
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4.3 Estimating BC Emissions from Wildfires

The fundamental formula from the IPCC Guidelines can be used to determine the
BC Emissions from wildfires. "Emission factors (EFs) for BC and other trace gases
used in this study were extracted from the paper titled "Emission Factors for Open
and Domestic Biomass Burning for Use in Atmospheric Models." This study
provides an updated and comprehensive tabulation of EFs based on
measurements taken in ambient-temperature smoke before significant
photochemical processing. The EFs, expressed in grams of compound emitted per
kilogram of dry biomass burned (g/kg), are categorized by vegetation and fuel
type, ensuring consistency in biomass burning emissions estimation." Equation
for Biomass Burning from the 2006 IPCC Guidelines for National Greenhouse Gas

Inventories.

" Lfire=A x MB x Cex Gef X103 .ooviiiiinie e e (1)
Where:
A = Area affected by fire (km?2), total area burned in ha.
Lsire = amount of greenhouse gas emissions from fire, tonnes of each GHG e.g,,
CHg4, N20, etc.
MB = mass of fuel available for combustion, tonnes ha-1. This includes
biomass, ground litter, and dead wood.
Cr_= Combustion factor for fire type (dimensionless)
Gef= Emission factor for black carbon (BC) (g/kg) dry matter burnt
10-3 = Scaling factor to convert grams to kilograms

This equation estimates the BC emissions from fires in tons.

The BC estimate will be analyzed by categorizing wildfire emissions based on
different vegetation types, including tropical forests, temperate forests, pasture
maintenance, and crop residue burning. The values for the parameters in the BC
emission equation such as biomass consumption (MB), combustion factor (Cs),
and emission factor (Gef) will be derived from the IPCC guidelines and
supplemented with values from the relevant scientific literature to ensure
accuracy and representativeness across different land cover categories (Akagi et
al,, 2011).

The EF is calculated by comparing the concentration of pollutants inside a fresh
smoke plume (where the emissions from a fire are newly released) to the
background air outside the plume (Urbanski, 2014). The idea is to measure how
much a fire increases the levels of specific pollutants compared to the normal

atmosphere. The difference in pollutant concentration between the smoke plume
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and the background air helps estimate how much of a specific pollutant is emitted

per unit of burned biomass.

4.4 Surface Energy Balance Model

The Surface Energy Balance (SEMB) model is a physical accounting of all energy
gains and losses occurring directly at the glacier surface. It quantifies the key
energy fluxes, primarily absorbed solar (shortwave) radiation, net infrared
(longwave) radiation, and turbulent exchanges of sensible heat (due to
temperature differences) and latent heat (due to
evaporation/sublimation/condensation) with the atmosphere. By summing these
incoming and outgoing fluxes, the model determines the net energy available (Qm),
which ultimately governs whether the surface temperature changes or if snow

and ice melt occur.

The Surface Energy Balance Model Equation used in the Rupper and Roe (2008)
study is:

Qm=S+L+Qs+ Qi+ Qg cceoerrrrrrrrrrrirerireercirree e et ee e e eraes (2)

Where:
Qm = Energy available for melting snow/ice surface
S = Net shortwave radiation flux absorbed at the surface
L = Net longwave radiation flux
Qs = Sensible heat flux
Qi = Latent heat flux (evaporation/sublimation)
Qg = Conductive heat flux into the glacier (often small and sometimes
neglected and assumed to be zero in this study)

Shortwave Radiation Equation ;
S=(1-0) X SWI oo (3)
(a from HAR Data )

Where,
S = Net Shortwave Radiation Absorbed (W/m?)
a = Surface Albedo (unitless, 0-1)
SW! = Incoming Shortwave Radiation at Surface (W/m2)

For Longwave Radiation

L= LWL = LWT oo (4)
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Where:
L: Net longwave radiation (W/m?)
LW/!: Incoming longwave radiation from the atmosphere (W/m?)

LWT: Outgoing longwave radiation emitted by the glacier surface (W/m?)

Outgoing Longwave Radiation (LWT)
LWT=esX 0X T4 cooiieieeeve e (5)

Where:

Es = Emissivity of snow/ice surface (~0.97)
o = Stefan-Boltzmann constant

Ts = Surface temperature (in Kelvin)

Incoming Longwave Radiation (LW!)

LWl=0 X Ta%x (Cl + Czx ea) ........................ (6)

Where:

Ll: Incoming longwave radiation (W/m?)

o = Stefan-Boltzmann constant

Ta = Near-surface 2m air temperature (K)

ea = Near-surface vapor pressure (hPa or kPa, depending on units used)

C1, C2 = Empirical constants (dimensionless)

The Surface Energy Balance model utilized meteorological forcing data from the
High Asia Refined analysis (HAR) dataset. Incoming longwave radiation, a key
variable influenced by cloud cover, was taken directly from the HAR dataset
output. As HAR is generated using a numerical weather prediction model that
simulates cloud properties and their radiative effects, the influence of cloud
conditions is implicitly included in the incoming longwave radiation values used

in this study.

Sensible Heat flux (Qs)

The sensible heat flux is given by the following equation:

Qs=Dsx (po/Po) *Cp * (Ta-Ts)rrnrrnrrrnnne (7)
Where:
Ds=is the turbulent transfer coefficient for stable conditions,

(po / po) = ratio of air density (kg m?) to air pressure at standard sea level (hPa),
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cp = is the specific heat of air at constant pressure (] kg™* K™),
T, & Ts= are the air and surface temperatures, respectively (°C)
Latent Heat Flux (Qi)

The latent heat flux is calculated as:

Qy =Dsx (po/ Ppo) x L x (€a-€s)rminmnininirnnn (8)
Qi = is the latent heat flux (W m?).

Ds= is the turbulent transfer coefficient for stable conditions.
po = is the density of air at standard sea level (kg m?).
po = is the pressure of air at standard sea level (hPa).

L = latent heat of vaporization for melting (M] kg ) or sublimation (M] kg™),
depending on surface temperature.

ea = the vapor pressure of the air (hPa).

es =is the saturation vapor pressure at the surface (hPa), which depends on the
surface temperature Ts
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CHAPTER 5. RESULTS AND DISCUSSION

5.1 Atmospheric Transport and Deposition Pathways

5.1.1 BC Transport Pathways

The HYSPLIT model was used to simulate the monthly trajectories of black carbon

particles transported to the Khumbu Glacier, originating from forest fire

emissions. The following sections analyze the seasonal variability in air parcel

transport patterns and their implications for black carbon deposition. A trajectory

is the centerline of a dispersion and can be run both forward and backward.

Forward trajectories will tell where the air will go, whereas backward trajectories

will tell where the air came from. Back-trajectories are commonly used to help

interpret air pollution measurements and answer the following questions:

1. Where did the air come from corresponding to any given sample time?

The backward trajectory model allows the tracking of air masses
reaching the Khumbu Glacier at a specific time. This helps in identifying
the source regions from which pollutants such as black carbon may

have originated.

2. Where did the air come from when the concentrations of the pollutant were
high?

High BC concentrations often correlate with air masses passing over
regions experiencing intense biomass burning. During peak wildfire
periods, trajectory density maps can be used to determine which
regions contributed the most to BC transport. By comparing fire events
from VIIRS satellite data with high BC deposition periods, it becomes
possible to establish links between specific fire-prone areas and
observed BC levels in the glacier.

3. Where did the air come from when the concentrations were low?

Lower BC concentrations are typically associated with air masses
originating from cleaner regions or during monsoonal conditions,
where wet scavenging reduces BC levels. During the monsoon season
(June-September), most air parcels reaching the Khumbu Glacier come
from the Bay of Bengal and Indian Ocean, regions with minimal wildfire
emissions, leading to reduced BC transport. In contrast, during the dry
season, air masses carry pollutants from densely populated and fire-

prone areas, contributing to increased BC deposition.
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During March, the backward trajectory analysis indicates that air masses reaching
the Khumbu Glacier primarily originate from the southwest, with significant
influence from forest fire emissions in the lowland regions where the Dominant
Cluster 43% suggests strong air mass movement from a primary source following
smaller clusters (33%,14%,6%,3%) shows the pre-monsoon atmospheric

circulation facilitates the long-range transport of aerosols.

April exhibits similar trajectory patterns, with stronger southwesterly airflows
due to the increasing influence of pre-monsoon convective activity. The rising
temperatures and intensified biomass burning in South Asia may have
contributed to an elevated BC load. In May, brings a noticeable shift, with air
parcels arriving from the south. The pre-monsoon period is characterized by
heightened transport potential, as increased surface heating enhances
atmospheric instability. This results in deeper vertical mixing and a broader
spatial extent of pollutant transport.

The onset of the monsoon season in June brings dispersed patterns in air parcel
origins. Trajectories predominantly come from the Bay of Bengal with a dominant
cluster of 58%, indicating a potential dilution effect due to monsoonal
precipitation. This may reduce the efficiency of black carbon deposition over the
glacier, despite ongoing emissions from regional fire activity of 36%. July and
August are characterized by a strong monsoonal influence, with air masses
primarily originating from the Bay of Bengal and the Indian Ocean. Heavy
precipitation associated with the monsoon reduces atmospheric BC
concentrations, leading to minimal deposition over the glacier. The wet
scavenging effect dominates during this period. As the monsoon begins to retreat
in September, there is a gradual re-emergence of southwesterly airflows. The
weakening of precipitation allows for increased aerosol transport, potentially

leading to a resurgence in black carbon deposition over the glacier.

October marks the transition to the post-monsoon season, with trajectories once
again showing a dominant southwest influence. The drying of vegetation and
resurgence of biomass burning events contribute to elevated BC emissions,
increasing deposition risks in the Himalayan region. During November and
December, air parcel trajectories indicate a strong influx from the IGP with 83%
and 64% of dominant clusters in each month, a region known for extensive
agricultural burning. The stable atmospheric conditions favor pollutant
accumulation, leading to significant black carbon transport toward the Khumbu

Glacier.
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5.1.2 Trajectory Frequency

The trajectory frequency means it will start a trajectory from a single location and

height every 6 hours and then sum the frequency that the trajectory passed over

a grid cell and then normalize by either the total number of trajectories or

endpoints. We should note that a trajectory may intersect a grid cell once or

multiple times. The blue contour highlights areas contributing the highest BC

concentrations reaching the receptor region. Additional contours represent

varying transport probabilities, providing insight into dominant atmospheric

pathways. This visualization underscores the importance of targeted regional

mitigation measures to address BC sources and reduce deposition impacts on the

glacier.
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Figure 5-5 HYSPLIT frequency plot of five-day backward trajectories every 6 h at the

Khumbu Glacier from 500 m in the year 2021
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5.2 BC Emission Estimates

The analysis focused on estimating the potential BC emissions originating from
wildfire sources located along identified atmospheric transport pathways leading
towards the Khumbu Glacier during the pre-monsoon period (March-May) of the
year 2021. Utilizing satellite fire detections (VIIRS/FIRMS) overlaid on HYSPLIT
trajectories, combined with MCD12Q1.061 MODIS Land Cover Type Yearly Global
500m land cover data and IPCC emission factors, the total potential BC emission
attributed to these trajectory-intersected sources was calculated to be
approximately (tonnes). A distinct seasonal pattern emerged, with the highest
potential emissions concentrated in April. This peak period aligns with the known
seasonality of intensified agricultural burning in the IGP and increased forest fire
activity in the Himalayan foothills, both of which occur before the summer
monsoon. Along the trajectory, most of the burned vegetation that was filtered out
consisted of agriculture and crop residue, followed by savanna and grassland, and
tropical forest.

[ Agri and Crop Residue
[ Tropical Forest

I Savanna and Grassland
[ Temperate Forest

I Boreal Forest

12.2%

3,624 Ha)

Figure 5-6 Contribution of different vegetation types to the total estimated area
impacted by unique wildfire events along transport pathways during the Pre-
Monsoon season.

Independent analysis focused on identifying potential Black Carbon (BC) sources
impacting the Khumbu region during the 2021 pre-monsoon season (March-May).
Utilizing HYSPLIT backward trajectories correlated with VIIRS active fire
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detections, dominant atmospheric transport pathways originating primarily from
the Indo-Gangetic Plain and Himalayan foothills were identified. Estimation of
potential BC emissions associated with fires along these pathways, based on
burned area derived from Convex Hull/MODIS approaches and IPCC emission
factors, indicated a pronounced seasonal peak during March and April 2021
(calculated as approximately 39.6 tonnes and 93.8 tonnes respectively using the
convex hull method, though considerable uncertainty exists due to burned area
estimation challenges). This peak in potential BC emissions aligns temporally with
known periods of heightened agricultural residue burning and forest fire activity

in the identified source regions.
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Figure 5-7 Spatial distribution of fire events and land cover types along the trajectory during March 2021
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Figure 5-8 Spatial distribution of fire events and land cover types along the trajectory during April 2021
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Figure 5-9 Spatial distribution of fire events and land cover types along the trajectory during May 2021
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These figures illustrate the spatial relationship between land cover types, active
fire locations (red markers), and representative HYSPLIT backward air mass
trajectories (blue dotted lines) during the pre-monsoon months of March, April,
and May 2021 for the region encompassing Nepal and its surroundings. Across all
three months, a consistent pattern emerges where the calculated backward
trajectories, indicating the pathways of air arriving at the study region, intersect
with areas experiencing significant fire activity. Notably, these fire locations
situated along the trajectories are predominantly concentrated within
agricultural lands (including crop residue burning) and savanna/grassland areas,
primarily located in the plains and foothills south and west of the main Himalayan
range. This spatial overlap strongly suggests that biomass burning within these
specific land cover types represents a major potential source contributing to
aerosol loading, including BC, transported towards the Himalayan region during

the critical pre-monsoon season.

5.3 SEB outputs

The daily output was created by first loading daily average meteorological data for
the Khumbu Glacier region in 2021 from an Excel file. This data included variables
like incoming solar radiation, incoming longwave radiation, air temperature,
surface temperature, humidity, pressure, wind components, and importantly,
surface albedo. The code then performed calculations using physical principles
and constants (like the Stefan-Boltzmann law) to derive the key components of
the surface energy balance: net shortwave radiation (S_net, considering albedo),
net longwave radiation (L_net, based on incoming longwave and calculated
outgoing longwave from surface temperature), sensible heat flux (Qs), and latent
heat flux (Ql). These components were summed to find the total net energy
available at the surface (Qm). Finally, these calculated daily energy fluxes, along
with the potential melt energy (derived from Qm under specific conditions), were
plotted against time over the year 2021 using Matplotlib, with melt energy shown
on a separate right-hand axis for clarity.

In Figure (5.10) the same components as before are seen but plotted for each day
of 2021. The lines are much "spikier" or "noisier" because they capture daily
weather changes (sunny vs cloudy, warm vs cold spells, windy vs calm). However,
the broad seasonal trends seen in the monthly plot are still visible underneath this

daily variability.
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Daily Surface Energy Balance Components (Khumbu Glacier Avg, 2021)
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Figure 5-10 The daily evolution of energy fluxes contributing to the Surface Energy Balance and the resulting Potential Melt Energy

Flux at Khumbu Glacier (Avg, 2021)
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1. S_net (Net Shortwave - Blue Line):

Energy is gained from absorbed sunlight. This line shows huge daily fluctuations.
On clear, sunny days, it shoots up high (reaching nearly 200 W/m? sometimes in
spring/summer). On cloudy or snowy days, it drops significantly lower as clouds
reflect sunlight away. Despite the daily ups and downs, you can still see the overall
seasonal pattern: lower in winter, rising rapidly in spring (around March/April),
staying high but variable in summer (May-Sept), and decreasing in autumn. This

confirms sunlight is the main energy input.
2. L_net (Net Longwave - Orange Line):

Net balance of heat radiation (Outgoing minus Incoming). It's almost always
negative (energy loss). Italso varies daily. Clear nights allow strong heatloss (very
negative values, down to -120 W/m?). Cloudy conditions act like a blanket,
trapping heat and making the net loss smaller (closer to zero, especially visible
during the monsoon months June-August. The general trend of the largest losses

in winter/early spring and the smallest losses in summer is still evident.
3. Qs (Sensible Heat - Green Line):

Heat transfer due to air-surface temperature difference. Positive Qs means heat
moves from warmer air tothe colder surface. Negative Qs mean heat
moves from the (relatively) warmer surface to colder air. (Calculated as -
hfx).Highly variable day-to-day. It often fluctuates around zero. It might be
positive when warm air moves over the cold glacier, and negative when the sun
warms the surface even slightly above the air temperature, or during cold air

outbreaks. It's generally a smaller term compared to radiation.
4. Qi (Latent Heat - Red Line):

Energy is used for evaporation/sublimation (negative Qj, cooling) or released by
condensation/deposition (positive Qi, warming). (Calculated as-lh). Mostly
negative, indicating energy is primarily being used for sublimation or evaporation,
acting as a consistent cooling term. The magnitude varies based on daily humidity
differen1320][JP

B ces and wind speed. Dry, windy days might show larger negative values (more

sublimation). It's also generally a smaller term.
5. Qm (Net Energy Balance - Purple Line):

The total of all energy gains and losses (S_net + L_net + Qs + Ql). The overall energy
surplus or deficit for the very dynamic surface. It jumps around daily, heavily

influenced by the big swings in S_net (due to clouds).In the Winter season (Jan-
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Mar), mostly below zero (energy deficit). Following Transition in (Apr-
May): Starts having days where Qm crosses above zero. Similarly, in Summer
(Jun-Aug), mostly above zero, often significantly so, indicating consistent energy
surplus available for melt, but still with drops on cloudy/stormy days.The
Transition in (Sep-Oct): Drops back below zero more frequently. In Late

Autumn/Winter (Nov-Dec): Mostly below zero again.
6. Melt Energy (Cyan Dashed Line - Right Axis):

The energy available for melting (i.e., Qm when Qm > 0 and surface temp tsk >=
0°C). This line is zero most of the winter. It starts appearing as positive spikes
around late April/May, mirroring the positive spikes in Qm. During the summer
(June-Aug), it's frequently high, showing significant energy is available for melting
on many days, but it still drops to zero or near-zero on days with poor weather
(low S_net, low Qm). It fades out again in September/October. This perfectly
highlights the intermittent nature of melt on a daily scale, even during the main

melt season.

The daily plot shows the dramatic influence of daily weather (especially cloud
cover affecting S_net) on top of the seasonal cycle. It confirms that while
the potential for melt (Qm>0) starts around April/May, the period of most intense
and frequent melt energy availability (Melt Energy line) is clearly concentrated in

the summer monsoon months (June-July-August).
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Figure 5-11 the average monthly surface energy balance components for the Khumbu Glacier
region throughout 2021.
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The net shortwave radiation (blue line) is the primary energy input. It has a
seasonal pattern, peaking during the pre-monsoon and monsoon months (April to
August) and hitting its lowest point in winter. On the flip side, net longwave
radiation (the orange line) shows a steady and significant energy loss all year long.
The biggest losses are seen in those clear winter months, and then it lessens a bit

during the cloudier summer monsoon.

Looking at the turbulent fluxes, they’re kind of playing a supporting role; the
sensible heat flux (green line) usually adds a little energy gain in the warmer
months (May to August) but shows a loss when it’s colder. And then there’s the
latent heat flux (the red line), which indicates a continuous energy loss, mostly
because of sublimation and evaporation, but it does get a bit less negative during

the humid monsoon.

Now, the overall net energy balance (the purple line) is the total of all these
components. It shifts from being in deficit during winter to showing a surplus
during the summer months (from May to September). This indicates when we
have energy available at the surface. The potential melt energy, which is shown
with a red dashed line on the right axis, points out the part of that balance that’s
available for melting, especially when surface temperatures are at or above
freezing. This highlights the main melt season, showing strong positive values
mostly from May to September, with peaks in July and August pretty much
aligning with that period of positive energy balance. Taking a monthly view like
this helps smooth out those day-to-day weather variations. What stands out is that
the summer monsoon season is when the glacier has the most energy available
and the highest melt potential, all driven by high solar radiation, with longwave
losses and turbulent fluxes kind of balancing things out. Qm transitions from
negative values (indicating heat loss from the subsurface in winter) to positive
values (crossing zero around March/April and reaching approximately +10 W m ™2
by May), signifying that sufficient energy is absorbed at the surface to begin
warming the underlying snow and ice pack via conduction. This positive Qm
during the peak BC emission period contributes significantly to raising subsurface
temperatures and priming the glacier for the onset of the main melt season, which

is reflected in the increase of the potential melt energy flux (right y-axis).

The analysis of the surface energy balance (SEB) for the Khumbu Glacier in 2021,
derived from High Asia Refined (HAR)vZ dataset variables including observed
albedo, reveals distinct seasonal dynamics governing energy availability for melt.
Calculation of the net energy flux (Qm = S_net + L_net + Qs + Q1) indicates that the

period encompassing the pre-monsoon and monsoon seasons (approximately
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March/April through September) experiences the highest energy surplus
available for melt. Examination of the individual SEB components during the
critical pre-monsoon onset shows that increasing net shortwave radiation (S_net)
is the dominant driver initiating positive Qm values, often supplemented by
contributions from sensible heat flux (Qs). Notably, S_net is intrinsically linked to
surface conditions via the relationship S_net = Incoming SW x (1 - albedo),
highlighting the critical role of surface albedo in modulating the primary energy

input during this sensitive period.

5.4 Link Between Emissions and Glacier Energy Balance

While this study successfully characterized both the glacier's seasonal energy
balance and the seasonality of potential BC emissions along relevant transport
pathways, establishing a direct quantitative link between these calculated
emissions and observed SEB changes (particularly the albedo effect on S_net and
the resulting Qm) was precluded by the absence of atmospheric transport and
deposition modeling. However, a compelling qualitative connection emerges from
the temporal alignment of these independent analyses. The observed onset of the
high melt-energy period (positive Qm) at Khumbu Glacier during the pre-
monsoon is driven significantly by absorbed shortwave radiation, a flux highly
sensitive to surface albedo. Concurrently, the analysis indicated a peak in potential
BC input towards Khumbu from known source regions during this same pre-
monsoon window. Given that BC is a potent light-absorbing particle known to
reduce snow/ice albedo upon deposition, this seasonal coincidence strongly
suggests a plausible contributing role for wildfire-derived aerosols in modulating
the glacier's surface energy balance and potentially enhancing melt during this
critical period in 2021. Although the literature indicates low overall transport
efficiency to the high Himalayas, the timing supports the potential for deposited
BC to act as a significant modulator of the surface energy budget alongside other

primary drivers like incoming solar radiation and air temperature.
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CHAPTER 6. CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

This research enhances the understanding of the complex interactions between
Black Carbon (BC) pollution, particularly from wildfires, climate dynamics, and
glacier retreats in the Himalayas. By employing a dual approach, the study
characterized potential atmospheric transport pathways and associated BC
emissions from wildfires using HYSPLIT, VIIRS, and IPCC methods, while
independently analyzing the 2021 surface energy balance (SEB) of the Khumbu
Glacier using HARv2 data.

The findings confirm dominant southwesterly transport pathways during the
critical pre-monsoon season (March-May), originating largely from fire-prone
regions in Nepal and India. Estimation of potential BC emissions associated with
fires along these pathways indicated a pronounced seasonal peak, calculated as
approximately 39.6 tonnes in March and peaking notably in April 2021 at 94
tonnes (using the convex hull method, though uncertainty remains in burned area
estimation). Crucially, the SEB analysis identified this same pre-monsoon window
as the onset period for significant melt potential (positive Qm), driven primarily
by increasing net shortwave radiation (S_net) and thus highly sensitive to surface
albedo changes. The compelling temporal alignment between the peak in
potential BC transport/emissions and the glacier's heightened sensitivity
establishes a strong plausible link suggesting wildfire BC contributes to

modulating the SEB and enhancing melt during this critical period.

While quantifying the exact fraction of wildfire BC reaching and depositing
remains complex due to transport/deposition uncertainties (atmospheric lifetime,
scavenging, etc.) and the confounding influence of other BC sources (fossil fuels,
biofuels), the estimated magnitude of potential wildfire emissions is significant,
suggesting biomass burning may be an underrecognized contributor to
Himalayan BC loading. This is further supported by the SEB analysis confirming

that even modest BC deposition can meaningfully enhance glacier melt rates.

Therefore, this research highlights the potential importance of wildfire emissions
in influencing Himalayan cryosphere dynamics. It provides an important step
using physical modeling but underscores the critical need for future work
integrating source-specific observational data (field measurements) with refined
atmospheric transport and deposition modeling (e.g., WRF-Chem, SNICAR) to

improve attribution and quantitatively assess this impact. Given the potential for
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transboundary emissions to accelerate melt, policymaking efforts to mitigate
regional biomass burning, especially pre-monsoon, alongside regional
cooperation on fire management and air pollution control, appear critical for

sustaining water security in Himalayan River basins.

6.2 Recommendations

Building upon the findings and identified limitations of this study, the following
recommendations are proposed for future research and potential mitigation

strategies:

o Integrated Modeling: The most critical next step is to quantitatively
assess the impact of wildfire BC by employing coupled modeling
systems. This involves integrating wildfire emission inventories
(potentially refined beyond standard IPCC factors) with atmospheric
chemical transport models (e.g.,, WRF-Chem, GEOS-Chem) to simulate
BC transport and deposition onto the Khumbu Glacier, subsequently
forcing a snow/ice energy balance model (like SEMB or incorporating a
scheme like SNICAR) with dynamically calculated BC-induced albedo
changes.

¢ Refine Emission and Burned Area Estimates: Improve the accuracy
of potential BC emission calculations by utilizing region-specific fuel
loading data, combustion factors, and emission factors where available,
moving beyond generalized IPCC values. Further investigation into
refining burned area estimates from satellite data (VIIRS, MODIS)
specifically for Himalayan terrain and vegetation types is also
warranted, addressing potential commission/omission errors.

e Field Validation: Conduct targeted field campaigns on the Khumbu
Glacier, particularly during the pre-monsoon season, to measure actual
BC concentrations in surface snow and atmospheric aerosols. Source
apportionment techniques (e.g., using Aethalometer data or isotopic
analysis) could help differentiate wildfire contributions from other
sources, providing crucial data for model validation.

e Transboundary Collaboration: Given that identified source regions
and transport pathways are transboundary, encourage regional
cooperation focused on sustainable fire management practices (both
forest fires and agricultural burning) and air quality control measures,
particularly targeting the pre-monsoon season, as a potential strategy

to mitigate BC impacts on sensitive Himalayan glaciers
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ANNEX A :

Calculation of Potential Black Carbon (BC) Emissions from Wildfires Along the
HYSPLIT Trajectory
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Table 0 1 BC Emission Calculation for biomass burning along the Trajectory for the month of March2021

S.No Areain Vegetation Type Area_ha Reduced area Emission in
Sq.km (overestimation) tonnes (Lfire)
1 0.52 | Agri and Crop Residue 52.01 39.01 0.13
2 1.00 | Agri and Crop Residue 100.31 75.23 0.25
3 0.38 | Agri and Crop Residue 38.03 28.52 0.09
4 0.37 | Agri and Crop Residue 37.00 27.75 0.09
5 0.38 | Agri and Crop Residue 38.03 28.52 0.09
6 0.55 | Agri and Crop Residue 54.77 41.08 0.13
7 0.38 | Agri and Crop Residue 38.03 28.52 0.09
8 0.93 | Agri and Crop Residue 92.78 69.58 0.23
9 0.59 | Agri and Crop Residue 59.45 44.59 0.15
10 0.44 | Agri and Crop Residue 4412 33.09 0.11
11 0.95 | Agri and Crop Residue 95.48 71.61 0.23
12 0.40 | Agri and Crop Residue 39.95 29.96 0.10
13 0.96 | Agri and Crop Residue 95.81 71.86 0.23
14 0.52 | Savanna and Grassland 52.47 39.35 0.04
15 0.37 | Savanna and Grassland 37.00 27.75 0.03
16 0.45 | Agri and Crop Residue 44.95 33.71 0.11
17 1.24 | Savanna and Grassland 123.62 92.72 0.09
18 0.34 | Tropical Forest 34.17 25.63 0.39
19 0.34 | Tropical Forest 34.17 25.62 0.39
20 0.94 | Tropical Forest 93.73 70.30 1.08
21 0.34 | Tropical Forest 34.17 25.62 0.39
22 0.34 | Savanna and Grassland 34.16 25.62 0.02
23 0.46 | Agri and Crop Residue 4591 34.43 0.11
24 0.68 | Agri and Crop Residue 68.21 51.16 0.17
25 0.36 | Agri and Crop Residue 35.99 26.99 0.09
26 0.68 | Savanna and Grassland 68.43 51.32 0.05
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S.No Areain Vegetation Type Area_ha Reduced area Emission in
Sq.km (overestimation) tonnes (Lfire)
27 0.49 | Agri and Crop Residue 49.14 36.85 0.12
28 1.83 | Tropical Forest 183.22 137.41 2.12
29 0.75 | Savanna and Grassland 75.38 56.54 0.05
30 0.45 | Savanna and Grassland 45.08 33.81 0.03
31 0.51 | Savanna and Grassland 51.35 38.51 0.04
32 0.52 | Savanna and Grassland 52.20 39.15 0.04
33 0.91 | Tropical Forest 91.39 68.54 1.06
34 0.44 | Tropical Forest 44.11 33.09 0.51
35 1.34 | Savanna and Grassland 133.51 100.13 0.10
36 0.36 | Tropical Forest 35.99 26.99 0.42
37 0.48 | Tropical Forest 48.05 36.04 0.55
38 0.73 | Savanna and Grassland 73.33 54.99 0.05
39 0.69 | Savanna and Grassland 69.03 51.77 0.05
40 0.72 | Tropical Forest 71.73 53.80 0.83
41 0.49 | Savanna and Grassland 49.13 36.85 0.04
42 0.89 | Savanna and Grassland 88.59 66.44 0.06
43 0.75 | Savanna and Grassland 74.70 56.02 0.05
44 1.32 | Tropical Forest 132.37 99.27 1.53
45 0.75 | Savanna and Grassland 75.36 56.52 0.05
46 0.80 | Tropical Forest 80.32 60.24 0.93
47 0.92 | Agri and Crop Residue 92.10 69.07 0.23
48 0.34 | Savanna and Grassland 34.12 25.59 0.02
49 0.84 | Tropical Forest 84.29 63.22 0.97
50 0.56 | Agri and Crop Residue 55.80 41.85 0.14
51 0.53 | Savanna and Grassland 53.04 39.78 0.04
52 0.37 | Tropical Forest 36.99 27.74 0.43
53 0.62 | Agri and Crop Residue 61.94 46.45 0.15
54 1.52 | Agri and Crop Residue 151.52 113.64 0.37
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S.No Areain Vegetation Type Area_ha Reduced area Emission in
Sq.km (overestimation) tonnes (Lfire)
55 0.58 | Savanna and Grassland 58.23 43.67 0.04
56 0.38 | Agri and Crop Residue 37.89 28.42 0.09
57 0.56 | Savanna and Grassland 55.93 41.95 0.04
58 0.95 | Tropical Forest 95.05 71.29 1.10
59 1.04 | Savanna and Grassland 103.92 77.94 0.07
60 1.16 | Tropical Forest 116.15 87.11 1.34
61 0.63 | Tropical Forest 63.24 47.43 0.73
62 1.10 | Savanna and Grassland 109.68 82.26 0.08
63 0.50 | Savanna and Grassland 50.00 37.50 0.04
64 0.52 | Savanna and Grassland 52.18 39.14 0.04
65 0.63 | Agri and Crop Residue 63.20 47.40 0.15
66 0.57 | Agri and Crop Residue 57.22 4291 0.14
67 0.76 | Agri and Crop Residue 76.23 57.17 0.19
68 0.50 | Agri and Crop Residue 49.77 37.33 0.12
69 0.50 | Agri and Crop Residue 49.77 37.32 0.12
70 0.57 | Agri and Crop Residue 57.22 42.92 0.14
71 0.51 | Savanna and Grassland 51.09 38.32 0.04
72 0.43 | Agri and Crop Residue 42.75 32.06 0.10
73 1.02 | Agri and Crop Residue 101.82 76.36 0.25
74 0.75 | Tropical Forest 74.81 56.11 0.86
75 1.32 | Agri and Crop Residue 131.99 98.99 0.32
76 1.15 | Agri and Crop Residue 115.29 86.47 0.28
77 0.62 | Tropical Forest 61.76 46.32 0.71
78 0.37 | Tropical Forest 36.87 27.66 0.43
79 0.60 | Tropical Forest 60.48 45.36 0.70
80 0.83 | Agri and Crop Residue 82.73 62.05 0.20
81 1.09 | Agri and Crop Residue 109.14 81.85 0.27
82 0.48 | Agri and Crop Residue 48.38 36.28 0.12
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S.No Areain Vegetation Type Area_ha Reduced area Emission in
Sq.km (overestimation) tonnes (Lfire)
83 0.37 | Agri and Crop Residue 36.87 27.65 0.09
84 0.58 | Agri and Crop Residue 58.05 43.54 0.14
85 0.51 | Agri and Crop Residue 51.18 38.39 0.13
86 0.60 | Agri and Crop Residue 59.54 44.65 0.15
87 0.69 | Agri and Crop Residue 68.83 51.62 0.17
88 0.34 | Agri and Crop Residue 34.05 25.54 0.08
89 0.46 | Agri and Crop Residue 45.80 34.35 0.11
90 0.50 | Agri and Crop Residue 49.74 37.30 0.12
91 0.47 | Agri and Crop Residue 47.20 35.40 0.12
92 0.62 | Agri and Crop Residue 61.68 46.26 0.15
93 0.51 | Agri and Crop Residue 50.54 37.91 0.12
94 1.16 | Agri and Crop Residue 115.51 86.64 0.28
95 0.39 | Agri and Crop Residue 38.79 29.09 0.09
96 0.34 | Agri and Crop Residue 34.05 25.54 0.08
97 0.52 | Agri and Crop Residue 51.88 38.91 0.13
98 0.58 | Agri and Crop Residue 58.05 43.54 0.14
99 1.03 | Agri and Crop Residue 102.76 77.07 0.25
100 1.06 | Agri and Crop Residue 105.69 79.27 0.26
101 0.55 | Agri and Crop Residue 54.97 41.23 0.13
102 1.10 | Agri and Crop Residue 109.53 82.14 0.27
103 0.55 | Agri and Crop Residue 54.97 41.23 0.13
104 0.88 | Agri and Crop Residue 87.94 65.95 0.22
105 0.75 | Agri and Crop Residue 75.13 56.35 0.18
106 0.70 | Agri and Crop Residue 69.91 52.43 0.17
107 0.37 | Agri and Crop Residue 36.88 27.66 0.09
108 0.52 | Agri and Crop Residue 5191 38.93 0.13
109 0.72 | Agri and Crop Residue 71.99 53.99 0.18
110 0.50 | Agri and Crop Residue 49.78 37.33 0.12
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S.No Areain Vegetation Type Area_ha Reduced area Emission in
Sq.km (overestimation) tonnes (Lfire)

111 0.50 | Agri and Crop Residue 49.78 37.34 0.12
112 0.49 | Agri and Crop Residue 49.02 36.77 0.12
113 0.52 | Agri and Crop Residue 5191 38.94 0.13
114 1.03 | Agri and Crop Residue 102.80 77.10 0.25
115 0.73 | Agri and Crop Residue 73.35 55.01 0.18
116 0.45 | Savanna and Grassland 44.80 33.60 0.03
117 0.36 | Savanna and Grassland 35.89 26.92 0.03

Total 77.40 | Total Sum 7704.23 5778.17 29.69

SUM
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Table 0 1 BC Emission Calculation for biomass burning along the Trajectory for the month of April 2021

S.No Areain | Vegetation Type Area_ha Reduced area Emission in
Sq.km (overestimation) | tonnes (Lfire)

1 0.77 | Temperate Forest 76.79 76.79 0.54
2 0.41 | Agri and Crop Residue 41.13 41.13 0.13
3 0.49 | Agri and Crop Residue 49.22 49.22 0.16
4 0.78 | Agri and Crop Residue 77.55 77.55 0.25
5 0.62 | Agri and Crop Residue 61.98 61.98 0.20
6 0.63 | Agri and Crop Residue 62.97 62.97 0.21
7 0.36 | Agri and Crop Residue 35.91 35.91 0.12
8 0.49 | Agri and Crop Residue 49.04 49.04 0.16
9 4.52 | Agri and Crop Residue 451.70 451.70 1.47
10 1.13 | Agri and Crop Residue 113.36 113.36 0.37
11 0.73 | Agri and Crop Residue 72.55 72.55 0.24
12 1.07 | Agri and Crop Residue 106.98 106.98 0.35
13 0.34 | Agri and Crop Residue 34.11 34.11 0.11
14 0.65 | Agri and Crop Residue 64.86 64.86 0.21
15 0.60 | Agri and Crop Residue 60.19 60.19 0.20
16 0.37 | Agri and Crop Residue 36.92 36.92 0.12
17 0.54 | Agri and Crop Residue 54.27 54.27 0.18
18 0.95 | Agri and Crop Residue 95.37 95.37 0.31
19 0.48 | Agri and Crop Residue 47.96 47.96 0.16
20 4.02 | Agri and Crop Residue 401.57 401.57 1.31
21 0.52 | Agri and Crop Residue 52.35 52.35 0.17
22 0.66 | Agri and Crop Residue 66.34 66.34 0.22
23 0.85 | Agri and Crop Residue 85.12 85.12 0.28
24 1.24 | Agri and Crop Residue 124.32 124.32 0.41
25 2.32 | Agri and Crop Residue 232.30 232.30 0.76
26 0.57 | Agri and Crop Residue 56.61 56.61 0.18
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S.No Areain | Vegetation Type Area_ha Reduced area Emission in
Sq.km (overestimation) | tonnes (Lfire)

27 0.64 | Agri and Crop Residue 64.23 64.23 0.21
28 3.13 | Agri and Crop Residue 312.67 312.67 1.02
29 0.33 | Agri and Crop Residue 33.17 33.17 0.11
30 1.67 | Agri and Crop Residue 166.97 166.97 0.54
31 0.43 | Agri and Crop Residue 42.90 42.90 0.14
32 0.55 | Agri and Crop Residue 55.33 55.33 0.18
33 1.00 | Agri and Crop Residue 100.03 100.03 0.33
34 0.71 | Agri and Crop Residue 71.47 71.47 0.23
35 1.82 | Agri and Crop Residue 181.53 181.53 0.59
36 0.46 | Agri and Crop Residue 45.83 45.83 0.15
37 0.53 | Agri and Crop Residue 53.48 53.48 0.17
38 0.43 | Agri and Crop Residue 42.91 42.91 0.14
39 0.62 | Agri and Crop Residue 61.98 61.98 0.20
40 0.52 | Agri and Crop Residue 51.91 51.91 0.17
41 0.44 | Agri and Crop Residue 43.88 43.88 0.14
42 1.16 | Agri and Crop Residue 115.80 115.80 0.38
43 2.98 | Agri and Crop Residue 297.67 297.67 0.97
44 0.48 | Agri and Crop Residue 47.96 47.96 0.16
45 0.39 | Agri and Crop Residue 38.84 38.84 0.13
46 0.96 | Agri and Crop Residue 95.82 95.82 0.31
47 1.31 | Agri and Crop Residue 131.39 131.39 0.43
48 0.63 | Agri and Crop Residue 62.96 62.96 0.21
49 1.58 | Agri and Crop Residue 157.76 157.76 0.51
50 0.63 | Agri and Crop Residue 62.92 62.92 0.21
51 0.63 | Agri and Crop Residue 62.97 62.97 0.21
52 0.33 | Agri and Crop Residue 33.21 33.21 0.11
53 2.49 | Agri and Crop Residue 248.56 248.56 0.81
54 0.86 | Agri and Crop Residue 85.81 85.81 0.28
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55 3.27 | Agri and Crop Residue 327.12 327.12 1.07
56 0.34 | Agri and Crop Residue 34.11 34.11 0.11
57 0.50 | Agri and Crop Residue 49.78 49.78 0.16
58 1.11 | Agri and Crop Residue 110.72 110.72 0.36
59 1.19 | Agri and Crop Residue 118.82 118.82 0.39
60 0.61 | Agri and Crop Residue 60.60 60.60 0.20
61 0.65 | Agri and Crop Residue 65.34 65.34 0.21
62 0.45 | Agri and Crop Residue 44.84 44.84 0.15
63 0.63 | Agri and Crop Residue 62.96 62.96 0.21
64 0.46 | Agri and Crop Residue 45.84 45.84 0.15
65 0.50 | Agri and Crop Residue 49.88 49.88 0.16
66 0.38 | Agri and Crop Residue 37.93 37.93 0.12
67 0.45 | Agri and Crop Residue 44.84 44.84 0.15
68 1.81 | Agri and Crop Residue 180.90 180.90 0.59
69 0.46 | Agri and Crop Residue 45.83 45.83 0.15
70 0.53 | Tropical Forest 53.34 53.34 0.82
71 0.87 | Agri and Crop Residue 86.86 86.86 0.28
72 0.61 | Agri and Crop Residue 60.53 60.53 0.20
73 0.49 | Agri and Crop Residue 49.02 49.02 0.16
74 0.84 | Agri and Crop Residue 84.02 84.02 0.27
75 0.84 | Savanna and Grassland 84.17 84.17 0.08
76 0.33 | Agri and Crop Residue 33.22 33.22 0.11
77 1.86 | Agri and Crop Residue 185.52 185.52 0.61
78 0.66 | Agri and Crop Residue 66.34 66.34 0.22
79 2.10 | Agri and Crop Residue 209.63 209.63 0.68
80 0.81 | Agri and Crop Residue 81.18 81.18 0.26
81 0.41 | Agri and Crop Residue 40.95 40.95 0.13
82 0.33 | Agri and Crop Residue 33.21 33.21 0.11
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83 0.49 | Agri and Crop Residue 49.00 49.00 0.16
84 1.67 | Agri and Crop Residue 167.18 167.18 0.55
85 0.43 | Agri and Crop Residue 42.90 42.90 0.14
86 0.89 | Agri and Crop Residue 89.41 89.41 0.29
87 3.13 | Agri and Crop Residue 312.57 312.57 1.02
88 0.78 | Agri and Crop Residue 77.81 77.81 0.25
89 0.64 | Agri and Crop Residue 64.22 64.22 0.21
90 0.42 | Agri and Crop Residue 41.85 41.85 0.14
91 0.64 | Agri and Crop Residue 63.88 63.88 0.21
92 1.82 | Agri and Crop Residue 182.33 182.33 0.60
93 0.54 | Agri and Crop Residue 54.10 54.10 0.18
94 0.59 | Agri and Crop Residue 59.31 59.31 0.19
95 0.49 | Agri and Crop Residue 48.99 48.99 0.16
96 1.04 | Agri and Crop Residue 103.73 103.73 0.34
97 1.80 | Agri and Crop Residue 179.73 179.73 0.59
98 1.50 | Agri and Crop Residue 149.97 149.97 0.49
99 1.21 | Agri and Crop Residue 121.35 121.35 0.40
100 0.39 | Agri and Crop Residue 38.85 38.85 0.13
101 0.48 | Agri and Crop Residue 47.96 47.96 0.16
102 0.54 | Agri and Crop Residue 54.10 54.10 0.18
103 0.87 | Agri and Crop Residue 86.99 86.99 0.28
104 0.53 | Tropical Forest 52.51 52.51 0.81
105 0.84 | Agri and Crop Residue 84.29 84.29 0.28
106 0.60 | Agri and Crop Residue 60.49 60.49 0.20
107 0.49 | Agri and Crop Residue 49.04 49.04 0.16
108 1.03 | Tropical Forest 102.54 102.54 1.58
109 0.41 | Agri and Crop Residue 40.95 40.95 0.13
110 0.52 | Savanna and Grassland 52.20 52.20 0.05
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111 0.52 | Agri and Crop Residue 52.03 52.03 0.17
112 0.89 | Savanna and Grassland 88.67 88.67 0.09
113 1.16 | Agri and Crop Residue 115.58 115.58 0.38
114 0.73 | Agri and Crop Residue 72.55 72.55 0.24
115 0.68 | Tropical Forest 68.36 68.36 1.05
116 1.00 | Agri and Crop Residue 100.01 100.01 0.33
117 1.23 | Savanna and Grassland 123.46 123.46 0.12
118 0.83 | Savanna and Grassland 82.87 82.87 0.08
119 0.52 | Agri and Crop Residue 51.81 51.81 0.17
120 0.52 | Agri and Crop Residue 52.34 52.34 0.17
121 0.56 | Agri and Crop Residue 56.42 56.42 0.18
122 0.33 | Agri and Crop Residue 33.22 33.22 0.11
123 0.49 | Agri and Crop Residue 49.00 49.00 0.16
124 0.56 | Agri and Crop Residue 56.42 56.42 0.18
125 0.33 | Savanna and Grassland 33.23 33.23 0.03
126 0.74 | Agri and Crop Residue 74.02 74.02 0.24
127 0.54 | Tropical Forest 54.15 54.15 0.83
128 1.19 | Agri and Crop Residue 119.24 119.24 0.39
129 2.07 | Tropical Forest 206.51 206.51 3.18
130 1.60 | Agri and Crop Residue 159.76 159.76 0.52
131 2.41 | Agri and Crop Residue 240.79 240.79 0.79
132 0.55 | Savanna and Grassland 55.44 55.44 0.05
133 0.63 | Savanna and Grassland 63.26 63.26 0.06
134 2.39 | Savanna and Grassland 238.97 238.97 0.23
135 0.42 | Tropical Forest 41.96 41.96 0.65
136 0.52 | Tropical Forest 52.15 52.15 0.80
137 0.57 | Agri and Crop Residue 57.22 57.22 0.19
138 0.69 | Agri and Crop Residue 68.90 68.90 0.22
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139 0.49 | Agri and Crop Residue 49.04 49.04 0.16
140 1.40 | Tropical Forest 139.56 139.56 2.15
141 2.59 | Savanna and Grassland 259.10 259.10 0.25
142 0.62 | Savanna and Grassland 62.30 62.30 0.06
143 0.79 | Temperate Forest 79.27 79.27 0.55
144 1.00 | Agri and Crop Residue 100.01 100.01 0.33
145 1.17 | Savanna and Grassland 116.68 116.68 0.11
146 1.26 | Savanna and Grassland 126.27 126.27 0.12
147 0.52 | Savanna and Grassland 52.20 52.20 0.05
148 1.14 | Agri and Crop Residue 113.93 113.93 0.37
149 0.56 | Agri and Crop Residue 56.40 56.40 0.18
150 0.67 | Agri and Crop Residue 66.72 66.72 0.22
151 0.45 | Agri and Crop Residue 44.83 44.83 0.15
152 0.49 | Agri and Crop Residue 48.98 48.98 0.16
153 0.74 | Agri and Crop Residue 73.56 73.56 0.24
154 0.47 | Agri and Crop Residue 46.93 46.93 0.15
155 0.51 | Agri and Crop Residue 51.20 51.20 0.17
156 0.95 | Agri and Crop Residue 94.85 94.85 0.31
157 0.47 | Tropical Forest 47.37 47.37 0.73
158 0.47 | Agri and Crop Residue 47.20 47.20 0.15
159 0.48 | Agri and Crop Residue 47.96 47.96 0.16
160 0.78 | Agri and Crop Residue 78.31 78.31 0.26
161 0.45 | Agri and Crop Residue 44.82 44.82 0.15
162 0.33 | Tropical Forest 33.34 33.34 0.51
163 0.46 | Agri and Crop Residue 45.83 45.83 0.15
164 0.54 | Savanna and Grassland 54.43 54.43 0.05
165 0.66 | Agri and Crop Residue 66.33 66.33 0.22
166 0.57 | Agri and Crop Residue 57.22 57.22 0.19
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167 0.94 | Agri and Crop Residue 94.21 94.21 0.31
168 0.57 | Agri and Crop Residue 57.22 57.22 0.19
169 0.92 | Agri and Crop Residue 92.47 92.47 0.30
170 0.57 | Agri and Crop Residue 57.29 57.29 0.19
171 1.50 | Agri and Crop Residue 149.65 149.65 0.49
172 0.49 | Agri and Crop Residue 49.01 49.01 0.16
173 0.92 | Agri and Crop Residue 91.75 91.75 0.30
174 1.34 | Tropical Forest 133.60 133.60 2.06
175 2.60 | Agri and Crop Residue 260.07 260.07 0.85
176 0.55 | Agri and Crop Residue 54.57 54.57 0.18
177 0.55 | Agri and Crop Residue 54.57 54.57 0.18
178 1.43 | Agri and Crop Residue 142.74 142.74 0.47
179 0.54 | Tropical Forest 54.44 54.44 0.84
180 0.64 | Agri and Crop Residue 63.88 63.88 0.21
181 0.53 | Boreal Forest 52.61 52.61 0.42
182 0.89 | Agri and Crop Residue 89.22 89.22 0.29
183 0.64 | Agri and Crop Residue 64.21 64.21 0.21
184 0.48 | Agri and Crop Residue 47.96 47.96 0.16
185 0.42 | Agri and Crop Residue 41.79 41.79 0.14
186 0.63 | Agri and Crop Residue 62.90 62.90 0.21
187 0.73 | Agri and Crop Residue 72.54 72.54 0.24
188 0.33 | Savanna and Grassland 33.20 33.20 0.03
189 0.54 | Agri and Crop Residue 54.10 54.10 0.18
190 0.69 | Agri and Crop Residue 68.86 68.86 0.22
191 1.26 | Savanna and Grassland 125.81 125.81 0.12
192 0.44 | Boreal Forest 44.12 44.12 0.35
193 0.45 | Agri and Crop Residue 44.81 44.81 0.15
194 0.52 | Agri and Crop Residue 52.29 52.29 0.17
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195 0.39 | Tropical Forest 38.84 38.84 0.60
196 1.25 | Tropical Forest 125.47 125.47 1.93
197 0.63 | Tropical Forest 62.90 62.90 0.97
198 0.45 | Agri and Crop Residue 44.81 44.81 0.15
199 0.63 | Tropical Forest 62.92 62.92 0.97
200 0.52 | Tropical Forest 51.92 51.92 0.80
201 0.66 | Savanna and Grassland 66.34 66.34 0.06
202 0.52 | Savanna and Grassland 51.92 51.92 0.05
203 1.34 | Agri and Crop Residue 134.25 134.25 0.44
204 0.55 | Agri and Crop Residue 54.57 54.57 0.18
205 1.29 | Agri and Crop Residue 128.97 128.97 0.42
206 3.64 | Agri and Crop Residue 363.91 363.91 1.19
207 0.42 | Agri and Crop Residue 41.80 41.80 0.14
208 0.78 | Agri and Crop Residue 77.50 77.50 0.25
209 0.54 | Agri and Crop Residue 54.08 54.08 0.18
210 0.78 | Agri and Crop Residue 77.50 77.50 0.25
211 0.55 | Agri and Crop Residue 54.95 54.95 0.18
212 1.35 | Tropical Forest 135.39 135.39 2.08
213 0.34 | Agri and Crop Residue 34.06 34.06 0.11
214 0.49 | Agri and Crop Residue 48.95 48.95 0.16
215 0.43 | Agri and Crop Residue 42.76 42.76 0.14
216 1.81 | Tropical Forest 181.28 181.28 2.79
217 0.78 | Tropical Forest 77.69 77.69 1.20
218 0.59 | Tropical Forest 59.26 59.26 0.91
219 0.48 | Agri and Crop Residue 48.38 48.38 0.16
220 0.72 | Savanna and Grassland 71.61 71.61 0.07
221 0.68 | Agri and Crop Residue 68.03 68.03 0.22
222 0.83 | Agri and Crop Residue 82.76 82.76 0.27
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223 2.76 | Tropical Forest 275.70 275.70 4.24
224 0.62 | Agri and Crop Residue 61.65 61.65 0.20
225 1.16 | Agri and Crop Residue 116.28 116.28 0.38
226 1.65 | Agri and Crop Residue 165.37 165.37 0.54
227 0.82 | Agri and Crop Residue 81.74 81.74 0.27
228 1.32 | Agri and Crop Residue 131.96 131.96 0.43
229 1.00 | Agri and Crop Residue 100.13 100.13 0.33
230 0.85 | Agri and Crop Residue 84.63 84.63 0.28
231 0.49 | Agri and Crop Residue 48.98 48.98 0.16
232 0.91 | Agri and Crop Residue 91.18 91.18 0.30
233 0.60 | Agri and Crop Residue 60.49 60.49 0.20
234 0.46 | Agri and Crop Residue 45.82 45.82 0.15
235 0.52 | Agri and Crop Residue 51.88 51.88 0.17
236 0.43 | Agri and Crop Residue 42.75 42.75 0.14
237 0.55 | Agri and Crop Residue 54.96 54.96 0.18
238 0.55 | Agri and Crop Residue 54.96 54.96 0.18
239 1.04 | Agri and Crop Residue 104.26 104.26 0.34
240 1.12 | Agri and Crop Residue 112.18 112.18 0.37
241 0.50 | Agri and Crop Residue 49.74 49.74 0.16
242 0.52 | Agri and Crop Residue 5191 5191 0.17
243 3.26 | Agri and Crop Residue 325.96 325.96 1.06
244 0.82 | Agri and Crop Residue 81.72 81.72 0.27
245 0.73 | Agri and Crop Residue 73.36 73.36 0.24
246 0.64 | Agri and Crop Residue 63.98 63.98 0.21
247 0.91 | Agri and Crop Residue 91.16 91.16 0.30
248 0.57 | Agri and Crop Residue 56.88 56.88 0.19
249 0.70 | Agri and Crop Residue 69.89 69.89 0.23
Total Sum 21882.38 21882.38 93.82
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Table 0 1 BC Emission Calculation for biomass burning along the Trajectory for the month of March2021

S.No | Area in SqKm Vegetation Type Area_ha L_fire_tonnes Emission
1 0.846 | Savanna and Grassland 84.56 0.14 0.143919
2 0.931 | Savanna and Grassland 93.10 0.16 0.158457
3 0.671 | Savanna and Grassland 67.09 0.11 0.114195
Total SUM 244.754 0.416571
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Table A: Values for EF, Mf, Cf for various types of Vegetation

Vegetation Emission | Mass of Fuel Combustion Mass
types Factor (tonne/hectare) | Factor(unitless) | of
(g/kg)- Fuel *
Cf
Tropical Forest 0.52 82.222 0.36 29.6 For Dry
Temperate Forest | 0.56 27.77777778 0.45 12.5 | Iropical
Boreal Forest 0.2 116.471 0.34 39.6
Savanna and 0.37 3.514 0.74 2.6
Grassland
Agri and Crop 0.51 8 0.8 6.4
Residue
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Emission Factor =The Fire Inventory
from NCAR version 2.5: an updated global
fire emissions model for climate and
chemistry applications

Combustion Factor =2019 Refinement to
the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories

Mass of Fuel = Emission factors for open
and domestic biomass burning for use in
atmospheric models (Vander Werf
et.al(2010)
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Abstract

Forests are critical for carbon sequestration, biodiversity conservation, and ecosystem regulation. Still, wildfires’ black carbon
(BC) can travel great distances to Himalayan glaciers, accelerating their melt and impacting regional climate and water supplies.
This study employs HYSPLIT backward trajectory analysis for 120 hours from the Khumbu Gilacier, tracking possible wildfire
events along the trajectory with a focus on the year 2021 and a 500-meter planetary boundary layer (PBL). Results indicate that
pre-monsoon southwesterly airflows facilitate long-range BC transport from biomass-burning locations in South Asia, with peak
contributions occurring between March and May. During the monsoon season (June-September), increased precipitation and wet
scavenging reduce BC deposition. However, post-monsoon months (October-December) witness a resurgence in BC transport,
notably from the Indo-Gangetic Plain, where stable air conditions and widespread biomass burning lead to increased deposition
hazards. These findings emphasize the significance of air circulation in influencing BC transport and its implications for glacier melt
in the Himalayas. This study explores the transport pathways of wildfire-derived BC to the Khumbu Glacier during the pre-monsoon
season using HYSPLIT backward trajectory analysis. This technique enhances understanding of how regional and long-transport

Keywords
HYSPLIT, Backward trajectory, Black Carbon, Wildfires

wildfire emissions contribute to BC accumulation in the Khumbu region.

1. Introduction

BC emissions primarily originate from the incomplete
combustion of biomass (forest fires, grass burning, etc.),
biofuels (firewood, charcoal, etc.), and fossil fuels (coal,
petroleum products) [1]. When BC deposits onto snow and ice,
it reduces their albedo, accelerating melting[2]. BC is thought
to be the second-largest human contributor to global
warming after CO, because of its high absorption of light at
visible and infrared wavelengths[3]. BC remains suspended in
the atmosphere for approximately one week before being
removed through both dry and wet deposition [4]. The Dry
deposition is typically smaller in magnitude compared to wet
deposition[5][6]. Wet deposition is the primary process for
removing black carbon, responsible for over 90% of its total
deposition in the Arctic [7]. The role of forest fires in snow and
glacier melt is gaining greater recognition [8]. According to [9]
real-time observations and simulation studies significant BC
transport to the snow-capped Everest region. Since 2006,
observations at the Nepal Climate Observatory at Pyramid
(NCO-P), situated at 5079 m above sea level, have confirmed
that aerosols, including BC, can be effectively transported
from their sources to high-altitude regions in the Himalayan
regions[10][11]. Surface glacier melt was affected by upwind
wildfire activity by reducing surface albedo due to soot
deposition on the glacier and by altering atmospheric
conditions above the glacier through smoke[12]. Emissions
from wildfires, particularly crown fires in the forest canopy,
can easily rise to altitudes above 5 km, reaching up to 8-9 km
in the mid-troposphere above the forest crown. Between 2000

and 2019, the Khumbu region experienced an approximate
34% expansion in the area of its glacial lakes, along with an
estimated 42% rise in the total volume of liquid water
contained within these lakes[13]. The Khumbu Glacier, the
highest in the world, is receding at about 30 meters per
year[14]. This study aims to determine how much BC from
wildfires has accelerated the melting of the Khumbu Glacier.
The annual cycle can be divided into four distinct climatic
periods instead of the traditional seasonal classifications
winter (December to February), pre-monsoon (March to May),
the Southwest monsoon (June to September), and
post-monsoon (October to November)[15].We thus define the
period “March-end of May” as pre-monsoon, and the period
“end of May-September” as monsoon season[16][17][18].

2. Methodology

2.1 Study Area

The Khumbu region is situated in northeastern Nepal, within
the Solukhumbu district of Koshi Pradesh, covering around
1,148 km? square kilometers (443 miles?) and bordering Tibet
to the north. Encircled by the majestic Himalayas, the region
is defined by snow-capped peaks, including Everest, Lhotse,
Nuptse, and Ama Dablam, which dominate the landscape.
Khumbu Glacier (27.970) stretches approximately 17 km in
length and covers an area of about 27 km?, which includes its
detached tributary glaciers, Changri Nup and Changri
Sharthey concluded that the concentrations of BC in the
Khumbu Valley exhibit a seasonal pattern, with lower levels
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during the post-monsoon and winter seasons, and higher
levels during the pre-monsoon, reaching peak concentrations
just before the monsoon begins[19][20][21]. In the Khumbu
region, the climate features a summer monsoon season when

almost all of the annual rainfall, about 587 + 34 mm, occurs.

The winters are cold and dry with little precipitation[22].

SoluKhumbu Ward no 4 N

MAP OF NEPAL

Coordinate System: GCS WGS 1984
Datm: WGS 1984
Units: Degree

Figure 1: Location of the Study Area

2.2 The HYSPLIT Back Trajectories

The Air Resources Laboratory’s Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model is a
full-fledged system for simulating both simple air parcel
trajectories and complex dispersion and deposition
scenarios[23].The model uses a combination of the
Lagrangian and Eulerian approaches, with the former
assuming air parcel advection and diffusion from a starting
point and the latter observing a fixed three-dimensional grid
across time[24].This work employs the HYSPLIT model with
the Lagrangian technique to calculate backward trajectories.

The HYSPLIT Ready Atmospheric Transfer Modeling System
(https://www.ready.noaa.gov/HYSPLIT _traj.php) provides an
online tool to calculate trajectories using global
meteorological data. Data sources include GDAS with 1°
spatial resolution (2006-present) and 0.5° (09/2007-06/2019),
GFS with 0.25° resolution (06/2019-present), and NCEP/NCAR
Reanalysis (from 1948-present). The data used for this
investigation is the 1° spatial resolution. While the vertical
velocity of GDAS with 0.25° must be determined by vertically
integrating the horizontal velocity, the vertical motion of the
trajectory produced by GDAS with 1°can is computed directly
from the model output vertical wind velocity[25]. Data objects
with greater variability are grouped in distinct clusters,
whereas clustering brings similar data objects together based
on similarity[26]. This study groups comparable data using
clustering rather than classification. By identifying distinct
trends in atmospheric transport, this clustering technique
improves the study and offers a greater understanding of air
parcel movements and their possible causes.

ro Input Data

Simulation Parameters
Start Location (Latitude, Longitude,

Height)

Global Forecast System (GFS), . .

Global Data Assimilation System( Simulation Type (Backward/Forward
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Run Time (Duration in hours)
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\ for data output)
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Output Files
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Trajectory -GIS Output
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File

— —

Visualization and
Report Generation
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Frequency/Clustering

Figure 2: HYSPLIT model simulation

As shown in Figure 2, the HYSPLIT model simulation
demonstrates the HYSPLIT model formulation method for
trajectory analysis.It starts with input data, which can be
meteorological datasets such as the Global Forecast System
(GFS), Global Data Assimilation System (GDAS), or Weather
Research and Forecasting (WRF) model, all in gridded binary
format.The user then sets the simulation parameters,
including the starting point (latitude, longitude, and height),
simulation type (backward or forward trajectory), run time
(hours), and output frequency.

Once these parameters are established, the HYSPLIT model is
run, resulting in atmospheric trajectory simulation.The
obtained trajectories go through frequency or clustering
analysis, which aids in finding dominant transport channels.
The model then generates output files in various forms,
including PostScript, GIS outputs, and HYSPLIT ASCII. The
Planetary Boundary layer was taken 500m above ground level.
At 500 m above ground, within the Himalayan and Tibetan
Plateau boundary layer, anthropogenic emissions increase
significantly, as winter boundary layer heights typically range
from 500 to 1000 m[27].

2.3 Wildfire and Black Carbon Emissions

Wildfire smoke can drift to distant mountain ranges that
darken glacier surfaces, which leads to increased ice melting
by up to 10% compared to simulations where the impacts of
fire activity were removed[28]. The fire season, which runs
from March to June, accounts for 86.3% of all recorded fires,
with the highest activity occurring in April, representing 43.6%
of the total, followed by March at 16.31% and May at
15.63%(17].Annually, in the Study done in the Yala Glacier, [3].
The atmospheric BC contribution from Nepal and India
combined accounted for approximately 69% (ranging between
64% and 74% depending on the season). This was followed by
contributions of 22% from China, 3% from Bangladesh, 2%
from Pakistan, and 1% from Bhutan, with the remaining
contributions coming from nearby regions[3]. Following
wildfire events, BC concentrations in glacier snow and ice
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have been recorded at levels higher than 20 ng/g. This
suggests that wildfires have played a substantial role in
accelerating glacier melt in the Himalayas, contributing to the
overall retreat of these glaciers[29].Because solar radiation is
the primary source of heat for surface melting on nearly all
mountain glaciers, their sensitivity to black carbon-induced
changes in surface reflectance is critically important for their
survival[30]. According to a study done by [31], results suggest
the potential advection and deposition of BC and OC aerosols
in the downwind direction from Uttarakhand to Nepal, as well
as over the upper Himalayan glaciated region.The
fundamental formula from the IPCC Guidelines can be used
to determine the black carbon emissions from wildfires[1].

Lire = Ax Mg x Cp x Gop x 1073

Where:

* A= Area affected by fire, in square kilometers;

e Mp = Mass of biomass burned, in tons;

* Cy = Conversion factor for the type of fire;

* G¢f = Emission factor for black carbon (BC) from the
fire;

* 1073 = Scaling factor to adjust units.

The emission factors can be calculated using the study
"Emission Factors for Open and Domestic Biomass Burning
for Use in Atmospheric Models" [4]. Using these equations the
BC emissions from various fires along the track. This approach
allows for a more exact assessment of wildfire contributions to
BC transport and deposition over the Khumbu Glacier.

3. Result and Discussions

3.1 Monthly Variations in BC Transport and Deposition
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Figure 3: Potential Trajectories from March to August
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Figure 4: Potential Trajectories from September to Feburary

The HYSPLIT model was used to simulate the monthly
trajectories of black carbon particles transported to the
Khumbu Glacier, originating from forest fire emissions. The
following sections analyze the seasonal variability in air parcel
transport patterns and their implications for black carbon
deposition. During March, the backward trajectory analysis
indicates that air masses reaching the Khumbu Glacier
primarily originate from the southwest, with significant
influence from forest fire emissions in the lowland regions
where the Dominant Cluster (43%) suggests strong air mass
movement from a primary source following smaller clusters
(33%,14%,6%,3%) shows the pre-monsoon atmospheric
circulation facilitates the long-range transport of aerosols.
April exhibits similar trajectory patterns, with stronger
southwesterly airflows due to the increasing influence of
pre-monsoon convective activity. The rising temperatures and
intensified biomass burning in South Asia may have
contributed to an elevated black carbon load. In May, brings a
noticeable shift, with air parcels arriving from the south. The
pre-monsoon period is characterized by heightened transport
potential, as increased surface heating enhances atmospheric
instability. This results in deeper vertical mixing and a broader
spatial extent of pollutant transport.The onset of the monsoon
season in June brings dispersed patterns in air parcel origins.
Trajectories predominantly come from the Bay of Bengal with
a dominant cluster of 58% indicating a potential dilution
effect due to monsoonal precipitation. This may reduce the
efficiency of black carbon deposition over the glacier, despite
ongoing emissions from regional fire activity of 36%. July and
August are characterized by a strong monsoonal influence,
with air masses primarily originating from the Bay of Bengal
and Indian Ocean. Heavy precipitation associated with the
monsoon reduces atmospheric black carbon concentrations,
leading to minimal deposition over the glacier. The wet
scavenging effect dominates during this period. As the
monsoon begins to retreat in September, there is a gradual
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re-emergence of southwesterly airflows. The weakening of
precipitation allows for increased aerosol transport,
potentially leading to a resurgence in black carbon deposition
over the glacier.October marks the transition to the
post-monsoon season, with trajectories once again showing a
dominant southwest influence. The drying of vegetation and
resurgence of biomass burning events contribute to elevated
black carbon emissions, increasing deposition risks in the
Himalayan region.During November and December, air parcel
trajectories indicate a strong influx from the Indo-Gangetic
Plain with 83% and 64% of dominant clusters in each month, a
region known for extensive agricultural burning. The stable
atmospheric conditions favor pollutant accumulation, leading
to significant black carbon transport toward the Khumbu
Glacier.

3.2 Trajectory Frequency

Every six hours, the trajectory frequency will begin a trajectory
from a single point in space and height, add up the frequency
at which the trajectory crossed a grid cell, and then normalize
by the total number of trajectories or endpoints. We should
note that trajectory may intersect a grid cell once or multiple
times.The blue contour highlights areas contributing the
highest BC concentrations reaching the receptor region.
Additional contours represent varying transport probabilities,
providing insight into dominant atmospheric pathways. This
visualization underscores the importance of targeted regional
mitigation measures to address BC sources and reduce
deposition impacts on the glacier.
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Figure 5: HYSPLIT frequency plot of five-day backward
trajectories every 6 h at the Khumbu Glacier from 500 m agl in
year 2021

We should note that trajectory may intersect a grid cell once or
multiple times. The blue contour highlights areas contributing

the highest BC concentrations reaching the receptor region.

Additional contours represent varying transport probabilities,
providing insight into dominant atmospheric pathways. This
visualization underscores the importance of targeted regional
mitigation measures to address BC sources and reduce

deposition impacts on the glacier.

4. Conclusions and Recommendations

4.1 Conclusions

This trajectory frequency analysis highlights the dominant
seasonal transport pathways of aerosols, black carbon, and
dust affecting the Khumbu region.Understanding these
transport mechanisms is crucial for assessing the Himalayas’
air quality, climate dynamics, and glacial melting processes.
These findings emphasize the need for emission control
measures in major upwind regions to mitigate the impacts of
long-range transported pollutants on the high-altitude
cryosphere.To mitigate these impacts, urgent interventions
are required at both national and transboundary levels.

4.2 Recommendations

To reduce black carbon (BC) inputs to the Khumbu Glacier,
regional coordination among Nepal, India, China, Bangladesh,
and Bhutan should be increased, with a focus on
transboundary air quality monitoring and stricter biomass
burning regulations.Improved wildfire management
programs, such as controlled burning, early detection devices,
and real-time satellite surveillance, can assist minimize
emissions. Furthermore, growing research on BC source
attribution using models like WRF-Chem.
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