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Carbonaceous aerosol particles are associated with large uncertainties in their climate impacts because of
incomplete knowledge of their optical properties and emission magnitudes. Biomass-burning sources
significantly contribute to carbonaceous aerosol emissions in India, with crop residue burning being
crucial during post-harvest months. Here, for the first time, we study the chemical and optical properties
of emission aerosols using in situ real-time and filter-based measurements from significantly
contributing crop residue straws, stalks, and stems in India. Emitted particles exhibited optical behaviour
characteristic of the brown-black carbon absorption continuum, with large mass absorption cross-
sections (MACspo: 8.2 + 9.6 m? 9*1) and small absorption Angstrém exponents (AAEz;0/660: 1.97 + 0.81).
They contain significant amounts of lower volatility organic (OC,y) and elemental carbon fractions. The
relative abundances of OC,y correlate positively with MACs,9 and negatively with AAEs;0/660. implying
significant absorption exerted by OC,y, with likely atmospheric persistence. Additionally, we measured

emission factors for a complete list of particulate chemical constituents. Emission factors of elemental
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Accepted 4th November 2024 carbon are larger than those in earlier studies, indicating a 1.6—3.8 times increase in the climate warming

potential of the emitted particles from crop residue burning. The intrinsic property measurements and

DOI: 10.1039/d4€200104d the emissions estimates made here can aid climate modelling efforts that underestimate aerosol

rsc.li/esatmospheres absorption in the region.

Environmental significance

Agricultural residue fires are significant sources of atmospheric aerosols in South Asia, contributing to severe air quality episodes in the region. However, their
climate impacts remain highly uncertain. Here, we made in situ emission measurements of prescribed agricultural fires in India to study aerosol chemical and
optical properties and examine their interrelationships. The measurements were used to prepare source profiles and calculate emission factors and emission
magnitudes from this source over India. This is an improvement on previous emissions inventories that rely on emission factors from other world regions that
may not be representative of emissions in South Asia. Our findings show a substantial increase in absorbing species that can drive improvements in regional and
global climate models that underestimate aerosol absorption.

1 Introduction

“Centre for Climate Studies, Indian Institute of Technology Bombay, Mumbai 400076, Carbonaceous aerosols are key shortlived climate forcers
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"Environmental Science and Engineering Department, Indian Institute of Technology ~ 2° temperature targets®” and other air quality co-benefits.?
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‘Department of Earth and Environmental Sciences, Indian Institute of Science large uncertainties.*® One source of uncertainty stems from
Education and Research Bhopal, Bhopal 462066, India a limited understanding of aerosol emissions, including their
4Depamjnent of Che@zcal Engineering, Indian Institute of Technology Bombay, magnitudes and chemical and optical properties.” The Indian
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and agricultural residue burning.** Agricultural residue burning
is among the significant contributors to SLCF emissions glob-
ally, especially in the south and southeast Asian regions.”*™ In
India, crop residue burning emissions are especially relevant
during short periods post-harvest, contributing to poor ambient
air-quality episodes.'*™"®

Emissions from crop residue burning are calculated by
multiplying the activity with emission factors. Activity is the
quantity of crop residue burned on-field, calculated using top-
down'?" or bottom-up'*'****> approaches. Meanwhile, the
emission factors, or the amount of pollutant emitted per unit
mass of crop residue burned, are calculated using lab-
simulated,”>" in situ (field),>>® or aircraft (field)** measure-
ments. Lab-simulated measurements provide ease and flexi-
bility but cannot mimic field combustion conditions (e.g. the
fuel equivalence ratio and meteorology) and fuel properties (e.g:
moisture).’>**' Considering the above, field measurements
give more accurate emission factor estimates. Several types of
crop residues are burned on-field, including cereals, sugarcane,
oilseeds, and fiber crops.’*** They have varying elemental
compositions, are harvested and burned on-field in different
seasons and likely have different emission properties.

Crop residue aerosol emissions comprise inorganic and
organic species that absorb and scatter solar radiation.
Amongst these, black carbon (BC) particles are the strongest
absorbing species with a weak absorption wavelength depen-
dence.* Along with BC, absorbing organic carbon species called
brown carbon (BrC) are also emitted.** BrC particles exhibit
relatively weaker absorption strengths but a higher absorption
wavelength dependence.*® The presence of a wide variety of
organic carbon species in the atmosphere leads to large varia-
tions in their optical properties. Saleh et al.*® proposed a light-
absorption continuum from weakly absorbing brown to
strongly absorbing black carbon with increasing absorption
strengths, where absorption strength is inversely proportional
to its wavelength dependence. Particles with stronger absorp-
tion strengths likely have lower volatility, larger molecular
weights, and lower water solubility. Low-volatility particles are
found in lab-based combustion of hydrocarbon*** and

5051 and

biomass*** and also in field-measured wildfire
anthropogenic®*** emissions. However, these particles are
difficult to detect using commonly used solvent extraction
techniques because of their insolubility.

Absorption properties of atmospheric carbonaceous aero-
sols, especially those influenced by crop residue biomass
burning, have been reported in the literature®** and are
essential to validate and constrain climate model simulations.
However, the model simulations remain strongly dependent on
the emission characteristics at the source. Despite significant
emissions from crop residue burning in the south-Asia region,
only two studies®”*® have reported field measurements of crop
residue burning in the region. The paucity of data, both the
number of measurements and types of crops, limits global
emissions inventories to using broad crop-averaged emission
factors measured across the world to estimate emissions from
India.**** Some regional inventories have used crop (or crop-

group) specific emission factors,”* but using measurements
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made in other regions of the world that may not be represen-
tative of the south-Asian region for the reasons already
discussed.

Here, we study the physicochemical and optical properties of
aerosol emissions from crop residue burning in western India
using in situ field measurements. The measurements include
real-time aerosol optical properties and time-integrated, filter-
based chemical speciation to estimate emission factors. Rela-
tionships between chemical component concentrations and
optical properties are also reported, suggesting that the brown-
black absorption continuum exists in real-world prescribed
biomass burning emissions. Furthermore, the emission factors
are combined with activity estimates from a previous study to
produce high spatiotemporal resolution climate model-ready
emission estimates.

2 Methodology

2.1 Measurement location

Previous studies have reported burning residues of rice, wheat,
sugarcane, other cereals, and oilseeds in India.»****** In the
present study, we report emission measurements from burning
agricultural residues, including wheat (straw), cotton (stalks),
oilseeds (stalks), and banana (stems and leaves) biomass, which
constitute 78% of the crop residue biomass burned on-field in
western India and 45% in India."” Field emission measure-
ments of these crops were made in five villages in Vadodara and
Anand districts in Gujarat, India (Fig. S1t). Farmers were con-
tacted before the harvest seasons to gather information on
dates of residue-burning activities; field measurements were
conducted during these periods. 3-8 emission measurements of
each crop residue type were made to ensure repeatability and
establish confidence in the results. Where possible, emissions
from the same crops in different villages were measured to
capture possible heterogeneity in emission properties.
Measurements were conducted during the rabi harvest
season (March and April) of 2022, with additional measure-
ments of banana residue burns during the kharif harvest season
(October-November) of 2021. Measurements were conducted in
fields away from other emission sources to ensure minimal
interference. The farms were away from major roads, with traffic
emissions, and village centres, with residential biomass
burning emissions from cooking, water heating and space
heating. On the day of the burn on a field, the sampling system
was set up before the burn to briefly record the background
concentrations and confirm the absence of interference from
other sources. Aerosol sampling on filter substrates was started
as soon as the fire was ignited, and aerosols were sampled until
the smouldering combustion died down. This ensured that the
sampling was representative of the entire combustion cycle and
real-world meteorological conditions. The measurement
campaigns lasted 2-3 weeks, including two background
measurements during each campaign, once in the middle of the
campaign and another at the end. Background aerosols were
measured for 8-10 hours to ensure sufficient particle concen-
trations on filter substrates for subsequent chemical analyses.
These background measurements were also conducted in
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agricultural fields away from other aerosol sources when no
field was burning nearby. The measured background concen-
trations were used to calculate elevations in concentrations of
all the species during the burns, which are required for emis-
sion factor calculations. For all the species apart from CO,, the
background concentrations had <5% of the smoke plume
concentrations (Table S1t).

2.2 Measurement method

The measurements were conducted using the versatile source
sampling system (VS3), specifically designed to study aerosol
emissions from biomass burning sources for the COALESCE
network.® VS3 is described in detail elsewhere®” and is inspired
by other portable source emissions systems.*®* Briefly, it
consists of a multi-arm inlet (adapted from Roden et al.*®) with
eight arms that aspirated aerosols iso-kinetically in a mixing
plenum. The orientation of the multi-arm inlet was modified
depending on the type of fire and wind conditions; this is dis-
cussed in detail in Section 2.2.1. The aspirated aerosols were
then divided into gaseous and particle sampling lines to
measure gaseous and aerosol particle concentrations and
optical properties. The particle sampling line consisted of real-
time instruments to measure optical properties and a filter-
sampling system to collect particles on filter substrates for
chemical analyses. In the gas sampling line, concentrations of
CO, and CO were measured using gas analysers (TESTO 350 and
TESTO 480 IAQ Analyser; Testo SE & Co. KGaA, Germany).
Elevations in the concentrations of CO, (ACO,) and CO (ACO)
above the background were used to estimate the modified
combustion efficiency (eqn (1)), a commonly used measure
shown to influence carbonaceous aerosol emission proper-
ties.*®”*"* Other gases, SO, and NO,, were also measured, but
their concentrations were below the instrument detection
limits. In the particulate sampling line, aerosol particles were
simultaneously collected on polytetrafluoroethylene or PTFE,
nylon, and quartz filter substrates using an aerosol multi-
stream sampler (URG, USA). Also in the particulate line were
real-time instruments measuring aerosol absorption using an
aethalometer (AE33, Magee Scientific, USA), which uses a dual-
spot algorithm to make filter-substrate corrections.” Scattering
coefficients were measured using an integrating nephelometer
(IN102,  AirPhoton, USA) employing  manufacturer-
recommended correction factors.” The real-time particle
measurement instruments were placed downstream of a dilu-
tion plenum to ensure that the aerosol concentrations were
within the measurable limits of the instruments.

ACO,
MCE = ACO, + ACO (1)

The aerosol particles collected on filter substrates were
subjected to lab analyses using standard COALESCE network®
protocols.”*”® PTFE filters were used to estimate gravimetric
PM, 5. The filters were pre- and post-weighed using a microbal-
ance (Sartorius Cubis MSU 6.6S) with the least count of 1 pg
(range 11 pg to 2.1 g). Before being weighed, the PTFE filter
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substrates were pre-conditioned at 25 °C and 50% RH. After
gravimetric PM, s measurements, the loaded PTFE filters were
used to determine elemental concentrations using X-ray fluo-
rescence (XRF) spectrometry (SPECTRO X-LAB 2000, SPECTRO
Analytical Instruments, Germany).” The nylon filters were used
to measure water-soluble inorganic ions using ion chromatog-
raphy (Dionex ICS-1100, Thermo Fisher Scientific, USA).”
Quartz filters were used to measure elemental and organic
carbon concentrations using thermo-optical analysis (DRI 2015
total carbon analyzer, Desert Research Institute, USA) using the
IMPROVE_A TOR protocol.”*”” The measured EC (thermo-
optically defined) concentrations are treated equivalent to BC
(optically defined) concentrations throughout the manuscript.
While both EC and BC are fundamentally graphite-like soot
particles exhibiting strong absorption and refractory properties,
they have different operational definitions* but are used inter-
changeably in emissions estimates."

The measured quantities were used to calculate the intrinsic
aerosol properties of the emitted aerosol. The real-time multi-
wavelength (1) absorption coefficients (baps;) were used to
calculate the absorption Angstrom exponent (eqn (2), AAE; ;; ),
a measure of the wavelength dependence of absorption. AAE;,,
660 1S influenced by both black and brown carbon absorption;
meanwhile, AAEgg0/330 is likely dominated by black carbon
absorption. The absorption and scattering (bscat,;) coefficients
were also used to calculate the single scatter-albedo (SSA, eqn
(3)), a measure of the aerosol's relative absorption or scattering
nature. The experiment averaged absorption coefficients are
divided by the PM, 5 to calculate the mass absorption cross
section (MAC, m” g7, eqn (4)), a measure of aerosol absorption
strength. MAC and SSA are reported at 520 nm, the wavelength
at which incident solar radiation has the peak energy that is
absorbed by the emitted particles.

1 babs,ll
O \bupss

AAE, ;, =~ 2)
log (1_2)
bscal./\
SSA; = ——— 3
’ bscal,/l + babs,)‘ ( )
babs/l
MAC; = : 4
G PM, < (4)

The organic carbon thermal carbon fractions (OC1-OC4)
were estimated by measuring CO, emitted at various tempera-
tures using the total carbon analyser. The volatility of organic
carbon (OC) released at different temperatures is inversely
proportional to temperature; higher temperatures result in less
volatile OC fractions.”®”® Here, we divide the organic carbon
thermal fractions into higher volatility OC (OCyy), the sum of
OC1 and OC2 (emitted at 180 °C and 280 °C, respectively) and
lower volatility OC (OCyy), the sum of OC3 and OC4 (emitted at
480 °C and 580 °C, respectively) to study their variation with
combustion conditions and optical properties.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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OCLy OC3+0C4
2.2.1 Inlet configurations. Previous studies conducting in

situ emission measurements of agricultural residue burning
have used a single static tube inlet or grab sampled emission
plumes downwind of the emission plume at heights ranging
from 1-3 m.****3 In this study, we use a multi-arm inlet to
capture emissions plumes over a larger area and avoid loss of
sampling time that may arise from changes in wind directions
when using a single tube inlet. The multi-arm inlet was
mounted on a stand at a height varying from 1.5-2.5 m,
depending upon the burning configuration, to allow for some
natural dilution. The configuration of the arms was based on
the type of residue and the harvest mechanism.

Crop-residues are burned on the field in two configurations
across the world.*>*>*73% The first is a spread on-field in situ
configuration where the residues are left on-field after harvest-
ing by hand or using combine harvesters. Combine harvesters
are machines that harvest and thresh crops in a single opera-
tion, and the residue left behind on the field is especially
difficult to handle for farmers. Wheat and rice residues are
generally burned on-field in this manner; the field is set alight
from one side of the field, and the wind facilitates propagation
of the fire across the field. Since the emitted plume advects at an
angle with the ground (not vertically), the multi-arm inlet was
kept vertical (Fig. 1c). In some cases, when the pollutant
concentrations were not elevated enough for detection using
the instruments, the fire was chased across the field (Fig. 1d)

(A) Piled - no wind

2 &S
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such that the inlet was closer to the fire front. Stalks and stems
and leaves residues, meanwhile, are made into several piles on-
field after harvest and set alight in batches. When the residue is
piled on-field, the plume may advect vertically, and the inlet was
kept horizontal (Fig. 1b). The plume may also advect horizon-
tally when winds are stronger, and the multi-arm was kept
vertical in these situations (Fig. 1a). Agricultural residue burns
typically last from 10 minutes to a couple of hours, depending
on field (spread configuration) or pile size (piled configuration).
To ensure sufficient data for real-time instruments without
overloading the filter substrates, we measured emissions for
fires that lasted 10-20 minutes.

2.3 Calculating emission factors

The carbon balance method®*® was used to calculate emission
factors. It relies on the estimation of emitted species that
contain carbon (CO,, CO, CH, BC, OC, and hydrocarbons),
which act as a proxy for the quantity of the fuel or biomass
burned. Carbon emissions from crop residue burning are
primarily in CO, and CO, with the remaining species only
contributing to about 3.5% of the emitted carbon mass.">*
Here, we only consider CO, and CO emissions in the carbon
balance equation and neglect the other species, a commonly
employed simplification when using this method.****** The
method (eqn (6)) uses a ratio of the increase above ambient
levels in the pollutant species’ concentration ([AX], ng m™?)
relative to that of CO, (ACO,) and CO (ACO). Therefore, the
carbon balance presents an advantage of flexible natural dilu-
tion, as it relies on the ratios of changes in concentrations of the

(B) Piled - wind

Fig. 1 Photographs of crop residue burning emission measurements showing different configurations of the multi-arm inlet: (A) piled residue
with vertical advection of plume, (B) piled residue with horizontal advection of wind, (C) spread residue with a static inlet with vertical config-

uration, and (D) spread residue with a moving multi-arm inlet.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pollutants and not the absolute concentrations. The carbon
balance method also requires other parameters to calculate
emission factors, including the carbon density per unit volume
of CO/CO, (pc,co, kgc mcoz’3), calculated using real-time
measurements of the temperature of the emission plume and
ideal gas equations. The carbon fraction was calculated using
the ultimate analysis (Thermo Finnigan Flash EA1112 series
CHNS analyser) of crop residue samples taken from the field
(ESI Section S17). Emission factors of crop residues were
distributed into three major groups: straws (wheat), stalks
(cotton and oilseed), and stems and leaves (banana). In general,
straws have lower density and are fired when spread on-field;
meanwhile, stalks have a higher density and are burned in piles.

1 1
ACO, +ACO ™ peco,

EFy = [AX] X x CF (6)

The carbon balance method is dependent on elevations in
the concentrations of CO, and CO to estimate emission factors,
and a larger increase above the background is desirable for
accurate emission factor estimates. Placing the inlet close to the
fire would increase the CO, concentrations; however, it may not
allow for natural dilution of the emissions plume. Natural
dilution is necessary for the initial atmospheric processing of
the emitted aerosols so that the reported emission factors are
ready for climate modelling applications. Therefore, the
distance between the sampling inlet was balanced such that the
aspirated aerosols were at nearly ambient temperatures while
ensuring sufficient elevations in CO and, more importantly,
CO,. The delicateness of this task is demonstrated in Fig. S2,T
which shows that concentrations of CO, reach values close to
ambient levels when combustion reaches the smouldering
phase. The lower concentrations of CO, (and particle matter
absorption) towards the end of experiments also indicate
minimal interference of the emission plume from other emis-
sion sources.

2.3.1 Uncertainty in emission factors. Uncertainty in
emission factors of each experiment was calculated by taking
the uncertainty in each term of the carbon balance equation
(eqn (6)) and propagating it in quadrature. These calculations
gave an overall relative uncertainty of 25%; details of the
calculations are shown in ESI Section S4.f We report the
emission factor for a crop type as the mean of all the measured
values for the crop type; however, inter-experimental differences
in combustion conditions and fuel composition can also
influence emission factors. Propagating the uncertainties in
individual experiments to the mean values for the crop type
would retain the 25% relative uncertainty. We also calculated
the uncertainty in terms of the emission factors' standard
deviations, which were larger than the propagated uncer-
tainties. Therefore, we report the conservatively greater uncer-
tainties calculated as the standard deviation of the
measurements throughout the manuscript for consistency.
However, we recommend using the standard deviation of the
mean or 25% of the calculated mean, whichever is larger, as the
uncertainty value.
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2.4 Emission calculations

District (‘d’)-, crop (‘¢’)-, and pollutant (‘p’)-specific emissions
(EMq,.p) were calculated (eqn (7)) using the crop-residue type
(straws, stalks, and leaves and stems) specific emission factors
(EF.p) from the present study. We would ideally like to use crop-
specific emission factors, especially for crops burned in large
amounts (such as rice and sugarcane). However, since such
measurements are not available in the region, we use emission
factors for similar crop types measured in the present study.
Cereal crop emission factors were used for rice, wheat, maize, and
millets; stalk emission factors for oilseeds, cotton, and sugarcane;
and stems and leaves emission factors for banana residue
burning. These emission factors present an improvement on
previous emissions inventories that use crop-independent emis-
sion factors derived from studies in other regions of the world.

Estimates of district-wise activity (activityq c), or the mass of
crop residue burned on-field, were taken from Kapoor et al.*
They employed the bottom-up framework, commonly used to
estimate emissions from crop residue burning.'>***¢ Briefly,
activity was calculated by multiplying five variables that may
vary with the district (‘d’) and crop type (‘c’) (eqn (8)). The first
variable is crop production (PRODq ), the data for which were
taken from the Ministry of Agriculture and Farmers Welfare
statistics.®* Other variables include the crop residue produced
per unit mass of crop production, or the residue-to-crop ratio
(RCR,), the fraction of dry matter by mass in the residue (or the
dry-matter-fraction, DMF,), and the fraction of dry residue
contributing to emissions, ie., the mass excluding the ash
content (or the fraction-actually-oxidized, FAO,); crop-specific
data for these terms are taken from previous literature.”"*
The last variable for activity estimation and likely the most
uncertain is the fraction of the generated residue subjected to
on-field burning (or fraction burned, FBq ().

Fraction burned can have large spatial heterogeneity across
the country, depending upon the types of crops and quantities of
crops grown in the region and the uses the residues are put to,
which may further be dependent upon socio-economic factors.
Hence, to determine the fraction burned, over 2400 question-
naire surveys were conducted across villages in 43 districts of the
country covering major crop-growing areas. Farmers were asked
about the crops they grew and the fraction of the residue sub-
jected to on-field burning. This information, collected for 43
districts, was extrapolated to all the country's districts using crop-
specific multivariate regression models. The regression models
were developed using the surveyed crop- and district-specific
fraction burned values as the dependent variables to be pre-
dicted and socioeconomic, livestock, and satellite-retrieved active
fire and land cover type information as independent variables.
Socio-economic information was taken from the census of India
statistics,® including population, economic, and education
variables. Livestock information included the number of buffa-
loes, cattle, and pigs across the different districts.** Ultimately,
the multivariate regression models gave district- and crop-
specific fraction burned values for important crops burned
across the country, a first country-wide attempt to estimate the
parameter using primary, field-derived information.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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EMgp = activityg. x EF, (7)
where
activityg. = PRODg4, x RCR, x FBy. x DMF, x FAO, (8)

The activity data and, hence, the emissions are calculated at
annual and sub-country (district) scales. For application to
climate models, these need to be distributed spatially (grids)
and temporally (days or months). Temporal (‘t’) distribution of
emissions within a district (EM4) (eqn (9)) was done using the
daily variability of fire counts in croplands in a district (fracq)
(eqn (10)). These were calculated using a Moderate Resolution
Imaging Spectroradiometer (MODIS) retrieved fire counts
(FC¢ xy, MCD14A2 product, resolution: 0.01° x 0.01°)* weighted
by the fraction of cropland area, taken from MODIS retrieved
spatial distribution of croplands (frac,gy, MCD12Q1 product,
resolution: 0.05° x 0.05°)% across grids (denoted by x,y).

frac, 4
EM.4y = EM, _
td ax > frac,q )
t
where
frachd B Z (FCt.x.y X fracagmx,",,) (10)

x,yed

Furthermore, emissions within a district (EM.q4) were
distributed to grids using MODIS land-cover-type information.**
Each 0.05° x 0.05° grid within a district is assigned emissions
proportional to the fraction of cropland it covers in the district

(eqn (11)).

EM. . — frac,gri .y
it T e
- Z fracagri.x.y

x,ped

X EMl,d (11]

3 Results and discussion
3.1 Calculated emission factors

The carbon balance method uses elevations in concentrations
of pollutant species in emitted smoke above their ambient
levels to calculate emission factors. CO, and CO elevations (97-
667 ppm and 3-145 ppm, respectively, shown in Table S1t) were
used to estimate emission factors of all the species; their
respective emissions factors are in the range 1306-1389 g kg™"
and 74-97 g kg~ ' (Table 1). Changes in the wind direction can
cause the static inlet to miss the emission plume, leading to
fluctuations in the measured real-time data (Fig. S21). Some
changes in the properties of the emitted plume were also
observed with changing combustion regimes, with efficient
flaming combustion during initial periods and inefficient
smouldering combustion towards the last few minutes of the
burns, which were associated with relatively larger concentra-
tions of CO (Fig. S2t). Here, we use averages of the real-time
measurements for every experiment for further calculations,
to account for the whole burn cycle and facilitate comparison

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1 Emission factors (g kgfuefl) measured from the present study.
The uncertainties reported here are the standard deviations around the
mean values. We recommend using the standard deviation values or
a relative standard deviation of 25%, whichever is greater, as the
uncertainty of the reported emission factors

Pollutant Straw Stalks Stems & leaves
N 4° 9° 3

CO, 1306 + 50 1343 + 67 1389 + 194
CO 97 £ 32 74 £+ 43 86 + 98

PM, 5 7.54+4.9 46 +£22 19.3 £27.7
OoC 2.1 £0.8 1.1 £ 0.9 7.6 £12.7
EC 1.9 +£1.0 2.1+ 1.0 0.9 + 0.1
Tonic species (mg kg )°

K" 2383 + 419 642 + 457 468 4+ 1150
Na* 680 + 203 184 + 162 339 £ 101
NH4Jr 357 + 80 56.7 + 34.9 ND

SO427 178 + 43 102 + 65 44,1 + 162.1
Mg>* ND ND 9.67 + 23.7
Cl™ 5923 + 570 1761 4+ 1015 10509 + 4996
Fl™ ND ND 11.3 £ 29.4
Br ND ND 3.61 £+ 13.25
NO; ™ ND 8.68 + 1.32 ND
Elemental species (mg kg ')°

Al 443 4+ 109 270 £+ 132 1696 + 469
Si 396 + 117 311 + 186 1603 + 461
Ti 2.39 £+ 1.31 2.89 + 1.34 20.1 £ 10.5
\% 0.51 £ 0.12 0.44 £+ 0.24 3.91 £+ 1.65
Mn 1.25 + 0.87 1.49 + 0.74 3.48 £+ 1.09
Fe 17.5 £ 9.4 20.5 + 10.3 99.7 £+ 46.9
Cu 1.21 + 1.54 9.18 £ 9.59 ND

As 1.84 +£ 0.79 1.52 £+ 0.81 16.0 + 8.7
Se 0.06 £ 0.07 0.17 £ 0.07 0.3 £0.14
Rb 0.7 + 0.85 1.31 £ 0.55 ND

Zr 1.89 + 1.05 1.79 £+ 0.83 18.0 = 9.3
Mo 2.02 £+ 0.82 2.1+ 0.8 21.0 £+ 10.8
Ba 1.15 0.5 £ 0.24 ND

Bi 4.35 + 2.7 4.01 +1.74 31.9 £+ 15.8
Hg 0.86 £+ 0.55 0.82 £+ 0.35 6.81 £+ 3.47

“ Totally four experiments were conducted but only three had complete
speciation. ° Nine experiments were conducted but experiments 1 and 2
were on the same filter and 3 and 4 were on the same filter. ¢ Li*, Ca*",
NO,~, PO,*7, Sc, Cr, Zn, Ga, Sr, Cd, Sn, Sb, I, Cs, and Pb were not
detected.

with the filter-derived measurements. The measured properties
during the burns and ambient periods are summarised in Table
S1.}

Filter-based measurements, conducted for the entire burn
(including the ignition, flaming, and smouldering periods),
were used to estimate the concentrations of PM, s and its
constituents. PM, 5 elevations (up to 530 times the ambient)
were used to calculate emission factors ranging from 4.6-19.3 g
kg " (Fig. 2). PM, 5 emission factors of straws (7.5 4 4.9 g kg™ )
and stalks (4.6 + 2.2 g kg~ ') were smaller than those for banana
residue burns (19.3 £ 27.7 g kg™, discussed in more detail
later). The dominant PM, 5 chemical constituents were OC (8-
40%) and EC (11-58%). The EC1 thermal carbon fraction
expectedly dominates total EC (Fig. 2) and is sometimes referred
to as char-EC and employed for biomass burning source
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Fig. 2 Estimated emission factors of PM, s from burning of different
types of crop residues; red dots are mean values with error bars
showing standard deviations (right y-axis, log-scale). The stacked-bar
plots show the fractional contribution (left y-axis) of different chemical
species, including organic carbon, black carbon, and other inorganic
elements and ions. The elements are represented in their oxidised
forms, and the organic carbon as organic matter using recommended
factors from the literature ™

identification.®”*®* The OC/EC ratios in the emission plumes are
close to 1 (range: 0.3-1.5) for stalks and straws, which are lower
than previously reported ranges of 1.8-56.323%%3%% These are
also lower than the background values (11.75 + 8.18). Similarly,
the OCyy/OC.y ratio reduced from 1.43 4+ 0.95 in the back-
ground to 0.48-0.68 during cereal and stalk residue burning
measurements, indicating the dominance of lower volatility
organic carbon particles in primary combustion emissions,
which are shown to have strong absorption and longer atmo-
spheric persistence.’>*

Emission factors were estimated for various other inorganic
species (Table 1) to provide complete chemical speciation of the
emissions (Fig. S31), crucial for source apportionment studies.
Amongst the inorganic species, Cl~ (9-47%) and K* (0-17%) are
the most significant contributors to PM,s. Other species
include Na‘, NH,', SO, , Al, and Si, with the remaining
elements and ion emission factors in relative trace amounts
(Table 1). We note that the emission factors of the inorganic
species are crop-dependent, as opposed to carbonaceous aero-
sol emissions that are strongly dependent on the combustion
conditions.**”>*> This crop-specificity of inorganic emission
factors is evident in the above-detection-limit concentrations of
certain species from emissions of specific residues, including
NO;  from stalks and FI© and Br  stems and leaves; these
species were not detected from emissions of other residues. The
emissions of inorganic species are likely influenced by the
elemental composition of the residues, which are reported to
vary with crop residues;* this will need to be substantiated in
future emissions measurements.

The measured modified combustion efficiency (MCE) also
affects the chemical composition. Emission factors from
banana residues are larger for PM, 5 (19.3 & 27.7 g kg™ ') and OC
(7.6 £ 12.7 g kg™ ), which are associated with lower combustion
efficiencies (0.81 £ 0.12). Banana residues comprise leaves and
pseudo-stems. The pseudo-stem carries much water that is
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retained for extended periods post-harvest. The composition of
banana residues used in the experiments varies depending on
the time from harvest. Burns conducted shortly after harvest
have a higher proportion of leaves, which dry out faster.
Conversely, burns performed later after harvest contain
a greater proportion of stems, which have lower combustion
efficiency due to their higher moisture content. In this study,
measurements were made during both seasons. For this reason,
we see large uncertainties (standard deviation) in measured
emission factors from banana residue burning, with smaller
emission factors from drier residue burns and larger factors
measured when moist residues were burned. Since drier residue
burns are more frequent, we report weighted average values of
emission factors (more details in ESI Section S37). Previous
studies have also reported increased PM emission factors with
increasing fuel moisture content.***' In comparison, residues
of straws and stalks are burned when dry and have higher
combustion efficiencies of 0.89 + 0.03 and 0.92 + 0.05,
respectively. These combustion efficiencies and subsequently
emitted carbonaceous particles likely influence aerosol optical
properties.

3.2 Relationships between aerosol chemical and optical
properties

Intrinsic aerosol optical properties, the AAE;;¢/660 (AAE660/880;
AAE370/880) and SSAs3,, ranged from 0.89-3.8 (1.01-2; 0.94-3.21)
and 0.29-0.83, respectively (Tables S1 and S2t). Previous field
emission measurements from agricultural residue burning
have reported AAEs: Stockwell et al.’” measured an AAE o5/, Of
1.58-3.53 and Holder et al.*® measured an AAE,ys/g7; of 1.6-3.1.
Stockwell et al.’” measured SSA,os; ranging from 0.573-0.981,
and Holder et al.** measured SSAs;, ranging from 0.67-0.96.
The AAEs and SSA measured in the present study are within the
range of previous measurements but towards the lower end of
the previously reported ranges (Table S2+).

Previous studies have shown that the modified combustion
efficiency (MCE) can influence the relative emissions of OC and
EC,**7! with larger OC emissions during smouldering (low
MCE) and larger EC emissions during flaming (high MCE)
combustion. These relative abundances can influence the
optical properties of aerosol particles since EC particles have
stronger absorption strengths (with smaller absorption depen-
dence on the wavelength, or AAE) when compared to OC, which
exhibits relatively weaker absorption (and larger AAEs). In the
present study, we observe larger AAEs in fires with smaller MCE,
and the two have a significant inverse correlation (p < 0.1,
Fig. 3). Spearman-rank correlation coefficients are shown in
Fig. 3 and discussed throughout this section, with significant
correlations (p < 0.1) noted. The MCE correlates positively with
absorption strength (MACs,,) and positively (significant) with
the EC/PM ratio. The positive correlation between EC/PM and
MACs,, is intuitive, as EC particles are stronger absorbers, and
the overall aerosol mixture is likely absorbing with a larger
contribution of EC to total PM. The OA (organic aerosol): EC
ratios are also negatively correlated (significant) with MACs,,
and positively with AAE;-¢660- The combustion efficiency is also

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Relationships between the modified combustion efficiency
(MCE) and chemical (OA/EC and OCy,/OC,y) and optical properties
(AAE370/660 and MACs;, in m? g~} of aerosol particles emitted from
crop residue burning. Each marker in the scatter plots represents an
experiment. The numbers indicate non-parametric Spearman’s rank
correlation coefficients, and stars indicate significant correlations (p <
0.1). The colours of each sub-plot represent the strength of correlation
(R), ranging from strong positive in dark red to weak correlations in
white to strong negative correlations in dark blue.

negatively correlated with OCyy/OCry, a ratio between the
higher and lower volatility organic carbon fractions. Saleh
et al.*® proposed that as the combustion is more complete (i.e.
higher combustion efficiency), more organic carbon particles
reach lower volatility and optical behaviour closer to that of
black carbon, ie. long-chain graphite-like structures. These
black-carbon-like particles have stronger absorption with
weaker wavelength dependence of absorption and form a part
of a continuum of absorption between weakly absorbing brown
and strongly absorbing black carbon particles. This absorption
continuum is also evident in the present study, as the AAE;,¢/660
positively correlates (significant), while MACs,, negatively
correlates with OCyy/OCpy.

Carbonaceous aerosol absorption strength (MAC) is inversely
correlated with absorption wavelength dependence (AAE),
which was also previously reported.*”** The correlation is weak
for the agricultural residue burning emissions measured in the
present study; however, it follows an exponentially decaying
pattern proposed by Cheng et al.*” EC/PM is also correlated with
the aerosol MAC, as also shown by Habib et al.®* Previous
studies*** have also demonstrated the OC/EC ratio as positively
and negatively correlated with AAE and MAC, which is also seen
in the present study (Fig. S41). Meanwhile, McClure et al.*®
showed a positive correlation between the MACg (baps/EC) and
OA/EC, as observed in the present study (Fig. S4t). The positive
correlation between MACgc and OA/EC may be from additional
absorption by brown (organic) carbon particles or enhancement
in the absorption by black carbon particles because of non-

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Atmospheres

absorbing coatings*>** (via the “lensing effect”®”). Brown
carbon particles may also contribute to mid-visible and near-IR
absorption,®* artificially enhancing MACgc values in the mid-
visible wavelengths. The relationships presented here, despite
not all being significant, provide new insight into the interre-
lationships between chemical, optical, and combustion prop-
erties of real-world biomass burning emissions, which agree
with previous literature reporting emissions from other sources
in controlled laboratory environments.

We do not explore more elaborate mathematical relation-
ships between these properties due to the limited number of
data points. We leave this exercise for another study that
includes emission measurements from other biomass-burning
emissions measured as a part of the COALESCE network
emission measurements.®® Here, we discuss the consistency of
our measurements with relationships reported in previous lab-
based studies studying aerosol emissions from various biomass
fuel combustion sources.*®”>”* These studies have proposed
empirical equations using combustion efficiency (MCE), EC/OC,
and OA/EC to estimate the AAE, SSA, and MACgc. The equations
were developed by burning various biomass fuels that produce
wide-ranging combustion conditions and chemical and optical
properties. We used these equations for the range of chemical
properties measured in the present study (of MCE, EC/OC, and
OA/EC) to calculate optical properties; the empirical equation
calculated values are compared to the measured values and
summarised in Table S2.T Equations that use MCE to estimate
AAEs*®7* predict slightly higher values than the values measured
in the present study (AAE;,¢/660 = 1.25-4.01). However, the same
studies recommend empirical equations using EC/OC™ and OA/
EC*® that predict the AAE ranges in the present study more
accurately. A similar behaviour is observed for equations
calculating the SSA (observed SSAs;, = 0.29-0.83) using EC/OC™
and OA/EC,*® which predict more accurately than equations
using MCE.**”>”* Meanwhile, the MAC predicted by equations
using EC/OC* and OA/EC*® have much narrower ranges that do
not predict the extremely low and high values measured in the
present study (MACss, k¢ = 0.33-44 m* g~ '; MACs3; ppr = 0.03-
29 m> ¢ "). In summary, the parameters measured in the
present study are within ranges of previous biomass combus-
tion measurements but at the strongly absorbing end of the
aerosol emissions measured on-field. The emission factors,
when compared to the absorbing nature of the emitted aerosols,
also reflect the absorbing nature of the emitted aerosols, as
discussed in the next section.

3.3 Emission factors: comparison with previous studies

Global emission inventories typically use emission factors
averaged from measurements across all crop types. The crop-
invariant emission factors can lead to uncertainties in esti-
mated emissions and prompt the need to segregate emis-
sion factors for different crop residue types. Here, previously
reported measurements were parsed from different crop types
classified as straws (wheat, rice, maize, and barley)?***3¢-341 and
stalks (oilseeds and sugarcane).>**”**'® The range of the liter-
ature reported factors is shown in the shaded areas in Fig. 4
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shows the range (mean + standard deviation) of emission factors used by global inventories.*

(green - straws, blue - stalks) along with those used by global
inventories® (u £ o, as the yellow shaded area) to compare with
the calculated emission factors in the present study. The
emission factors of CO and CO, are within ranges of those re-
ported in the literature and, consequently, the combustion
efficiencies. The PM, 5 (straw: 7.5 + 4.9 g kg™ " and stalks: 4.6 &
2.2 gkg ") and OC (straw: 2.1 £ 0.8 gkg ' and stalks: 1.1 £ 0.9 g
kg™") emission factors are within the ranges of previous
measurements but at the lower end. Emission factors for stems
and leaves residue burning are larger than those for other
residue types and on the higher end of ranges reported by
previous measurements. The EC emission factors for stalks (2.1
+ 1.0 g kg™ ') are within the ranges of earlier reports. However,
EC emission factors for cereals (1.9 & 1.0 g kg ') are larger than
those reported previously for cereal crops and those used by
global inventories. When compared to the emission factors
used by global inventories (Table S37), the calculated emission
factors of OC and PM, 5 are towards the lower end of the re-
ported range® (OC: 4.9 3.6 g kg~ ", PM, 5: 8.2 + 4.4 g kg~ '), but
that of EC is much higher—approximately 4-5 times the average
value® (0.42 + 0.28 g kg~ "). The larger emission factors of EC
and relatively lower factors for OC are corroborated by the
increased warming properties (larger MAC and lower SSA) of the
emitted aerosols. The above evidence indicates the possibility of
more flaming combustion conditions for straws in the region
compared to other regions of the world. However, the EC
emission factors for straws are similar to those reported for
stalks in the present study and previous studies in other
regions. Emission factors for non-absorbing aerosol species K*
(0.4-2.4 gkg Y and Cl™ (1.7-10.6 g kg~ ') are within the range of
previous estimates for K™ (0.39-2.7 g kg™') but substantially
larger for CI~ (0.08-1.2 g kg™ ') when compared to previous
lab®***3* and field-measurements.** Next, we report the poten-
tial changes these emission factors have in the emission
estimates.

3.4 Emissions from crop residue burning in India

Emissions from crop residue burning in India were estimated
using the measured emission factors in the present study and
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the activity estimates from a previous study."> The emission
factors of straws were used for all cereal crops (wheat, rice,
maize, and millets), stalk factors for oilseeds, groundnut,
cotton, and sugarcane, and leaves and stems factors for banana
residue burning. In total, the emissions for the year 2019 of
PM, 5, OC, and EC were 567 Gg per year, 163 Gg per year, and
146 Gg per year, respectively. These emissions (of PM, 5 and EC)
are primarily from wheat (30% and 29%), rice (32% and 30%),
and sugarcane (7% and 12%) residue burning (Fig. S5T). Over
half of the OC emissions (from cereals) have low volatility
(OCry), reported to exhibit strong absorption with longer
absorption persistence.*® The highest emitting states are Pun-
jab, Uttar Pradesh, and Madhya Pradesh (Table S47). The spatial
variability is similar to that of the activity since the spatial
variability in activity'® is substantially larger than the variation
of emission factors with crop types.

The emissions are calculated at high sub-national (district)
and gridded (0.05° x 0.05°) scales to facilitate mitigation
planning and climate modelling, respectively (Fig. 5a). Daily
emissions estimates reveal that the emissions are primarily
during the post-harvest periods corresponding to the rabi
(March-May) and kharif (October-November) (Fig. 5b) seasons
(see also additional ESI figures slideshowt). The emissions
during the rabi harvest period are substantial and even larger
than the kharif season emissions, especially for PM, 5 (Fig. S67)
and OC (Fig. S77). Significant rice residues are burned during
the Kkharif post-harvest months in northwestern India,
contributing to poor air-quality episodes in the region.'®
These poor air quality episodes have brought to the forefront
the issue of crop residue burning and led to the misconception
that crop residue burning is practised only in northwestern
India. But in actuality, the burning of most other significant
crop residues (wheat, sugarcane, and cotton) happens during
other parts of the year (January-May). These emissions are
larger but do not affect the air quality as much, probably
because of more conducive ventilation conditions during the
summer (post-rabi harvest) months.

We compare the updated emissions estimates with other
regional and global emission inventories reporting emissions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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from agricultural residue burning in India. Any differences in
emission estimates are due to dissimilarities in activity and
emission factors. Emissions, activity, and emission factors used
by previous inventories, using bottom-up******* and top-down*’
methods, are summarised in Table S3 and Fig. S8.7 Bottom-up
methods assume the fraction burned parameter®®'** or estimate
it using competing usage calculations,*® whereas this study
relies on activity data from country-wide surveys.'” Previous
inventories also used crop-averaged emission factors****'** or
crop group averages for cereals and sugarcane.’ We adopt an
approach similar to that by Pandey et al.,*® ie., crop group
averaged emission factors for straws (cereals), stems (banana),
and stalks (other crops). However, unlike previous studies that
used emission factors measured in other world regions, we
employ field-measured emission factors reported in the present
study.

Compared to estimates from studies specifically reporting
emissions over India, Pandey et al.*®* and Jain et al.,*® there is
a 39% and 27% decrease in the activity, respectively. There is
a proportional decrease in the CO emissions (23-40%, since the
emission factors are similar) but a substantial increase in the
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EC emissions (45-55%) because of a large increase in cereal
emission factors in the present study. Meanwhile, OC emissions
are 100-128% lower because of smaller measured emission
factors. PM emissions are larger (32%) in comparison to those
reported by Jain et al.®® but smaller than those reported by
Pandey et al."* When compared to the Emissions Database for
Global Atmospheric Research (EDGAR_v6.1),'** a global inven-
tory using the bottom-up approach, there is a marginal decrease
in the CO and PM emissions (<10%), but a large decrease in OC
(61%) and increase in EC (167%) emissions. However, when
compared to the Global Fire Emissions Database (GFED_4.1s),>
using the top-down (satellite-based) approach, the present
emissions are more than seven fold higher. The top-down
method grossly underestimates the activity (8 fold lower),
primarily because of the inability of satellite sensors to capture
the small spatiotemporal resolution fires observed in India. In
summary, there is a decrease in the emissions of PM and OC but
an increase in the emissions of EC, which are likely to have
implications for air quality and climate modelling efforts,
especially for radiative forcing calculations.
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3.5 Limitations

In this section, we discuss the limitations of the present study
and the uncertainties that may arise from the limitations. With
this section, we hope to apply additional context to the pre-
sented results and provide recommendations for future
measurements of agricultural residue burning emissions in
India and across the world. In the present study, we estimate
emissions from crop residue burning across the country by
assuming that the measurements made in western India
represent the entire country. Burning practices (spread or piled
on-field) are not expected to be different across the country,*>*>
however, variations in meteorological conditions may influence
the emission properties. These are especially true for crops
burned in different seasons. Most of the measurements pre-
sented in this study were made during the post-rabi (March-
May) season, whereas some crops, most prominently rice, are
burned during the post-kharif (October-November) burning
season. This points to another limitation of the present study
that emissions of not all the crops were measured. We divided
the measured emission factors into three general categories,
straws, stalks, and leaves and stems that most crop types should
fit under. However, emission properties could differ for crops
with very different biomass densities or elemental compositions
of the residues. The burning of rice residue is likely to be similar
to that of wheat residue burns, considering similar residue-to-
crop ratios and spread-on-field configurations that both the
crops are subjected to; however, further investigation is likely
needed to verify this.

It may also be argued that the number of measurements for
each crop type are not sufficient. While the number of
measurements may be considered limited for general statistical
significance, the experiment numbers are greater than or equal
to the number of measurements of emission factors made by
previous studies reporting emissions from this source. As also
noted in the introduction, only two studies have reported
emission factors for crop residue burning in the south-Asian
region, which are limited by the number of measurements or
crop types. Therefore, the emission factors presented are likely
to be more accurate for emissions estimates than those derived
from other world regions. Moreover, we report emission factors
with uncertainty ranges arising from variability between
experiments with the intention that they account for changes in
emission factors because of changes in location and crop types
observed across the country. Nevertheless, there remains room
for improvement and additional measurements in future
studies at other locations in the south-Asian region and of other
crop types can aid in reducing the above uncertainties.

4 Conclusions

Open-field burning of agricultural waste is practised worldwide,
contributing to warming carbonaceous aerosol emissions and
poor air-quality episodes. However, there are limited field
measurements with comprehensive chemical characterization
and associated optical properties, which are crucial to esti-
mating their climate impacts. This study reports chemical and
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optical properties of commonly field-burned crop residues in
the south-Asian region, including residues from cotton and
banana that are yet to be reported. The measurements reveal
strongly absorbing aerosol emissions, as evidenced by the
measured intrinsic aerosol optical properties (small AAEs, small
SSAs, and large MACs). The emitted particles reveal properties
near the strongly absorbing end of previous lab- and field-based
biomass combustion emission measurements. These absorbing
particles contain significant amounts of black carbon and lower
volatility fractions of organic carbon, previously shown to be
strongly absorbing in nature. There is an increase in the black
carbon emission factors from crop residue burning relative to
previously reported emission factors and, consequently, an
increase in the total black carbon emissions. The emission
factors reported here, along with recently reported activity
estimates," lead to a significant increase in EC emissions (83-
167%), a moderate increase in CO (9-46%), and a substantial
decrease in OC emissions (50-61%) compared to previous
bottom-up estimates.'***'** Together, the changes in CO
(warming), OC (cooling), and EC (warming) can cause an overall
increase in global warming potential of 1.64-3.84 times, relative
to previous studies.'****** The above calculations use appro-
priate regional global warming potentials,’® which consider
organic carbon species as scattering only and not their
absorbing nature. Including absorption by brown carbon
particles, a subset of organic carbon, would further increase the
warming potentials of the emissions from this source. These
increased warming emissions can have implications for climate
modelling estimates.

The recent Intergovernmental Panel on Climate Change's
sixth assessment report shows that state-of-the-science climate
modelling simulations underestimate the aerosol optical depth
and absorption optical depth over the south-Asian region.*®
Focused regional studies also show an absorption underestima-
tion.*'* These models use emission inventories that underesti-
mate BC concentrations and do not consider the strongly
absorbing BrC species emitted from crop residue burning. While
some studies have shown BrC particles from smouldering fires to
photo-bleach,"*** others have shown that lower volatility parti-
cles retain their absorptive nature for longer durations;*-'****
these lower volatility particles constitute ~63% of the total OC
emissions in the present study. These BrC particles enhance total
aerosol absorption when long-range transported biomass
burning,"* specifically crop waste burning emissions,>*3%37,59:60:62
reach regional sites. Therefore, the insights from the present
measurements and the updated, high spatiotemporal resolution
emission estimates can aid in improving numerical weather,
climate, and air-quality modelling simulations.*”**
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