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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Xavier Querol Ambient particulate matter significantly impacts air quality, climate, and human health. In the Indo-Gangetic
Plain (IGP), home to nearly one-seventh of the global population, severe air pollution is prevalent with high

Keywords: PMS; 5 levels dominated by organic aerosols (OA). However, the sources and formation of OA pollution remain

Organic aerosol poorly constrained. For the first time, we characterize OA sources in two cities, Delhi and Kanpur in the IGP, over

Source apportionment
Molecular characterization
Biomass burning

an entire year by combining near-molecular characterizations using an extractive electrospray ionization time-of-
flight mass spectrometer (EESI-TOF) with advanced statistical approaches. We identified three key local biomass
burning sources—affected by various fuels such as wood, straw, and cow dung—that had a more pronounced
impact on Kanpur (66 %) compared to Delhi (35 %), particularly during colder months. Additionally, we
identified transported agricultural fire emissions from Northwest India, which significantly contributed to OA
during the post-monsoon rice harvest season, playing a critical role in haze formation. Acute mortality estimates
indicated that while urban OA sources were substantial, rural crop residue burning posed a notable health risk
during the post-monsoon, accounting for 32 % of PMjy s-attributable mortality in Delhi and 53 % in Kanpur.
These results highlight the need for coordinated air pollution mitigation strategies that extend beyond urban
centres to a regional scale, with a particular focus on crop residue management in Punjab to reduce the health
burden of PMj 5 pollution in the IGP.

1. Introduction annually worldwide (WHO, 2021; Fuller et al., 2022; Sang et al., 2022).
In India, long-term exposure to atmospheric particulate matter with

Ambient particulate matter (PM) pollution constitutes a major threat aerodynamic diameter smaller than 2.5 pm (PMj 5) alone was estimated

to public health, contributing to over 4 million premature deaths to be responsible for nearly 1 million premature deaths in 2019, making
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it one of the country’s major environmental hazards (GBD 2019 Risk
Factors Collaborators, 2020). The Indo-Gangetic Plain (IGP), home to
about one-seventh of the world’s population, frequently experiences
exceptionally high PM, 5 concentration, with levels reaching 900 pg m ™3
during pollution episodes (Dutta and Chatterjee, 2022; Singh et al.,
2023). Addressing this crisis requires a detailed understanding of PMy 5
composition and sources to develop effective mitigation strategies.

Organic aerosols (OA), the dominant PMy 5 component in the IGP,
originate from both primary OA (POA) directly from emissions such as
biomass burning and fuel combustion, and secondary OA (SOA) from
atmospheric oxidation of volatile organic compounds (VOCs) (Jain
et al., 2020; Gunthe et al., 2021; Patel et al., 2021). While urban sources
such as traffic and industry degrade air quality in cities like Delhi (Rai
et al., 2020; Maheshwarkar et al., 2022; Bhattu et al., 2024; Bhowmik
et al., 2024a), rural contributions including household solid fuel use and
post-harvest crop residue burning are also critical (Kulkarni et al., 2020;
Lan et al., 2022; Pawar and Sinha, 2022). Secondary processes like
aqueous-phase oxidation (Kumar et al., 2016; Rajput et al., 2018) or
wintertime new particle formation (Gunthe et al., 2021; Mishra et al.,
2023) have also been found to further exacerbate haze events. Yet, key
challenges persist relating to characterizing the spatiotemporal vari-
ability of OA sources, distinguishing various POA, and quantifying
complex SOA types. Specifically, rural agricultural fires are often iden-
tified as a major contributor to pollution episodes particularly during the
post-monsoon season (Sarkar et al., 2018; Bikkina et al., 2019). While
model-based approaches face substantial uncertainties (e.g., open fire
inventories), direct observational evidence for accurately addressing
this pressing issue remains scarce (Kajino et al., 2024; Goyal et al.,
2025). Quantifying such impacts is challenging, as disentangling rural
stubble burning from local residential biomass combustion is hindered
by their overlapping chemical signatures (Zhang et al., 2023), and in-
fluences of complex atmospheric transport and aging processes (Joo
et al., 2024; Schneider et al., 2024).

Traditional offline analysis using the Aerodyne aerosol mass spec-
trometer (AMS) has enabled OA source apportionment across time and
space (Bozzetti et al., 2017) but is limited by high temperature vapor-
ization (~600 °C) and hard ionization (Canagaratna et al., 2007). The
resulting lack of chemical details hinders the ability to resolve OA
sources, particularly for complex SOA. New techniques such as extrac-
tive electrospray ionization time-of-flight mass spectrometry (EESI-TOF)
overcome these limitations by enabling near-molecular characterization
with minimal thermal fragmentation. While it has been successful
applied in Europe (Qi et al., 2019; Stefenelli et al., 2019; Qi et al., 2020;
Casotto et al., 2022), China (Tong et al., 2021; Cui et al., 2024), the
deployment in India remains sparse and limited to short period (Kumar
et al., 2022; Bhattu et al., 2024).

This study addresses critical knowledge gaps by leveraging EESI-TOF
to characterize OA at near-molecular resolution over an entire year in
Delhi and Kanpur, two severely polluted IGP cities. By further inte-
grating advanced statistical methods, we have quantified key OA sour-
ces, their seasonal dynamics, and associated health impacts. A particular
focus is placed on assessing the role of transported agricultural fires
emission in urban PMj 5 pollution. Our findings offer critical insights to
inform targeted air quality management strategies, on local and regional
scales.

2. Methods
2.1. Sampling sites, instrumentation, and data processing

A yearlong PM; 5 sampling campaign was conducted in the IGP re-
gion, known for the elevated PMj 5 levels (Fig. S1), with two represen-
tative cities, i.e., Delhi and Kanpur, reflecting the regions’ pollution
seasonality (Fig. S2). The sampling site in Delhi was located at the Indian
Institute of Technology Delhi campus, characterized by its urban resi-
dential setting and proximity to major roads. The site in Kanpur was
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located in a suburban environment at the Indian Institute of Technology
Kanpur. High-volume samplers (Envirotech Co. Ltd for IITD, Tisch Co.
Ltd for IITK) were used at a flow rate of 1.13 m® min~! with a sampling
schedule including both 12-h intervals during the first three months
capturing day/night differences, followed by 24-h intervals during the
later period. A total of 275 ambient PM, 5 samples were collected from
both sites approximately every 4-5 days, covering an entire year as
illustrated in Fig. S3. Additionally, five field blank samples were
collected by exposing them to routine sampling procedures in the sam-
plers without a flow rate to identify any potential contamination
introduced during filter processing. All these samples were carefully
stored at —18 °C and used for analysis in this study.

Similar to the offline experimental analysis detailed in Daellenbach
et al. (2016), 9 mm filter punches were dissolved in 10 mL of ultra-pure
water (Milli-Q®, Merck Millipore, 18.2 MQ cm at 25 °C, total organic
carbon <5 ppb), sonicated at 30 °C for 20 min, vortexed for 1 min, and
then filtered through a nylon membrane of 0.45 pym pores (Infochroma
AG, HPLC syringe filters YETI). All extracts were then spiked with 150 uL
of 200 ppm solution of 34S-labelled ammonium sulphate (Sigma-Aldrich,
purity > 90 %), and 15N-labelled ammonium nitrate (Sigma-Aldrich,
98.3 % purity) (Casotto et al., 2022; Bhattu et al., 2024; Cui et al., 2024).
These compounds served as carriers to increase the aerosol size for
better collection efficiency in the AMS (Williams et al., 2013) and as
internal standards for quantification and assessment of instrumental
performance. Approximately 4.0 mL extracts were nebulized using
synthetic air through an APEX Q nebulizer (Elemental Scientific Inc.),
followed by a Nafion® dryer (Perma Pure, MD-070). The aerosol flow
then simultaneously passed through LTOF- Aerosol Mass Spectrometer
(LTOF-AMS), and EESI-LTOF for the analysis of the water-soluble
organic aerosol (WSOA), together with a range of non-refractory inor-
ganic components. The EESI-TOF system with a high mass resolving
power of 8 000 at m/z 200 and mass accuracy (<2 ppm) enables us to
obtain the near-molecular information of WSOA and for further source
apportionment. The LTOF-AMS data was used for estimating organic
matter to organic carbon (OM:0C) ratio of WSOC (Supplementary in-
formation (SI) Sec. 3). Additionally, another 3 mL extracts were used to
quantify the water-soluble organic carbon (WSOC, measured as non-
purgeable organic carbon) using a total organic carbon (TOC) analyzer
(Shimadzu, Japan, TOC-L-series).

This study will primarily discuss results derived from EESI-TOF data,
which has already been used for offline analysis to characterize organic
aerosol at a near-molecular level (Qi et al., 2020; Casotto et al., 2022;
Cui et al., 2024). The nebulized aerosol flow was mixed with additional
compressed air flow to achieve a tenfold dilution and passed through a
charcoal denuder for gaseous contamination removal prior to the EESI
inlet. Then, the nebulized aerosol collides with a charged electrospray
droplet (100 ppm Nal water solution with pressure regulator set around
150-250 mbar), resulting in the extraction and ionization of the soluble
components. The extractive electrospray droplet subsequently traverses
a heated capillary manifold (270 °C). This process serves to vaporize the
water and generate ions via the Coulomb explosion mechanism, after
which the contained compounds are measured by the Api-TOF pre-
dominantly as sodium adducts ([M-+Na]™). Since the entire process only
takes a few microseconds, the potential for thermal decomposition,
ionization-induced fragmentation, or matrix effects is minimal, allowing
the possibility of analyzing molecular ions. Each sample was measured
over an 8-minute period, paired with a Milli-Q water background sample
that was also spiked with 3 ppm isotopes for subsequent background
subtraction. Data were recorded using TofDAQ software (Tofwerk AG,
Thun, Switzerland) at a 1-second acquisition frequency. The raw data
were averaged every 20 s and further processed using Tofware software
(Tofwerk AG, Thun, Switzerland). The resulting ion clusters of Nal so-
lution, namely (NaI)-Na™, (Nal),-Na™, (NaI)3-Na™, and (Nal)4-Na*t were
used as mass calibrants. Furthermore, the mass spectrum of all samples,
as well as water and field blanks, were averaged over each 8-minute
measurement period, during which 20-24 data points were collected
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for each sample. Ion filtering was implemented to remove meaningless
ions, leaving 955 ions for the final matrix input in PMF analysis. The
processed total ion intensities correlated well with AMS-measured
WSOA (R = 0.95), as shown in Fig. S5, demonstrating the reliability
of the dataset. Additionally, to avoid mixing day/night samples and 24-h
samples skewing the PMF results, all 12-h samples for the same day were
pre-averaged, resulting in a total of 224 daily samples. More details of
the data treatment can be found in SI Sec. 3.

2.2. Additional measurements

In addition, online PM5 5 concentrations paired with the sampling
sites were retrieved from the Central Pollution Control Board in India
(https://cpcb.nic.in/, last accessed on May 9, 2025). Other chemical
analyses conducted included organic carbon (OC), elemental carbon
(EC), organic acids, water-soluble ions, trace metals, and radiocarbon
(14C), with details provided in SI Sec. 6.

2.3. Source apportionment

Source apportionment was first conducted based on the WSOA near-
molecular composition. The contributions of those identified aerosol
types to total OA was then quantified and corrected using their empir-
ically derived water solubility via a multilinear regression approach.
Additionally, contributions from water-insoluble OA linked to liquid
fossil fuel combustion were estimated independently. The complete
workflow from Sec. 2.1-Sec. 2.3 is outlined in Fig. S4.

2.3.1. Positive matrix factorization analysis

WSOA source apportionment was performed via positive matrix
factorization algorithm (PMF) implemented in the multilinear engine-2
(ME-2) solver (Paatero and Tapper, 1994), controlled by the frontend
Source Finder (SoFi, Datalystica) (Canonaco et al., 2013, 2021). PMF
assumes that variations in the chemical composition of WSOA in a
dataset can be represented as the linear product of two matrices plus
residues, as in Eq. (1):

X=GF+E (€)]

where X represents the sample matrix of WSOA composition from EESI-
TOF which included all samples’ mass spectrum with 955 individual
fitted ions (m/z 100-360).

The corresponding error matrix was calculated as the standard error
of the mean after removing auto-correlation effect, as described else-
where (Zigba and Ramza, 2011) detailed in SI Sec. 3. F represents the
factor profiles (i.e., chemical fingerprint of WSOA sources) for the user-
defined number of factors, G represents the concentration time series of
those factors/ WSOA sources, and E represents the model residual. In
this study, we also make use of the ability of ME-2 to use a priori in-
formation on the factor profiles with the so-called a-value approach:

ff=xa)eff™ 2

where fj", fj-” o represent the loading of species j in resulting factor k and
its constrained value in the reference, respectively. a € [0,1] is a toler-
ated relative deviation from the anchor.

Through exploratory PMF runs, we found a factor related to biogenic
SOA with a reproducible time series, yet its chemical composition was
frequently mixed with other OA types. We also found that several factors
strongly associated with biomass burning, while their contributions
varied significantly across solutions because of the high variability of the
ion CgH1(Os, representing the most important BBOA marker levoglu-
cosan and other anhydrosugars. By exploring PMF solutions ranging
from 5 to 20 factors with the same inputs, we observed that some factors
displayed clearer and more stable chemical features. Thus, we identified
and extracted a biogenic secondary OA factor from a 17-factor solution,
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and a fresh biomass burning OA factor from a 9-factor solution (profile
shown in Figs. S10 and S11 with details in SI Sec. 3). We then used these
two factor profiles as prior information with tolerance relative deviation
set of 20 % (a = 0.2). Finally, the 7-factor solution with 2 constrained
factors was found to be optimal. The uncertainty associated with PMF
modeling was evaluated by a bootstrapping analysis of 200 runs, i.e.,
resampling the PMF input in the space-time dimension (Daellenbach
et al., 2017). In each bootstrapping run, the factors were sorted ac-
cording to a reference base case. The final WSOA source contributions
were derived by averaging all PMF bootstrapping runs (Hemann et al.,
2009), following a selection process based on the criterial detailed in SI
Sec. 4. The uncertainties in the derived factor profiles and time series
can be seen in Figs. S25 and S26.

2.3.2. Quantification of OA sources

Given the challenge of the insoluble fraction not being measured via
filtered water extracts, we adopted an indirect statistical approach to
estimate the sources of OA. This involves assuming that 1) all OA types
are represented by the WSOA sources besides hydrocarbon-like organic
aerosol related to liquid fossil fuel combustion (HOA), 2) each OA type
has a constant water-solubility, i.e., WSOC:OC ratio, that we determine
via a framework based on multilinear regression (MLR). We established
the MLR model via Pystan, a Python interface for the Bayesian model
framework (Carpenter et al., 2017). This advanced approach, which
treats modelled outcomes as probabilistic rather than deterministic,
enhances robustness and allows for the application of constraints pre-
serving physical validity. The approach unfolds in four steps:

Step 1: Set measured WSOC (ug m™>) as the outcome and PMF-
derived WSOA types (EESI-TOF signals) as predictors. The aim is to
derive the response factor (RF) for each source, scaling EESI-TOF signals
to atmospheric WSOC concentrations, expressed as:

CWSOC,i N(ZR‘FI‘ * St G%WSOC.i) )
k

where Cysoc; represents the WSOC concentration for sample i, N in-
dicates the normal distribution, S is the time series of EESI-TOF signal
for source k, RFy, is the response factor for source k, all set with positive
constrains, and 6% __ represents the variance, accounting for the re-
sidual error in the model, set as 10 % of Cysoc.i-

Step 2: Set WSOA, calculated by WSOC multiplied with the OM:0C
ratios from AMS measurements, as outcome (Cwson =
Cwsoc ® OM : OCans) and the EESI-TOF based WSOC source time series
derived from step 1 (for source k, C; = RF S, in units of uyg m™>) as
predictors. Similarly, we aim to derive the source-specific OM:OC ratios
(OM : OCy, with constrain larger than 1), expressed as:

Cwsoai N(>_OM : OCy @ Gy, 02, 1) 4
k

where Cysa; represents the WSOA concentration for sample i, and
02,01 35 the fitting residual was also set to 10 % of this concentration.

Step 3: Set OC as outcome once accounted for the contribution of
hydrocarbon-like organic carbon (HOC), i.e., OC —HOC. We assume that
all major OC sources can be represented by the resolved WSOA types.
Using the same predictor Cy as in step 2, the goal is to derive the source-
specific recovery coefficient (RCy for each WSOA type k, constrained to
values greater than 1), which represents the inverse of the OA source’s
water-solubility expressed as:

OC; — HOC; N() _RC ® Cyi, 6%, poc,) 5)
k

where OC; —HOC; represents the concentration of OC —HOC for sample i,
and 63 _poc, as the fitting residual was also set to 10 % of this con-
centration. Note that the HOC, being largely water insoluble, could not
be directly measured using WSOA extracts. Instead, it was estimated
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through a newly developed statistical approach, which decomposed EC
into contributions from non-fossil fuel and fossil fuel emissions (details
as SI Sec. 7). The resulting uncertainty in the estimated HOC ranged
from 8 % to 13 % across sampling days.

Step 4: The reconstructed OA can then be represented as the sum of
each OA types’ contribution to OC (from Step 3), multiplied by their
organic mass-to-organic-carbon ratios (OM/OC) (from Step 2, assuming
they are the same for WSOA and OA of a source) and HOC times with
OM/OC of 1.21 as per Mohr et al. (2012).

The resulting parameters with associated uncertainties are presented
in Table S4. The final scaling factor, accounting for instrument response,
water solubility, and OM:OC, exhibited relative uncertainties ranging
from 13 % to 42 % across OA factors. Further analysis using 1000
bootstrap samplings, combined with uncertainties from PMF results,
showed an uncertainty in the factor contribution to OA annually
(Fig. $27) ranged from 0.27 pg m > to 2.02 pg m~ in Delhi, 0.35 pg m~>
to 1.56 pg m~°> in Kanpur. Importantly, the ranking of relative contri-
butions of all factors (Fig. S28) was not affected by these uncertainties,
demonstrating the robustness and reliability of the results.

2.4. FLEXPART model

A Lagrangian particle dispersion model, Flexible Particle Dispersion
Model (FLEXPART) version 10.4, was applied to analyze the air mass
origins over the sampling campaign period (Pisso et al., 2019). Meteo-
rological data driving the FLEXPART model were derived from NCEP
FNL operational model (https://rda.ucar.edu/datasets/ds083-2/, last
accessed on May 9, 2025) with a 6-h interval and 1° x 1° resolution.
Three-day backward runs simulated the release of 5 x 10° air parcels
every hour from both receptor points during the sampling year at 100 m
above ground level, with a time step of 180 s. The retroplumes, i.e.,
potential emission sensitivity (PES) in units of s m3 kg’l, was calculated
as the accumulated residence time of particles in each output grid cell
divided by air density in 0.1° x 0.1° resolution for every hour to depict
the air mass transport pathways (de Foy et al., 2015). The simulation
domain covers all of India and surrounding regions (Fig. S14).

2.5. Health impact assessment

By leveraging near-molecular-level information for improved source
identification, we can further estimate the associated health impacts,
enabling the development of health-oriented control strategies. Here, we
estimated the impact of short-term exposure to PM on mortality (i.e.
acute effects) following the non-linear exposure-response model
described in Ye et al. (2022). In brief, the mortality burden AD; attrib-
utable to a PMj 5 increase AX; for day i can be expressed as:

AD,':Di.(RRif].)/RRi (6)
RR; = exp(ff o AX;) 7

where D; represents the daily number of the all-cause death specific
region on day i. We assumed a log-linear relationship between the
relative risk of mortality (RR;) and the incremental PMj 5 concentration
AX; on day i. § denotes the relative risk associated with a 10 pg m >
increase of PMj 5, sourced from recent epidemiological studies. Recent
studies have demonstrated there is no established PM> 5 threshold with
no exposure risk (Liu et al., 2019; Yu et al., 2024), AX; was calculated
with the baseline set as zero. In absence of daily death counts data for
Delhi and Kanpur, we estimated the fractions of the mortality burden
attributable to the short-term PM; 5 exposure (AD;/D;) for each sampling
day i. Further, we estimated the contribution of individual OA sources to
the relative risk (RR) by using their respective concentration as AX to
represent associated incremental PM 5. To validate this approach, we
summed the AD;/D; from all individual OA sources along with the
remaining PM; 5 mass, assuming a uniform f across all components. The

Environment International 202 (2025) 109583

summed mortality burden closely matched that calculated from total
PM, 5 (within 5 % difference in both cities). Additionally, the registered
death data (monthly for Delhi, yearly for Kanpur) were obtained from
the official civil registration system (https://dc.crsorgi.gov, last
accessed on May 9, 2025) to estimate the number of individuals affected.

3. Results and discussion
3.1. Major chemical components in PM> 5 pollution

The average PM, 5 concentration for the year 2018 in both Delhi (84
pg m~>) and Kanpur (73 pg m~>) exceeded the WHO recommended limit
by more than a factor of 10. Similar to other cities in the IGP region, such
as Faridabad and Lucknow, Delhi and Kanpur also showed exceedingly
high pollution levels, and notably higher levels observed in cities in
South India (Saini and Sharma, 2020; Singh et al., 2021). PMy 5 also
exhibited strong seasonal variability, with extreme pollution in winter
and post-monsoon seasons, when daily levels exceed 200 pg m 2 in both
cities (Fig. 1). Meanwhile, PM5 5 concentrations were lowest during the
monsoon, partly due to wet scavenging, since it could account for ~3/4
of the annual rainfall (seasonal meteorological parameters comparison
in Table S3) (Deshpande et al., 2012).

Throughout the year, OA constituted a significant portion of PMy 5,
comprising 46 + 11 % in Delhi and 49 + 8 % in Kanpur, acting as the
primary pollution driver in both cities, mirroring results from many
other cities, e.g., Patna, Varanasi, within the region (Devi et al., 2020;
Tobler et al., 2020). This dominance of OA was particularly pronounced
during the post-monsoon season, when it accounted for 58 + 8 % in
Delhi and 60 + 4 % in Kanpur. In addition to OA, major inorganic ions
(S0%~, NO3, Cl-, NHY) collectively contributed approximately 30 % to
the overall PM; 5 mass throughout the year in both cities. The combined
concentration of these inorganic ions was notably higher during the
winter season, reaching 45.7 pg/m® in Delhi and 37.7 pg/m?® in Kanpur.
Organic carbon-to-elemental carbon ratios (OC/EC) were highly
dependent on fuel types, combustion conditions, and atmospheric aging
processes. The lower OC/EC ratios in Delhi (4.8 + 2.8) compared to
Kanpur (5.8 £+ 3.4) suggested a higher contribution from fossil fuel
emissions (Wu et al., 2018) and a larger contribution of fresh emissions.
Moreover, OC/EC showed similar trends to the OA fraction’s, peaking
during the post-monsoon season, with averages of 8.7 + 2.6 in Delhi and
9.11 + 4.76 in Kanpur. These observations aligned with previous studies
in the IGP, emphasizing the more pronounced impacts from biomass
burning, enhanced by large-scale crop residue burning after the rice
harvest (Srinivas and Sarin, 2014; Bikkina et al., 2019). Such variations
in source mixture across seasons and locations further underscore the
necessity of detailed source identification for effective mitigation.

3.2. Organic aerosol sources

Near-molecular levels of WSOA composition, further discussed in SI
Sec. 8.1, enabled the identification of seven distinct major OA types.
Four of these sources were linked to biomass burning: fresh biomass
burning OA (F-BBOA), aged biomass burning OA (A-BBOA), nitrogen-
containing OA (NOA) associated with primary biomass burning emis-
sions, and agricultural waste burning OA (AgrOA) attributed to trans-
ported rural stubble burning. Additionally, two urban-source OA types
were identified alongside the estimated hydrocarbon-like OA (HOA,
detailed in SI Sec. 6) derived from traffic exhaust emissions. These
include a winter-specific urban OA (DIOA) prevalent in Delhi during the
colder months, and a mixed urban OA (UOA) influenced by both cooking
and traffic activities. Lastly, a biogenic secondary OA (BSOA) was
identified, formed through the oxidation of natural volatile organic
compounds (BVOCs). The near-molecular composition (Fig. 2), season-
ality (Fig. 3) and the underlying impacts from specific emissions,
transformations, and transportation, will be discussed in detail in this
section. Both F-BBOA and A-BBOA were dominated by C¢H19Os (likely
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Fig. 1. The time series of major PM 5 chemical components in Delhi and Kanpur in 2018. The seasonal divisions, i.e., winter (January, February, March, December),
pre-monsoon (April-June), monsoon (July-September), and post-monsoon (October-November) are indicated by black arrows.

anhydrous sugars, e.g., levoglucosan) and CgH;20¢ (likely a derivative
of syringol), common tracers of biomass burning as mentioned earlier. F-
BBOA accounted for 42 % of the total ion intensity of C¢H;0Os, while A-
BBOA contributed less (20 %). This is consistent with levoglucosan
degrading during atmospheric aging (Yazdani et al., 2023) and is in line
with other research that also resolved fresh and aged BBOA (Qi et al.,
2019; Kumar et al., 2022). Moreover, F-BBOA displayed higher fractions
of large m/z CHO compounds with typical formulas of C14.17H16.2004-5
including abundant compounds such as Ci7H004, Cy17H200s and
C16H1806 that were also observed in fresh biomass burning plumes or
burning experiments (Brege et al., 2018, 2021; Fleming et al., 2020). In
contrast, A-BBOA was characterized by a higher fraction of CHNO
compounds than F-BBOA (33 % vs 22 %). These ions mainly contained
9-11 carbon atoms (Fig. 2 and Fig. S23), with prominent ions detected
as CoH11NO2-(CHp)y-Na® (e.g., CoH11NOs, C1oHisNOg, Cp1HisNOo),
likely nitro-aromatic compounds secondarily formed from phenolic
precursors such as phenols and cresols emitted during biomass burning
(Bertrand et al., 2018; Niu et al., 2020; Li et al., 2024). The time series of
F-BBOA and A-BBOA were generally similar, with higher concentrations
observed during colder months (Dec-Feb, temperature profiles in
Fig. S24). Such wintertime concentration enhancements were likely
caused by a combination of increased residential heating demand and
meteorological conditions that hindered ventilation (Table S3), such as
weak surface winds, minimal rainfall, and low planetary boundary layer,
which are common in North India during winter (Pawar and Sinha,
2022; Garsa et al., 2023). A correlation matrix combining PMF factors
with selected auxiliary measurements as potential source tracers can be
seen in Fig. S29. F-BBOA showed the highest correlation with levoglu-
cosan from auxiliary data (R = 0.95). The differences in the time series
between the cities indicated that F-BBOA was more strongly associated
with fresh local emissions. Meanwhile, A-BBOA correlated less with
levoglucosan but slightly better with NO3 and NHJ (R = 0.78 and 0.76,
respectively), consistent with aged emissions. When nighttime temper-
ature sharply decreased and emissions intensified, OA could be

substantially enhanced by the condensation of primary biomass burning
vapours (Mishra et al., 2023). Such formation in winter, driven by
seasonal meteorological changes, might explain the correlation between
A-BBOA and NHj, NO3, influenced by similar thermodynamics.

The mass spectrum of Nitrogen-containing OA (NOA) featured a
pronounced presence of CHN ions (accounting for 17 % in the profile),
which was 2-8 times that of other OA types. Compounds with 2 nitrogen
atoms represented nearly 90 % of the signal within the CHN group with
major homoologous series of two types, i.e., C7H;2Ns-(CHp), and
CgHgN2-(CHj)y. The former is likely a derivative of imidazole, charac-
terized by a heterocyclic core with two nitrogen atoms and an appended
alkyl chain, while the latter could be azaindole derivatives with the core
structure of a fused two-ring system, which includes a six-membered
pyridine ring and a five-membered pyrrole ring. The presence of 2-N
containing species has been noted in abundance from cow dung and
brushwood burning cookstoves in India (Fleming et al., 2018) and straw
residue burning in China (Lin et al., 2012; Wang et al., 2017). These
species are most likely to originate from N-heterocyclic alkaloid com-
pounds produced from biological sources such as plants and animals
(Laskin et al., 2009).

The time series of NOA (Fig. 3) demonstrated a good correlation with
levoglucosan (R = 0.75) with higher concentrations during the cold
months. We observed a clear nighttime increase in 2-N containing spe-
cies, in contrast to the CHO and CHNO groups, with some increasing
more than ten times (Fig. S22 details discussed in SI Sec. 8.1). Such
differences might indicate intensified emissions during nighttime or
could result from secondary formation processes, e.g. imidazole-like
compounds may also result from aqueous reactions of a-dicarbonyls
with ammonium or amine (Li et al., 2023b; Gan et al., 2024) with po-
tential products like C;H;5N, (De Haan et al., 2011) observed in NOA.
However, no correlation was observed between these compounds and
relative humidity or the liquid water content modelled with thermo-
dynamic equilibrium model ISORROPIA II (Fig. S30) (Fountoukis and
Nenes, 2007). Furthermore, phenolic SOA tracers such as CgHgOs,
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Fig. 2. The molecular chemical composition of OA sources (neutral compounds) based on EESI-TOF analyses depicted in the unit mass spectrum (left), CHp-Kendrick
mass defect plot for the most abundant 200 ions, with the size scaled by the ion intensity (central) and carbon number distribution color-coded by oxygen num-
ber (right).
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CgH19O0¢, known to form through aqueous-phase oxidation of phenols
from biomass burning (Yu et al., 2016; Xiao et al., 2022), did not show a
clear nighttime increase. This suggests that nocturnal aqueous-phase
processing is not a contributor to NOA in our case. Collectively, all ob-
servations point toward intensified nighttime primary emissions rather
than nocturnal secondary formation as the major contributor of NOA.
Thus, the use of biomass fuel for household heating could be a signifi-
cant OA source (Navinya et al., 2023), with maximum contributions
exceeding 10 pg m~> in both cities. This unique factor, possibly mixed
into the cold-season primary OA factor in Bhattu et al. (2024), has not
been identified in similar studies in Europe or China, while its signifi-
cance in India could not be overlooked. Since traditional biomass fuels
remain a primary energy source in rural India (Mishra et al., 2024), the
higher NOA levels in Kanpur (average of 3.4 pg m~>) compared to Delhi
(average of 1.5 pg m™>) suggest a more extensive use of such fuels in
rural Uttar Pradesh.

While F-BBOA, A-BBOA, and NOA were most probably related to
residential biomass burning, an additional BBOA type was successfully
identified, representing the impacts of rural agricultural burning
(Agricultural fire OA — AgrOA), evidenced primarily by its unique time
series. The impact of such agricultural fires could not be resolved in
previous studies. Specifically, AgrOA concentration peaks occurred for
both cities from late October to mid-November with maximum contri-
butions to OA exceeding 40 pg m~>. This aligns with the timing of the
widespread practice of burning rice straw residues after the harvest in
North India (Sarkar et al., 2018; Bikkina et al., 2019). The integration of

Lagrangian retroplumes and fire spot maps (Fig. 4, Fig. S31) further
supported the link between AgrOA and transported emissions from
agricultural waste burning. Open fires were widely distributed across
the Indian subcontinent with three intensive periods throughout the
year (Fig. S32). These include March to April, mainly in central and
northeast India due to forest fires; May, primarily in northwest India
from wheat residue burning; October to November, also mainly in
northwest India, from rice/paddy residue burning. Interestingly, only
the third burning period showed the clearest impacts, as prevailing
northwesterly winds transported pollution plumes primarily from Pun-
jab, where intense fires occurred. In addition, the unique topography of
the IGP, bounded by the Himalayas to the north and the Vindhya range
to the south, could restrict pollutant dispersion transported from the
upwind region, effectively trapping them within the densely populated
basin until exited over the Bay of Bengal (Fig. S33). The resulting OA
contribution averaged 39.0 pg m~2 in Kanpur and 21.6 pg m™~2 in Delhi,
both located downstream during the post-monsoon period. This pattern
contrasted with earlier fire periods in March-April (forest fires) and May
(wheat straw fires) which can be explained by different meteorological
conditions. In the latter two periods, the intense fire activities did not
coincide with the dominant airmass transport pathways directed toward
the two cities and were accompanied by stronger dispersion conditions
during the pre-monsoon (Table S3), resulting in minimal impact.
Fig. S34. Comparing the potential source regions and air mass trajec-
tories of these three periods, further elucidated that post-monsoon fires
in northwest India coincide with rapidly descending air masses near the
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Fig. 4. Geographical origin of air masses arriving in Kanpur displayed as the footprint layer of accumulated 72-hour FLEXPART backward retroplumes during three
intensive fire periods, overlaid by the Visible Infrared Imaging Radiometer Suite active fires (https://eogdata.mines.edu/products/vnf/, last accessed on May 9,
2025) and topographic shading for terrain visualization (http://www.naturalearthdata.com, last accessed on May 9, 2025). Arrows indicate predominant air mass
transport direction. Three Indian states, i.e., Punjab (outlined in red), Haryana (outlined in blue), and Uttar Pradesh (outlined in green) are depicted. Major mountain
ranges, such as the Great Himalayas and the Vindhya Range, which confine air masses within the Indo-Gangetic Plain (IGP), are also annotated. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

surface, facilitating the transport towards IGP. This finding, consistent
with previous studies (Kaskaoutis et al., 2014; Ravindra et al., 2021; Lan
etal., 2022; Montes et al., 2022), highlights that the rice stubble burning
exerted a greater impact than wheat in the region, related to favorable
meteorology. Additionally, the uncertainty analysis validated the
quantification, with the annual contribution to OA estimated within a
relatively narrow range of 12.5 4+ 2.1 % and 28.3 + 3.6 % (Figs. S27 and
$28).

AgrOA’s chemical information further confirmed its association with
aged biomass burning smoke. AgrOA was characterized by the highest
fraction of CgH;1NO5 (0.9 %) as well as other CHNO ions such as CgHs.
9NO4.6, C10H7.9NO4.5, C11H11NOs, in which AgrOA accounted for more
than 75 % of their variances. These CHNO compounds are likely nitro-
phenolic compounds, similar to those mentioned in A-BBOA, but with
higher O/C and lower H/C ratios, as well as larger molecular weights,
suggesting they could be more oxidized and further functionalized. This
is likely due to longer transport and aging times, as the major source
region—harvested cropland—was farther from the cities compared to
the other BBOA types. Moreover, these CHNO ions, predominantly
explained by AgrOA, aligned with findings from Wang et al. (2019),
which ascribed nitrophenol-like compounds detected on the Tibetan
Plateau to transported biomass burning plumes from the IGP region. In
addition, enhanced toxicity of BBOA after atmospheric aging has been
reported and is partially attributed to these nitro-phenol-like SOA, as
they are strongly associated with ROS production (Wang et al., 2023;
Fang et al., 2024). From this perspective, the potential hazards of AgrOA
should not be overlooked. Additionally, the levoglucosan content in
AgrOA (1 %) was found to be more than 15 times lower than in F-BBOA
and 5 times lower than in A-BBOA. Such degradation of the major
chemical fingerprint of fresh BBOA aligns with previous works
(Hennigan et al., 2010; Zhang et al., 2024). Meanwhile, oxygenated
aromatics (e.g., phenol) and heterocyclic compounds (e.g., furan) serve
as key precursors that can sustain SOA formation, prolonging the air
quality impacts of AgrOA for over a week (Vasilakopoulou et al., 2023;
He et al., 2024).

While these biomass burning OA types overall contributed to 35 % of
OA in Delhi and 66 % in Kanpur, the influence of other anthropogenic
sources accounted for 61 % in Delhi, and 28 % in Kanpur.

Urban mixed OA (UOA) comprised OA components that undergo
aging processes from complex urban emissions such as traffic and
cooking, similar to OA types previously identified in several cities of
North India (Bhattu et al., 2024). Its spectrum showed three prominent
ions, C15H2604, C16H2804, C1gH320s5, and a high abundance of large m/z
CHO compounds such as Cj318H20.3204.7. Such CHO species can be
formed from aliphatic hydrocarbons, abundant in vehicle exhaust,

especially from diesel since 80 % of its SOA is produced from long-chain
alkanes (>C15) (Madhu et al., 2023). Moreover, the mentioned com-
pounds could also originate from unsaturated fatty acids, primarily
emitted from cooking (Li et al., 2023a). For example, C1gH3205 has been
found to be one of the main products from oleic acid (C18H3405)
oxidation by Og (Al-Kindi et al., 2016). In comparison to all other OA
types, UOA showed stronger correlation with EC and displayed similar
seasonal trends, especially in Kanpur (Fig. S35). A spike of UOA in
Kanpur was found on November 7th (29.2 pg m™3), coinciding with
Diwali festival, when emissions from ritual bonfires, fireworks, incense,
and oil lamps may contribute as unique urban sources. Excluding this
special day, UOA in Kanpur correlated better with EC (R = 0.67) and
Vanadium (R = 0.55), the latter typically emitted from fuel and lubri-
cating oil in tailpipe (Amato et al., 2011; Jawaa et al., 2024),
strengthening its link with urban combustion.

Another OA type, termed Delhi industrial OA (DIOA), exhibited
substantially higher concentrations in Delhi, especially in winter. The
prominent compounds in DIOA shared common features: 1) Concen-
trations in Delhi were typically fivefold higher than Kanpur, 2) Night-to-
day ratios, offering additional insights onto emissions/formation
pattern, reached up to 3, higher than those of directly emitted EC, and 3)
High correlation with CI™ (R > 0.6), displaying pronounced seasonality
with a tenfold difference between winter and monsoon. Among these
ions, the most prominent—accounting for over 90 % of their total in-
tensities in the DIOA factor—were chemically similar compounds with
the formulas C3HgNg and C4HgNg. These are likely melamine and its
derivative, methylene melamine, which are widely used in the manu-
facture of plastics, laminates, and adhesives (Liitjens et al., 2023). These
compounds can be released into the atmosphere during industrial pro-
cesses involving production, and they as semi-volatile organic com-
pound (SVOC) are more likely to condense into particle phase during
colder winter months (Watanabe et al., 2007). Elevated levels of mel-
amine have previously been observed in e-waste dust, largely attributed
to emissions from the recycling of printed circuit boards (PCBs) with
melamine commonly used as a flame retardant (Li et al., 2022). Given
that Delhi is one of the most prominent hubs for informal e-waste
recycling, this likely explains the substantially higher levels of those
compounds observed in the city (Gangwar et al., 2019; Arya et al.,
2021). This explanation was further supported by the strong correlation
between those ions and Cl™, as the extremely high particle-bound Cl1™
concentrations reported in Delhi are believed to originate from similar
sources, such as waste burning (including plastics) and industrial pro-
cessing (Tobler et al., 2020; Rai et al., 2020; Cash et al., 2021; Gunthe
et al., 2021; Faisal et al., 2022), and its winter increase driven by lower
temperature and higher relative humidity (Manchanda et al., 2022).
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Due to their low water-solubility, the concentration of fresh OA
emissions from liquid fossil fuels (Hydrocarbon-like OA, HOA) was
inferred via a tracer approach based on elemental carbon and levoglu-
cosan validated by l4c analysis of EC (details in SI Sec. 6). The estimated
HOA concentrations were substantially higher in Delhi (0.65 + 0.57 pg
m~%) compared to Kanpur (0.40 + 0.30 pg m~>), as confirmed by a
Mann-Whitney U test (P < 0.05). This difference, which aligned with
Lakra et al, (2024) comparing HOA in Delhi, Kanpur and Lucknow, was
due to higher density of Delhi’s vehicles. The time series of HOA in both
cities displayed relatively consistent levels through the year, indicating
steady local emissions. A similar factor in Bhattu et al. (2024) attributing
to fresh traffic emissions, was found to be one of the dominant con-
tributors to oxidative potential (OP). Therefore, the associated potential
health risks warrant further attention, particularly in Delhi.

Finally, biogenic SOA (BSOA, 5 % of OA in Delhi, 7 % of OA in
Kanpur) was characterized by a large contribution of CHO compounds
with a high degree of oxygenation such as C4H¢Os, CsH1204, CsH120s,
C9H1405, C9H1605, C10H1606, C11H1606, C15H2604. Similar BSOA pro-
files with many matching formulae were found in e.g. Delhi (Kumar
et al., 2022) and Zurich, Switzerland (Stefenelli et al., 2019; Qi et al.,
2020), implying the oxidation of common biogenic precursors, e.g.,
isoprene (CsHg), monoterpenes (C1oHi6) and sesquiterpene (CisHag).
For example, C15H2604 as the most abundant ion (accounting for 2 % in
BSOA) could result from oxidation of sesquiterpene. C4HgOs and
CsHj204, largely explained by BSOA, could be isoprene SOA products
(Nguyen et al., 2010; Chen et al., 2020). Additionally, the time series of
BSOA correlated well with independently measured biogenic SOA
marker molecules: 4-Oxoheptanoic acid (C;H;203, R = 0.61) and tar-
taric acid (C4HgOg, R = 0.67) (Fig. S36). Notably, 4-Oxoheptanoic acid
has been identified in a-pinene SOA (Cook et al., 2017) and tartaric acid
can be formed through isoprene photooxidation (Fu et al., 2008), both of
which corroborate our findings. However, other biogenic SOA markers
such as pinic acid (C9H1404) and 3-MBTCA (CgH;206) were not
compared because their levels in the auxiliary data were too low for
quantifcation, implying concentrations much lower than what measured

mm F-BBOA  mmm A-BBOA NOA

winter pre-monsoon monsoon

I AgrOA

post-monsoon winter
—

Environment International 202 (2025) 109583

in Europe during summer (Glojek et al., 2024). In contrast to other OA
types, BSOA exhibited relatively minor concentration differences be-
tween the colder and monsoon seasons. The substantial increase in
emissions of precursors from July to August (Fig. S37) coupled with
intense photooxidation (average temperature above 30 °C) could lead to
higher BSOA production, offsetting the decline caused by monsoon
heavy rainfall (Table S3).

3.3. Contributions of OA sources across seasons

While OA remained a major PM; 5 component across seasons in both
cities, the primary sources varied in their contributions, as seen in Fig. 5.
Annual factor contributions (Fig. S38) showed that DIOA contributed
the most in Delhi (14.7 pg m™2, 36 % of OA), followed by UOA at 22 %,
A-BBOA and AgrOA at 13 % each, with all other OA types contributing
less than 10 % each. In Kanpur, although AgrOA showed large seasonal
variation, it still averaged annually as the most important OA contrib-
utor (10.0 pg m 3, 28 %), followed closely by A-BBOA and UOA at 22 %
each. Clearly, OA types related to local emissions of traffic and industry,
or cooking (HOA + DIOA + UOA) were more prevalent in Delhi,
comprising 60 % of OA, compared to 25 % in Kanpur. In contrast,
biomass burning factors (F-BBOA, A-BBOA, NOA, AgrOA) were domi-
nant in Kanpur (23.1 ug m>, 65 % of OA). Yet, their importance in Delhi
was still considerable at 34 % with peak levels reaching 75 pg m >,

During the pre-monsoon and monsoon periods, the disparity in
pollution levels between Delhi and Kanpur was more pronounced with
PMS 5 levels of 41.3 pg m® versus 20.6 pg m> during the monsoon, and
54 pg m® versus 42.6 pg m® during the pre-monsoon. This notable dif-
ference, compared to polluted seasons (post-monsoon, winter), was
partly due to higher contributions of UOA and DIOA in Delhi, which
made up more than 60 % of OA, highlighting the need to alleviate local
emissions within and surrounding the city. In Kanpur, UOA was the
largest OA contributor during the pre-monsoon (40 %) and monsoon
(35 %), while emissions from biomass burning also played a substantial
role (together accounting for ~40 %). Notably, AgrOA in Kanpur during
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Fig. 5. Stacked concentration time series of all OA types and the fraction of OA to PM; 5 in Delhi and Kanpur throughout the year (left) and their corresponding
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the winter season (average of January, February, and December).
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the pre-monsoon season still accounted for a considerable 26 % of OA,
although clearly lower compared to the post-monsoon season, reflecting
smaller impact of wheat stubble burning compared to rice stubble
burning, as previously discussed.

Severe PM, 5 pollution usually occurred during post-monsoon and
winter seasons, with winter average levels being higher (134.3 pgm ™ in
Delhi and 118.1 pg m~2 in Kanpur). During winter, OA remained the
largest PM5 5 component (OA/PMs 5 at 40-60 %) in both cities, with
elevated contributions from OA associated with local biomass burning
(Fig. S39). Specifically, local BBOA (F-BBOA + A-BBOA + NOA) in
Kanpur contributed a total of 26.0 pg m~° in winter, representing 48 %
of OA, with peak up to 84.2 pg m 3. This likely reflects more intense use
of domestic heating using biomass during cold months there. In contrast,
local BBOA accounted for only 27 % of OA in Delhi during winter, while
DIOA contributed 47 % of OA, averaging 30.5 pg m~>. We believe this
substantial increase was driven by gas-particle condensation of volatile
compounds emitted/oxidized there, a process that was more pro-
nounced during cold and foggy winter.

As for the post-monsoon season, a marked difference in pollution
causes compared to winter was noted, characterized by an increased
contribution of OA to PM; 5 (OA/PM; 5 typically >0.6), mainly driven
by AgrOA in both cities. Specifically, the average concentration of
AgrOA in Delhi rose to 15.6 ug m ™2, representing 22 % of OA. During the
intensive burning period from November 16-25 (Fig. S31), AgrOA peak
levels were between 26.6 ug m > and 40.6 g m >, accounting for nearly
half of OA and serving as the key driver of this prolonged haze episode.
In Kanpur, AgrOA contributed almost half of OA, with an average
contribution 26.5 pg m~3 (43 % of OA). In November, more than 50 % of
sampling days experienced AgrOA exceeding 40 pg m >, accounting for
70 % of OA, underscoring the dominant role of AgrOA in severe episodes
pollution there. These findings highlighted that transported and aged
OA from rice straw burning in northwest India, particularly Punjab,
substantially impacted air quality, triggering haze pollution extending
to downstream cities during the post-monsoon season. Such long-
distance impacts have also been observed in cities such as Lucknow
and Patna, and even extending towards the Tibetan Plateau, China
(Wang et al., 2019; Goetz et al., 2022; Saxena et al., 2024). Interestingly,
Kanpur, located 600 km downstream of the stubble burning hotspots,
appeared to experience an even greater impact than Delhi. This could be
related to the different aging times affecting the two cities. Studies have
reported more fires in the afternoon compared to the morning in north
India (Vadrevu et al., 2011). This is further supported by geostationary
satellite images (Fig. S40) which revealed that the stubble fires in Punjab
typically began in the late afternoon (~3 PM local time). The backward
trajectories on individual days (Fig. S41) show that during this season
air masses predominantly originated from the mountainous region,
descended rapidly over North Pakistan and Punjab, and moved towards
the IGP - guided by surrounding mountains. After picking up emissions
from burning fields, the air travelled approximately 12 hs until reaching
Delhi, while it took more than 24 hs before reaching Kanpur. Further
source region analysis during high AgrOA impact days (Fig. S42)
confirmed such travel time differences between the two cities from
Punjab. Based on these, AgrOA plumes arriving in Delhi were likely to
experience limited aging due to much of the journey occurring over-
night, with minimal photochemistry. In contrast, the prolonged journey
to Kanpur allowed for more extensive photochemical aging and SOA
formation, particularly from precursors like intermediate and semi-
volatile organic compounds (He et al., 2024), resulting in higher
AgrOA concentrations in Kanpur.

3.4. Implications from source-specific exposure risk

Short-term exposure to the high PMs 5 levels in Delhi and Kanpur is
expected to have adverse health impacts (Zhao and Wang, 2024). Given
AgrOA’s regional impacts on severe post-monsoon haze which poten-
tially affects the densely populated IGP, assessing its acute health
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impacts is particularly critical. Recent studies have shown that wildfire-
related PMj 5 (including crop residue burning) poses greater health risks
compared to PMj 5 from non-wildfire sources (Aguilera et al., 2021; Ye
et al., 2022). To better assess the specific health impacts, we drew upon
global epidemiological studies that encompass highly polluted regions
and explicitly account for crop residue burning within wildfire-related
PM, 5 exposure estimates, thereby enhancing the representativeness
and relevance of our assessment. Based on Chen et al. (2021), a relative
risk (RR) of 1.021 (95 % CIL: 1.018-1.024) was applied for all-cause
mortality associated with a 10 pg m™°> increase in AgrOA-related
PMys. For comparison, the RR associated with other PMy5 compo-
nents was set at 1.0068 (95 % CI: 1.0059-1.0077) referencing to Liu
et al. (2019). The elevated RR for AgrOA was further supported by
Bhowmik et al. (2024b), which indicated the toxicity of PMjy s, repre-
sented by its OP, was higher during the post-monsoon in Delhi. Addi-
tionally, due to the unavailability of daily death data, we assumed the
daily death number did not vary throughout the year, as evidenced by
the relatively consistent monthly death count in Delhi (Fig. S44). This
assumption enabled us to assess the seasonal and yearly averages of the
mortality burden fraction attributable to short-term PM; 5 exposure.

As illustrated in Fig. 6, the acute mortality associated with PMy 5
posed a great environmental health risk in both cities, contributing to a
substantial portion of all-cause deaths (average of 6 + 4 % in Delhi, 6 +
5 % in Kanpur), with such risk escalating to 20 % during the pollution
episodes. This high PM, s-attributable mortality was twice higher than
the global average (2 %) and demonstrated consistency with a recent
study reporting acute mortality burden across 10 Indian cities (aver-
aging 7.2 %), though lower than reported estimates for chronic impacts
(10.4 % of total deaths across India) (India State-Level Disease Burden
Initiative Air Pollution Collaborators, 2021; de Bont et al., 2024; Yu
et al., 2024). The total contribution of all OA factors (Fig. S43 with more
discussion in SI Sec. 8.5), was estimated to account for 47 % of the
annual PM, s-attributable mortality in Delhi and 57 % in Kanpur, with
the fraction close to 80 % during pollution episodes. This corresponded
to over 4000 premature deaths annually in Delhi and more than 600 in
Kanpur, assuming relatively consistent daily mortality rates throughout
the year.

Specifically, the fraction of deaths attributable to the AgrOA within
PM,, s-associated burdens was 11 % in Delhi and 27 % in Kanpur on an
annual basis. Meanwhile during the post-monsoon season, these frac-
tions increased substantially to 32 % in Delhi and 53 % in Kanpur,
ranking as the highest among all OA factors during this period. In terms
of attributable deaths, an estimated 1072 deaths in Delhi and 259 deaths
in Kanpur were linked to this AgrOA during October to November,
corresponding to 5.5 and 9.4 deaths per 100,000 population, respec-
tively. Notably, on highly impacted pollution episodes in Kanpur, far
away from AgrOA’s main source region, it could account for approxi-
mately 10 % of the deaths. Moreover, Ye et al, (2022) found that females
and adults aged >60 years were more vulnerable to wildfire emissions.
Using their respective RR values from literature, AgrOA’s contribution
to acute PMj s-attributable female mortality during the post-monsoon
could reach 46 % in Delhi and 67 % in Kanpur. For older adults,
AgrOA’s relative risk was 1.43 and 1.28 times higher in Delhi and
Kanpur compared to adults younger than 60 years during this period.
These figures highlight, that transported rural fire smokes remains a
major detrimental factor threatening public health, despite intensive
urban emissions. Considering the limitations of existing epidemiological
findings and the lack of detailed death data, the current health risk
estimation might involve uncertainties related to the use of RR values
and other underlying assumptions. A further uncertainty analysis,
detailed in SI Sec. 8.5, confirmed the robustness and reliability of the
results.

Bhattu et al. (2024) identified local incomplete combustion in North
India as the largest contributor to OA and its oxidative potential. Simi-
larly, our results emphasized the importance of local biomass burning,
with increased importance in wintertime. These findings collectively



Y. Hao et al.

Environment International 202 (2025) 109583

Delhi
Total atucte PM, 5 attributed
0.20 1 Acute AgrOA attributed Whole year Post-monsoon (Oct-Dec)
. === Qther acute PM, s attributed

:
2 ’
3 0.15 1
>
= 68%
8 89%
€ 0.10
[
=
© -
& 0.05 1

0001 T | R S - T |

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Kanpur

0.20 1 r Whole year Post-monsoon (Oct-Dec)
[
e X
3 0.154 ‘ 47%
>
= 73%
€ 0.10 1
CI.)
=
©
& 0.05

0.00 T T T T T T et T T T T

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 6. Time series of attributable burden of acute mortality due to PM, 5 exposure and AgrOA exposure in Delhi and Kanpur. Pie charts illustrate the contribution of
AgrOA and other PM, 5 components to PM, s related acute mortality. Green shadings highlight the typical harvest periods of wheat (April-May) and rice (Oct-Nov) in
North India (image icons extracted from www.flaticon.com). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

support the need for policies targeting emission reduction from domestic
fuels like wood, cow dung, and rice husk. This can be achieved by
promoting the use of improved, cleaner cookstoves with features such as
forced draft or less fuel consumption. (Arora et al., 2020). Meanwhile,
the transition of informal household fuels to cleaner alternatives, such as
Liquefied Petroleum Gas (LPG) and electricity, requires improving en-
ergy infrastructure to enhance accessibility and implementing price
subsidies to make these options more affordable for low-income com-
munities. (Chowdhury et al., 2019; Sharma and Jain, 2019; Chanchani
and Oskarsson, 2021). Furthermore, our year-long observations allowed
us to gain more insights for developing targeted policies based on OA
sources across the seasons. Specifically, we found the significance of
rather local emissions in Delhi during winter on OA pollution (DIOA),
which accounted for 20 % of total PM; s-attributable mortality there. To
address this, regulatory measures should prioritize controlling emissions
from industries, including stricter enforcement of emission standards for
factories, and addressing informal sectors such as e-waste recycling,
which often operates without appropriate control measures (Gangwar
et al., 2019).

More importantly, AgrOA cannot be overlooked due to its consid-
erable contribution to acute mortality burden in both cities, even though
relevant pollution events were only during a short period. Mitigation
measures should extend beyond cities to regional scales, targeting re-
gions particularly affected by stubble fires like Punjab and Haryana,
combining mandatory regulations and incentive-driven approaches. In
addition to enforcing a ban on open burning, in-situ management can be
promoted through subsided machinery, such as the “Happy Seeder”
enabling wheat sowing into harvested rice fields without burning straw
(Keil et al., 2021), and by providing incentives for using straw as fer-
tilizer, a practice successfully implemented in China (Bai et al., 2023).
Ex-situ management, such as using stubble for livestock fodder or energy

production, requires infrastructure development for straw collection/
transport and subsidies as incentives (Dutta et al., 2022). Considering
that these fires coincide with meteorological conditions that trap smoke
and transport it downstream to populated regions (Liu et al., 2022),
promoting crop diversification, or transitioning to short-duration, low-
straw-generating rice varieties in Northwest India could also facilitate
mitigating such pollution (Kant et al., 2022; Mukherjee et al., 2023).

4. Summary and conclusions

This comprehensive study provides the first detailed assessment of
OA sources and their seasonal dynamics in Delhi and Kanpur, two of
India’s heavily polluted cities, based on near-molecular level analysis.
We quantified eight OA types, four of which were linked to biomass
burning. Overall, both cities experienced high contributions from
biomass burning, with Kanpur being more affected (66 % of OA)
compared to Delhi (35 % of OA). Among these, F-BBOA and A-BBOA,
distinguished by their degree of oxygenation, originated from residen-
tial biomass uses and were prevalent during the colder months. Another
OA type (NOA) was characterized by unique 2N-containing compounds,
such as C11HyoN3 and Cy2H2oNo, likely derived from alkaloids present in
wood or cow dung used for domestic purposes. While these three OA
types were mainly linked to local emissions, we also identified an OA
type rich in nitro-phenol-like species, associated with a regional trans-
port of agricultural fire emissions (AgrOA). Its concentration peaked
during the the harvest season, aligned with rice stubble burning from
October to November. The successful identification and direct quanti-
fication of AgrOA with relatively low uncertainty provide critical in-
sights into the distinct impacts of open burning, which were previously
not separated from other BBOA types. Such observation-based quanti-
tative information is particularly crucial, given the high uncertainties in
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air quality models due to incomplete fire emission inventories and
insufficient chemical detail. Other anthropogenic activities overall
contributed 61 % of OA in Delhi, and 28 % of OA in Kanpur, represented
by three additional OA types: fresh emissions from liquid fossil fuel
combustion (HOA), urban emissions mixed with aging emissions from
traffic and cooking (UOA), and contributions from volatile compounds
predominantly affecting Delhi, likely originating from industries
within/ surrounding the city (DIOA)—including locally relevant toxic
species, exemplified by melamine, which require further attention.
Additionally, OA formed from natural biogenic volatile organic com-
pounds, such as mono- and sesquiterpenes, was identified, accounting
for 5 % of OA in Delhi, 7 % of OA in Kanpur.

Overall, the short-term exposure to PMjs was estimated to
contribute 6 % of all deaths in both Delhi and Kanpur, averaged across
all sampling days. Source-specific acute mortality estimation further
underscores the important role of agricultural fire OA originating from
distant rural areas. This distinct OA type could account for nearly 50 %
of the PM; s-attributable mortality burden in Kanpur, and 32 % in Delhi
during the post-monsoon harvest season, largely driven by the intensive
fire emission and further aging. These findings illustrate the urgent and
critical need for regional cooperative air pollution mitigation strategies,
accounting not only for urban emissions but also for stubble residue
burning emissions. Despite limitations in the source-specific health
impact assessment, our analysis offers valuable insights for policy-
makers by improving the quantification of local and transported OA, and
emphasizing the importance of health-oriented strategies for cost-
effective PMy 5 reductions. The findings may also guide other regions
facing similarly severe air pollution episodes such as Southeast Asia, and
Africa. Future research is needed to quantify the health impacts of
specific sources and individual compounds on populations, particularly
vulnerable groups, to effectively mitigate PMj; 5 effects on public health.
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