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HIGHLIGHTS

e From 2014 to 2023, the stubble burning season delays by one week, while fire intensity exhibits a decreasing trend.
o The adverse effect of delayed burning season on PM; 5 trend may counteract air quality improvements from reduced fire events.
e Unfavorable meteorological conditions (e.g. increase in atmospheric stability) exacerbate PM, s during post-monsoon season.

ABSTRACT

Stubble burning is widely recognized as a major contributor to severe PMy 5 pollution during post-monsoon season in India. In recent years, the pattern of stubble
burning in northwestern India has changed significantly, which may alter its impact on Delhi's air quality. Satellite observations show that from 2014 to 2023, the
burning season delays by one week, while fire intensity exhibits a decreasing trend. GEOS-Chem simulations reveal that the environmental benefits from reduced
burning events (—1.1 pgm ™ yr™!) are almost completely offset by the adverse effect of delayed burning season (+0.9 pg m~> yr1). Although stubble burning is a
significant seasonal pollution source, its influence on PM3 5 trend has been less pronounced than thought, which is attributed to antagonistic effects of reduced fire
events and delayed burning season. Further sensitivity experiment shows observed PM; 5 increase in Delhi is primarily resulted from unfavorable meteorological

conditions (e.g. the increase in atmospheric stability).

1. Introduction

Post-monsoon air pollution remains a critical environmental chal-
lenge across the northwest Indo-Gangetic Plain (IGP) including the
capital of India — Delhi (Mangaraj et al., 2025; Pawar et al., 2015). The
November 2024 "India Environmental Air Quality Monthly Report”
shows that Delhi is one of the most polluted cities in India (N & Siva-
lingam, 2024). Large-scale stubble burning is regarded as a major cause
of Delhi's poor air quality during post-monsoon season (Bikkina et al.,
2019; Bray et al., 2019; Takigawa et al., 2020; Tripathi et al., 2024).

As a traditional agricultural country, India's IGP region commonly
uses open burning to dispose of crop residue. This method is considered
cost-effective and helps shorten agricultural production cycles (Chandra
and Sinha, 2016). In Punjab and Haryana alone, approximately 21.32
million tons and 9.18 million tons of straw are burned annually,
resulting in a total PMy 5 emission of 141.65Gg from straw burning
(Beig et al., 2020). After the monsoon season, prevailing northwesterly
winds transport these smoke particles to Delhi, resulting in significant
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air pollution (Kumar et al., 2024). The mixture of external pollution
from smoke with locally emitted pollutants accumulates under stable
atmospheric conditions, making it difficult to disperse and leading to a
sharp deterioration in air quality (Mhawish et al., 2022). This leads to
44,000-98,000 premature deaths annually linked to particulate matter
from agricultural residue burning (Lan et al., 2022). Rural crop residue
burning contributes about 32% of PMj s-related mortality in Delhi
during post-monsoon season (Hao et al., 2025).

Many studies have revealed the quantitative contribution of stubble
burning on air quality in India during the post-monsoon season. Utiliz-
ing Multiple Linear Regression (MLR) and Positive Matrix Factorization
(PMF) methods, Pawar and Sinha (2022) identified that paddy residue
burning contributed 54 +16.8 ugm ™ to PMys at the rural site of
Nadampur. Kant et al. (2022) estimated that stubble burning increased
PM, 5 concentrations in the National Capital Region (NCR) by 23%-26%
compared to background levels. Kulkarni et al. (2020), using the
WRF-Chem model and FINNv1.5 fire emission inventory, found that the
stubble burning contributed approximately 20% of PMj 5 concentrations
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in Delhi during October-November, and 50%-75% during extreme
events. Mukherjee et al. (2020) reported that aerosols resulting from
stubble burning in the northwestern states contributed over 60% of the
surface-layer PM; 5 concentration observed in Delhi during one week
after Diwali in 2016. Cusworth et al. (2018) combined observations with
STILT model simulations from 2012 to 2016 and identified stubble
burning as a significant contributor to the elevated PM; 5 levels observed
during the post-monsoon period. A fire-detection-based approach esti-
mated a 14% contribution to PM; 5 concentrations in the Delhi NCR
(Mangaraj et al., 2025), while a comprehensive chemical source
apportionment study reported that open fires of all kinds (paddy residue
burning) contribute approximately 50% (23%) (Awasthi et al., 2024).

In recent years, the pattern of post-monsoon stubble burning in
northwestern India has changed significantly. On one hand, ground-
water protection policy initially resulted in a delay of the burning period
(Ghude et al., 2025; Liu et al., 2021). The lower planet boundary layer
height (PBLH) and surface temperature during the delayed burning
period may exacerbate the impact of stubble burning on PMj 5 levels in
Delhi (Liu et al., 2022). However, this impact has been partly offset by
the widespread adoption of short-duration rice cultivars such as PR126
(Thakur et al., 2025). This variety matures approximately three to four
weeks earlier than traditional cultivars. On the other hand, coordinated
efforts between burn bans and mechanized farming practices have led to
approximately a 50% reduction in fire counts in Punjab and Haryana
from 2015 to 2023 (Mangaraj et al., 2025) and a growing gap between
burnt area estimates using Sentinel-2 and active fire counts (Ambulkar
et al., 2025). Both the delay of burning season and the decrease in
stubble burning events may alter the impact of stubble burning on
Delhi's air quality. Furthermore, Delhi's PMy 5 pollution is also influ-
enced by local emissions and meteorological conditions (Paulot et al.,
2022). For example, the daily heating demand modulates the intensity
of small heating fires which contribute 24% of the PMj5 5 burden during
post monsoon season across the entire airshed (Awasthi et al., 2024;
Navinya et al., 2023; Pawar and Sinha, 2022). Although existing studies
have quantified the impact of stubble burning on Delhi's air quality in a
single year, there remains a significant gap in understanding long-term
contributions of stubble burning, local emissions, and meteorological
conditions on PM; s trends in Delhi, especially in the evolving envi-
ronment of the delay of burning season and the decrease in stubble
burning.

This study utilizes 375-m resolution Fire Radiative Power (FRP) data
from the Suomi NPP satellite's VIIRS sensor to accurately identify the
starting and ending dates of the burning season. By integrating the
FINNv2.5 fire emission inventory, which combines multiple satellite fire
points to capture smaller-scale fires, and employing sensitivity experi-
ments with the GEOS-Chem model, we quantitatively assess the
contribution of post-monsoon stubble burning on PMj 5 trends in Delhi
from 2014 to 2023. The impacts of delayed burning season, and reduced
burning intensity are separately shown. Besides, local emission and
meteorological conditions on PMjy 5 trends are also investigated. The
findings will provide a scientific basis for formulating and optimizing air
pollution control policies in India.

2. Materials and methods
2.1. Fire points and FRP data

To investigate the spatiotemporal distribution characteristics of
stubble burning in northwestern India, this study utilizes the 375-m
resolution FIRMS active fire product generated by the Visible Infrared
Imaging Radiometer Suite (VIIRS) sensor on the Suomi NPP satellite,
launched jointly by NASA and NOAA (https://firms.modaps.eosdis.na
sa.gov/). This product enables high-precision monitoring of agricul-
tural fire points through five thermal infrared bands, with a spatial
resolution of 375 m. It passes over at local time 13:30 and 01:30 daily,
effectively capturing small-scale dispersed stubble burning events. The
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fire point identification algorithm analyzes surface temperature and
solar reflectance changes to eliminate false positives from solar glint and
coastal interference, ensuring data reliability (Fu et al., 2020; Schroeder
et al., 2014). VIIRS is comprehensively superior to MODIS in technical
performance, especially in spatial resolution and radiation performance,
which has enabled it to achieve a qualitative leap in the sensitivity,
accuracy, and precision of fire detection. FRP is a key parameter indi-
cating energy released per unit time (in megawatts, MW), directly linked
to combustion rate and pollutant emission intensity. Based on FRP data,
this study further defines the starting and ending date of stubble burning
season: the date when cumulative FRP reaches 10% (90%) marks the
start (end) of the burning season. This way to define starting and ending
date objectively quantifies regional burning peaks in Punjab and Har-
yana (Saharan et al., 2024; Zhang et al., 2014).

2.2. PMy 5 Data

The daily PMy 5 concentration data from ground observations is
taken from the Central Pollution Control Board (CPCB) online portal
(https://cpcb.nic.in/). The CPCB has established a comprehensive
Continuous Ambient Air Quality Monitoring Stations (CAAQMS)
network across India to monitor major air pollutants, including PMj s.
While this network provides valuable and officially recognized air
quality data, it has significant limitations in terms of completeness, ac-
curacy, and spatial representativeness. It must be used with great
caution in scientific research and often requires data correction and
supplementation (Cusworth et al., 2018; Vohra et al., 2025). Therefore,
we also utilize the PMj 5 observation time series from the U.S. Embassy
in New Delhi (https://github.com/dolekhanhdang/Air-Quality-Data-
from-U.S.-Embassies) to cross check the reliability of both data. Our
comparison reveals substantial differences between the two datasets
before year 2018 (Fig. S1). For the period from 2018 to 2023, their
Normalized Mean Bias (NMB) remain within 10%. Consequently, only
the PM, 5 data after year 2018 are reliable and selected for model per-
formance evaluation. In addition, publicly accessible ground-based
PM, 5 observations reported by Pawar and Sinha (2022) are also used
for model evaluation.

2.3. GEOS-chem model

We use the global atmospheric chemistry model GEOS-Chem
version 13.3.3 (http://wiki.seas.harvard.edu/geos-chem/index.php?
title=GEOS-Chem_versions#13.3) to simulate PM,s levels in India.
Simulations are conducted from 1 October to 30 November (i.e. post-
monsoon season) for the years 2014-2023, with a one-month spin-up
for each year. The model employs a regional nesting resolution of
0.5° x 0.625° (65°E—105°E, 5°S-45°N) with 47 vertical layers. A
coarser resolution simulation at 2° x 2.5° over Asia provids boundary
conditions every 3h for the nested domain. The model is driven by
MERRA-2 reanalysis meteorological data. The global anthropogenic
emission inventory is Community Emissions Data System (CEDS v2025-
04), encompassing the anthropogenic emission of various species
including aerosols, aerosol precursors, and reactive compounds (Hoesly
et al., 2018).

In terms of fire emissions, this study utilizes the FINN version 2.5 fire
emission inventory provided by the National Center for Atmospheric
Research (NCAR) (https://rda.ucar.edu/datasets/ds312.9/). This data-
set combines satellite-observed active fire information and land cover
data with emission factors and fuel load estimates to provide daily
updated fire emission data at a 1-km spatial resolution. The FINNv2.5 is
an update to the original FINN version 1, significantly improving spatial
resolution by using 375-m resolution VIIRS data, allowing for more
accurate capture of smaller-scale fire emissions (Wiedinmyer et al.,
2023). This improvement has made the dataset particularly effective in
estimating fire emissions, especially in northwestern India. Previous
global fire emission inventories often underestimated actual emissions
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in this region, while FINNv2.5 has proven to be one of the most accurate
fire inventories available (Liu et al., 2019, 2020).

In northwestern India, there are various types of fire activities during
the post-monsoon season, such as stubble burning, open waste burning
in landfills, and residential heating (Hakkim et al., 2019). However, the
majority of FRP are related to crop stubble burning, while other types
account for a smaller proportion (Liu et al., 2018). Therefore, it is both
reasonable to use fire emission inventory to quantify agricultural residue
burning activities for northwestern India during post-monsoon season.

2.4. Numerical experiment

Baseline experiment (BASE) with biomass burning emission,
anthropogenic emissions, and meteorological field variable from 2014
to 2023 is designed for model evaluation. BB-Sen experiment with only
biomass burning emission variable annually while anthropogenic
emission and meteorological field are fixed at 2018 is designed to
investigate the impacts of biomass burning emission (i.e. crop stubble
burning) on PMy 5 trends. To further analyze the relative impacts of
combustion intensity and burning date in BB-Sen, two additional ex-
periments are conducted: BB_Intensity-Sen experiment with only the
intensity of biomass burning variable annually while burning date,
anthropogenic emission, and meteorological field are fixed at 2018;
BB_Delay-Sen experiment with only the starting and ending date of
biomass burning variable annually while combustion intensity,
anthropogenic emission, and meteorological field are fixed at 2018.

Another two sensitivity experiments are conducted to quantify the
impacts of anthropogenic emission and meteorological variation on
Delhi's PMy 5 trends: Ant-Sen experiment with only anthropogenic
emission variable annually while meteorological field and biomass
burning emission are fixed at 2018; Met-Sen experiment with only
meteorological field variable annually while anthropogenic and biomass

(a)

PM, 5 concentrations in Delhi
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burning emission are fixed at 2018. The experimental design is provided
in tabular form in Supplementary Table S1.

3. Results
3.1. Model performance

As shown in Section 2.2, only the observed PMj 5 data after year
2018 are reliable and therefore this study only selectes post-monsoon
season CPCB monitoring data from 2018 to 2023 for model perfor-
mance evaluation. The comparison with observational data indicates
that the model simulation (BASE) effectively reproduces the PMj s
variations during the post-monsoon season in Delhi. From an interan-
nual perspective (Fig. 1a), simulated PMy 5 concentrations show a
continuous increase from 2014 to 2018, followed by fluctuations after
2018, consistent with CPCB ground observations. Quantitative assess-
ments reveal a systematic underestimation of simulated PM5 5 concen-
trations compared to observations from 2018 to 2023, with a mean bias
(MB) of —24.1 pug m > and a NMB of —14.9%. We also incorporate PMj 5
measurements from Pawar and Sinha (2022), which exhibits a similar
underestimation (Fig. S2). The MB of AOD between simulations and
MODIS observations in Delhi is —0.39, with an NMB of —44.8%
(Fig. $3). The underestimation primarily stems from the model's inad-
equate ability to simulate extreme high values of particulate pollution
during the post-monsoon season in Delhi (Jat et al., 2024; Jena et al.,
2021; Kumar et al., 2020; Nagar and Sharma, 2022). However, the
simulated and observed daily PMjys concentrations during
post-monsoon season exhibit high correlation coefficients, ranging from
0.62 to 0.83 (Fig. 1b-g), which indicates that while the model generally
underestimates absolute concentrations, it reliably captures the daily
variations.

Fig. S4 exhibits the spatial distribution of AOD. The simulated multi-
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Fig. 1. Comparison of simulated (GEOS-Chem) and observed (CPCB) PM, 5 concentrations during post-monsoon season in Delhi. (a) Yearly PM, 5 concentrations
from 2014 to 2023; (b-g) Daily PM, s concentrations for 2018-2023. Shaded gray areas indicate the starting and ending dates of the straw stubble burning season. R,
MB, and NMB represent correlation coefficient, mean bias, and normalized mean bias, respectively.
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year average AOD for India is 0.35, while MODIS AOD is 0.46, indicating
an underestimation of 23.9%. Although FINNv2.5 has enhanced its
capability to capture small fire events, the emissions inventory for fires
may still be underestimated in conditions of cloud cover or smoke
obscuration (Kajino et al., 2025). Additionally, the model inadequately
characterizes the generation and aging mechanisms of secondary
organic aerosols from stubble burning (Zhu et al., 2023). Nevertheless,
the spatial distribution patterns of both simulated and observed AOD
exhibit a high degree of consistency, with a spatial correlation coeffi-
cient of 0.81. Both datasets reveal a significant gradient from south to
north, with high values predominantly concentrated in IGP. This dis-
tribution is primarily influenced by topographical blocking and cumu-
lative emissions. The Himalayan terrain obstructs airflow coupling with
stubble burning (October-November) and urban anthropogenic emis-
sions, leading to sustained aerosol accumulation in the IGP region
(Hassan et al., 2023).

3.2. Temporal-spatial characteristics of stubble burning

We first analyze the spatiotemporal characteristics of post-monsoon
FRP in India from 2014 to 2023. Fig. 2a shows the spatial distribution of
FRP during post-monsoon season across Indian states. Northwestern
states in India, especially Punjab and Haryana, account for a significant
portion of the total FRP. The Green Revolution turns Punjab and Har-
yana into India's breadbaskets, producing sufficient rice and wheat for
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the nation, while also leading to the widespread practice of burning
massive crop residue (Kaur and Chauhan, 2024; Kumar et al., 2016; Liu
et al., 2021). During the study period, India's average FRP is 594 GW,
with Punjab and Haryana contributing 461.3 GW—77.7% of the total
FRP (detailed state-level FRP can be found in Table S2). Therefore, fire
emissions from Punjab and Haryana serve as an important regional
source influencing PMj 5 levels in Delhi (Kulkarni et al., 2020). How-
ever, it should also be noted that stubble burning in the eastern NCR and
within Delhi itself may have a non-negligible impact due to their closer
proximity and the potential underestimation of fire activity by
satellite-based products in these regions (Awasthi et al., 2024).
Utilizing VIIRS S-NPP 375m active fire data, we obtain daily fire
point information, including latitude, longitude, FRP values, and con-
fidence levels. After excluding fire points with low confidence ratings,
we accumulate the FRP from all valid fire points within the study area on
a daily basis to generate a time series of total FRP. The starting and
ending dates of the burning season are defined as the dates when cu-
mulative FRP reaches 10% and 90% of the total FRP during the post-
monsoon period. To enhance the robustness and comparability of our
results, this study also conducts comparative analyses using multiple
threshold sets (5%-95%, 15%-85%, 20%-80%, and 25%-75%) to assess
sensitivity in identifying the burning season (Fig. 2b). The stubble
burning events mainly occur from mid-late October to early-mid
November. We notice a highly notable and robust phenomenon that
both the starting date and ending dates of burning season delay by about
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Fig. 2. Spatiotemporal characteristics of stubble burning in India from 2014 to 2023. (a) The FRP across Indian states during post-monsoon averaged from 2014 to
2023. (b) Daily FRP during the post-monsoon period from 2014 to 2023 in Punjab and Haryana. Solid and dashed lines indicate the starting date and ending date of
the burning season. Different colors represent varying thresholds for determining these dates (5%, 10%, 15%, 20%, and 25%). (c) Yearly total FRP from 2014 to 2023
in Punjab and Haryana. (d) Yearly starting date and ending date of the burning season based on the peak 21-day CO column data window taken from MOPITT in
Punjab and Haryana from 2014 to 2023. The data for year 2022 are excluded due to the substantial amounts of missing value. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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one week (p < 0.05) from 2014 to 2023. Initially, the implementation of
the Groundwater Conservation Policy by the Indian government in 2009
led to a substantial postponement of burning activities (Ghude et al.,
2025). However, in recent years, the frequent delay in the withdrawal of
the monsoon has emerged as a potential and critical meteorological
driver for the continued shift in the burning season. The India Meteo-
rological Department significantly revised the normal date for the
monsoon's withdrawal from Northwest India, shifting it from September
1 to September 17 (Prabhu and Chitale, 2024; Sharma et al., 2025),
which further postponed the date of burning activity during
post-monsoon season. What's more, this delay primarily characterizes
the burning trends of traditional long-duration cultivars, such as
PUSA-44, which mature later and concentrate residue burning between
late October and November. In contrast, the short-duration cultivar
PR-126, which introduced by Punjab Agricultural University in 2016,
matures as early as late September. These early burning activities often
exhibit lower thermal intensity and are frequently missed by satellite
monitoring, particularly fire detection which is easily obscured or
avoided during the retreating monsoon period (Ambulkar et al., 2025).
The total FRP shows a declining trend of —25.8 GW yr~! during the ten
years (Fig. 2c). This drop is linked to a mix of factors, including
government-led policies to reduce stubble burning and abnormal rain-
fall during the harvest season. The Indian government has vigorously
promoted the “Happy Seeder” and enhanced the utilization of crop
residues, while authorities hold the power to impose environmental
compensation fees on farmers who engage in stubble burning (CAQM,
2023, 2024).

It is noted that farmers may delay the burning activity until late af-
ternoon to avoid the overpass times of the satellite sensor (Biswal et al.,
2025). Carbon monoxide (CO) is an excellent tracer for smoldering
biomass burning and is less sensitive to satellite overpass times
compared to thermal hotspots. To provide more robust evidence, we
analyze CO column concentration data taken from MOPITT
(2014-2023) to validate the burning windows. Fig. 2d also exhibits a
highly robust phenomenon that both the starting date and ending dates
of burning season delay by about one week (p < 0.05) from 2014 to
2023, which supports the conclusion drawn from active fire detection.
Besides, we also use harvest calendar to identify the start of the burning
season. Following Liu et al. (2021), we retrieve MODO9GA data through
Google Earth Engine to calculate Normalized Difference Vegetation
Index (NDVI). We identify a specific 14-day window with the minimum
NDVI values to characterize the peak burning period and subsequently
analyze the 10-year trends of the peak windows. Fig. S5 exhibits a
discernible delay in the timing of the 14-day rolling average NDVI
minimum.

3.3. Impacts of stubble burning on PM 5 trends in Delhi

As shown in Fig. 2, the FRP shows a decreasing trend while the
burning season delays by about one week during 2014-2023, both of
which may influence PM; 5 trends in Delhi. To distinguish the respective
effects of fire intensity and burning season delay, we set up two sensi-
tivity scenarios: one allowing only annual variations in burning intensity
(BB_Intensity-Sen) and another permitting only changes in starting and
ending dates of burning season (BB_Delay-Sen). The BB-Sen experiment
includes both changes.

Fig. 3a shows the PMj3 5 variations in Delhi owing to variations in fire
intensity and burning season delay. The decrease in fire intensity leads
to PMys5 decline in Delhi with a trend of —1.1pgm™> yr! during
2014-2023, while the burning season delay results in PM, 5 increase
with a trend of +0.9 pg m~3 yr~!. The delay of burning season is always
accompanied by lower PBLH, which is not conducive to the dispersion of
PM, 5 pollution. This opposite trend highlights the antagonistic effects:
the PMj 5 pollution exacerbation due to burning season delay signifi-
cantly undermines potential environmental benefits from reduced fire
intensity. When combined effects of fire intensity and burning season
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Fig. 3. Impacts of each factor on PM, s trends in Delhi during post-monsoon
season from 2014 to 2023. (a) Yearly variations in PM,s concentrations
driven by respective changes in fire intensity (BB_Intensity-Sen) and burning
season delay (BB_Delay-Sen), as well as combined changes (BB-Sen). (b) Yearly
variations in PMy s concentrations owing to respective changes in anthropo-
genic emission (Ant-Sen), meteorological factors (Met-Sen), biomass burning
emission (BB-Sen), and combined changes (BASE).

delay are considered, the PM; 5 levels exhibit no statistically significant
trend.

3.4. Other factors influencing PMy 5 trends in Delhi

Observed PMj5 increase in Delhi (Fig. la) can not be totally
explained by the impact of stubble burning (Fig. 3a). Therefore, there
must be other factors driving PM; 5 trends in Delhi. Another two sensi-
tivity experiments are designed to quantify the long-term impacts of
anthropogenic emission and meteorological variations on PMy 5 con-
centrations in Delhi. Fig. 3b shows the PM, 5 variations in Delhi owing to
the respective impact of anthropogenic emission (Ant-Sen), meteorology
(Met-Sen), stubble burning (BB-Sen), and combined effects (BASE).

We find that the meteorologically driven PM> 5 trend is +3.3 pug m 3
yr~!, close to the BASE result (+3.2 pg m~> yr~!), indicating that
meteorological conditions play a leading role in regulating post-
monsoon PMy s trends in Delhi. From 2014 to 2023, meteorological
factors experience significant changes (Fig. 4). The temperature differ-
ence between the surface and 850 hPa exhibits a decreasing trend of
—0.1°Cyr !, and the ventilation coefficient shows a decreasing trend of
—67.3m?s™! yr !, both of which reflect an increase in atmospheric
stability that suppresses vertical mixing and promotes the accumulation
of PMy 5 near the surface (Rathore et al., 2025). The relative humidity
has risen significantly at a rate of +3.2% yr !, which facilitates the in-
crease in aerosol liquid water content and promotes the formation of
secondary aerosols, consequently leading to a substantial rise in total
PM, 5 concentrations (An et al., 2019; Ervens et al., 2011). This rise is
likely driven and amplified by the widespread adoption of
short-duration rice cultivars harvested in September which has shifted
wheat sowing into the second half of October a timing conducive for
high wheat yields (Lobell et al., 2013). This has shifted the first wheat
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Fig. 4. Yearly temperature difference, ventilation coefficient, and surface
relative humidity in Delhi during post-monsoon season from 2014 to 2023.

irrigation (21 days after sowing) into November a time that overlaps
with the paddy residue burning of long duration paddy cultivars.
Simultaneously, as a strategic adaptation to circumvent satellite moni-
toring, farmers have recently begun implementing irrigation to cool the
soil surface during or immediately after burning. To validate these
trends, we also compare the above meteorological trends with ERAS
reanalysis data. As shown in Fig. S6, the temperature difference, the
ventilation coefficient, and the relative humidity also exhibit the similar
trends.

In contrast, the PMy 5 concentration driven by human-made emis-
sions shows a slight decreasing trend of —0.2 pg m~> yr~!. According to
the CEDS inventory, the NO, NHs, and BC emissions have not showed
significant decreases from 2014 to 2023; only SO, emission decreases
significantly (Fig. S7). Despite the implementation of policies such as the
National Clean Air Plan (NCAP) and Graded Response Action Plan
(GRAP) in recent years (Jha et al., 2025), this study shows that their
effectiveness remains limited. According to the high-resolution source
apportionment study by Awasthi et al. (2024), biomass burning remains
the primary driver of PMy 5 pollution in Delhi during the post-monsoon
period. CNG vehicles (largely via non-exhaust emissions) and industrial
activities account for 11% and 8% of the PMys mass loading.
Strengthening measures to reduce anthropogenic emissions may be
necessary to mitigate Delhi's air pollution (Chutia et al, 2024;
Govardhan et al., 2024).

4. Limitations

Although VIIRS has enhanced capabilities for detecting smaller fires,
satellite-based fire detection and associated biomass burning emission
inventories (e.g., FINNv2.5) still suffer from inherent limitations. These
stem from factors including finite satellite overpasses, persistent cloud
cover during peak burning periods, farmers' intentional avoidance of
satellite detection during residue burning, and irrigation post burning to
cool down the thermal anomaly (Biswal et al., 2025; Liu et al., 2019;
Pawar and Sinha, 2022), which may cause uncentainties in burning
season date and FRP trends. Recently, Kumar et al. (2021) combined
district-wise crop yield data with locally measured emission factors for
77 volatile organic compounds (VOCs) to develop a high-resolution
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(1 km x 1 km) emission inventory for paddy stubble burning in north-
west India. Their results revealed substantially higher emissions of key
pollutants (e.g., PMys, 2-furaldehyde, acetaldehyde) compared to
traditional inventories. Using such advanced inventories may signifi-
cantly improve model performance in future studies.

The global CEDS inventory used in this study may not fully capture
the rapidly evolving emission landscape in India, particularly the
transportation sector. Recent studies have emphasized the scale and
importance of these changes. For instance, Mogno et al. (2024) and
Hakkim et al. (2022) quantified the emission reduction benefits of fleet
replacement strategies under future scenarios. Awasthi et al. (2024)
highlighted that current anthropogenic emission inventories failed to
accurately reflect real-world conditions. This rapidly changing context
underscores the inherent challenges and uncertainties in accurately
attributing source contributions. Future studies incorporating updated
emission inventories such as RTEII (Hakkim et al., 2021) will be helpful
to more accurately assess impacts of different sectors on regional air
quality.

Furthermore, the assessment of other factors influencing Delhi's air
quality would benefit a lot from including daily heating demand. The
contribution of residential heating-related combustion may serve as an
important driver for Delhi's air quality during the post-monsoon season
(Awasthi et al., 2024; Pawar and Sinha, 2022). More detailed and up to
date regional inventory should be used by future model studies to
investigate the impact of daily heating demand.

5. Conclusions

Stubble burning is traditionally identified as a major seasonal
pollution source, directly contributing to elevated PMj 5 concentrations
in Delhi during post-monsoon season. In recent years, the pattern of
post-monsoon stubble burning in northwestern India has changed
significantly, which may alter the impact of stubble burning on Delhi's
air quality. Based on satellite observations, this study investigates
spatiotemporal characteristics of post-monsoon stubble burning in India
from 2014 to 2023, and quantitatively assess its contribution on PM5 5
trends in Delhi by using GEOS-Chem model.

Northwestern states in India, especially Punjab and Haryana, ac-
count for a significant portion of the total FRP. From 2014 to 2023, the
stubble burning season delays by approximately one week, while fire
intensity shows a declining trend. These changed patterns are largely
associated with a series of policies implemented by the Indian
government.

Sensitivity experiments indicate that the delayed burning season
leads to an increasing trend in Delhi's PM; 5 concentrations at a rate of
+0.9 pg m~3 yr~ !, whereas the decline in burning intensity results in a
decreasing trend of —1.1 pg m > yr~!. This suggests that the two factors
exert counteracting effects on Delhi's air quality: the environmental
benefits from reduced burning intensity are almost completely offset by
the adverse effect of a delayed burning season. When considering both
effects, Delhi's PMy 5 levels show no statistically significant trend,
implying that changes in stubble burning alone cannot account for the
observed PM 5 increase during post-monsoon season in Delhi.

Given that anthropogenic emissions and meteorological conditions
collectively influence PMy 5 concentrations, we further quantify the
impacts of local emissions and meteorological variations on Delhi's air
quality. The results indicate that meteorological variability is the pri-
mary factor driving PMy 5 rises with a trend of +3.3 pg m™> yr™ L. In
contrast, anthropogenic emissions contribute little to Delhi's PMy 5
trend. Given that current emission policies have only been partially
successful, more strict emission reduction measures should be taken to
mitigate Delhi's air pollution.

Overall, although stubble burning is a significant pollution source
during post-monsoon for Delhi, its influence on the multi-year trend in
PM, 5 concentrations has been less pronounced than previously thought,
which can be attributed to the antagonistic effects of reduced fire events
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and delayed burning season. The observed PM, 5 increase in Delhi pri-
marily results from unfavorable meteorological conditions.
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