Open Access Article. Published on 19 September 2025. Downloaded on 3/28/2026 8:24:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science:
Atmospheres

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: Environ. Sci.: Atmos., 2025, 5,
1211

Received 28th April 2025
Accepted 18th September 2025

DOI: 10.1039/d5ea00052a

rsc.li/esatmospheres

Environmental significance

Emission time and amount of crop residue burning
play critical role on PM; g5 variability during
October—November in northwestern India during
2022-2024
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High incidences of crop residue burning (CRB) in Punjab and Haryana during October—November is one of
the major causes of elevated PM,s in Delhi National Capital Region (NCR). An estimation of precise
contribution of CRB emissions to PM, s levels in Delhi-NCR is hindered by uncertainties in meteorology,
atmospheric chemistry and emissions, and lack of quality observations. We use continuous in situ
observations of PM, s from a wide area network of 30 stations during 16 October to 30 November (peak
CRB season) of 2022, 2023 and 2024 under Aakash project. The WRF-Chem model is used for
simulation of chemical compositions of the atmosphere over the northwest India region. We have
incorporated five distinct CRB emission scenarios in addition to commonly used industrial and biological
emissions for the simulations. Scenarios with and without CRB emissions from different regions were
compared to assess their impacts on PM,s. The average CRB emission impact on PM, s concentrations
in Delhi-NCR during CRB season are estimated at 18%, 16% and 9% in 2022, 2023 and 2024,
respectively. The low impact of CRB on PM, s in 2024 could arise from a shift in CRB time to evening,
which was not captured by existing emission inventories due to absence of satellite overpass in late
evening. A shift to late evening CRB leads to very strong nighttime build-up of PM, s due to emissions
when the boundary layer is shallow. Inclusion of appropriate diurnal and synoptic variability in CRB
emissions is important for simulating observed PM; 5 levels and evaluation human health exposures.

Using continuous observations at 30 sites and WRF-chem model simulations the impact of crop residue burning (CRB) emission on PM, 5 over northwestern
India is studied. CRB emission shows a decreasing trend over Punjab and Haryana, due to which, the contribution of CRB to Delhi PM, 5 was reduced
dramatically from 18% and 16% in 2022 and 2023, respectively, to 9% in 2024. However, the observed PM, 5 from CUPI-G network shows continuously high
PM, 5 over the rural sites of Punjab, evidently highlighting the limitation of our understanding the air pollution in the region. For instance, incorporating
missing biomass burning emission on cloudy/hazy days improves model performance and similarly when a shift in peak CRB activities is adopted from 2:30 pm
local time to 6:30 pm the model performance is substantially improved. The diurnal profile of CRB emission must be carefully accounted in the global/regional
emission inventories by improving fire count/area detection.
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of the global population living below the standards set by the
World Health Organization." An estimate suggests air pollution
is responsible for approximately 4.72 (3.48-5.80) million deaths
worldwide, with India alone accounting for around 1.9 (1.6-2.3)
millions of these fatalities.> Among all cities, Delhi stands out as
the most polluted; consistently maintaining an annual average
concentration over 100 pg m™3, albeit with a gradual decline
due to recent policy interventions, except for 2024.*° The
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magnitude of PM, 5 concentration in Delhi exhibits seasonal
variation, influenced by a complex interplay of local emissions
sources, meteorological conditions and transport of pollution
from external domains.**”® Crop residue burning (CRB) emis-
sions is one of the major problems for the northwest Indian
states, which could account for more than 50% share for PM, 5
on episode scales during the October-November months.**¢

The post-monsoon months (October-November)
heightened pollution levels in Delhi region, attributed to factors
such as lower boundary layer height, atmospheric stagnation
due to temperature inversion, increased small-scale burning for
domestic heating, and emissions from CRB in neighboring
states.""”" This period coincides with the harvesting season of
kharif rice and land clearing for following crop season, which
exert additional pollutant emissions at higher intensity because
kharif rice harvesting is delayed due to the Preservation of
Subsoil Water Act enacted in 2009.>*" Higher population
density in Delhi-NCR, downwind from the CRB emission
regions of Punjab elevates the exposure level, thereby contrib-
uting to adverse health effects among the population.*** It is
now well known that the PM, 5 formed out of CRB particularly
have high oxidative potential by Patel et al?** which would
enhance the health-related exposure to the rural population in
Punjab where very high PM,; (exceeding 500 pg m™*) is
observed lasting more than a couple of weeks in
November.'?>2¢

The contribution of CRB to air pollution in northwest India
during October-November has been extensively investigated
through various modeling studies and only recently using low-
cost in situ sensor measurements, including the rural agricul-
tural areas.'®'*?” This low-cost sensor network is deployed by
the Aakash project at RIHN, Kyoto and provided crucial infor-
mation on PM, 5 variability and captured continuous evaluation
of the emissions from CRB (https://aakash-rihn.org/en/data-set/
).28 It has been established that the Compact and Useful PM, s
Instruments with Gas sensors (CUPI-Gs) perform well when
efficiently monitored at the beginning of the deployment in
September, operational period and at the end of the deployment
in March of Aakash Project's main campaign periods in 2022-
2023, 2023-2024 and 2024-2025. The CUPI-G performances
have been checked at laboratory conditions (un published
data), measurements from nearby sites at JNU and US
Embassy'®" or co-located measurements.*

The emissions from CRB are generally estimated using fuel
load data derived from satellite-observed fire detection counts
(FDC) and burned area,**** along with emission factors specific
to cropland.**** The CRB emissions show considerable variation
across different global fire emission products using standard
burned area and FDC which fails to observe during some
days.**** These uncertainties in fire detection products are
influenced by various factors, including satellite transit time
and cloud cover, which can obstruct fire detection as well as the
proxies of high emission activities, such as the pollutant
concentrations.'®* Liu et al. estimated the emission increase of
tenfold from 70 to 800 Gg when accounting for missing fires due
to satellite detection limitations.** However, the CRB emissions
beyond the satellite transit hours is under explored and

have
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currently missing in the global fire emission datasets, and we
show here that quality-controlled continuous measurements by
the low-cost CUPI-G sensor network can help overcome some of
the deficiencies in remote sensing measurements due to spatio-
temporal data gaps.

The present study addresses critical gaps in understanding
CRB contributions by evaluating the performance of the WRF-
Chem model under various emission scenarios for 2022, 2023
and 2024, with particular focus on emission timing and
amount. In addition to traditional CRB scenarios, factors
identified as crucial based on the limitations in the available
global emission datasets. We specifically designed scenarios to
overcome two major challenges: (1) the predominance of
evening-time fire emissions that often occur after satellite
overpass times, and (2) the reduced detection of fire activities
during cloudy days. These scenarios likely explain the chal-
lenges associated to estimate CRB emission contributions to
regional PM, 5 levels. Our evaluation incorporates comparison
with high-resolution data from the CUPI-G sensors collected
throughout Punjab, Haryana and Delhi-NCR.*** By simulating
these specific emission timing and quantity scenarios, we aim
to provide an assessment of CRB contribution to overall PM, 5
levels in northwestern India during 2022-2024, when sharpest
fall in the satellite observed FDC and burned area are reported
in Punjab or Haryana (Fig. S1), and increases in PM, 5 are
observed on the ground from Punjab through Delhi (this study;
Roychowdhury and Kaur®).

2 Model, data and methods

2.1 WRF-Chem model configuration

We use WRF-Chem version 3.9.1.1 to perform the chemistry-
transport model (CTM) simulation experiments. Fig. 1a
depicts the topographic map, with mean sea level elevation
ranging from 0 to 8000 meters, and the two domains of model
simulation. The map highlights the complex topography of the
Himalayan region. The WRF-Chem model's nested domain
setup is overlaid, with the outer domain (D01) covering a wide
area at a 27 x 27 km?® resolution and the inner domain (D02)
focusing on a smaller region ata 9 x 9 km” horizonal resolution
(Fig. 1a). Our model setup consists of 41 vertical layers, with
lowest layer thickness of 22 m and about 14 model layers below
2 km. The intricate terrain of the Himalayas, with its steep
elevation changes, significantly affects local meteorological and
atmospheric conditions, requiring precise modeling configu-
ration. Fig. 1b depicts the Land Use Land Cover (LULC) map,
using a product from European Space Application Center (ESA),
where the predominant light-green areas denote cropland. This
map also shows example locations of CUPI-G measurement
sites (black dots) of the AAKASH project.?®

We used the European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis v5 (ERA5) data at a horizontal
resolution of 0.25° x 0.25° for initializing the meteorology and
supply boundary conditions to WRF.*® Four-dimensional data
assimilation (FDDA) applied through grid nudging. Nudging
was conducted for horizontal winds, temperature, and humidity
at 60 minute intervals both within and above the planetary

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(@) Map of WRF-Chem model domains with the terrain height (source: https://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NGDC/

.GLOBE/.topo/data.nc), and (b) the spread of 2024 CUPI-G sensor network over two major LULC types (yellowish-green for agricultural land,
red is for urban area; source: European Space Agency (ESA) WorldCover, version 2, https://esa-worldcover.org/en). Also shown are the
distributions of EDGAR anthropogenic/industrial emission of PM, s (c) and FINN-v2.5 biomass burning for the same geographical area for
2022 (d). FINN open biomass burning emissions represent mainly the crop residue burning in October—November months. Indian
administrative shapefile is obtained from https://surveyofindia.gov.in/pages/political-map-of-india. The names of Indian states are marked
on panel b (text in black), along with neighbouring countries (in green coloured text).

boundary layer, which is shown to produce realistic meteo-
rology over the India region.*” The Copernicus Atmosphere
Monitoring Service (CAMS) global reanalysis dataset was used to
provide chemical initial and boundary conditions for WRF-
Chem simulations. The WRF-Chem simulation was initialized
with a spin-up period of 7 days prior to the analysis window to
allow for chemical and meteorological fields to stabilize. The
simulation results from D02 are used in the analysis and are
believed to be sufficient for resolving the observed gradients
between sites in our observation network, considering that (1)
the site-to-site distances are mostly greater than 9 km (Fig. 1b),
and (2) PM, s has residence time longer than several days
during most days (except for the rain washout events) of
October-November in the region.

The model uses RACM gas-phase chemistry linked to the
Goddard Chemistry Aerosol Radiation and Transport (GOCART)
aerosol scheme (RACM-GOCART). The GOCART aerosol model
simulates five major types of aerosols, namely, sulfate, black
carbon, organic carbon, dust, and sea salt. Nitrate and
secondary organic aerosols from gas to particle are missing in
the used scheme. The chemical aerosol scheme GOCART does
not include the secondary gas to particle formation, and likely
underestimate background PM, s concentration in the

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

region.***® However, this has been used by number of studies
for research and operational air pollution forecast system to
study the transport of regional emissions.*® The planetary
boundary layer (PBL) scheme used in the model setting is Shin-
Hong scale-aware scheme (bl_pbl_physics = 11).*° This grid-
scale-aware scheme can handle the subgrid-scale (SGS) turbu-
lent transport at sub-kilometer grid resolution by including the
effect of the grid-size on the non-local transport profile.** The
performance of this scheme for simulating PBL height, relative
humidity and wind speed has close agreement with the obser-
vation over the India domain.**

2.2 Emission datasets

2.2.1 Biogenic emissions. Biogenic emissions were simu-
lated online by the Model of Emissions of Gases and Aerosols
from Nature (MEGAN).*> Major biogenic species are isoprene,
hydrocarbons (C2-CX), myrcene and sabinene etc.

2.2.2 Anthropogenic emissions. Anthropogenic emissions
are based on the Emission Database for Global Atmospheric
Research, version 6.1 (EDGAR-v6.1) global emission inventory
for the year 2018, at 0.1° x 0.1° horizontal resolution.**** SI
Fig. S2 shows the spatial distributions of total anthropogenic/
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Table 1 Anthropogenic/industrial and open biomass burning emissions of PM, s for November (Gg per month). Since the FINN-v2.5 (final
product) was not available at the time of our model simulations, FINN near real-time (NRT) emissions are used for 2024. The open biomass
burning emissions, as derived from satellite fire products, mostly arise from CRB

Dataset Sector/region Punjab Haryana NCR Delhi Uttar Pradesh
EDGAR v6.1 Chemical processes 0.02 0.02 0.05 0.02 0.17
Power industry 2.81 1.04 2.98 0.85 11.91
Industrial combustion 2.09 0.57 2.85 1.17 11.81
Residential 3.06 0.83 2.61 0.10 8.65
Traffic road dust resuspension 0.03 0.01 0.05 0.01 0.09
Traffic exhaust 0.08 0.03 0.13 0.02 0.22
FINN-v2.5 CRB/BB 2022 43 2.8 — — 2.9
FINN-v2.5 CRB/BB 2023 41.6 1.8 — — 3
FINN-NRT CRB/BB 2024 16.9 1.7 — — 9.4

industrial emissions are shown for four key pollutants: PM, s,
and carbon monoxide (CO), NO,, and non-methane volatile
organic compounds (NMVOCs). High emission grids are
concentrated around urban and industrial regions, particularly
in the Delhi-NCR region. The emissions vary from 3 to 5880, 0.9
to 1700 and 0.5 to 970 for CO, NO, and NMVOC, respectively.
These emission maps highlight the spatial variability and
intensity of different pollutants over the densely populated/
urban areas and industrialized areas for CO, PM,; and
NMVOC. Table 1 shows the state wise PM, 5 emissions for the
month of November over Punjab, Haryana, Delhi, Delhi-NCR
districts, Haryana, and Uttar Pradesh. The emissions per unit

area over Delhi and surrounding NCR districts are high in
magnitude compared with the other administrative districts.
2.2.3 FINN fire emission. The open biomass burning is
derived from the Fire Inventory from NCAR (FINN, versions 2.5,
NRT).**** The emissions are based on satellite-measured loca-
tions of active fires and emission factors relevant to the
underlying land cover.* The FINN-v2.5 (final product) fire
emissions are available at 1 km spatial and hourly temporal
resolution (https://www.acom.ucar.edu/Data/fire/, last access:
13 May 2024). The FINN-NRT are available in near real time
(NRT) and using the input of MODIS NRT fire counts. The FINN-
v2.5, which incorporates enhanced satellite detection
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Fig. 2 Evolution of regionally aggregated FINN PM, s emissions in October and November months over the administrative regions of 3
northwest Indian states as a whole ((a) Punjab, (b) Haryana, (c) Uttar Pradesh) and different colours show emissions for year 2022 and 2023
(version 2.5), and 2024 (version NRT). Note that the y-axis range for the top panel (Punjab emissions) is an order of magnitude greater than those
for the lower two panels.
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algorithms and considers MODIS + VIIRS shows a higher
magnitude of fire emission estimates compared to FINN-NRT.**

The magnitude of fire emissions is highest for the southern
part of Punjab followed by six-fold lower than the northern part
of Punjab, entire state of Haryana and Uttar Pradesh. The
temporal evolution of biomass burning (BB) emission for three
states are shown in Fig. 2 for FINN emission data products. The
BB emissions over Punjab and Haryana has a decreasing
pattern from 2022 to 2024, however, the BB emission over Uttar
Pradesh shows an increasing pattern which is more prominent
in the later part of the month of November. We have used fire
emissions from FINN-v2.5 for 2022 and 2023, and FINN-NRT for
the year 2024. The 2024 emissions are found to be drastically
lower than the previous 2 years for Punjab and Haryana (Fig. 2),
and this issue is discussed further in the results section.

2.3 Model sensitivity cases to emissions of biomass burning

Emissions due to CRB/BB are one of the most uncertain
components in the region of our study while comparing model
simulations with measurements. Emissions from different
inventories and prior to posterior emissions due to CRB can
vary up to an order of magnitude.””** The uncertainty in CRB
emission can arise from cloud cover or shifted time of burning
(sometimes to avoid satellite surveillance; ref. various media
articles), assumed emission factor and fuel load etc. To test
some of these hypotheses and their effect on simulated PM, s,
we have run the following 4 sensitivity simulations, in addition
to the WRF-CTL case:

(1) WRF-CTL: control case, includes all the emission sectors
as mentioned above (Fig. S3a). The FINN biomass burning
emissions are supplied to WRF-Chem with an idealized diurnal

View Article Online
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cycle that peaks at 2 pm (20% emissions in 1 hour) and has
a trough at midnight (10% emissions in 1 hour).

(2) WRF-NoBB: excludes biomass burning emissions as
a whole, compared to the WRF-CTL case (Fig. S3b).

(3) WRF-PUBB: only include biomass burning emissions
exclusively from the state of Punjab to isolate the effect of
Punjab emissions (Fig. S3c).

(4) WRF-missBB: involves an emission filling approximation
during the cloud cover days or hazy days where FINN could not
produce any emission due to lack of fire count or burnt area
detection (Fig. S4).® Details are given in Table 2, following
analysis of daily emissions (Fig. S5).

(5) WRF-EvBB: this scenario considers the practice of
farmers resorting to burn crop residues in the late afternoon, to
avoid detection by satellites which overpasses at 10:30 IST
(MODIS) or 13:30 IST (Suomi NPP/NOAA-20), which was majorly
identified by the local authorities in the year 2024. We have
shifted the peak of usual diurnal emission by four hours
ensuring the total daily emission value for each pixel remains
conserved (as depicted in Fig. S6).

2.4 Calculation of BB contribution to PM, 5

One of the important questions faced by the policymakers is the
sectoral contributions to the increase in PM, ;5 in the October-
November months in Delhi-NCR, particularly from the CRB
activities. Share of biomass burning emissions to the PM, 5
concentrations at each of the CUPI-G site is calculated as:

WRF-CTL — WRF-NoBB
WRF-CTL

BB share (%) = ) x 100 (1)

Table 2 Various emission scenarios for Biomass Burning (BB) sensitivity assessment. List of the WRF-Chem model simulations cases are given for

the control (CTL) and 4 sensitivity cases

Emission scenarios used in WRF-Chem simulations

Model cases Anthropogenic Natural Biomass burning (BB) Detailed note
WRF-CTL EDGAR, MEGAN + GOCART FINN (v2.5/NRT, MODIS) BB over all grids in respective
version 6.1 domains; peak emission

occurs at 2:30 pm local time
(IST) on each grid

WRF-NoBB NA BB emissions excluded

WRF-PUBB FINN (v2.5, MODIS) BB only on grids in the state of
Punjab, India

WRF-missBB FINN (v2.5, MODIS) + November 11 emissions used

(accounting for the cloud cover days)

WRF-EvBB
(shifting behaviour)

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

for November 3-10 across all
grids for 2022

November 5 emissions used
for November 2-12 across all
grids for 2023

This simulation was not run
for 2024

Peak emission time is shifted
to 6:30 pm local time for 2022
and 2024

This simulation was not run
for 2023

hypothetical missing
emissions

FINN (NRT, MODIS)

Environ. Sci.. Atmos., 2025, 5, 1211-1229 | 1215
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where WRF-CTL the control simulation case using all emissions
and WRF-NoBB case excluded biomass burning emissions. This
calculation is performed using simulations for the innermost
domain, D02, with a 9 km spatial resolution. By comparing
scenarios with and without biomass burning emissions, the BB
share (%) isolates the specific contribution of crop residue
burning to PM, 5 levels. We provide regional contributions by
averaging over several sites in 4 region divisions over our study
area.

2.5 In situ surface observation from CUPI-G stations

The CUPI-G field campaign was held in 2022, 2023 and 2024
during the month of September-November covering the intense
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crop residue burning events over the states of Punjab and
Haryana, and transport to the neighbouring regions (Fig. 3).
Overlapping dots in the map indicate the existence of common
and different observation sites across multiple years. CUPI-G is
a low-cost sensor, affordable to monitor air pollutant concen-
trations at reasonable accuracy (approx. +10%) to study air
pollution in the region.'®** More details related to field
campaign and associated results are available elsewhere.'®"
The details, such as the development and performance reli-
ability of the low-cost PM,; sensors were presented by
Nakayama et al.** The observation networks were divided into
four categories based on the CRB emission specific geograph-
ical regions as North Punjab, Southwest Punjab, Central Har-
yana and Delhi-NCR (Fig. 3)." However, not all the sites are
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Fig. 3 Spatial distribution of the CUPI-G observation network across northwest India. The coloured dots represent the observation sites for
a specific year (ref. legends). The black dot represents the location of the US-Embassy standard instrument in New Delhi. For analysis of time
series data and presenting in this work, we have grouped the CUPI-G sites to represent 4 regions of our study area as marked by coloured lines,

and identified by region names the text in grey background.
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Interpolated P s maps covering Punjab, Haryana an Delhi based on CUPI-G campaigns (peiod: 1-15 Nov)
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Fig. 4 Spatial distribution of CUPI-G PM, s concentration for 1-15 November-mean for (a) 2022, (b) 2023 and (c) 2024. The blue dots represent
the CUPI-G station location for each year of campaign. VIIRS fire count at 10 km spatial resolution for (d) 2022, (e) 2023 and (f) 2024. An
animation of PM, s and FDC maps at daily time intervals is provided in the SI document (Animation 1). The VIIRS FDCs were obtained from NASA
FIRMS (https://firms.modaps.eosdis.nasa.gov/) and gridded to 0.1° x 0.1° spatial resolution.

used in averaging regional mean PM, 5 values, except for the
sites with less than a few days of data gaps within one month
(ref. Table S2 for details).

2.6 Spatial map from CUPI-G measurements at the site
network

Observations from spatially derived CUPI-G PM, 5 concentra-
tion at 9 km resolution over the regions of Punjab, Haryana and
Delhi. A geospatial interpolation technique: Inverse Distance
Weighting (IDW) has been used in preparation of spatial PM, 5
plots, which is a deterministic interpolation method and an in-
built spatial analyst tool available in ArcGIS software version
10.8.1. It uses a linearly weighted combination of sample points

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

to determine cell (grid) values with weight inversely propor-
tional to distance. It assigns higher weights to points closer to
the target location, where the weights are being determined as
an inverse function of the distance raised to the power of ‘p’ (a
positive real number). Higher values of ‘p’ increase the influ-
ence of nearby points on the interpolation. The predicted value
at the target location is computed by summing the products of
the assigned weights and the measured values from all points.
For this study, the parameter ‘p’ is set to 2 based on a review of
existing literature.***

The spatial concentration maps of PM, 5 for three years at 9
km spatial resolution, based on CUPI-G observed location data
(Fig. 3), have been generated with averaged PM,s for 1-15
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November as shown in Fig. 4a-c. The PM, 5 concentration over
the southwest region of Punjab exceeded 300 pg m~>, making it
the most polluted in all three years and aligns well with the
FINN emission inventory (Fig. 1d) indicating a similitude
between CRB emissions (FINN) and air quality (CUPI-G PM, 5).
In Delhi, average PM, s concentrations consistently range
between 200-250 ug m > in all three years. The spatial distri-
butions of PM, 5 in the CRB region are more representative in
2023 and 2024 due to an improved placement of monitoring
sites for capturing the CRB emission signals. The locations of
CUPI-G sites in 2022 did not cover the lower half of the Punjab
and Haryana states (Fig. 4a), and missed to capture the origin
and transport of high CRB plumes from the southwestern
Punjab, as evident from the VIIRS fire count map (Fig. 4d).

To have a one-to-one comparison with the concentration
maps based on CUPI-G data, similar interpolated maps are also
prepared for each model cases. This is done by sampling the
model results at the CUPI-G sites for the respective years hourly
intervals and then applied the identical methodology as di-
scussed above. Discussions of these comparisons and results
are given Section 3.2. Such map creation from site-based
observations is known as objective analysis and widely
applied for meteorological weather analysis.*®

3 Results

3.1 Evaluation of simulated PM, 5 over 4 regions using
measurements

The concentration of PM, s is affected by the complex interplay
of anthropogenic emissions, BB emissions and atmospheric
processes of secondary particle formation, dilution and
dispersion. The performance of model simulation is evaluated
using PM, s concentrations at daily intervals over the four
regions of North Punjab, Southwest Punjab, Central Haryana
and Delhi-NCR (Table 2) and shown as scatter plot in Fig. S7a—c.
In North Punjab where the CRB typically occurs early in the
season, during mid-late October, the model fit to the observa-
tions is relatively weak, with correlation coefficient (r) in the
range of 0.35 to 0.58, indicating a moderate model performance
in capturing PM, ;5 variability (Table 3). Southwest Punjab with
the highest CRB emission exhibits a moderate fit with r~values
ranging between 0.58 to 0.70, showing a similar slope but better
correlation than that for North Punjab. Central Haryana also

Table 3 Modelvs. observed PM, 5 (unit: pg m=3)

View Article Online

Paper

shows moderate model performance, with r-values ranging
from 0.3 to 0.5. The performance over Delhi-NCR, with r-values
of 0.7 for 2022, 0.57 for 2023 and 0.07. The model performance
over Delhi-NCR for 2024 is notably poor which potentially
indicates the missing BB emissions over Punjab in 2024. Over-
all, the model underpredicts PM, 5 levels consistently for all
regions but performs relatively better in Delhi-NCR for 2022 and
2023 compared to the other areas. It is not clear if the under-
prediction is related to the GOCART chemical scheme,
without the secondary aerosol formation, or the emission
distribution and magnitude are inadequately estimated.

3.2 Spatial pattern of PM, ; concentration

Gridded maps of air pollutants based on observation are
required for accurate assessment of various impacts, e.g,
human health, road and rail transport, aviation, and also assess
applicability of model simulations for impact analyses. The
spatial pattern of mean PM,s concentrations from 1-15
November 2022 for 3 different emission scenarios are shown in
Fig. 5 (ref. Fig. S8 and S9 for the cases as appropriate for 2023
and 2024, respectively). The gridded concentration at the lowest
model level (Fig. 5a-c) and the interpolated map after sampling
the model at the CUPI-G measurement sites (Fig. 4a) do not
show the same features suggesting that the model maps and
observation maps cannot be compared directly (Fig. 5a-c and
4a). However, the observed features of the spatial patterns begin
to emerge, such as the highest concentration over the southwest
Punjab, when the model is first extracted for the CUPI sites and
interpolated maps are created, i.e., WRF-“case” @CUPI (Fig. 5d-
f). The differences between the model maps with and without
sampling at CUPI-G sites are smaller for 2023 (Fig. S8) and 2024
(Fig. S9), compared to those for 2022, because of better place-
ment of the sampling sites. Although interpolated, such crea-
tion of map by objective analysis can aid in understanding the
movement and progression of short-lived air pollutants purely
based on measurements, when the measurements are covering
the study region with relatively uniform spatial coverage.

Fig. 5a shows the effect of biomass burning emissions over
the Punjab region with higher PM, 5 concentration of ~140 pg
m 3, as simulated by WRF-CTL, and up to ~120 ug m > over
Haryana and Delhi-NCR. This difference in concentration
gradient over the three states highlights the substantial impact

comparison statistics for four different regions for October 16 to November 30 over all the years

using data at daily intervals. Mean of observations (Mean_obs) and WRF-CTL model (Mean_mod), Pearson’s correlation coefficient (r), mean
model — observation bias (MB) and root mean-squared error (RMSE) are given

Central Haryana Delhi-NCR North Punjab Southwest Punjab
Region 2022 2023 2024 2022 2023 2024 2022 2023 2024 2022 2023 2024
Obs 152 160 222 139 169 172 101 113 203 151 215 283
Model 93 98 85 87 109 91.3 86 86 89 106 119 92
R 0.55 0.52 0.35 0.73 0.57 0.07 0.35 0.56 0.58 0.58 0.65 0.7
MB —-59 —62 —137 —53 —60 —81 —15 —27 —114 —45 -95 —192
RMSE 87 89 177 71 92 156 47 52 137 97 131 251
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of regional biomass burning, when compared with other
anthropogenic sources over Delhi. However, while comparing
WRF-CTL@CUPI (Fig. 5d) with the CUPI-G map (Fig. 4a), the
modelled concentration of 2022 shows an underestimation,
indicated by the statistics in Table 3. With the addition of
missing-day emissions, WRF-missBB PM, s in Fig. 5b and e
improves the modelled concentration, better aligning with the
spatial distribution of CUPI-G measured concentration (Fig. 4a).
Remarkable improvements in agreement for the patterns of the
observed (Fig. 4a) and WRF-EvBB (Fig. 5f), showing the high
concentrations of modelled PM, 5 (~200 pg m™>) are extending
until the Delhi-NCR. However, the WRF-EvBB simulation over-
estimated PM, 5 in the Punjab region, when compared with the
observed.

(a) 2022 WRF-CTL

(b) 2022 WRF-missBB

View Article Online
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In 2023, CUPI-G derived map has higher PM, 5 compared to
2022 because of the prolonged CRB emission after the second
week of November in 2023 (Fig. 4a and b). The WRF-missBB
(Fig. S8d) case further improves the PM, 5 and fits well with
the spatial distribution in CUPI-G derived map (Fig. 4b). Simi-
larly for 2024 the WRF-CTL highly underestimates the PM, 5
across all the states due to very low emissions from CRB as
estimated by FINN-NRT, while the measurement of CUPI-Gs
showed highest PM, 5 value among the 3 years. However, the
simulated WRF-EvBB case produces PM, ;s levels closer to
observations, with a similar spatial distribution based on CUPI-
G data (Fig. 4c), suggesting a shift in farmer's regular practice of
early afternoon CRB to evening CRB. It is noted that the wetter
crop residues (evening condition) produce greater emissions of

(c) 2022 WRF-EvBB

32°N 32°N
31°N 31°N
30°N 30°N
29°N 29°N
28°N 28°N
J4°E 75°E 76°E 77°E 74°E 75°E 76°E  77°F 74°E 75°E 76°E  77°E
(e) 2022 WRF-missBB@CUPI (f) 2022 WRF-EvBB@CUPI
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Fig. 5 Spatial distribution of 01-15 November-mean PM, 5 concentration for 2022. Comparisons show WRF-Chem model simulations for
various emission scenarios (top row), (a) WRF-CTL, (b) WRF-missBB, (c) WRF-EvBB, in comparison with CUPI-G based maps (bottom row) which
are prepared after sampling the model results at the CUPI-G sites ((d) WRF-CTL@QCUPI, (e) WRF-missBB@CUPI, (f) WRF-EvBB@CUPI). Colour
inside the circle varies as per the mean observed concentration at the CUPI-G sites on the common colour bar. Similar map plots for simulations
using a selected number of cases are shown in Fig. S8 and S9 for the years 2023 and 2024, respectively.
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particulate and gaseous pollutants compared to drier residues
(early afternoon condition).*> Most research on emissions from
CRB have focused on increasing the area burnt,* but estimation
of variable emission factor under different conditions of the
residues and soil underneath is less explored and not accounted
for in the current major emission inventories (FINN, GFAS or
GFED). The time series and statistical analysis of WRF-missBB
and WRF-EvBB are detailed in Section 3.5.

3.3 Daily mean PM, 5 from WRF-Chem vs. CUPI-G for four
regions

Daily mean PM, s concentrations measured by the CUPI-G
network and WRF-Chem simulations for three different emis-
sion scenarios in four regions of northwest India: North Punjab,
Southwest Punjab, Central Haryana, and Delhi-NCR are shown
from October 16 to November 30, 2022 (Fig. S10a), 2023 (Fig. 6)
and 2023 (Fig. S10b). The modelled concentrations for all three
scenarios generally track the pattern of observed concentra-
tions, but with noticeable differences for all 3 years. The WRF-
CTL scenario shows reasonable agreement with the observed
data, particularly in North Punjab and South Punjab (Table 3),
given the uncertainties in emissions (addressed in Section 3.5),
chemical scheme and meteorology. For all four regions, the
observed PM, 5 concentrations tend to increase over the course
of intense biomass burning days shown in Fig. 2, with the
highest concentrations (200 pg m®) occurring by mid-
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concentration at a level of =200 ug m > over Southwest Punjab
during the second week of November in 2023, because of
difference in CRB activities among the year. The modelled
concentrations fail to capture some of the episodes of high
polluting days, for example November 9 in 2022 and November
2 in 2022 due to the absence of satellite-derived fire counts
during hazy cloudy days (ref. Fig. S4 and S5).

The WRF-Chem model is underestimating PM, s concen-
trations over Delhi-NCR in 2022 and most of the days of 2023.
During the starting and ending days of CRB season the model is
doing fairly well with the observed concentration showing the
uncertainties and contribution share associated with the BB
emission. The WRF-PUBB and WRF-CTL showed similar
magnitude across all the days for all four regions in 2022 and
2023, however, in some days of November month for Punjab
shows some minor differences. This indicates the dominant
share of Punjab BB emissions to the overall concentration over
the regions, which is clearly seen from the map plots during 3
different periods of 16-30 October, 1-15 November and 16-30
November 2022 (Fig. S3).

The CRB contribution in Fig. 6 (light green bars) is high (30-
50%) in mid-October 2023, and then decreased over time,
consistently with observed fire counts. This suggests that BB
was a significant source of PM, 5 in North Punjab early in the
observation period, with its influence diminishing later.
Compared to North Punjab, the CRB contribution is 40-70% in
Southwest Punjab, which was the highest among all three

November. The inter annual difference in WRF-CTL
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Fig. 6 Evolution of daily average concentration as observed by CUPI-Gs and the WRF-NoBB, WRF-PUBB and WRF-CTL simulations for 2023.
The light-green bar shows the percentage share of PM, s due to biomass burning emissions (egn (1)). Four regions and the sites used in the
regional averaging are shown schematically in the map at the center of 4 panels (see also Fig. 3 for better clarity). Results for 2022 and 2024 are

shown in Fig. S10a and b, respectively.
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regions in November 2023. Among the four regions, Delhi-NCR
had the least CRB contribution of around 20% in average, which
increase further to 50% during specific days with direct plume
from CRB hotspots. These specific events were limited to 2-3
days in most favorable downwind conditions and observed from
CUPI-G observations.'®"’

The average CRB shares to PM, s in 2022 (Fig. S10a) are
similar to those estimated for 2023 in all four regions, but due
to the prolonged burning in the month of October and
November the CRB share is frequently above 20% from the third
week of October 2023 for all 4 regions. In 2024 the lower CRB
share is observed in all regions, especially over Delhi (Fig. S10b),
due to very low magnitude of CRB (FINN-NRT) emissions
compared to 2023 and 2022 (Fig. 2). Possible reasons for
underestimation of emissions by FINN-NRT are discussed later
in Section 3.5.

3.4 CRB induced increment in PM, ; concentration

The bar chart (Fig. 7) shows the summary of CRB contribution
to PM, 5 concentrations in four regions of observation network
from 16 October to 30 November 2022, 2023 and 2024. The
estimated CRB contribution (mean + 1-sigma standard devia-
tion) over Delhi-NCR ranged 18 + 14% in 2022, 16 £+ 13% in
2023, and 9 £ 29% in 2024. Similarly, in Central Haryana, CRB
accounted 25 + 16% in 2022, 31 + 17% in 2023, and 9 + 49% in
2024, reflecting an increase in 2023 before sharply dropping in
2024. However, the estimated values of Southwest Punjab
ranged 39 + 22% in 2022, 48 £+ 25% in 2023, and 27 £+ 47% in
2024, making it the most impacted region by CRB emissions. In
North Punjab, the CRB contribution ranged 28 + 16% in 2022,
24 £ 16% in 2023, and 11 £ 41% in 2024. The prolonged CRB
activities over Southwest Punjab in 2023 could not have much
impact on the CRB induced PM, 5 over Delhi due to the absence
of direct plume from the source to Delhi-NCR (see Mangaraj

(a) 2022

100 100

28% 39% 25% 18% 24%

48%

Share of BB and other sources to PM2.5 (%)

North  Southwest Central

Delhi
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(b) 2023

North Southwest Central
Punjab Haryana
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et al. for a discussion on the meteorological conditions).* For
the year 2024 the BB contribution share is reduced by half
across all regions due to very low BB emission days in 2024
(Fig. 2). It is very interesting that the BB contribution over the
CRB source region of southwest Punjab also dropped signifi-
cantly in the year 2024.

Our results are in overall agreement with previous studies,
but the details differ as we can use large number of measure-
ments from the CRB emission regions. Kulkarni et al.** found
that CRB contributes approximately 20% to PM, 5 levels, with
a range of 50-70% on CRB dominated days, while Saharan
et al*® found CRB contribution of 30-60% and highlighted
dominant share of CRB emission by certain hotspot districts,
similar to southwest Punjab region of this study. Govardhan
et al.” reported 15% of mean contribution with a 35-40% range,
based on the FINN inventory. Nagar and Sharma® also used
FINN inventory and reported a contribution of 31 + 16% during
October to December of 2013 and 2014. Awasthi et al.** positive
matrix factorization (PMF) analysis of 111 volatile organic
compounds and PM, 5 during 15th August to 26th November
suggests contribution of CRB to PM, 5 is 23%.

3.5 Additional scenarios to understand the uncertainties
and future scopes

3.5.1 Missing emission days. Fig. 8 illustrates the simula-
tion results for the years 2022 and 2023 after accounting for
missing biomass burning emission days in the model (statistics
in Table 4). The results cover the period from November 1 to 15
for both years, during which missing emissions were filled for
days with cloud cover. However, it is important to note the
potential limitation of this approach, as there might have been
no biomass burning on certain days, such as on 11 November
2023, due to widespread rainfall, but emissions being included
in the model.

100 (c) 2024
31% 16% 11% 27% et
+ Nov
. = No BB
BB

Delhi
NCR

North Southwest Central
Punjab  Punjab Haryana

Delhi
NCR

Fig. 7 Stack bar plot showing the average contribution share of biomass burning and other emission share for the October and November of
2022 (a), 2023 (b) and 2024 (c). The blue bars represent the share of other emissions and the stacked orange, show the biomass burning
contribution from the WRF-Chem model. The black and red dots represent the daily contribution for October and November, respectively, in
a strip-plot. The 2024 simulation uses the FINN-NRT BB emission as opposed to 2022 and 2023 based on FINN-v2.5 BB emissions. The
horizontaljitter (i.e., the spread along the x-axis) for black and red dots within each bar does not represent a numeric x-value, but for better clarity
in display of values by day within the month of Oct—Nov (https://seaborn.pydata.org/generated/seaborn.stripplot.ntml).

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

Environ. Sci.. Atmos., 2025, 5, 1211-1229 | 1221


https://seaborn.pydata.org/generated/seaborn.stripplot.html
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ea00052a

Open Access Article. Published on 19 September 2025. Downloaded on 3/28/2026 8:24:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

North Punjab

View Article Online

Paper

Southwest Punjab

800

— CUPI-G, obs.
— WRF-CTL

—— WRF-EvBB
—— WRF-missBB

PM; 5 (Hg/m?)
NS O
S o o
S & o
1 1 1

Cenfral Haryané

PMy s (ng/m?)

0 I

1 T 1 1 . ! 1 . L 1 . 1
01-Nov 04-Nov 07-Nov 10-Nov 13-Nov

1 . ! ! . ! 1 T L 1 T !
01-Nov 04-Nov 07-Nov 10-Nov 13-Nov

Fig. 8 Daily mean PM, s concentration from CUPI-G observations and compared with WRF-CTL, WRF-missBB and WRF-EvBB simulations for
2022. The WRF-EvBB and WRF-missBB cases have not ran for the year 2023 and 2024 respectively. Available results for 2023 and 2024 are

shown in Fig. S11a and b.

Table 4 WRF-missBB and WRF-EvBB model characteristics compared to the WRF-CTL based on daily mean PM, s concentrations (units: pg
m~). Significant effect of EvBB emission case on the mean bias, compared to the CTL case is observed for 2022 and 2024, while the missBB
emission does not affect the mean biases significantly with respect to the CTL case. On average the mean bias diminishes for the WRF-EvBB
simulation case in 2022, but that for 2024 only shows lesser bias suggesting major underestimation of the emissions. The changes in PM; 5 for
WRF-EvBB and WRF-missBB cases, relative to WRF-CTL, are given within the parenthesis in columns 5 and 6, respectively

Mean bias (model - observed)

[% increase compared to CTL]

Correlation coefficient (r)

Observed
Year Region PM, 5 (g m73) WRF-CTL WRF-EvBB WRF-missBB WRF-CTL WRF-EvBB WRF-missBB
2022 Central Haryana 223 —59 —36[14] —55[2] 0.55 0.62 0.68
2022 Delhi-NCR 181 -53 —379[12] —51[2] 0.73 0.74 0.77
2022 North Punjab 109 —15 16° [33] -8[7] 0.35 0.46 0.36
2022 Southwest Punjab 233 —45 124 [30] —30[8] 0.58 0.52 0.73%
2023 Central Haryana 226 —62 NA? —57[3] 0.52 NA 0.55
2023 Delhi-NCR 262 —60 NA —58 [1] 0.57 NA 0.58
2023 North Punjab 128 —27 NA —26 [1] 0.56 NA 0.54
2023 Southwest Punjab 316 —95 NA —86 [4] 0.65 NA 0.73
2024 Central Haryana 269 —137 —109 [21] NA 0.35 0.46“ NA
2024 Delhi-NCR 175 —81 —63“[19] NA 0.07 0.12 NA
2024  North Punjab 296 —114 —899[13] NA 0.58 0.60 NA
2024  Southwest Punjab 456 192 —135°[21]  NA 0.70 0.78° NA

“ Indicates significant difference from WRF-CTL case. ” NA - simulation not available.

For 2022, the inclusion of the missing emission days resulted
in improved concentration over Southwest Punjab with a mean
bias shifted from —45 to —30 (Table 4), reflecting improved
agreement of WRF-missBB with the observation, compared to
WRF-CTL. In North Punjab, the mean bias improved from —15
(WR-CTL) to —8 (WRF-missBB), highlighting better agreement
with observed values, however, there is a noticeable over-
estimating by the model during 5 to 9 November 2022. For
Central Haryana and Delhi-NCR, slight reductions in mean bias
are also noted, though the changes were less pronounced.
Correlation coefficients (r) also show improvements, particu-
larly for Southwest Punjab, where the correlation increased

1222 | Environ. Sci.: Atmos., 2025, 5, 1211-1229

from 0.58 (WRF-CTL) to 0.73 (WRF-missBB). This suggests that
the temporal patterns of PM, s are better captured when
missing biomass burning days are incorporated into the
simulation (Table 4). For 2023, the evolution of WRF-missBB
scenario was flat particularly over the Southwest Punjab and
the pattern suggesting the dominant role of meteorology. The
WRF-missBB also failed to capture the peak concentration days
(1 to 3 November) over Delhi which clarifies the role of local
emissions.

3.5.2 Late afternoon emissions in 2024. The fire detection
from satellites has been at specific times of the satellite over-
pass and thus any change in the CRB timing will affect the FDCs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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between years. Here the continuous measurements by CUPI-Gs
along with hypothetical model simulation cases can be utilized
for inferring the ground situation. There are discussions that
the farmers might have changed the time of burning of the crop
residue, typically from noon to late afternoon to avoid surveil-
lance by the administrative agencies (various media reports). In
2024, the fire detection counts and burnt area are decreased by
53% and 58%, respectively, compared to 2023. A large decrease
in CRB is expected to have an equally large impact on the
reaction of air pollution under similar meteorological condi-
tions. However, our observations of PM, 5 do not show much
reduction in the Punjab region; in fact, in late November the
concentrations are higher in 2024 compared to 2023 (Fig. 6 and
S10b). Such observations raise doubt in our mind if the farmers
really have changed their practice of crop residue burning. To
explain the high PM, s concentrations under much lower
emissions due to lower fire counts in 2024, we have made
hypothetical changes to the diurnal profile of biomass burning
emissions in our model (WRF-EvBB). Fig. 9 shows the distri-
butions of PM, 5 in the two simulation cases at 1:30 am local
time. An animation of hourly mean PM, 5 suggests that the high

WRF-CTL (2024-11-16 01:30 IST)
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CRB emission signal in the evening accumulates through the
night and the surface concentrations remains higher on next
day in the WRF-EvBB case compared to the WRF-CTL case
(Animation 2).

In the WRF-EvBB scenario, the diurnal emission peak is
shifted by four hours later into the afternoon at 6:30 pm local
time compared to the WRF-CTL case at 2:30 pm (Fig. S6),
aligning with the information from the local authorities and
newspaper reports. This adjustment allows us to check a better
representation of the real-world emission timings, particularly
in regions with delayed burning practices. Fig. 10 shows the
diurnal variation of PM, 5 concentration from CUPI-G observa-
tion, WRF-CTL and WRF-EvBB over the northwest Indian states
and Chandigarh. In general, we find that the WRF-CTL simu-
lation for all three years underestimates the diurnal amplitude
in the concentrations of PM, 5 in all the regions (Fig. 10a, b and
d-g). This is presumably because the model simulations
underestimate the nighttime planetary boundary layer,* and
thus the model simulates lower concentrations in the night by
large amount compared to the observations. In contrast the
mid-day concentrations are in better agreement between the

WRF-EVBB (2024-11-16 01:30 IST)

3497
2797 450
€ 300
€ 2098 200
k=
2 170
1399
150
- 130
- et '12055‘
oA . . . : . : : : . -100 ©
(33.9,73.5) (32.0,74.8) (30.1,76.2) (28.1,77.6) (26.1,78.9)(33.9,73.5) (32.0,74.8) (30.1,76.2) (28.1,77.6) (26.1,78.9) =2
r80 =
WRF-CTL (2024-11-16 01:30 IST) WRF-EVBB (2024-11-16 01:30 IST) 6o s
B o

32°N

28°N

72°E 74°E 76°E 78°E

1
t
L
i
i
1
I
i
1
i

72°E 74°E 76°E 78°E

Fig.9 Horizontal maps at model level 1 (bottom row) and vertical cross-sections (top row) of PM, 5 concentration on 16 November 2024, 1:30
local time (IST) over domain 2 of the model for the cases WRF-CTL (left column) and WRF-EvBB (right column). The thin white line crossing over
the horizontal maps, starting at 33.9°N, 73.5°E and ending at 26.1°N, 78.9°E, shows the line of cross-section selected for the vertical distributions.
Animation 2 shows the evolution of PM; s in the region during 1-16 November 2024, as given in the supplement. The choice of cross-section
positioning is made to show the mechanism of transport of CRB emission signals from Punjab to Delhi and beyond. In particular, the uplifting of
CRB emissions from the boundary layer to the free troposphere and its diurnal variabilities are seen from the animation.
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Fig.10 Diurnal PM; 5 concentration for all three years from CUPI-G observation (left column; (a, d and f)) and WRF-Chem model simulation with
two scenarios of WRF-CTL (middle column; (b, e and g)) and WRF-EVBB (right column; (c and h); results for 2023 missing). Results are shown as
the mean of 1-15 November of 2022 (top row; (a—c)), 2023 (middle row; (d and e)) and 2024 (bottom row; (f—h)). The 2024 simulation uses the
BB emissions from FINN-NRT, while 2022 and 2023 simulations used FINN-v2.5.

model and observations. The nighttime bias in WRF-CTL
simulations can also be partly responsible for the overall
underestimation of daily-mean PM, 5 as seen in Fig. 6 and S10a,
b.

For 2024, WRF-EvBB shows improved performance by
capturing the evening concentration peaks more effectively over
Punjab, Delhi and Haryana compared to the WRF-CTL scenario.
The mean bias in WRF-EvBB has been reduced across all the
stations which confirms the homogenous impact of the late
afternoon burning emissions. Over Punjab, even with lower
emissions in 2024 compared to 2022, the WRF-EvBB scenario
successfully achieves similar evening time PM, 5 concentration
levels. This indicates that the newly adjusted timing of emis-
sions in WRF-EvBB aligns well with the theory of late afternoon
burning practices, which is likely to have been practiced well
before 2024. Thus, a better representation of diurnal profile of
emissions is critical for improved simulations of air pollutants
and the chemical constituents in general in the atmosphere. A
smaller amount of emissions in the evening has greater impact
on the daily mean concentrations because the planetary
boundary layer height is low in the evening and persists
throughout the night (Fig. 10b, c, g and h).

1224 | Environ. Sci.. Atmos., 2025, 5, 1211-1229

This finding has large implications when the atmospheric
chemistry-transport models are used for validation of the
emission inventories, without incorporating an accurate
diurnal profile. As mentioned in the methods section, the
chemical scheme GOCART in WRF-Chem does not include
secondary organic aerosol (SOA) formation. This could be one of
the main reasons for gross underestimation of the observed
PM, 5 for the WRF-CTL case (Table 4). However, the sensitivity
simulations suggest that the WRF-missBB or WRF-EvBB cases
overestimated PM, 5 in the two Punjab regions, but continues to
underestimate for Central Haryana and Delhi-NCR in 2022.
Whether the lack of SOA formation due to CRB emissions is
main cause of this underestimation in the downwind regions of
Punjab or that due to missing Delhi-NCR's industrial emis-
sions® cannot be judged from the existing measurements.*?
While the CUPI-G measurement network provides only basic air
pollutant data, the advanced measurement systems are estab-
lished only in the city areas®* and cannot distinguish between
local vs. outside the domain contribution to urban air pollut-
ants. The large underestimations of the observed PM, 5 by all 3
model cases and all regions in 2023 and 2024 point toward
significant underestimation of emissions (Table 4). Any role of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SOA formation from CRB emissions would increase the share of
biomass burning contributions to PM, 5 in Central Haryana and
Delhi-NCR compared to those given in Fig. 7.

A shift in residue burning time to evening, in opposed to
conventional early afternoon burning time, has far reaching
manifestation in terms of policy implementation. As seen from
the map plots in Fig. 5 and S9 that the high PM, 5 plumes from
Punjab CRB goes far beyond in the case of WRF-EVBB,
compared to the case of WRF-CTL. This implies the effect of
emissions in the evening has a much greater impact on the
PM, 5 levels on the surface, compared to when the same amount
of emissions occur mid-day. If the farmers are burning crop
residues in the afternoon just to avoid surveillance by the
remote sensing satellites, we must avoid such a situation by
educating them. And this is possible by developing an under-
standing between the farmers and policymakers regarding how
soon we would like to achieve the targeted zero CRB. Further
analysis is needed to clearly identify the role of secondary
aerosol production in the night when the humidity is high,
compared to the day, and how the trapping of pollutants in the
shallow boundary layer differs in mixing vertically and spread
horizontally in that atmosphere.

4 Conclusions

WRF-Chem is used under five distinct CRB emission scenarios
to study the impact of these emission on PM, 5 concentration
over northwestern India. The simulated concentration is
compared with the CUPI-G measurements, where the model
underestimates the observed high magnitude of PM, 5
concentration, however, it efficiently produced temporal
evolution of PM, 5 during the intense CRB days. Following are
the major conclusions of this study:

(1) CRB emission derived from satellite observations shows
a progressive decreasing trend over Punjab and Haryana (2022-
2024), due to which, the mean contribution of CRB to Delhi
PM, s was reduced dramatically from 18% and 16% in 2022 and
2023, respectively, to 9% in 2024, with a very high range of day-
to-day variability. However, the observed PM, 5 from CUPI-G
sensor network shows continuously high PM, 5 over the rural
sites of Punjab, evidently highlighting the limitation of the
current modelling systems.

(2) WRF-missBB and WRF-EvBB scenario are designed to
understand the possible limitation of existing CRB emission
input for models. These scenarios improved the simulation and
captured the observed spatial and temporal variation of PM, s,
relative to the control simulation. Incorporating missing CRB
emission days substantially enhances model performance by
reducing model-observed biases and better capturing observed
temporal dynamics, particularly in regions heavily influenced
by burning events.

(3) The diurnal cycle of PM, 5 in 2024 shows an unusual early
evening concentration over Punjab, which suggests a shift in
CRB activities adopted by the farmers, possibly to escape from
satellite detection.”® Considering the adverse effects of high
pollution levels caused by evening CRB emissions, farmers
should be consulted through awareness programs. The diurnal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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profile of CRB emission must be carefully accounted in the
global/regional emission inventories by improving FDC and BA
detection from geostationary or a constellation of polar orbiting
satellite sensors.
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