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Abstract

India faces severe PM; 5—O3 compound pollution, and the 2023 G20 Summit in New Delhi
provided a valuable case for examining how short-term emission controls interact with
unfavorable late-monsoon meteorology. In this study, the WRF-CMAQ modeling system
was applied to quantify the relative contributions of meteorological variability and graded
multisectoral emission controls to PM; 5 and ozone changes during the summit period.
The results show that both pollutants exhibited clear stage-dependent variations, with
lower concentrations during the summit and rapid rebound afterward. Relative to the
2022 meteorology sensitivity case, the 2023 meteorological background increased PM; 5 by
6.76 ng/m? and MDAS8 O3 by 4.37 ppb over New Delhi, indicating a distinct meteorological
penalty during the monsoon withdrawal period. Under progressively strengthened control
scenarios, PM, 5 declined from 79.01 to 66.35 pg/ m3, while MDAS O3 decreased from 81.19
to 77.67 ppb. The strongest control scenario reduced PM, 5 more than the meteorological
penalty and substantially mitigated the ozone enhancement, although it did not fully offset
the adverse meteorological effect on Os. These findings demonstrate that high-intensity
coordinated controls can effectively alleviate PM; 5—O3 compound pollution even under
unfavorable meteorological conditions.

Keywords: air quality simulation; meteorological contribution; emission control; G20
summit; co-control

1. Introduction

India experiences some of the most severe air pollution in the world, with both
fine particulate matter (PM;5) and ozone (O3) posing substantial risks to public health
and sustainable development [1,2]. In recent years, PM5—O3 compound pollution has
become an increasingly important air-quality challenge across India, particularly over the
Indo-Gangetic Plain, where high particulate loading and active photochemical pollution
frequently coexist [3,4]. New Delhi, as one of the major urban centers in this region, is
characterized by persistently high PM, 5 concentrations and elevated ozone levels, making
it a representative hotspot for studying complex air pollution in South Asia [5,6].

The 2023 G20 Summit in New Delhi provided a valuable natural experiment for in-
vestigating the atmospheric response to short-term emission controls. During the summit
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period, multiple administrative control measures were implemented, including restrictions
on traffic, industrial activities, and construction-related emissions [7,8]. Such high-intensity
short-term interventions can offer an opportunity to evaluate how rapidly air quality
responds to coordinated emission reductions [9,10]. However, the summit took place
during the monsoon withdrawal period in September, when rainfall weakens, wet scaveng-
ing decreases, and atmospheric dispersion conditions begin to deteriorate over northern
India [4,11]. Under such conditions, it is difficult to distinguish whether observed or simu-
lated air-quality changes are primarily driven by emission controls or by meteorological
variability [12].

Previous air-quality modeling studies over India have substantially improved our
understanding of PMj 5 distributions, sectoral emissions, and source contributions [13-15].
Recent work has also emphasized the importance of updated emission inventories, rig-
orous model evaluation, and regional source attribution for interpreting India’s air pol-
lution patterns [14]. However, most existing studies have focused on annual or seasonal
mean pollution, long-term source attribution, or single-pollutant behavior, while fewer
studies have quantitatively examined the relative roles of unfavorable meteorology and
graded short-term emission controls during a major event, especially from a PM; 5-O3
co-control perspective [3,16]. In particular, it remains unclear to what extent adverse
late-monsoon meteorological conditions enhanced PM; 5 and O3 during the 2023 G20 pe-
riod, whether graded control strategies could offset this meteorological penalty, and why
PMj; 5 and O3 responded differently to the same short-term interventions [17]. This study
moves beyond conventional event-based attribution by explicitly quantifying the competi-
tion between meteorological penalty and emission-control benefits, thereby providing a
process-oriented framework for understanding PMj; 5—O3 co-response under unfavorable
atmospheric conditions.

In this study, we applied the WRF-CMAQ modeling system to investigate the rela-
tive roles of meteorology and coordinated short-term emission controls in shaping PM; 5
and O3 pollution during the 2023 G20 Summit in New Delhi. Using a baseline scenario,
a meteorological sensitivity scenario, and three graded emission-control scenarios, we
examined (1) the stage-dependent evolution of PM; 5 and O3 during the summit period,
(2) the meteorological penalty associated with the monsoon withdrawal background, and
(3) the effectiveness of coordinated multisectoral controls in reducing PM; 5 and O3 un-
der unfavorable atmospheric conditions. This study aims to provide a quantitative basis
for understanding PM; 5—O3 co-response during major events and to offer scientific sup-
port for short-term air-quality management in India and other developing regions facing
similar challenges.

2. Materials and Methods
2.1. Model Configuration and Study Domain

The Weather Research and Forecasting model (WRF, version 4.1.2) coupled with the
Community Multiscale Air Quality model (CMAQ, version 5.0.2) was applied to simulate
air quality over India. The modeling domain, illustrated in Figure 1, covered the Indian
subcontinent with a horizontal resolution of 36 km x 36 km (comprising 117 x 117 grid
cells) under a Lambert conformal projection. Eighteen vertical sigma layers were used,
with enhanced resolution near the surface to better represent boundary-layer processes.
Meteorological fields were generated by WRF using NCEP FNL reanalysis data as initial
and boundary conditions. The WRF outputs were then processed to provide the meteo-
rological inputs required by CMAQ. These inputs include temperature, wind speed and
direction, relative humidity, pressure, planetary boundary layer height, precipitation, cloud
fields, and other variables governing transport, turbulent mixing, deposition, and chemical
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transformation. For chemical transport, the SAPRC-11 gas-phase mechanism [18] and the
AERO®6 aerosol module [19,20] were adopted in CMAQ to represent the formation and
evolution of PMj 5 and O3 under the high-emission background of India. These model
settings were selected to provide a consistent framework for evaluating regional pollution
characteristics and the short-term air-quality response during the 2023 G20 Summit.

35°N

30°N

25° N

20°N

Elevation (m)

E 90°E  95°E

75°E 80° E 85

Figure 1. The simulation domain has a horizontal resolution of 36 km. The elevation data are
collected from ETOPO2v2 (https://www.ngdc.noaa.gov/mgg/global/relief/ETOPO2 /ETOPO2v2-2
006/ETOPO2v2c/ (accessed on 19 April 2026)) at the resolution of 2.

2.2. Emission Inventories and Scenario Design

Anthropogenic emissions were primarily based on the EDGAR v8.1 inventory (https:
//edgarjrc.ec.europa.eu/dataset_ap81 (accessed on 3 March 2026)) [21]. Source category
profiles are extracted from SPECIATE 4.3, a speciation profile database developed by the US
EPA [22,23]. To construct a representative 2023 emission field, the 2022 baseline emissions
were updated using sector-specific scaling factors derived from socioeconomic activity
data. As shown in Table S1, the scaling factors were set as 1.11 for on-road transport
(based on vehicle registration and fuel consumption growth from FADA), 1.07 for energy,
industry, and off-road sources (based on GDP growth and industrial production index from
MOoSPI), and 1.008 for agriculture and residential sources (based on population growth from
World Bank). This approach retained the spatial pattern of EDGAR v8.1 while updating
the total emissions to 2023 levels. Such an approach is widely adopted in large-scale
air-quality modeling studies when near-real-time sector-specific emission inventories are
unavailable [24,25]. Biogenic and biomass-burning emissions were represented using
MEGAN v2.1 [26] and FINN v2.5 [27,28]. The emission inputs applied in CMAQ included
anthropogenic emissions from EDGAR v8.1 (chemically speciated using SPECIATE 4.3),
biogenic emissions from MEGAN v2.1, and biomass-burning emissions from FINN v2.5.
These datasets provided the gridded emission inputs required by the SAPRC-11/AERO6
chemical mechanism.
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To quantify the relative roles of meteorology and short-term administrative controls
during the G20 period, a set of controlled scenarios were designed. The baseline scenario
52 used 2023 meteorology and 2023 emissions. The meteorological sensitivity scenario S3
was not intended to represent an actual emission-meteorology combination in a specific
year. Instead, it was designed as a controlled sensitivity experiment: the 2023 emission field
was kept identical to S2, while only the meteorological fields were replaced by those from
September 2022. Thus, emissions remained identical between S2 and S3, and the 52-53
difference allows us to quantify the effective contribution of meteorological variability
between 2023 and 2022 [16,29]. Three graded control scenarios were further constructed
using the 2023 baseline as the reference: S4-A applied emission reductions of 20% for road
traffic and 15% for construction and road dust; S4-B applied reductions of 40% for road
traffic, 30% for construction and road dust, and 15% for industrial point sources; and 54-C
applied reductions of 60%, 50%, and 30% to these three source categories, respectively.
These scenarios were designed to represent progressively strengthened short-term inter-
ventions during the summit period and to evaluate whether stronger multisectoral controls
could offset the unfavorable meteorological background. These three sectors were selected
because they correspond to the main source categories that can be directly affected by
short-term administrative measures during major events [9,30]. During the G20 Summit,
temporary interventions in Delhi mainly involved traffic restrictions, suspension or reduc-
tion in construction-related activities, and controls on industrial operations. Therefore,
on-road traffic, construction and road dust, and industrial point sources were chosen to
represent the most policy-relevant and rapidly adjustable emission sectors. An additional
2022 baseline scenario (S1) was also conducted in the broader thesis framework for annual
comparison, but the present paper focuses on S2, S3, and S4-A /B/C during the 2023 G20
period. The main model configuration is summarized in Table S2, and the scenario design
is listed in Table 1.

Table 1. Scenario design.

Scenario Meteorology Emissions Control Setting Purpose
S1 2022 2022 No additional control Baseline
S2 2023 2023 No additional control Baseline
s3 2022 2023 No additional control Meteorological
sensitivity
S4-A 2023 2023 Onroad ! —20%, res 2 —15% Initial control
S4-B 2023 2023 Onroad —40%, res —30%, ind ® —15% Co-control
S4-C 2023 2023 Onroad —60%, res —50%, ind —30% Deep control

1 Onroad denotes on-road traffic emissions. 2 Res denotes construction and road dust emissions. 3 Ind denotes
industrial point-source emissions. Note: S3 is a meteorological sensitivity scenario. It uses the same 2023 emissions
as S2 but replaces the 2023 meteorological fields with those from 2022. Therefore, the S2-S3 difference is used to
estimate the effective contribution of meteorological variability under fixed emissions.

2.3. Observational Data and Model Evaluation

Ground-based air-quality observations were obtained from the Central Pollution
Control Board (CPCB) monitoring network in India (https:/ /airquality.cpcb.gov.in/ccr/
(accessed on 12 April 2026)). Model performance was evaluated against observed PM; 5
and O3 concentrations for 2023 using commonly used statistical metrics, including observed
mean, predicted mean, mean fractional bias (MFB), and mean fractional error (MFE) [31].
MFB and MFE were selected as the primary performance metrics because they are normal-
ized indicators commonly used in air-quality model evaluation and allow model bias and
error to be compared across pollutants and spatial scales. The evaluation was conducted
at both the broader regional scale and the New Delhi urban scale in order to ensure that
the model could reasonably reproduce the pollution levels and temporal variability rel-
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evant to the G20 case study. Since the main objective of this work is to quantify relative
changes among scenarios rather than to exactly reproduce every hourly concentration value,
the model evaluation was primarily used to establish a reliable baseline for subsequent
attribution analyses.

2.4. Attribution Framework and Data Analysis

To analyze the evolution of air pollution during the summit, the period from 1 to
15 September 2023 was divided into three stages: pre-G20 (1-7 September), during-G20
(8-10 September), and post-G20 (11-15 September). Temporal evolution, stage statistics,
and spatial differences were then examined for PM,5 and MDAS8 O3z. As S2 and S3
share the same 2023 emission field, the meteorological penalty was quantified as the
concentration difference between S2 and S3 under identical emissions, whereas the control
benefit was quantified as the difference between each control scenario (54-A, S4-B, or 54-C)
and the baseline scenario S2. It should be noted that the S2-S3 difference represents an
effective meteorological contribution under fixed emissions, rather than a fully decoupled
physical attribution, because meteorology and atmospheric chemistry remain nonlinearly
coupled in the model framework. Spatial difference maps were generated to examine the
regional distribution of meteorological and control effects [32]. The HCHO/NO, ratio
was calculated over the 3 x 3 grid cells surrounding New Delhi as an indicator of the O3
chemical sensitivity regime [33,34]. In addition, the responses of major PM; 5 components,
including sulfate, nitrate, ammonium, SOA, and Primary PM, were analyzed under the
graded control scenarios in order to identify the dominant contributors to particulate-matter
reduction. For the event-period analysis, pollutant concentrations over New Delhi were
calculated using the administrative-region mean, so that all scenario comparisons in the
summit case study were based on a consistent spatial definition.

3. Results
3.1. Model Performance

The WRF v4.1.2 meteorological fields were first evaluated against surface observations.
Key variables, including 2 m temperature (T2), 10 m wind speed (WS), wind direction
(WD), and relative humidity (RH), were quantitatively evaluated using statistical metrics,
including mean bias (MB), gross error (GE), and root-mean-square error (RMSE), following
commonly used meteorological model performance benchmarks [35]. The detailed results
are provided in Table S3. Overall, WRF reproduced the major meteorological conditions
over India with reasonable stability. T2, WS, and RH showed generally acceptable per-
formance for regional-scale air-quality modeling, while larger uncertainties were found
for WD, especially in GE and RMSE. This limitation is commonly reported in regional
simulations over complex terrain and monsoon-affected regions, partly because the 36 km
horizontal resolution smooths sub-grid terrain and land-surface heterogeneity, and because
wind direction errors can be amplified under low-wind-speed conditions [13,25]. Neverthe-
less, the MB values for WS and WD during September, the key month for the G20 analysis,
remained relatively small. Therefore, the meteorological fields were considered adequate
for driving the subsequent CMAQ simulations and for supporting the scenario-based
attribution analysis.

As shown in Table 2, the WRF-CMAQ modeling framework was evaluated against
CPCB observations for 2023 to assess its ability to reproduce the major characteristics of
PM, 5 and O3 over India and, more specifically, over New Delhi. At the regional scale,
the model reproduced the overall levels of both pollutants reasonably well. For 2023, the
observed and simulated annual mean PM; 5 concentrations were 56.98 and 60.71 ug/ m3,
respectively, with a mean fractional bias (MFB) of —0.05 and a mean fractional error (MFE)
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of 0.65. The negative MFB indicates an underestimation of PM; 5, which may be associated
with uncertainties in local emissions and the smoothing of urban pollution hotspots at the
36 km model resolution. For Os, the observed and simulated annual mean concentrations
were 68.52 and 82.36 ppb, respectively, with an MFB of 0.19 and an MFE of 0.38. While
the PM; 5 simulation met the recommended criteria for acceptable performance, O3 was
moderately overestimated, with its normalized bias and error exceeding the ideal EPA per-
formance targets [36]. This discrepancy reflects the inherent difficulty in simulating ozone
photochemistry, which is highly sensitive to precursor emission uncertainties, planetary
boundary layer (PBL) dynamics, and the intricate non-linear NOx—VOCs relationships [34].
This model bias could stem from uncertainties in the emission inventory, unaccounted
atmospheric processes, and varying meteorological conditions [37,38].

Table 2. Regional model performance validation for PM; 5 and Os.

Scale Pollutant Unit OBS! PRE 2 MFB  MFE
Regional PMy 5 ug/ m3 56.98 60.71 —0.05 0.65
Regional O3 ppb 68.52 82.36 0.19 0.38

New Delhi PM; 5 ug/m3 76.51 56.92 —0.26 0.55
New Delhi O3 ppb 71.69 78.57 0.12 0.39

1 OBS denotes the observed mean concentration from CPCB observations. > PRE denotes the predicted mean
concentration from the WRF-CMAQ simulation.

The model performance over New Delhi was also considered adequate for the pur-
poses of this study. At the New Delhi scale, the observed and simulated annual mean
PMj, 5 concentrations in 2023 were 76.51 and 56.92 ng/ m3, respectively, with an MFB of
—0.26 and an MFE of 0.55 (Table 2). The negative MFB indicates an underestimation of
PM, 5, which may be associated with uncertainties in local emissions and the smoothing of
urban pollution hotspots at the 36 km model resolution. In addition to the New Delhi-scale
statistical evaluation, Figure 2 further shows the daily PM, 5 variation at a representative
monitoring site in New Delhi. As shown in Figure 2a, the model generally reproduced the
seasonal cycle and day-to-day variability of PM; 5, including the elevated pollution levels
during the post-monsoon period and the temporal fluctuations around the G20 summit.
However, several high-concentration episodes exceeding 250 pug/m3 were underestimated,
indicating that the model was less capable of capturing extreme daily peaks at the site
scale [13,39]. Such site-level PM; 5 extremes in New Delhi can be strongly influenced by
highly localized emissions and short-term accumulation processes, which are difficult to
fully resolve at the 36 km model resolution. The scatter plot in Figure 2b shows a rea-
sonable correlation coefficient (r) of 0.76, and most data points fall within the 1:2 and 2:1
dashed lines, suggesting that the model reasonably reproduced the general magnitude
of PM; 5 despite the underestimation of some high-concentration episodes. For Oj, the
observed and simulated annual mean concentrations at the New Delhi scale were 71.69 and
78.57 ppb, respectively, with an MFB of 0.12 and an MFE of 0.39. The higher uncertainty in
O3 modeling compared to PM; 5 is a documented challenge in South Asian studies, often
attributed to complex emission structures and sharp meteorological fluctuations during
the monsoon-withdrawal period [13,25]. Despite this uncertainty, the simulation generally
captured the seasonal cycle and peak timing of O3 over Delhi.
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Figure 2. Evaluation of simulated daily PM, 5 concentrations at a representative monitoring site in
New Delhi in 2023. (a) Time series of observed and simulated daily PM; 5 concentrations in New
Delhi throughout 2023. Gray dots represent ground-based observations from the CPCB network,
and the red solid line represents WRF-CMAQ simulation results. The blue and red dashed lines
denote the WHO 24 h air quality guideline (15 pg/m?) and the Indian National Ambient Air Quality
Standards (NAAQS, 60 ug/ md), respectively. The yellow shaded area highlights the G20 Summit
period (September 8-10, 2023). Statistical metrics, including the correlation coefficient (r), normalized
mean bias (NMB), and mean fractional bias (MFB), are provided in the inset. (b) Scatter plot of
observed versus simulated daily PM; 5 concentrations. The solid black line indicates the 1:1 ratio,
while the dashed lines represent the 1:2 and 2:1 boundaries, indicating factor-of-two performance
(FAC2). Statistical metrics, including the number of samples (N), correlation coefficient (r), and root-
mean-square error (RMSE), are shown in the inset. Each point represents a daily mean concentration.

Overall, the evaluation results suggest that the model provides a reasonable basis for
analyzing the temporal evolution and scenario-based changes in PM; 5 and O3 during the
G20 period. Although the model did not fully reproduce individual extreme PM; 5 peaks
at the representative site, the overall statistical performance indicates that it can reasonably
represent the general pollution level and temporal variability relevant to this study. Since
the primary objective of this work is to investigate stage-dependent responses and quantify
the relative impacts of meteorology and short-term emission controls, rather than to predict
individual extreme daily concentrations, the current model performance is considered
adequate for the subsequent attribution analysis.

3.2. Evolution of PM; 5 and Oz During the G20 Period

To characterize the evolution of air pollution during the 2023 G20 Summit, the period
from 1 to 15 September 2023 was divided into three stages based on the S2 simulation:
pre-G20 (1-7 September), during-G20 (8-10 September), and post-G20 (11-15 September).
Both PM, 5 and O3 exhibited pronounced stage-dependent variations over New Delhi, as
illustrated in Figure 3.

https://doi.org/10.3390/atmos17060584


https://doi.org/10.3390/atmos17060584

Atmosphere 2026, 17, 584

8 of 21

Concentration (ug/m?)

Concentration (ppb)

140

120

100

80

60

40

20

80

70

60

50

40

(a) PM,5 Temporal Evolution Rebound (b) PM, 5 Stages (c) Change Rates
| sk ol +98.5%
- 120
50
- 7 100 )
2 °
L = sof 2 o0
§ s -5.1%
+ © 6ol o
—sob
40
-100f
L 20k

L
09-01

L L L L L L L 1 L L L
09-05 09-07 09-09 09-11 09-13 09-15 Pre During Post During/Pre Post/During

(d) O; Temporal Evolution Rebound (e) 05 Stages (f) Change Rates
gor +66.3%

10
100

90

80|
70

=24.3%
60 -40 ’
501 sok

40

Conc. (ppb)
Change (%)

L L L 1 L ! !
09-01 09-05 09-07 09-09 09-11 09-13 09-15

L L L -80 L L
Pre During Post During/Pre Post/During

Figure 3. Evolution of PM; 5 and MDAS O3 concentrations in New Delhi during the G20 Summit
period (1-15 September 2023). (a) Temporal variation in daily mean concentrations, where the yellow
shaded area denotes the summit period (8-10 September). (b) Box-plots of concentration distributions
across the pre-G20, during-G20, and post-G20 stages. (c) Percentage changes in mean concentrations
between successive stages. (d) Temporal variation in MDAS8 O3 concentrations. (e) Box plots of MDAS
O3 concentrations for the three stages. (f) Percentage changes in mean MDAS8 O3 concentrations
between successive stages.

As shown in Figure 3a, PM; 5 generally followed a pattern of pre-event accumula-
tion, short-term alleviation during the summit, and rapid rebound afterward. The mean
PM, 5 concentration was 61.04 pug/ m> during the pre-G20 stage and decreased slightly
to 57.91 ug/m? during the summit, indicating that the accumulation trend was partly
suppressed. This 5.13% reduction (Figure 3c) indicates that the rising accumulation trend
was effectively interrupted by the short-term administrative controls. However, PM; 5
increased sharply after the summit, with a stage mean of 114.96 pg/m3—a remarkable
98.52% increase relative to the summit period. The boxplot in Figure 3b further shows that
post-G20 PM; 5 was characterized not only by higher mean and median values, but also
by a persistently elevated lower bound, suggesting a more continuous and accumulated
pollution episode after the event.

A similar stage-dependent pattern was also found for O3 (Figure 3d). The mean MDAS
O3 concentration was 74.56 ppb during the pre-G20 stage, decreased to 56.41 ppb during
the summit, and then rose rapidly to 93.82 ppb in the post-G20 stage. Compared with PM; 5,
O3 showed a stronger decline during the summit, with a reduction of 24.34% relative to the
pre-G20 level (Figure 3f). This suggests that O3 was more sensitive to short-term changes
in emissions and meteorological conditions during the event. After the summit, both
pollutants rebounded markedly, but PM; 5 showed a stronger relative increase (98.52%)
than O3 (66.32%), suggesting that pollutant concentrations rebounded rapidly after the
summit under the evolving late-monsoon background.

The spatial difference maps further reveal distinct but coherent regional responses for
the two pollutants. As shown in Figure Sla,b, PM; 5 changes during the summit relative
to the pre-G20 stage were spatially heterogeneous, with negative differences mainly over
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the eastern and southeastern parts of the study region, while some western areas still
showed positive anomalies. In contrast, the post-G20 period exhibited widespread positive
differences across nearly the entire region, indicating a pronounced regional rebound of
PMj, 5. O3 showed a more spatially coherent response (Figure S1c,d). During the summit,
negative anomalies dominated almost the entire New Delhi region and its surroundings,
suggesting a regional-scale decline in O3 rather than a purely urban-core response. After
the summit, O3 increased again over almost all areas. Overall, PM, 5 and O3 both exhibited
a clear ‘high before the summit, lower during the summit, and rebound afterward’ pattern,
indicating a coordinated response of complex air pollution to the combined effects of short-
term controls and changing meteorological conditions. However, the stronger reduction in
O3 during the summit and the greater post-event rebound in PMj 5 also suggest that the
two pollutants differed in sensitivity and underlying response mechanisms.

The stage-dependent pattern shown in Figure 3 is therefore not interpreted as the
main novelty of this study. Rather, it provides the observational and diagnostic basis for
the subsequent scenario-based attribution. The key objective is to quantify how much of
the pollution enhancement was attributable to unfavorable meteorology, how much could
be offset by graded emission controls, and whether PM; 5 and O3 responded differently to
the same control framework.

3.3. Meteorological Penalty During the Monsoon Withdrawal Period

To isolate the effect of meteorological conditions during the G20 period, the S3 scenario
was designed by keeping the 2023 emission levels identical to those in S2 while replacing the
meteorological fields with those of September 2022. Under this framework, the difference
between S2 and S3 can be primarily interpreted as the contribution of meteorological
variability. This comparison is particularly relevant because September in northern India
corresponds to the monsoon withdrawal period, during which rainfall weakens, wet
scavenging decreases, and atmospheric dispersion conditions gradually shift from relatively
favorable monsoon conditions to a more stagnant environment that promotes pollution
accumulation [12,39].

The comparison between S2 and S3 indicates a clear meteorological penalty in Septem-
ber 2023 over New Delhi. Under identical emissions, the PM, 5 concentration in New Delhi
increased from 72.25 pg/m? in S3 to 79.01 pg/m?3 in S2, corresponding to a meteorology-
driven increment of 6.76 ng/m?>. For O3, the concentration increased from 76.82 ppb in
53 to 81.19 ppb in S2, yielding an increment of 4.37 ppb. These results show that the 2023
meteorological background amplified both particulate and ozone pollution, with a stronger
effect on PM; 5 than on Os. The larger sensitivity of PM; 5 suggests that the unfavorable
meteorological conditions during the monsoon withdrawal period were particularly effec-
tive in enhancing particle accumulation through reduced dispersion and weaker removal
processes [12,40].

The spatial distributions further support this conclusion. As shown in Figure 4, the
52 and S3 differences were predominantly positive over New Delhi and its surrounding
areas for both PM; 5 and O3, indicating that the meteorological penalty was not confined to
the urban core but occurred at the regional scale. Therefore, the air quality changes during
the G20 period did not take place under a neutral meteorological background. Instead, the
summit was held under conditions that inherently favored pollution build-up. This result
is important for the subsequent control-efficiency analysis, because any reduction achieved
under the 54 scenarios should be interpreted as mitigation realized under an unfavorable
meteorological background rather than under naturally improved atmospheric conditions.
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Figure 4. Spatial distribution of the quantified meteorological penalty for (a) PM, 5 (ug/m?) and
(b) MDAS O3 (ppb) across New Delhi and its surrounding regions. The penalty is defined as the
difference between the S2 simulation (2023 meteorology) and the S3 simulation (2022 meteorology)
under the same 2023 emission levels. Positive values (red) indicate that the 2023 meteorological
conditions aggravated pollution, whereas negative values (blue) indicate a relative alleviation. The
bold black outline denotes the administrative boundary of New Delhi, and the red dot marks the
city center.

On the basis of this quantified meteorological penalty, the effectiveness of the graded
emission-control scenarios was further evaluated to determine whether the short-term
interventions could offset the unfavorable atmospheric background.

3.4. Response of PM 5 and O3 to Graded Emission Control Scenarios

To evaluate the effectiveness of short-term administrative controls during the G20
period, the baseline scenario S2 was compared with the three graded control scenarios
54-A, 54-B, and 54-C, which represent progressively strengthened emission reductions.
Figure 5 shows the concentration response of PM; 5 and MDAS8 O3 under the four scenarios
over New Delhi, while Figure S2 further illustrates the spatial differences in PM; 5 between
each control scenario and S2. Together, these results provide a quantitative basis for
assessing how air quality responded to increasing control intensity under the unfavorable
meteorological background described above.

PMj; 5 showed a clear and progressive decline as the control intensity increased from
S4-A to S4-C. Under the baseline scenario S2, the mean PM, 5 concentration in New Delhi
was 79.01 ug/m3. This value decreased slightly to 78.12 j1g/m3 under S4-A, indicating that
the initial level of control only weakly suppressed particulate pollution. Under S4-B, PM; 5
decreased further to 72.45 pug/m?>, showing a much stronger response than under S4-A.
Under the most stringent scenario, S4-C, PM, 5 declined to 66.35 pg/m?3, corresponding
to the largest reduction among all scenarios. The spatial patterns of PM; 5 reduction were
consistent with this concentration response. As shown in Figure S2, the negative PM; 5
anomalies relative to S2 were limited under S4-A, became more widespread under S4-B,
and were strongest and most spatially coherent under 54-C, indicating that the effectiveness
of emission controls increased not only in magnitude but also in regional extent.
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Figure 5. Responses of (a) PM; 5 and (b) O3 concentrations in New Delhi under graded emission-
control scenarios during the 2023 G20 period. S2 denotes the 2023 baseline scenario, while S4-A,
54-B, and S4-C represent progressively strengthened short-term control scenarios. PM; 5 and O3
both decreased as control intensity increased, with a more pronounced response emerging from
S4-B onward.

O3 also decreased with increasing control intensity, although its response was weaker
than that of PM; 5. The mean MDAS8 O3 concentration was 81.19 ppb in S2, 81.02 ppb
in 54-A, 79.41 ppb in S4-B, and 77.67 ppb in S4-C. The limited change from S2 to S4-A
suggests that weak controls had only a minor influence on Os. In contrast, a clearer decline
emerged under S4-B and became more pronounced under 54-C. Importantly, no obvious
ozone rebound was found under any of the graded control scenarios. Instead, O3 decreased
consistently as the controls were intensified, implying that the multisectoral reduction
framework adopted in this study did not trigger a substantial unfavorable nonlinear ozone
response over New Delhi [41]. To further examine this response, the HCHO/NO, ratio
was used as an indicator of the O3 chemical sensitivity regime over the 3 x 3 grid cells
surrounding New Delhi. The ratios were 0.37, 0.38, 0.41, and 0.46 for S2, S4-A, S4-B,
and S4-C, respectively (Table S4), all of which were below 1 and therefore indicated a
VOC-limited regime [33]. Although the ratios increased slightly as the controls were
strengthened, they remained within the same sensitivity regime, suggesting that the graded
controls did not induce a major shift in O3 chemical sensitivity.

Taken together, the graded control scenarios reveal a distinct “stronger controls-lower
concentrations” relationship for both pollutants, with PM; 5 responding more strongly than
O3. The environmental benefit did not increase uniformly with control intensity. Rather,
the response became markedly stronger after 54-B, suggesting that the inclusion and
strengthening of additional source controls substantially enhanced the overall reduction
efficiency. This pattern indicates that low-intensity or partially targeted controls were
insufficient to produce substantial air-quality improvements during the summit period,
whereas stronger and broader multisectoral controls were more effective in reducing both
PMj; 5 and O3 under adverse meteorological conditions.

3.5. PM; 5 Component Response to Coordinated Emission Controls

To further understand why PM; 5 responded more strongly than O3 under the graded
control scenarios, the relative changes in major PM; 5 components were examined for S2,
54-A, 54-B, and S4-C (Figure 6). Because component-level observations were not available
for direct validation, this analysis focuses on the relative response of simulated PM; 5 com-
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ponents among scenarios rather than on the absolute accuracy of individual component
concentrations. Overall, the total concentration represented by the summed major PM; 5
components decreased progressively as the control intensity increased, indicating that mul-
tisectoral emission reductions not only lowered the bulk PM; 5 level but also systematically
altered its chemical composition. The summed concentration of the major components
decreased from 75.34 pug/m3 in S2 to 74.38 pug/m3 in S4-A, 68.81 ug/m3 in S4-B, and
62.83 ng/m? in S4-C, corresponding to a total reduction of 12.51 pg/m3 under the most
stringent control scenario.
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[ SOA
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Figure 6. Major PM, 5 component responses under graded emission control scenarios over New
Delhi in September 2023. Stacked bars show the monthly mean concentrations of sulfate, nitrate,
ammonium, SOA, and primary PM for S2, S4-A, S4-B, and S4-C. Primary PM denotes the directly
emitted primary aerosol fraction represented in the COMBINE output, calculated as EC + OC, where
EC and OC denote elemental carbon and organic carbon, respectively. It excludes secondary compo-
nents such as sulfate, nitrate, ammonium, and SOA. Numbers within the bars indicate individual
component concentrations, and numbers above the bars indicate the sum of the selected components.

Primary particulate matter (Primary PM) was the dominant contributor to the PM; 5
reduction. Its concentration decreased from 49.93 ug/ m? in S2 to 39.75 ug/ m? in $4-C,
yielding an absolute reduction of 10.18 pg/m?, which accounted for the majority of the
total decrease in PM; 5 components. In addition, the fractional contribution of Primary
PM to total PM; 5 decreased from 66.27% in S2 to 63.27% in S4-C. These results indi-
cate that the short-term control measures were particularly effective in reducing primary
particle emissions associated with road traffic, construction and road dust, and indus-
trial direct emissions. Therefore, the rapid decline in Primary PM constitutes the main
pathway through which the graded controls improved particulate air quality during the
summit period.

Secondary components also showed coherent but weaker declines. Nitrate decreased
from 6.73 pg/m3 in S2 to 5.90 pg/m? in $4-C, corresponding to a reduction of 0.83 pg/m?.
Sulfate, ammonium, and SOA also declined to varying extents under stronger control
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scenarios. Although the magnitude of these reductions was smaller than that of Primary
PM, their consistent downward trends suggest that the coordinated controls affected not
only direct particle emissions but also the formation of secondary aerosols. In particular, the
decrease in nitrate implies that reductions in precursor emissions from traffic and industrial
sources likely suppressed part of the secondary inorganic aerosol production during the
control period.

The component changes also reveal a non-uniform response across scenarios. The
improvement from S4-A to 54-B was much larger than that from S2 to S4-A, indicating that
the control benefit did not increase linearly with the nominal control intensity. Instead,
the response became markedly stronger once the broader multisector control structure
was introduced and strengthened. This enhanced response was also related to the spatial
distribution of the controlled emission sectors, as the on-road, construction/road-dust, and
industrial sources showed distinct spatial patterns over New Delhi and its surrounding
region (Figure S3). The inclusion of industrial point-source controls from S4-B onward
likely expanded the effective spatial influence of emission reductions, contributing to
the stronger decline in both primary and secondary PM;5 components. This pattern
suggests that while traffic and dust controls provided the initial reduction in Primary
PM, the inclusion of additional source controls enhanced both the direct reduction in
primary particles and the suppression of secondary formation. As a result, the coordinated
short-term control strategy produced a structurally consistent decline in both primary and
secondary PM; 5 components, thereby explaining the pronounced response of total PM; 5
under the stronger scenarios.

3.6. Spatial Benefits of Deep Emission Reduction and Co-Control Implications

Among all control scenarios, S4-C represents the most stringent and comprehensive
emission-reduction strategy, and it produced the largest improvements in both PM, 5 and
O;3. To further assess its environmental benefit, the spatial differences between S54-C and
the baseline scenario S2 were analyzed, with a focus on whether deep short-term controls
could simultaneously mitigate particulate and ozone pollution under the unfavorable
meteorological background during the G20 period.

For PM,; 5, the S4-C scenario produced widespread negative anomalies over New
Delhi and its surrounding region (Figure S4a), indicating that deep emission reduction
lowered particulate pollution not only in the urban core but also across the broader regional
environment. Consistent with the concentration statistics presented above, the mean PM; 5
concentration in New Delhi decreased from 79.01 pg/ m?3 under S2 to 66.35 ug/ m?3 under
S4-C, corresponding to an absolute reduction of 12.66 pg/m>. The spatially coherent
decrease suggests that the combined controls on traffic, construction, and road dust, and
industrial sources were capable of suppressing PM; 5 accumulation at the regional scale,
rather than producing only isolated local improvements.

A similarly favorable response was found for O3. The mean MDAS O3 concentration
decreased from 81.19 ppb in S2 to 77.67 ppb in S4-C, corresponding to a reduction of
3.52 ppb. As shown in Figure S4b, the S4-C-S2 differences were predominantly negative
over New Delhi and its surrounding areas, suggesting that the strengthened multisectoral
control strategy did not induce an obvious ozone rebound. Instead, O3 generally declined
under 54-C, indicating that the coordinated reduction in precursor emissions in this study
exerted a net positive effect on ozone control. This result is particularly important be-
cause it implies that the deep control scenario was able to improve both PM; 5 and O3
simultaneously, rather than shifting the burden from one pollutant to the other.

The comparison between meteorological penalty and control benefit further highlights
the significance of S4-C (Figure S5). For PM; 5, the unfavorable meteorological condi-
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tions in September 2023 increased the concentration by 6.76 pg/m3, whereas the S4-C
control reduced it by 12.66 pg/m?3, resulting in a net decrease of 5.90 ug/m? relative to the
2022-meteorology reference state. For O3, the meteorological penalty was 4.37 ppb, while
the S4-C control benefit was 3.52 ppb, indicating that the control measures substantially
suppressed the ozone enhancement but did not fully offset the adverse meteorological effect.
Taken together, these results show that deep coordinated emission controls were sufficient
to overcome the unfavorable meteorological background for PM; 5, and were also effective
in mitigating, though not fully neutralizing, the meteorological penalty for Os. Therefore,
under complex late-monsoon conditions, high-intensity multisectoral controls provide a
more effective pathway for PM, 5—O3 co-control than weaker or more limited interventions.

4. Discussion
4.1. Role of Adverse Meteorology During the Monsoon Withdrawal Period

The results indicate that the 2023 G20 Summit took place under a distinctly unfavorable
meteorological background rather than under naturally improved atmospheric conditions.
During the monsoon withdrawal period, rainfall weakens, wet scavenging becomes less
effective, and atmospheric dispersion gradually shifts from relatively favorable monsoon
conditions to a more stagnant environment. Under such a background, pollutants are
more likely to accumulate over New Delhi and its surrounding region. This helps explain
why both PM; 5 and O3 were higher in S2 than in S3, despite identical emissions in the
two scenarios. This interpretation is consistent with previous studies showing that post-
monsoon pollution over northern India is strongly amplified by stagnant meteorological
conditions, weakened wet scavenging, and reduced boundary-layer ventilation [11,39,42].

The stronger meteorological penalty for PM; 5 than for O3 suggests that particulate
pollution was more directly affected by the deterioration of dispersion and removal condi-
tions. Reduced boundary-layer ventilation and weaker wet deposition can rapidly enhance
PM, 5 accumulation, especially during the transitional period from the monsoon season to
the autumn pollution season. In contrast, O3 was also elevated under the 2023 meteoro-
logical background, but its increase was smaller, implying that ozone was influenced by
both meteorological enhancement and chemical constraints. Therefore, the summit-period
pollution control should be interpreted as mitigation achieved under a meteorologically
unfavorable regime, which makes the subsequent control benefits more meaningful. The
stronger sensitivity of PM;5 than O3 also agrees with earlier findings that particulate
accumulation over India is more directly enhanced by stagnant conditions, whereas ozone
reflects a combined influence of meteorological forcing and chemical constraints [5].

4.2. Different Sensitivities of PM, 5 and O3z to Short-Term Coordinated Controls

A major finding of this study is that PM; 5 responded more strongly than O3 to the
graded short-term control scenarios. This difference is physically plausible because PM; 5
during the study period was dominated by primary particulate matter, which can be
reduced directly and rapidly through restrictions on traffic, construction activities, road
dust, and industrial emissions. The component analysis showed that Primary PM accounted
for most of the PM; 5 reduction under S4-C, indicating that short-term administrative
controls were highly effective in suppressing direct particle emissions.

By contrast, O3 showed a weaker but still consistently negative response. This sug-
gests that ozone during the G20 period was influenced by a more complex combination of
precursor emissions, chemical sensitivity, and meteorological conditions. The HCHO/NO,
diagnostic further indicated a VOC-limited regime over the New Delhi control region
across all scenarios (Table S4). This result suggests that isolated NOy reductions could
potentially enhance O3 through weakened titration, especially under VOC-limited condi-
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tions [33,43]. However, the present control scenarios were not NOy-only cases; instead, they
represented coordinated multisectoral reductions that likely affected multiple precursor
streams simultaneously. Therefore, the absence of a strong O3 rebound under S4-A/B/C is
consistent with the interpretation that broader coordinated controls can provide co-benefits
for PM; 5 and Oj3 rather than triggering an unfavorable nonlinear ozone response [8,44].
Nevertheless, the 54-C control benefit for O3 did not fully offset the meteorological penalty,
indicating that ozone remained more sensitive than PM; 5 to the combined influence of
background meteorology and precursor chemistry.

4.3. Strengthened Reduction Benefits After S4-B

The control benefits did not increase uniformly with nominal control intensity. Instead,
both PM; 5 and O3 showed a much stronger response after 5S4-B than after S4-A. This
pattern suggests that the environmental effectiveness of short-term controls depended
not only on the magnitude of emission reduction, but also on the breadth of the source
sectors included in the control strategy. Under S4-A, the controls mainly targeted traffic
and dust-related sources, which produced only limited improvements in both PM; 5 and
O3. Once broader source controls were incorporated and strengthened in S4-B and S4-C,
the benefits became substantially larger.

The stronger response after S4-B may reflect the added importance of industrial-
source control in the overall reduction framework. Industrial emissions can contribute
both directly to primary particulate matter and indirectly to secondary aerosol formation
through precursor emissions such as NOy and SO, [45,46]. Therefore, the enhanced benefits
under 54-B and 54-C likely arose from a combination of direct suppression of primary PM
and partial inhibition of secondary particle formation. Nevertheless, this interpretation
should be treated cautiously. Because S4-A, 54-B, and 54-C are cumulative control scenarios
rather than single-source sensitivity experiments, the present results support an inference
about enhanced marginal benefit rather than a strict attribution of nonlinear effects to one
specific source category.

This pattern is also consistent with previous event-based studies showing that nar-
rowly targeted measures, such as traffic-only restrictions, often yield limited air-quality
improvements, whereas broader multi-sectoral interventions tend to produce substantially
larger benefits [9,47,48]. This interpretation is further supported by recent studies suggest-
ing that, under unfavorable meteorological conditions, multisectoral and regional-scale
controls may provide substantially larger marginal benefits than localized single-sector
measures [49]. The enhanced response after S4-B therefore likely reflects not only a stronger
nominal reduction level, but also the greater effectiveness of broader coordinated controls
under an adverse atmospheric background.

4.4. Implications for Co-Control and Study Limitations

The present results have direct implications for air-quality management during major
events under complex meteorological conditions. First, low-intensity or narrowly targeted
measures may be insufficient to achieve substantial air-quality improvements when the
atmospheric background already favors pollution accumulation. Second, high-intensity
multisectoral controls can provide meaningful co-benefits for PM; 5 and O3, particularly
when they simultaneously reduce primary particulate emissions and gaseous precursors.
This broader implication is consistent with previous studies emphasizing the importance
of coordinated PMj, 5—Oj3 control strategies rather than single-pollutant management, and
with earlier sensitivity analyses over Delhi showing that broader coordinated precursor
reductions are more likely to avoid unfavorable ozone responses than isolated controls [3,8].
For New Delhi during the G20 period, the deepest control scenario was able to overcome the
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meteorological penalty for PM; 5 and substantially mitigate the penalty for Oz, highlighting
the value of coordinated PM; 5-O3 control strategies rather than single-pollutant manage-
ment. More broadly, the present findings are also in line with previous work indicating
that air-pollution episodes in India are jointly shaped by complex source mixtures and un-
favorable regional meteorology, especially during stagnant post-monsoon conditions [6,11].
They also agree with earlier studies showing that PM; 5 and O3 do not respond identically
to changes in emissions and meteorology, with particulate pollution generally exhibiting a
more direct sensitivity to accumulation conditions, whereas ozone remains constrained by
more complex precursor chemistry [5]. Relative to these earlier studies, the present work
further quantifies the competition between meteorological penalty and graded control
benefit within a unified PMj, 5—O3 co-control framework during a real major-event period.

Several limitations should also be acknowledged. First, the emission-reduction sce-
narios were idealized and based on prescribed scaling factors rather than near-real-time,
observation-constrained short-term activity data for each source sector. This source of
uncertainty is not unique to the present study, but reflects a broader challenge in India
air-quality modeling, where timely sector-resolved inventories remain limited and emission
updates often rely on proxy-based scaling approaches [14,15]. Although this strategy is
commonly used when timely regional inventories are unavailable, it may not fully capture
short-term fluctuations in actual emissions during the G20 period. Second, although the
ozone sensitivity regime was diagnosed using the HCHO/NO; ratio, the discussion of
ozone response is primarily based on concentration changes and does not explicitly resolve
the underlying radical chemistry or detailed ozone formation pathways. Third, uncertainty
remains in the simulated PM; 5 chemical composition because continuous component-level
observations were not available for direct validation. Although the total PM; 5 perfor-
mance was evaluated against CPCB observations and was considered adequate for the
scenario-based analysis, routine observations do not provide sufficient component-level
data to directly validate simulated sulfate, nitrate, ammonium, SOA, and primary PM. As
a result, the component analysis in this study should be interpreted mainly as a diagnostic
assessment of relative changes among emission-control scenarios, rather than as a fully vali-
dated estimate of absolute component concentrations. Uncertainties in emission speciation,
primary particle emissions, precursor emissions, and aerosol thermodynamic partitioning
may lead to overestimation or underestimation of individual components, especially nitrate,
ammonium, SOA, and primary PM [50,51]. Fourth, this analysis focuses on a single major
event during one monsoon-withdrawal period, and the extent to which the findings can be
generalized to other cities, seasons, or event types remains uncertain. Future work should
therefore incorporate source-specific sensitivity experiments, improved short-term activ-
ity constraints, ground-based or campaign-based PM; 5 composition measurements, and
broader event-based comparisons to better constrain the mechanisms and generalizability
of coordinated emission-control effects.

5. Conclusions

This study quantified the relative roles of meteorology and graded short-term emis-
sion controls in shaping PM, 5 and ozone changes during the 2023 G20 Summit in New
Delhi using the WRF-CMAQ modeling framework. Both pollutants exhibited clear stage-
dependent variations, with lower concentrations during the summit and rapid rebound
afterward. The comparison between S2 and S3 revealed a distinct meteorological penalty
in September 2023, indicating that the summit took place under atmospheric conditions
favorable for pollution accumulation rather than under naturally improved conditions.
The penalty was stronger for PM; 5 than for MDAS O3, highlighting the greater sensitivity
of particulate pollution to reduced dispersion and weaker removal during the monsoon
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withdrawal period. Under the graded control scenarios, both PM; 5 and O3 decreased
with increasing control intensity, and the strongest scenario, S4-C, produced the largest
air-quality benefits. Component analysis further showed that the PM; 5 reduction was
dominated by the decline in primary particulate matter, while secondary components
also decreased consistently. Deep coordinated controls were sufficient to overcome the
meteorological penalty for PM; 5 and substantially mitigate, though not fully offset, the
penalty for Oz. These findings highlight the importance of high-intensity multisectoral
controls for PMj 5—O3 co-control during major events under unfavorable meteorological
conditions. More broadly, the framework developed in this study can be extended to other
megacities to assess whether emission-control intensity is sufficient to offset meteorological
penalties under extreme atmospheric conditions.
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