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S1. Positive Matrix Factorization Analysis

Positive Matrix Factorization was applied to the organic aerosol mass spectra measured by the
ToF-ACSM at Sonipat to resolve the major OA factors contributing during the campaign. The
analysis was performed using the Source Finder software, SoFi, with the multilinear engine ME-
2 (Paatero and Tapper, 1994; Ulbrich et al., 2009). We followed the general PMF evaluation
framework described by (Canonaco et al., 2021), including factor-number exploration, evaluation
of rotational ambiguity, constrained-profile sensitivity, bootstrap resampling, and residual
analysis.

Optimal factor solution

We tested PMF solutions containing three to seven factors for the complete campaign dataset.
The factor number was evaluated using changes in Q /Qexp, Where Q is the uncertainty-weighted
sum of the squared differences between the measured and modelled data and Qeyp, is its
statistically expected value based on the number of data points and fitted parameters. A
substantial decrease in Q/Qexp, after adding a factor indicates an improvement in model fit,
whereas a comparatively small decrease suggests that the additional factor provides limited
explanatory value. Because Q/Qcxp generally decreases as more factors are added, it was not
used as the sole criterion for selecting the solution.

The five-factor solution was selected based on the elbow in the Q /Qcx, scree plot, improvements
in the residual structure from four to five factors, the chemical interpretability of the factor
profiles, distinct temporal behavior, correspondence with independent tracers, and the absence
of meaningful additional source information in the higher-order solutions (Fig. S1). Increasing the
number of factors, solutions produced splitting of existing factors or additional profiles that were
not sufficiently distinct in their mass spectra and time series. Taken together, these diagnostics
supported selection of a five-factor structure.

The unconstrained five-factor solution nevertheless showed substantial mixing between HOA
and SFCOA, which is a recognized challenge in environments influenced simultaneously by fossil-
fuel and solid-fuel combustion. Therefore HOA reference profile from Canonaco et al., (2013)
and Crippa et al., (2013) was constrained using random a-values approach between 0 and 0.5.
This approach allowed the HOA profile to vary from the reference spectrum while improving the
separation and chemical interpretability of HOA and SFCOA. All other factors were allowed to
evolve without profile constraints.

The selected solution was evaluated using the following complementary criteria.
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Temporal patterns: Factor time series and diurnal profiles were examined for physically
interpretable and distinct temporal patterns. Strongly correlated profiles with similar time series
were treated as possible evidence of factor splitting rather than as independent sources (Figs. S2
and S3).

Mass spectra: Each factor's mass spectrum was inspected for chemically interpretable features
and characteristic marker ions and compared against known OA source profiles from the
literature and reference spectra from the AMS/ACSM spectral database
(https://ciresl.colorado.edu/jimenez-group//AMSsd/) and Datalystica database to aid source

identification.

Relationships with independent variables: Factor time series were compared with non-
refractory inorganic aerosol species measured by the ToF-ACSM, equivalent black-carbon
components, available gaseous tracers, and meteorological variables. These comparisons were
used as supporting evidence for factor interpretation rather than as unique source-identification
criteria (Figs. S4-S7).

Rotational and constraint sensitivity: FPEAK values from —1.0 to 4+1.0, at intervals of 0.2, were
explored for the tested factor solutions. For the five-factor solution, the minimum Q/Qe¢yx, was
9.17 at FPEAK = —0.2. The variation in Q /Qcxp across the tested FPEAK range remained within
the predefined 10% range of the minimum value. This result indicates limited sensitivity of the
overall model fit to rotational forcing within the explored FPEAK interval. The selected solution
was also evaluated for changes in factor profiles, time series, and mass contributions rather than
from Q/Qexp alone.

The sensitivity of the HOA-SFCOA separation to the applied HOA constraint was evaluated by
varying the HOA a-value between 0 and 0.5. The resulting HOA and SFCOA profiles and mass
contributions showed limited variation across the tested range, indicating that the reported
source apportionment is not strongly sensitive to the exact a-value chosen within this bound (Fig.
S8). Across the HOA a-value sensitivity analysis, the factor contributions remained within 7-9%
for HOA, 21-26% for SFCOA, 10-14% for BBOA, 18-20% for LO-OOA, and 36-40% for MO-0OO0A,
without a systematic redistribution between HOA and SFCOA

Bootstrap Analysis: Bootstrap resampling was used to evaluate the statistical reproducibility of
the final HOA-constrained five-factor solution. A total of 500 resampled datasets were analysed
in SoFi using the same factor configuration and constraint settings as the base solution. Factors
from each bootstrap run were mapped to the corresponding base-case factors using the
correlation-based criteria, following Canonaco et al., 2021; Chen et al., 2022 and Ulbrich et al.,
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2009. A bootstrap run was classified as successful only when all five factors satisfied the defined
mapping criteria.

Of the 500 bootstrap runs, all the 500 runs successfully reproduced all five factors,
corresponding to a successful mapping rate of 100%. These results indicate the extent to which
the five-factor solution was reproducible under resampling.

Residual analysis: The quality of the final five-factor model fit was further evaluated using the
uncertainty-scaled residuals. The median residual as a function of m/z remained close to zero
for most fitted ions, indicating no persistent positive or negative bias in the reconstruction of the
mass spectra (Fig. S9a). Residuals as a function of time were also generally centred near zero,
although several short periods showed a broader residual distribution (Fig. S9b). These intervals
may reflect rapid changes in aerosol composition, unrepresented short-lived sources, or
measurement uncertainties that were not fully captured by the error model.

Overall, these results indicate an adequate and unbiased model fit across both the temporal and
mass spectral dimensions. The distribution of scaled residuals was approximately Gaussian and
centered close to zero (mean = 3 x 10°%; Gaussian fit center = -0.15, width = 3.52), indicating no
systematic bias in the model fit (Figure S9c).
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S2.Estimation of elemental ratios for the PMF factors

The oxygen-to-carbon and hydrogen-to-carbon ratios of the PMF-resolved organic
aerosol factors were estimated from their unit-mass-resolution mass spectra rather than
measured directly from high-resolution elemental ion signals. For each normalized factor
profile, f44 and f,3 were defined as the fractions of the total organic signal occurring at m/z44
and m/z 43, respectively:

N

fua = 52 (s1)
_ Iy3

faz = S (52)

where [, is the organic signal at nominal mass-to-charge ratio m.

Initial elemental-ratio estimates were calculated using the Improved-Ambient parameterizations
developed by Canagaratna et al. (2015):

0:Cjp = 0.079 + 4.31f,, (S3)
H:Ca = 1.12 + 6.74f,5 — 17.77f2 (S4)

These relationships (Eg. (S3) and Eq. (S4)) were originally developed primarily using standard-
vaporizer AMS measurements. Because the ToF-ACSM used in the present study was equipped
with a capture vaporizer, which produces greater thermal decomposition and different organic
fragmentation patterns, the capture-vaporizer calibration factors reported by Hu et al., (2018)
for ambient OA were applied. The corrected ratios were calculated as:

0:Ccy = 0.730:Cj4 = 0.73(0.079+4.31f,4) (S5)
H:Coy = 0.72H: Cip = 0.72(1.12 + 6.74f43 — 17.77f3) (S6)

This procedure was applied separately to the representative mass spectrum of each PMF-
resolved factor. The resulting O:C and H:C estimates are reported in Table S1 (using Eq. (S5) and
Eqg. (S6)) and were used to compare the relative degree of oxygenation among the factors.

These values are subject to uncertainty and should not be interpreted as direct measurements
of elemental composition. The f,4-based O:C relationship has reduced accuracy for primary OA
components with low f,,, particularly when f,, is below approximately 0.04 (Canagaratna et al.,
2015). In addition, capture-vaporizer fragmentation can affect the signals used in the
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parameterizations. Hu et al., (2018) estimated uncertainties of approximately 23% for O:C and
18% for H:C for standard organic compounds measured using a capture-vaporizer AMS. The ratios
reported here (using Eq. (S5) and Eq. (S6)) are therefore treated as approximate indicators of
relative oxidation state, particularly for the HOA, BBOA, and SFCOA factors, rather than as precise
guantitative elemental compositions.
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S3. Sensitivity of Aethalometer-model BC source apportionment to assumed AAE values:

The Aethalometer model requires prescribed absorption Angstrom exponents for fossil-
fuel-related and biomass-burning-related aerosol absorption. As these exponents vary with fuel
type, combustion conditions, particle mixing state, atmospheric processing, and the contribution
of brown carbon, their assumed values represent an important source of uncertainty in the
calculated eBC source fractions.

For the reference source-apportionment analysis, we used a¢ = 1.0 and a},, = 2.0 for
the 470 and 950 nm wavelength pair. These values are widely used in Aethalometer-model
studies and lie within the ranges commonly reported for fossil-fuel and biomass or solid-fuel
combustion aerosols. However, they are treated here as reference values rather than as uniquely
constrained site-specific exponents.

We evaluated the sensitivity of the source apportionment by repeating the calculations
for ag values of 0.9, 1.0, and 1.1 and ay, values from 1.7 to 2.2 at intervals of 0.1. Figure S10
shows the resulting variation in the eBCs¢ and eBCpp fractions. Across the tested combinations,
the arithmetic mean of the time-resolved eBCs/eBC fraction ranged from 20.3% to 61.6%, while
the corresponding eBCpb/eBC fraction ranged from 38.4% to 79.7%.

The model results were more sensitive to ayy, than to ag. At a fixed a¢ of 1.0, the mean
eBCss fraction increased from 22.4% to 58.2% as aypincreased from 1.7 to 2.2. In contrast, at a
fixed ay,, of 2.0, the mean eBCss fraction increased from 43.6% to 49.9% as ays increased from 0.9
to 1.1. These results demonstrate that the quantitative source split, particularly the biomass or
solid-fuel fraction, depends strongly on the assumed biomass-burning AAE.

At the reference combination of ag = 1.0and ay, = 2.0, the arithmetic means of the
time-resolved eBCpp/eBC and eBCs/eBC fractions were 53.6% and 46.4%, respectively. These
values differ from the campaign mass-weighted fractions calculated from the ratio of the
campaign-mean concentrations. The mean concentrations of eBCp, and eBCss were 10.9 and 3.1
ug m3, corresponding to mass-weighted fractions of 77.8% and 22.2%. The difference arises
because the mass-weighted calculation gives greater weight to high-eBC periods, during which
the model indicated a stronger biomass or solid-fuel optical contribution.

The sensitivity results indicate that the Aethalometer model provides evidence for an
important biomass or solid-fuel influence, particularly during high-loading periods, but the exact
numerical source split remains uncertain. In addition, eBCyy, is an operational optical category
and may include crop-residue burning, wood combustion, dung burning, and other brown-
carbon-rich solid-fuel sources. It should not be interpreted as a unique measure of agricultural
residue burning. Independent source constraints, such as radiocarbon measurements or source-
specific tracer observations, would be required for a more definitive separation of fossil and non-
fossil combustion contributions.
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Figure S2: Comparison of PMF-resolved organic aerosol factors with Aethalometer-derived eBC
components. (a) Mean diurnal concentrations of HOA and eBCss during the biomass-burning
period. (b) Mean diurnal concentrations of SFCOA, BBOA, and eBCy;, during the same period. (c)
Temporal variations of HOA and eBCy¢. (d) Temporal variations of HOA and total eBC. Separate
vertical axes are used for the different components because of their differing concentration
ranges. Diurnal profiles are shown in local time.
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206  Figure S5: Pearson correlation heatmap between organic aerosol (OA) factors (HOA, LO-OO0A,
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209 direction of correlations.
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211 Figure 56: Pearson correlation heatmap between aerosol factors (OA components, BC, and major
212  inorganic species) and meteorological and radiative parameters. Positive and negative
213  correlations indicate the influence of atmospheric dynamics and boundary-layer processes on
214 aerosol variability.
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Correlation: Aerosol Factors vs VOCs
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217  Figure S7: Pearson correlation heatmap between aerosol factors (OA components, BC, and
218  inorganic species) and measured volatile organic compounds (VOCs). Correlation patterns
219  highlight potential source linkages and secondary formation pathways.
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242  Figure S11: Diurnal variation of PMF factors: HOA, LO-OOA, MO-OOA, SFCOA and BBOA; 2
243  resolved BC factors: eBCpy and eBCs, meteorological parameters: Wind Speed, Temperature,
244 Direct Radiation, Relative Humidity, PBLH during Haze (H1 & H2) and Non-Haze (NH1& NH2)
245  period from 25t October 2023 to 15 November 2023.
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246

247  Figure S12: Daytime and nighttime PM,.s chemical composition during haze and non-haze
248  periods. Bars represent mean contributions of organic aerosol (Org), NOs~, SO4%~, NH,*, chloride

249  (Chl), and equivalent black carbon (eBC). Data is for the full period from 25t October 2023 to 15
250 November 2023.
251
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Figure $13: Pollution Rose (PR) plots for full period of data from 25% October 2023 to 15%

November 2023 for 5 resolved OA factors: HOA, LO-OOA, MO-O0A, SFCOA and BBOA; 2 resolved

eBC factors: eBCpp and eBCyy.
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Figure S14: Concentrated Weighted Trajectory (CWT) plots calculated with Hysplit Model for
period of data acquired from 25t October 2023 to 15 November 2023 for 5 resolved OA factors:

HOA, LO-O0A, MO-0O0A, SFCOA and BBOA; 2 resolved eBC factors: eBCy» and eBCy;.
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262  Figure S15: Time series of the total fire counts obtained from SUOMI VIIRS.
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263  Figure $16: Diurnal variation of the secondary-to-primary aerosol ratio during non-haze (NH;,
264  NH) and haze (H;, H,) periods. Higher ratios indicate enhanced secondary aerosol formation

265 relative to primary emissions.
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Figure S17: Variation in the chemical composition of particulate matter as a function of PM
concentration. Bars show the percentage contribution of secondary organic aerosol (SOA),
secondary inorganic aerosol (SIA), biomass-burning aerosol (BB), and fossil-fuel-related aerosol
(FF) across different PM concentration bins.

Where:

SOA = MO-0O0A + LO-O0A

SIA =504 + NO3 + NH4 + Chl
BB = SFCOA + BBOA + EBCgs

FF = HOA + EBCrr
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275  Table S1: Elemental Ratio calculations(O:C, H:C and OM:0OC) for 5 resolved OA factors: HOA, LO-
276  OOA, MO-0O0A, SFCOA and BBOA.
277

Elemental Ratio HOA LO-OOA MO-OOA SFCOA BBOA
f43 0.11 0.07 0.06 0.15 0.04
f44 0.01 0.21 0.27 0.05 0.01
0:C 0.1 0.72 0.91 0.21 0.09
H:C 1.19 1.09 1.04 1.25 0.96
OM:0C 1.3 2.1 2.34 1.45 1.28
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Table S2: Summary of different haze period data acquired from 25% October 2023 to 15t
November 2023 for 5 resolved OA factors: HOA, LO-OOA, MO-OO0A, SFCOA and BBOA; 2 resolved
eBC factors: eBCpy and eBCs . Arithmetic mean (AM), Geometric mean (GM), and Geometric
standard deviation (GSD) for hourly concentrations are calculated.

Arithmetic Mean Geometric Mean (Std)
Variable | Ove | NH1 | H1 NH2 | H2 Overall | NH1 H1 NH2 H2
rall
MO- 25 13.5 [42.8 (4.1 20.2 |17.2 11.3 38.2 3.3 19.4
OO0A (2.7) (2.0) (1.7) (2.1) (1.3)
LO-O0A | 12.8 | 5.8 18 7.3 20.4 |9.6 53 14.0 6.6 19.6

(2.2) (1.5) (2.1) (1..6) (1.3)

SFCOA 15.1 (4.6 27.5 (24 17 7.0 2.4 224 1.4 15.0
(4.9) (4.4) (2.0) (3.4) (1.7)

BBOA 7.3 |4 11.8 | 1.5 7.8 4.7 3.1 10.0 0.9 6.5
(2.9) (2.2) (1.9) (2.8) (1.9)

HOA 55 |36 9.4 1.5 2.2 3.3 2.6 7.1 1.3 1.7
(2.8) (2.3) (2.2) (1.9) (2.4)

eBCpp 10.9 | --- 14.2 (4.2 8.3 8.9 --- 13.1 3.4 7.6
(2.0) (1.6) (2.1) (1.5)
eBCy 3.1 |-- 3.8 1.2 0.03 |24 --- 2.9 0.9 0.2
(4.3) (3.9) (3.4) (2.5)
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Table S3: Day time and Night time summary of different haze period data acquired from 25t
October 2023 to 15™ November 2023 for 5 resolved OA factors: HOA, LO-OOA, MO-OOA, SFCOA
and BBOA; 2 resolved eBC factors: eBCp» and eBCys. Arithmetic mean (AM) are calculated for all

the factors.
Overall NH1 H1 NH2 H2

Variable | Day Night | Day Night | Day Night | Day Night | Day Night
MoO- 24.1 25.8 12.8 14.3 429 [42.7 |43 3.8 20 20.3
OOA
LO-O0A | 10.6 |15.1 4.7 6.9 156 |202 5.9 9.1 16.6 |23.7
SFCOA ([11.8 |185 3.1 6.2 23.4 31.2 1.4 3.6 122 (212
BBOA 5.5 9.2 2.7 5.4 10 13.5 0.9 2.2 5 10.3
HOA 3.7 7.3 2.2 5.1 6.6 12 1.2 1.9 1.6 2.7
eBCpp 10 11.7 | -- - 136 [14.8 |36 5 7.7 8.8
eBCy 3.2 3 - - 3.8 3.7 0.7 1.9 0.046 |(0.012
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292  Table S4: Summary of different haze period data acquired from 25% October 2023 to 15%
293  November 2023 for Primary Aerosol(PA): (HOA + SFCOA + BBOA + eBCs+ eBCpp ) and Secondary
294  Aerosols(SA): (LO-OOA + MO-OOA + Chl + NOs~ + SO,2” + NH,*) . Arithmetic mean (AM),
295  Geometric mean (GM), and Geometric standard deviation (GSD) for hourly concentrations are
296  calculated.

297
Period Aerosol Type AM (ug/m3) GM (ug/m?3) GSD
NH1 PA 12.22 8.57 2.53
NH1 SA 32.17 27.58 1.86
H1 PA 66.7 58.66 1.72
H1 SA 99.54 92.76 1.49
NH2 PA 10.71 8.91 1.91
NH2 SA 17.95 16.81 1.45
H2 PA 35.31 32.06 1.6
H2 SA 61.39 60.06 1.24

298
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299  Table S5: Percentage contribution in different haze period data acquired from 25 October 2023
300 to 15% November 2023 for Primary Aerosol(PA): (HOA + SFCOA + BBOA + eBCy+ eBCuwb ) and
301  Secondary Aerosols(SA): (LO-OOA + MO-OOA + Chl- + NO3™ + SO4%™ + NH,*) .

302

Period Primary Aerosol (%) | Secondary Aerosol (%)

NH1 27.5 72.5
Hi1 40.1 59.9
NH2 37.4 62.6
H2 36.5 63.5
303
304
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