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Abstract. High-time-resolution aerosol measurements across various Indo-Gangetic Plain (IGP) regions are
critical due to these regions’ dense populations, intense industrial activities, recurring pollution episodes, and
agricultural practices, as well as the associated health impacts and broader climate implications of aerosol. How-
ever, studies (mostly offline) have been predominantly concentrated in the upper IGP (U-IGP), with limited
spatial coverage across the central IGP (C-IGP). This study aims to bridge the gap by examining both U-IGP and
C-IGP regions, offering an in-depth analysis of elemental concentrations, source apportionment, inter-regional
comparisons, seasonal variations, meteorological influences, and health risks through high-resolution Xact mea-
surements conducted at three urban locations. During the colder seasons, elements such as sulfur (S), chlorine
(C1), and potassium (K) were found to dominate elemental PM; s concentrations, while the warm seasons showed
notable changes in aluminum (Al), silica (Si), strontium (Sr), and barium (Ba) concentrations. These variations
underscore the influence of meteorological conditions and different emission sources on pollution levels. From a
health perspective, average levels of carcinogenic elements (lead (Pb), nickel (Ni), arsenic (As), and chromium
(Cr)) were usually kept below reference levels. However, Pb concentrations exceeded these thresholds by 40 %—
50 % during both periods in the U-IGP, largely attributed to coal combustion and lead smelting activities. Using
the Multilinear Engine 2 (ME-2) solver, positive matrix factorization (PMF) deconvolved Cl-rich, coal combus-
tion, Cu-rich, dust, solid fuel combustion 1 (SFC1), SFC2, and S-rich components. In both IGP regions, Cl-rich
sources, S-rich sources, and SFC1 dominated the elemental sources, with differences observed in their relative
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contributions, indicating the influence of regional emissions. The role of meteorology in elemental PM5 5 vari-
ations during both clean and polluted episodes in the IGP regions was observed. During pollution episodes, the
relative contribution of Cl-rich sources increased when PM> 5 concentrations showed a sharp increase as com-
pared to clean periods, especially during cold periods, indicating the role of emissions from trash burning (plastic
and PVC) and steel industries along with favorable meteorological conditions in the formation and accumulation
of pollutants. During the warm period, the relative contribution of Cl-rich sources in the C-IGP is less, but during
the cold period, both the U-IGP and the C-IGP have significant Cl-rich source contributions (44 %), indicating
the role of chlorine in extreme haze air pollution in the whole IGP region. During warm periods, high-pollution
events occurred across the IGP with major contributions from SFC1 (crop residue burning), indicating that se-
vere pollution events also depend on seasonal emission sources despite less favorable meteorological conditions.
These findings provide valuable insights into the spatial and temporal dynamics of elemental pollution across the
IGP, offering a robust foundation for devising targeted mitigation strategies and regulatory policies to safeguard

public health in this densely populated region.

1 Introduction

Air pollution, responsible for seven million deaths annually,
is a major hazard to the world’s health (Fuller et al., 2022). In
India, ambient particulate matter (PM) pollution is a primary
contributor, accounting for 1.67 million deaths in 2019, or
17.8 % of the country’s total mortality (Pandey et al., 2021).
Though elements make up a small portion of PMj 5, they
are helpful in source apportionment (SA) as they are unique
markers of air pollution sources (Rai et al., 2020). Some el-
ements, such as Pb, cadmium (Cd), and mercury (Hg), are
particularly worrisome because of their toxicity and possi-
bility for bioaccumulation in vital organs once absorbed into
the bloodstream (Kastury et al., 2017; Rehman et al., 2018;
Giordano et al., 2013). The toxicity and exposure risks of
these elements are influenced by both meteorological condi-
tions and emission sources (Tchounwou et al., 2012; Holden
et al., 2016).

The Indo-Gangetic Plain (IGP) of India frequently ex-
periences alarming PM concentrations, which can exceed
500 ugm—3 during extreme pollution episodes. For instance,
during 31 October—8 November 2016, hourly PM; 5 levels in
the IGP surpassed 500 ugm™3 on multiple days (Agarwal et
al., 2024). This pollution is driven by rapid urbanization, in-
dustrial emissions, and biomass burning (Pant et al., 2015).
These sources are collectively responsible for extreme haze
events. Pollution levels are influenced by major meteorolog-
ical variations between the warm and cold seasons (Bhat et
al., 2017; Kumar et al., 2020; Dumka et al., 2021). Recent
studies highlight Indian cities, particularly those in the IGP,
as being among the top global PM> 5 hotspots (IQAir, 2022).
Although most PM-based research has focused on the upper
IGP (U-IGP), notably on particulate-bound organic aerosols,
there is still a major knowledge gap with respect to elemen-
tal contributions, particularly using high-time-resolution ob-
servations. Conversely, the central IGP (C-IGP) has gotten
even less attention, with only a few offline research studies
on either organic or elemental PM. This study aims to ad-
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dress these knowledge gaps by exploring elemental sources,
their seasonal variations, and the influence of meteorological
conditions on pollution levels across both the U-IGP and the
C-IGP. The U-IGP is characterized by a high population den-
sity and high levels of industrial emissions, traffic exhaust,
and biomass burning, while the C-IGP is influenced by addi-
tional factors such as long-range mineral dust transport, crop
residue burning, and power plant emissions. These contribu-
tions vary significantly with meteorological conditions. Most
SA studies in the U-IGP rely on offline filter analyses (Jain et
al., 2017; Sharma et al., 2016; Nagar et al., 2017). Road dust
and garbage burning are among the several causes of pol-
lution found by offline elemental PM studies in the U-IGP
(Das et al., 2020; Jain et al., 2020). Positive matrix factor-
ization (PMF) analysis on offline elements by Sharma and
Mandal (2017) identifies major elemental sources such as
secondary aerosols, soil dust, vehicle emissions, fossil fuel
burning, biomass burning, industrial emissions, and sea salts.
While in the C-IGP, only a few offline elemental studies in-
dicate dominance of crustal elements and significant anthro-
pogenic contributions (Pandey and Soni, 2017; Rai et al.,
2016). Offline sampling limitations underscore the need for
real-time monitoring to capture short-term pollution events
(Cooper et al., 2010). Most source apportionment investiga-
tions of elemental sources have been based on offline filters
using statistical multivariate analytical methods like receptor
models, which can have additional benefits from significant
inter-sample variability in source contributions by real-time
monitoring of ambient elemental species. This is particularly
crucial for understanding elemental sources and their impacts
on human health.

A few investigations on elemental data with high time res-
olution have recently been conducted in the U-IGP (Delhi)
exclusively (Manchanda et al., 2021; Rai et al., 2020; Shukla
etal., 2021). Rai et al. (2020) found that during the warm sea-
son, crustal elements contributed more to elemental PM> 5
due to higher temperatures and reduced relative humidity
(RH), which could facilitate its resuspension. The dust fac-
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tor is reported to be dominated by Si, Ca, Fe, Al, and K.
These elements have been used as markers for crustal dust/-
soil (Sharma et al., 2016; Sun et al., 2019). In contrast, the
Cl-rich factor dominated by Cl, linked to combustion and in-
dustrial activities, was more prominent during the cold period
(Ding et al., 2020). Shukla et al. (2021) reported that during
the summer (June) period, dust sources were prominent, as
several dust storms occurred that were associated with high
wind speed and temperature and low RH. Similarly, in this
study, dust made a major contribution during warm seasons
in the C-IGP. Furthermore, chloride and sulfate (classified as
secondary oxidized aerosols) contributed 27 %, which em-
phasizes the significance of lowering secondary aerosol pre-
cursors in the U-IGP. Manchanda et al. (2022) investigated
an episodic firework factor linked to the festival of Diwali
in India that resulted in a sharp increase in K, Al, Sr, Ba,
S, and Bi concentrations; these elements act as tracers for
fireworks. Further SA study by Manchanda et al. (2022) has
revealed that during Diwali, fireworks represented 95 % of
the elemental fraction of PM» 5 (EI-PM3 5). The existing lit-
erature discussed above has primarily focused on the U-IGP
(mostly offline), particularly Delhi, and lacks comprehensive
studies that include multiple sites in different parts of the IGP
region.

In our study, we performed measurements at three distinct
urban sites in the IGP region, with two sites in the U-IGP
(Delhi-NCR) and the other site in the C-IGP (Lucknow), to
understand the variation in EI-PM> 5 in the IGP region. We
also performed PMF using ME-2 for source apportionment
of elements to further understand the spatial and temporal
variation in elemental sources within the U-IGP (between
two sites in Delhi through the Indian Institute of Technology
Delhi (IITD), and the Indian Institute of Tropical Meteorol-
ogy, New Delhi branch (IITMD)) region and variation be-
tween the U-IGP and C-IGP regions. For the investigation of
the role of meteorology, we discuss the variation in sources
between cold and warmer periods at these three sites. We also
compare the diurnal variation in sources during the warm and
cold periods in the U-IGP and C-IGP regions to understand
the dynamic behavior of these sources. This study focuses
on identifying key elemental pollution sources and their rela-
tionships with meteorological conditions during episodes of
elevated PM> 5 mass loadings. The findings aim to enhance
the understanding of elemental pollution sources, their spa-
tial and temporal dynamics, and their health impacts in the
IGP region. Ultimately, this research will provide critical in-
sights for designing targeted mitigation strategies and poli-
cies to combat air pollution and safeguard public health in
this severely impacted region.
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2 Material and methods

2.1 Sampling details

Figure S1 in the Supplement illustrates that the IGP is a
densely populated region encompassing more than 255 x
100 ha of fertile land in northern and eastern India, Pakistan,
and Bangladesh (Singh et al., 2017). The IGP can be cate-
gorized into three distinct regions based on their geograph-
ical location: the U-IGP, C-IGP, and L-IGP. A high popula-
tion density, traffic exhaust emissions, industries, brick kilns,
biomass-based energy, and extensive agricultural land define
the U-IGP region. It encompasses the Indus plain of Pakistan
and the Indian states of Punjab, Haryana, and Delhi. The C-
IGP region, which encompasses the states of Uttar Pradesh,
Bihar, and portions of Jharkhand, is impacted by the long and
regional transport of mineral dust, power plant emissions,
crustal resuspension, crop residue burning, domestic cook-
ing, industries, and vehicular emissions. The L-IGP region is
the culminating region in the IGP and includes all of West
Bengal and Bangladesh.

The Indian Institute of Technology Delhi, Hauz Khas (U-
IGP1), and the Indian Institute of Tropical Meteorology, New
Delhi branch, Pusa Forest (U-IGP2), were the two sam-
pling locations in the U-IGP. U-IGP1 is located in southern
Delhi, among residential neighborhoods, educational estab-
lishments, and a major highway (Outer Ring Road). This site
displays urban emissions, specifically those originating from
industrial sources, vehicular traffic, and residential cooking.
The residential, industrial, and transportation sectors influ-
ence U-IGP2 in downtown Delhi. Delhi’s urban emissions
are documented in both sites and also indicate including sea-
sonal agricultural burning from neighboring regions as a ma-
jor air pollution source. The sampling location (C-IGP1) in
Lucknow is located in a diverse urban environment, adjacent
to residential zones, business sectors, and major roads within
the C-IGP. This site is indicative of typical urban industrial
pollution sources, as adjacent industries, such as steel, ce-
ment, and chemical factories, contribute to a combination
of emissions. These sampling sites offer a comprehensive
overview of pollution throughout the IGP.

To quantify the chemical composition of ambient PM with
high temporal resolution, we deployed a combination of
aerosol instruments with high-time-resolution measurements
at three distinct locations. Further, to understand the role of
meteorology and its effect on the elements and their sources,
the sampling period was divided into cold and warm peri-
ods, and a summary of the sampling and meteorological de-
tails for the cold and warm periods is provided in Table 1.
Elemental species were monitored at all three locations be-
tween 1 October 2019 and 30 April 2021. The U-IGP1 sam-
pling site was located on the third floor of the Centre for
Atmospheric Sciences (CAS) building at IITD, and aerosols
were collected using a PM> 5 cutoff cyclone mounted on the
rooftop. The U-IGP2 location housed similar instrumenta-
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tion on the second floor within a temperature-controlled lab-
oratory and used an expanded PM; 5 sampling tube. Instru-
ments were situated on the rooftop of the laboratory at the C-
IGP1 site, located within the office building (~ 12 m above
ground level) of the Uttar Pradesh Pollution Control Board
(UPPCB). These sampling sites provide a summary of emis-
sions driven by local traffic and residential, industrial, and
institutional activities.

2.2 Instruments

At each of the three sites in the IGP, the Xact ambient metal
monitor was employed to sample aerosols with a PM» 5 cut-
off cyclone. The sampling system included a heater to main-
tain a relative humidity (RH) of 45 % within a temperature-
regulated laboratory at U-IGP1 and U-IGP2, while at C-
IGP1, an enclosure maintaining a temperature range of 20
to 25°C was used at the rooftop. Elaborate discussions of
the sampling site and instrumentation can be found in our
earlier work (Shukla et al., 2023; Lalchandani et al., 2022;
Manchanda et al., 2022; Jain et al., 2023).

The Xact ambient metal monitor provides a continuous,
near-real-time measurement of elemental concentrations in
particulate matter. The instrument and its operating proce-
dures are described in detail in the literature (Kelly and
Fussell, 2012). In brief, the ambient aerosol is sampled at a
rate of 16.7Lmin~!, and it deposits on the filter tape (de-
posit area of 0.487cm?) and is transported to the analy-
sis area for energy-dispersive X-ray fluorescence (EDXRF).
This method uses three distinct energy conditions (ECs) to
irradiate the deposit area. Excited X-ray fluorescence is de-
tected using a silicon drift detector (SDD). After determin-
ing which element contributed to the spectral peak intensity
using the spectral deconvolution method, the elemental con-
centrations are acquired utilizing analysis software. The el-
ements Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu,
Zn, As, Se, Br, Rb, Sr, Zr, Mo, Cd, In, Sn, Sb, Te, Ba, Pb,
Bi, and Bi were all measured using the Xact metal moni-
tor at a half-hourly temporal resolution. The flow rate was
calibrated with a standard flowmeter (field flow calibrator,
Alicat Scientific), and the instrument’s setup was regulated
with measurements of the surrounding temperature and pres-
sure to provide quality assurance and quality control (QA and
QOQ). During the energy alignment procedure, a Cr and nio-
bium (Nb) rod is used to place the spectral peaks for each el-
ement at the appropriate energy levels and thus calibrate the
energy spectrum. Daily QA upscale statistics for these metals
were within 10 %. Each sample of ambient air is compared
to a known value from the instrument’s internal Nb source.
Leak and flow checks were done at the beginning and end of
the campaign, and the XRF calibration check was performed
using thin film standards of elements, yielding a result well
below the 5 % limit. Since the cyclone was subject to heavy
loadings from the frequent pollution events, it was periodi-
cally cleaned.
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Supporting measurements at these three locations include
non-refractory (NR) PM; 5 concentrations measured in real
time using high-resolution time-of-flight aerosol mass spec-
trometers (AMSs) (Aerodyne Research Inc., USA). Ad-
ditionally, the BC concentration was monitored in real
time across all three locations using Aethalometers (AE33,
Aerosol Magee Scientific, Berkeley, CA, USA). We only use
AMS and BC data for comparison to the factor time series of
the elements, as the AMS and BC data are the focus of other
research studies.

Other supplementary data of precipitation and planetary
boundary layer height (PBLH) were extracted from the
grid over Delhi and Lucknow for all three sites using the
MERRA-2 satellite, while temperature (only at U-IGP1) and
RH (at C-IGP1 only) were also used from the satellite data
(Gelaro et al., 2017). Wind speed (WS) and wind direction
(WD) data for U-IGP1 were acquired using GFS model sim-
ulations with a horizontal resolution of 25km x 25km. CO
and NO, data for U-IGP1 were measured using gas analyz-
ers (ECOTECH Serinus 30 CO analyzer; ECOTECH Serinus
40 nitrogen oxide analyzer). Data for O3, SO», and solar radi-
ation (SR) at U-IGP1 were acquired from the nearest Central
Pollution Control Board (CPCB) air quality monitoring site
at R. K. Puram (Fig. 1). PM» s concentrations are measured
at U-IGP1 using a beta-attenuation monitor (BAM). At U-
IGP2 and C-IGP1, other parameters, such as CO, NOy, O3,
SO,, SR, WS, WD, and PM; s, and temperature were ac-
quired from the nearest air quality monitoring site adminis-
tered by CPCB (from Mandir Marg at U-IGP2) and UPPCB
(at C-IGP1).

2.3 Source apportionment (SA) using ME-2 solver

The element-based ME-2 model was applied in this study to
perform source apportionment. It is a bilinear receptor model
that enforces non-negative constraints and has been widely
used in the scientific community (Paatero and Tapper, 1994).
Mathematically, PMF can be described by Eq. (1), which rep-
resents a bilinear factor analysis model:

Xij =Z,,:=Igik'fkj+eij7 9]

where the measured concentration of species (x;;) is repre-
sented as the sum of the product of the source profile (fx;)
and its time series (g;x), along with a residual matrix (e;;).
PMF uses the least squares technique to minimize the ob-
jective function (Q) and solve for the bilinear equation. This
objective function (Q), Eq. 2, involves the squared ratio of
residuals (e;;) and the measured uncertainty (o), summed
across all samples:

S\ 2
Q= Zi:le:l <%) ’ @

where m and n represent the number of samples and variables
(species), respectively. In the field of source apportionment
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Table 1. Summary of the meteorological parameters and sampling for the warm and cold periods at the three sites in the IGP region.
U-IGP1 \ U-IGP2 \ C-IGP1
(Mean + SD) Warm Cold | Warm Cold | Warm Cold
Temp (°C) 233+52 12.9+4.9 21.2+6.1 12.5+£5.3 25.6+£6.7 154+52
RH (%) 67.9+13.0 79.7+13.3 61.6+£17.4 74.8£12.5 46.0+19.7 74.2 £20.8
PBLH (m) 506.2+663.2 347.0+3654 546.6 £78 376.1+338.8 | 697.4+900.1 394.0£416.8
Solar radiation (W m~2) 86.8+125.2 60.7+97.3 | 115.0£167.0  68.0+102.0 186.0 £246.5 106.0 +156.2
Sampling period 1 Oct-26 Nov 27 Nov-8Jan | 1Oct-26 Nov 27 Nov-8 Jan | 25 Feb-30 Apr 15 Dec-25 Feb
[~ N k"’é)ﬂ 7 v\ Legend
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Figure 1. Detailed map with the sampling locations and the nearest government monitoring continuous ambient air quality monitoring
station (CAAQMS) (shown with the red circle) in the IGP region. The possible trace element sources are also shown in the map. The inset
picture zooms in on the sampling sites and industrial emission sources in the U-IGP region.

of ambient measurements, PMF is a popular bilinear unmix-
ing receptor model that does not require any prior informa-
tion. However, the ME-2 implementation of PMF takes ad-
vantage of the a-value approach, allowing for more efficient
exploration of the rotational space by incorporating a priori
information. This approach is advantageous as it allows for
greater control of rotations and access to the full rotational
space compared to PMF alone. Details on factor selection
and constraints are discussed in Sect. S1 in the Supplement.
By using scalar a values ranging from O to 1, one or more fac-
tor profiles can be constrained, as outlined in Eq. (3). Recent
studies (Belis et al., 2019; Paatero and Hopke, 2009) have
also demonstrated the effectiveness of the a-value approach
in enhancing the accuracy and precision of source apportion-
ment results.

fij = fj £a x fi (3)

The bilinear unmixing receptor model ME-2 was applied
to the ambient data, utilizing the Source Finder tool (SoFi
Pro v6.8, Datalystica Ltd, Villigen, Switzerland), which of-
fers a user-friendly interface for implementing and investi-
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gating various rotational techniques with ease (Canonaco et
al., 2013, 2021). The analysis was conducted using Igor Pro
v6.37 software (Wavemetrics, Inc., Portland, OR, USA). By
utilizing this approach, we were able to gain a deeper under-
standing of the underlying sources and their respective con-
tributions to the measured concentrations.

For the input data matrix preparation, the elemental data
detected at half-hourly time resolution were filtered based on
the percentage of data points below their minimum detec-
tion limit (MDL) (supplied by manufacturer: Cooper Envi-
ronmental Services). A total of 19 elements were found to
have 80 % of their data points above the MDL and were used
in the PMF input (Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu,
7Zn, As, Se, Br, Rb, Sr, and Pb at all three sites; additional four
elements: Al, Zr, Sb, and Ba at U-IGP1; and additional three
elements: Al, Sn, and Ba at U-IGP2). The spectrum decon-
volution and the measurement uncertainty were used to gen-
erate the error matrix, which was then obtained directly from
the Xact software (Tremper et al., 2018). The input matrix
for U-IGP1 consists of 4532 data points (same time resolu-
tion as raw data) and 23 elements (for U-IGP2, 4190 times-
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tamps x 22 elements and for C-IGP1, 4047 timestamps x
19 elements). Variables with S/N ratios below 2 had their
weights reduced by swapping out their individual values with
the appropriate 2/signal to noise ratio (SNR) value. It has
been shown that data periods with high SNR in a variable are
unaffected by down-weighting the value of individual cells
(Rai et al., 2020).

The unconstrained PMF was executed from 3 to 11 factors
and applied to the elemental dataset. In brief, the first point
of investigation of the optimum number of the factor solu-
tion was to observe the change in Q/Qexp (7-factor solution
at all three sites). Further, the final environmentally feasible
solution was selected by observing the criterion of physi-
cal meaningful factors, time series, diurnal variation, scaled
residual, Q_residual, unexplained variation, and correlation
with external tracers. Detailed discussions of the optimum
factor selection and the final ME-2 results can be found in
Sects. S1 and S2 in the Supplement, respectively.

2.4 Uncertainty estimate of elemental SA results

To capture the statistical dependence on random variations in
the data, the bootstrapping analysis creates numerous boot-
strap (BS) distributions with the exact same dimensions as
the original dataset and then computes the necessary statis-
tics from each bootstrap distribution (Brown et al., 2015;
Stefenelli et al., 2019). Random values of the constrained
information were also employed, in addition to the random
resampling of the PMF input (bootstrap), and the random
a value seeks to accurately quantify the rotational uncer-
tainty of the solution (Tobler et al., 2020). To evaluate sta-
tistical and rotational uncertainty, the input data matrix was
repeatedly (n = 500) and randomly resampled (bootstrap ap-
proach), with a random a value for the constrained variables
selected each time. A set of criteria (R—Pearson correlation
between base factor time series and BS-resolved factor time
series) was utilized to select environmentally meaningful and
stable solutions because there were so many PMF runs to in-
vestigate manually. According to Canonaco et al. (2021), the
time series for each bootstrap iteration is reduced to a single
point (score) for each criterion. A threshold is established for
each criterion using the evolution of the score for the base
case. Only when the correlation between the bootstrapped
factor and its base case factor was noticeably higher than that
of the bootstrapped factor to another base case factor were
the bootstrapped runs retained for final mapping.

A significance level p from a ¢ test was further selected to
assess the statistical significance of the chosen threshold. The
findings were evaluated using a low p value of 0.05, and the
BS mapping for each base factor time series criterion was
then given. Due to random resampling (bootstrapping) and
the random a value for constrained factors, numerous solu-
tions exist at various time points, allowing us to assess the
rotational and statistical uncertainty of the averaged PMF so-
lution. The averaged PMF solution’s linear fit through zero
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between each point’s standard deviation and its correspond-
ing time point’s mean defines this uncertainty. The slope of
the linear fit, which was mentioned previously, determines
the reported uncertainty (in percentage terms) for each fac-
tor and is described in detail in Sect. S3 in the Supplement.
The 500 bootstrapping runs were performed for the 8-factor
solution at U-IGP1 and U-IGP2 and the 7-factor solution at
C-IGP1. Further results are described in Sect. 3.2, while a
detailed description of the result is provided in Sect. S3.

2.5 Back-trajectory analysis using potential source
contribution function (PSCF)

PSCF is used in the atmospheric sciences to track the ge-
ographical origin of air pollution sources. The PSCF model
evaluates the possibility of using conditional probabilities ap-
plied to air parcels and evaluates the probability of the air
parcel originating from a certain grid cell, which may thus
influence a receptor location. PSCF finds the probability of
a particular grid cell operating as a pollution source location
for any reasonable path that might cross it. A larger likeli-
hood indicates greater potential for the cell. The PSCF model
breaks conditional probabilities for every grid cell to cre-
ate successful, customized plans to decrease pollution. The
contribution function is determined by an arbitrary criterion
value C (typically 50 % to 90 % of the highest concentration).
The contribution value of an endpoint on a back trajectory
with a receptor concentration greater than C is 1; otherwise
it will be 0. The multi-site PSCF model is defined as

1
DPs,1 = 0

where C; is the criterion value of the site, p; j is the result of
the conditional value for trajectory / from site s, and c; 7 is
the receptor concentration of back trajectory / from site s.

S Ls
_ S Dol Ti i
PSCF;; = 25_121_117?,1 i j.s. 0 @

S Ls
DS 2 2y Tijs d

PSCEF;; is the PSCF value of grid i, j (latitude, longitude), S
is the total site number, Lg is the total back-trajectory line
number from site s, and 7; ;s s is the endpoint number of
back trajectory [ from site s in grid 7, j.

In this study, 120h (5d) of backward air mass trajec-
tories arriving at the sampling site was computed. Back-
trajectory analysis was performed by Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) v4.1 (Draxler
et al., 2023) software using Global Data Assimilation Sys-
tem (GDAS) meteorological files as inputs for the backward-
trajectory computation. The backward trajectories were com-
puted every 3 h (ending at 00:00, 03:00, 06:00, 09:00, 12:00,
15:00, 18:00, and 00:00 UTC) for each day of the period of
study at 500 m above ground level. All heights over 1500 m
were filtered out as it was assumed that air masses at this

cs,1 > Cs

Cs, 1 < Cs,
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height will not affect ground level observations. The time se-
ries of all sites were combined into a single PSCF run. Ope-
nair was used to plot the PSCF graph, which operates in R
(Carslaw, 2019).

3 Results and discussion

3.1 Mass composition of elements

Sub-hourly average EI-PM3 5 concentrations were measured,
for which Fig. 2a—c (also Table S2 in the Supplement) sum-
marize the results of elements measured at all three sites
in the IGP region. The elemental data were subdivided into
warm and cold periods to analyze the variations in meteo-
rological factors, emission sources, and probable formation
mechanisms, particularly sulfur and chlorine (Fig. S3 in the
Supplement). This subdivision was based on the distinct tem-
poral changes observed in the resolved factors across both
U-IGP and C-IGP sites. Despite differences in IGP regions,
emission sources, and meteorological conditions, similar fac-
tor profiles were identified at both sites (Figs. S10a, S1la,
and S12a in the Supplement). This provided a basis for a de-
tailed examination of how meteorology and source contribu-
tions vary between the two periods, providing deeper insights
into regional source characteristics. The summarized results
in Table S2 further demonstrate this temporal division’s im-
portance for interpreting elemental concentrations.

The measured elemental concentrations during both peri-
ods at two sites in the U-IGP region were nearly identical
(cold period: U-IGP1, 22.9ugm~3; U-IGP2, 19.2ugm™3;
warm period: U-IGP1, 19.2uygm™3; U-IGP2, 17.4 uygm™3).
When comparing a U-IGP site with a higher average con-
centration (U-IGP1) to C-IGP1 (12.6ugm™3; 13.5ugm™3),
the elemental concentrations were 1.5—1.7 times greater. At
the U-IGP, in a study by Rai et al. (2021), it was observed
that during the colder period, the measured concentrations in
Delhi (32 ugm~3) were 3 times higher than those observed
at the other sites globally (Beijing, Krakow, and London).
When comparing the C-IGP region (this study) concentra-
tions with both the U-IGP (as per this study) and the other
three global cities (study by Rai et al., 2020), it was found
that although the C-IGP concentrations were lower than
those in the U-IGP, they were significantly higher than the
mean concentration measured in Beijing (2.6 times), Krakow
(3.1 times), and London (15 times). The high concentrations
in the C-IGP region underscore the need for policymakers
and scientists to direct their attention not only towards the
U-IGP regions but also towards other downwind areas of the
IGP regions for a comprehensive characterization of the real-
time PM (particularly elements) to reduce disparity in air pol-
lution studies.

Across the IGP regions, S, Cl, and K were the predomi-
nant contributors, accounting for over 83 % of the elemental
part of PM» 5 (EI-PM3 5) during the cold period (Fig. 2). In
the warm period, these elements contributed over 73 % in the
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Figure 2. Time series of elemental concentrations measured by
Xact and the relative contribution of elements at the (a) U-IGPI,
(b) U-IGP2, and (c¢) C-IGP1 sites.

U-IGP region and 52 % in the C-IGP region. All of these el-
ements are associated with combustion-related sources, such
as power plants, along with the burning of garbage (including
plastic and PVC) and crop residue (Gani et al., 2019; Nalban-
dian, 2012; Rai et al., 2020; Shukla et al., 2021). In both IGP
regions, during the warm period, S and Cl decreased by a fac-
tor of 2 compared to the cold period. During the cold period,
elevated levels of S and Cl can be attributed to increased an-

Atmos. Chem. Phys., 25, 3765-3784, 2025



3772

thropogenic combustion activities, including emissions from
power plants and steel industries, respectively.

However, specific winter meteorological conditions, such
as higher RH, lower temperatures, reduced planetary bound-
ary layer height (PBLH), and decreased wind speed (Fig. S3),
enhance the formation and accumulation of sulfate and
chloride. Higher RH promotes secondary aerosol forma-
tion through heterogeneous reactions (Seinfeld and Pan-
dis, 2006), whereas lower temperatures increase particulate-
phase partitioning of semi-volatile compounds (Pathak et al.,
2011). A reduced PBLH limits vertical mixing, trapping pol-
lutants near the surface (Zhang et al., 2014), and decreased
wind speed limits pollutant dispersion, leading to accumula-
tion (Wang et al., 2014). We also examined the variations be-
tween the IGP regions and found that the mean concentration
of EI-PM3 5 in the U-IGP region was 1.5 times higher than in
the C-IGP region. When comparing the mean concentrations
of all the elements, we observed that the C-IGP region gener-
ally had lower concentrations, except during the cold period
where K and Rb were enhanced at C-IGP1 (Fig. 2¢), which
is associated with biomass burning (Simoneit et al., 1999).

3.2 Enrichment factor analysis and health impacts of
elements

Using Ti as a reference element (Majewski and Rogula-
Koztowska, 2016; Fomba et al., 2013), the enrichment factor
(EF) was computed for each measured element to assess the
effect of anthropogenic emissions on atmospheric elemental
levels. The EF helps to evaluate the role of human activities
by acting as a quantitative indicator of how much some ele-
ments are raised above their native crustal levels. Although
source apportionment is covered in the next section, the EF
offers an initial estimate of crustal versus anthropogenic im-
pacts and is also used to support the source apportionment re-
sults. Al, Si, Fe, and Zr displayed EF values between 0.4 and
2, indicating a high correlation with crustal sources across
the IGP areas and time periods (Fig. S14 in the Supplement).
By contrast, K, Cr, Mn, and Ni displayed EF values ranging
from 2 to 20, implying a mix of crustal and anthropogenic
emissions, particularly from industrial and combustion ac-
tivities. S, Cl, Cu, Zn, As, Se, Br, Cd, Sn, Sb, and Pb showed
EF values surpassing 20, suggesting major anthropogenic in-
fluences. Although the EF emphasizes anthropogenic causes,
climatic aspects also affect the transit and deposition of these
elements; therefore, this interaction is discussed in the sec-
tion on source apportionment results. Section S4 in the Sup-
plement offers further thorough investigation details on the
EF of the elements.

Following US Environmental Protection Agency (EPA)
guidelines, we concentrated our health impact study on four
main carcinogens: Pb, Ni, As, and Cr; only these elements
have known inhalation reference concentrations (RfCs) for
household air. Previous research by Rai et al. (2021) has also
investigated these metals in the U-IGP only, thereby offer-
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ing a chance to investigate their spatial variance between the
U-IGP and C-IGP areas. The source apportionment results
discussed in the next section attributed the measured concen-
trations of Pb, Ni, As, and Cr to specific sources. Pb is mostly
connected with coal combustion and industrial sources, in-
cluding emissions from thermal power plants and lead smelt-
ing operations (Cui et al., 2019; Swanson et al., 2013). Ni and
Cr, linked to industrial waste burning and metallurgical oper-
ations, helped to identify the SFC2 factor having high signals
of Zn, Cr, and Ni (Rai et al., 2020; Sharma et al., 2022). As
was present in the coal combustion factor along with Pb and
Se; these elements are widely known to be mostly emitted
from coal combustion. Identification of the sources for the
elements with high health impacts from source apportion-
ment is very important for restricting the emissions to reduce
health risks.

Compared with the standards by the International Agency
for Research on Cancer (IARC, 2020), the average concen-
trations of these elements (except Pb) are below the inhala-
tion reference concentrations (RfCs) recommended by the
US EPA for residential air (0.2, 0.02, 0.015, and 0.1 pg m~3;
USEPA, 2020). The exceedance of the mean concentration
of Pb was higher at U-IGP1 (2.1-2.5) compared to U-IGP2
(1.9-2.2), with almost similar exceedances observed during
warm periods as compared with cold periods at both the U-
IGP sites. The exceedance of the mean concentration of the
other three elements (Ni, Cr, and As) was under the RfCs in
the U-IGP, and all the four elements (Pb, Ni, Cr, and As) in
the C-IGP region during both periods were below the RfCs.

Examining individual exceedances, however, the percent-
age of data points above the US EPA’s suggested RfCs for
Pb was very high (41 % to 50 % over both the periods in the
U-IGP) as compared with other carcinogens (Fig. 3). Lead
can have important impacts on our brain system, kidneys,
immune system, and reproductive system. Therefore these
findings point to a major threat to human health (Mitra et al.,
2022; Wani et al., 2015). Children may also suffer as a result
of lead exposure, including behavioral issues, learning dif-
ficulties, and lower intellect (Al Osman et al., 2019; Reyes,
2015; Sanders et al., 2009). At U-IGP2, the exceedance of As
was observed to be 10 %—32 %, most likely resulting from
coal combustion pollutants. Ni and Cr exhibited a smaller
number of data points (less than 1%) exceeding the RfCs
(Fig. 3). Still, their importance stems from industrial activity
that influences the SFC2 factor. We found an interesting pat-
tern of high exceedances of these carcinogenic elements dur-
ing the warm seasons. Particularly, Pb levels surpassed haz-
ardous criteria at the C-IGP1 site, Ni and As levels exceeded
the criteria at both the U-IGP2 and the C-IGP1 sites, and Cr
levels exceeded the criteria at the U-IGP2 site only during
the warm period. These results show that although the accu-
mulation of pollutants resulting from a low boundary layer
may cause the concentration of carcinogens to be higher dur-
ing cold periods, the individual exceedances might also be
larger during warm periods. This implies that public health
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is always at risk since emissions from sources include waste
burning, coal combustion, and industrial processes through-
out periods with different meteorological conditions.

3.3 Elemental source apportionment (SA)

The source apportionment of elements using highly time-
resolved El-PM» s measurements using Xact was conducted
at the three sites in the IGP region. Variations in warm- to
cold-period sources were investigated for all three sites (two
sites in the U-IGP and one in the C-IGP). The elemental data
of the C-IGP were analyzed for this study, while the U-IGP
data were included from our earlier study by Shukla et al.
(2023), who have used the data as supporting information
only. The optimal solution selection process is described in
detail in Sect. S1.

Based on the characteristics and correlation among source
profiles (as discussed in detail in Sect. S2 (Table S5 in the
Supplement)), similar resolved sources were identified, in-
cluding Cl-rich (steel industry, trash burning) coal combus-
tion, Cu-rich (metal industry/e-waste burning) dust, SFC1
(biomass burning), SFC2 (industrial waste burning), and S-
rich (power plant and coal combustion) sources, across all
three sites. The characteristics of the resolved factors are dis-
cussed in subsequent sections, as well as in Sect. S2. Briefly,
the Cl-rich factor was primarily dominated by Cl (Figs. S10-
S12), with minor contributions from Br and K. This pro-
file is associated with combustion-related processes, mainly
from the steel industry, trash burning (specifically plastic and
PVC), and brick kilns. According to several studies (Almeida
et al., 2015; Ding et al., 2020; Gani et al., 2019), metallur-
gical activities and incomplete burning of plastic and PVC
mostly influence Cl-rich emissions. The S-rich factor was de-
fined by a high S content, together with Se and V (Figs. S10-
S12), which are suggestive of coal combustion emissions, es-
pecially from fly ash generated by thermal power plants (Li
et al., 2023). The S-rich profile correlates well with COo,t
(measured using AMS at m/z 44), indicating it to be aged
and regionally transported (Fig. S13 in the Supplement). Cu,
Pb, and Br each made significant contributions to the Cu-rich
factor (Figs. S10-S12). Lead-acid battery recycling, elec-
tronic waste burning (Kolencik et al., 2013), and industrial
metal processing emit significant Cu and Pb (Julander et al.,
2014).

Pb and Se dominated the coal combustion factor, sup-
ported by As and Se (Figs. S10-S12). The coal combustion
factor may be related to lead smelting or coal burning (home
and industries) (Manchanda et al., 2021; Rai et al., 2020).
The SFCI factor is mostly comprised of K and S (Figs. S10—
S12), with small contributions from Rb, Br, and Se. A strong
connection between this profile and polycyclic aromatic hy-
drocarbons (PAHs) (measured using AMS) (Fig. S13) in-
dicates biomass burning, especially crop residue burning,
which is linked to agricultural residue burning (Lalchandani
et al., 2022), is further supported by the presence of K to-
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gether with Rb, a marker of biomass burning (Shukla et al.,
2021). High contributions of Zn, Cr, and Ni — which have
been linked to industrial waste burning in earlier studies at
the U-IGP (Rai et al., 2020; Sharma and Mandal, 2017) —
define the SFC2 factor. Unlike SFC1, which is connected to
biomass burning, SFC2 is more heavily influenced by indus-
trial activities, including the burning of electronic waste ma-
terials. High concentrations of Si, Ca, and Fe were found in
the dust-related source; however, diurnal variation and the
meteorology helped us define the dust source as road dust re-
suspension in the U-IGP (both periods) and C-IGP (only cold
period). During the warm period at the C-IGP, it was related
to dust storms. In summary, S-rich and Cl-rich sources are
connected to combustion activities (coal burning and garbage
burning). SFC1 and SFC2 represent distinct combustion-
related activities and are mostly linked to biomass burning
and industrial waste burning, respectively. Section S2 ad-
dresses the thorough information of these sources backed by
elemental composition and association with external tracers
(Figs. S10-S13).

Out of the 500 bootstrapping runs, 100 % of runs passed
the criterion at U-IGP1, 97 % at U-IGP2, and 90 % at C-
IGP1, according to the bootstrapping analysis. Apart from
Cu-rich sources at U-IGP2 (14 %) and C-IGP1 (26.5 %) and
coal combustion at C-IGP1 (32.5 %), the PMF error for every
factor was assessed and determined to be less than 10 %, at
all three sites. Section S3 contains detailed and comprehen-
sive bootstrapping analysis results.

3.3.1 Variation in elemental sources during warm and
cold periods

The U-IGP region

At U-IGPI, significant differences were observed in the rel-
ative contribution of the elemental sources (Fig. 4). The con-
tribution of SFC1 (25% to 9 %) and dust (12% to 5 %)
sources decreased significantly from the warm to cold period
(Figs. 4 and 5). In contrast, the contribution of Cl-rich (28 %
to 44 %) and S-rich (22 % to 31 %) sources increased dur-
ing the cold period as compared to the warm period (Figs. 4
and 5). These differences indicate meteorology’s influence
and distinct emission sources during different periods, which
are discussed in detail in Sect. 3.4.

As compared from the warm to the cold period, the abso-
lute concentration of SFC1 and dust decreased by a factor of
2 and 1.6, respectively, while the concentrations of Cl-rich
and S-rich sources increased by a factor of 2 each (Fig. 4).
The increased Cl-rich and S-rich sources during the cold pe-
riod can be due to the fact that the high-RH conditions fa-
vor the rapid formation of these secondary inorganic sources
through aqueous-phase reactions (Gunthe et al., 2021) along
with the low PBLH effect, as also reported by Lalchandani et
al. (2022) (Fig. 5).
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Figure 3. Individual exceedance percentage for each of the carcinogenic elements (Pb, Ni, As, and Cr) during two periods and at the three

sites.

At U-IGP2, there was a similar variation to that observed
for U-IGP1. Cu-rich and coal combustion sources exhibited
minimal variation from the warm to cold periods, indicating
a consistent emission source, such as industries, irrespective
of the period. The warm/cold ratio for the average concen-
tration of SFC1, dust, Cu-rich sources, S-rich sources, Cl-
rich sources, and coal combustion was 1.7, 1.3, 1.2, 1.2, 0.8,
and 0.4, respectively. At the U-IGP a similar night/day ratio
for average concentrations was found for Cu-rich sources (2—
2.6), followed by Cl-rich sources (1.4-1.7), coal combustion
(1.4-1.7), dust (1.2-1.3), SFC1 (1.1-1.3), and SFC2 (1.1)
(Table S3 in the Supplement) during both periods, indicating
the role of low PBLH in the accumulation of pollutants near
the surface. Only the S-rich concentration during the warm
period exhibited higher daytime concentrations by a factor
of 1.2 compared to nighttime concentrations, indicating the
role of photochemical formation influenced by high solar ra-
diation (Fig. S3). In contrast, during the cold period, the aver-
age concentration of the S-rich source was nearly equal dur-
ing both the day and the night, which may be attributed to the
role of aqueous-phase oxidation occurring at night during the
cold period due to the high-RH conditions along with some
increased emissions (heating activities due to low tempera-
ture), while it was absent during the warm period (Fig. S3).
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The C-IGP region

At C-IGP1, there was a significant decrease in the relative
contribution of the dust source, decreasing from 52 % to 4 %
(ratio of average concentration from the warm to the cold pe-
riod was 11) (Fig. S16 in the Supplement), prominently due
to the occurrence of multiple dust storms during the warm
period (prominent on 7, 8, 13, and 21 April (Fig. S9 in the
Supplement)). In comparison, the concentration during the
cold periods was primarily due to road dust resuspension (the
diurnal concentration (Fig. 6) is similar to that of peak traf-
fic hours). The warm/cold ratios of the average concentra-
tion for SFC1, SFC2, Cl-rich sources, S-rich sources, Cu-
rich sources, and coal combustion are 1.6, 0.8, 0.2, 0.4, 0.8,
and 1.2, respectively (Fig. 4). SFC1 shows distinct behav-
ior (higher during the warm period as compared to the cold
period) compared to other sources due to the seasonal crop
residue burning emissions during warm periods (April) in the
C-IGP region. The S-rich and Cl-rich sources exhibited simi-
lar variations from the warm to the cold period, showing sim-
ilar patterns to those observed at the U-IGP sites. This indi-
cates the regional characteristics of the sources, which can
be attributed to favorable meteorological conditions during
the cold period and additional emissions from anthropogenic
heating activities due to extremely cold weather, explored in
further sections.
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Figure 6. PSCF plot for multiple sites (using three IGP sites’ elemental source data) for the warm and cold periods of the Cl-rich and SFC1

sources (PSCEF plot for the rest of the sources is shown in Fig. S4).

During the warm period, SFC1, Cl-rich sources, Cu-rich
sources, coal combustion, and dust showed higher average
concentrations at night compared to daytime, with night/day
ratios of 1.5, 2, 2.3, 1.2, and 1.02, respectively (Fig. 4). On
the other hand, SFC2 and S-rich sources had higher concen-
trations during the day by factors of 1.1 and 1.2, respectively.
From day to night, significant changes in relative source
contributions are observed during both warm and cold pe-
riods across the different IGP regions, as shown in Fig. S16.
The S-rich source showed a higher cold-daytime contribu-
tion (~ 40 %) as compared to the warm-daytime contribution
(~ 24 %). The Cl-rich source showed a significant increase at
nighttime (50 %) compared to daytime (39 %) at the U-IGP1
and C-IGP1 sites. The relative contribution of other sources
was almost consistent, as shown in Fig. S16. In the cold pe-
riod, a similar trend in day-to-night variations was observed
for Cl-, S-, and Cu-rich sources, but the opposite trend was
observed for SFC1, SFC2, coal combustion, and dust. How-
ever, the difference in the mean concentration from day to
night was much lower during the cold period compared to
the warm period (Fig. 5). The dust source exhibited higher
concentrations at night (with an average night to day con-
centration ratio of 1.8) only during the cold season, as the
dust source was primarily attributed to road dust suspension,
which is higher at night when the entry restrictions of heavy-
duty vehicles (HDVs) are lifted.

3.3.2 Diurnal variation in elemental sources

Substantial diurnal variations in source patterns were ob-
served between warm and cold intervals throughout the IGP

Atmos. Chem. Phys., 25, 3765-3784, 2025

regions (Fig. 5). During the warm period, daytime SFC1 con-
centrations were elevated. In contrast, favorable climatic con-
ditions in the cold period, including reduced boundary layer
height and minimal wind speeds, coupled with intensified
heating activities, resulted in increasing nocturnal concentra-
tions (Fig. 5). SFC2, linked to industrial waste combustion,
reached its maximum in the early morning in both IGP re-
gions in both periods. Elevated chlorine concentrations were
observed between 06:00 and 08:00LT in both IGP regions
(Fig. 5) due to the semi-volatile characteristics of ammonium
chloride, which transitions to a gaseous state as tempera-
tures increase. Warm and cold periods showed a distinct diur-
nal trend in Cl-rich variation (Fig. 5). Cl-rich concentrations
started to increase at about 20:00 LT during the warm period;
in the cold period, they started to peak around 16:00 LT, again
showing the impact of meteorological conditions.

In the warm period, both IGP regions had elevated after-
noon concentrations of sulfur-rich sources, with U-IGP1 dis-
playing the highest levels, followed by U-IGP2 and C-IGP1.
Nevertheless, unique diurnal patterns manifested during the
cold season in both areas. U-IGP2 and C-IGP1 demonstrated
elevated overnight concentrations, indicating possible sulfate
production through the aqueous-phase oxidation of SO, by
NO; under high-RH conditions, hence facilitating new parti-
cle formation (Lalchandani et al., 2022). Additional details
regarding diurnal variations from various sources are pre-
sented in Sect. S5 in the Supplement.
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3.3.3 Spatial variation in elemental sources

In this section, we observe variations in the elemental sources
first within the U-IGP region (between the two sites in the
U-IGP) and then between the U-IGP and C-IGP regions.
Within the U-IGP region, during the warm period, Cl-rich
sources (28.3 %—34.2 %) dominated the other sources at both
sites, followed by SFC1 (28.3 %-34.2 %), S-rich sources
(21 %22 %), dust (10.6 %—12 %), coal combustion (5.7 %—
7.8 %), SFC2 (2.9 %—4.1 %), and Cu-rich sources (2.1 %—
2.4 %) (Fig. S16). A similar pattern of source contribution
was observed within the U-IGP sites during the cold period,
with an increased relative contribution from Cl-rich and S-
rich sources, while the contribution from other sources de-
creased. The difference in average concentration between the
sites was minimal during the warm period, but it increased
sharply during the cold period, indicating the role of in-
creased local (site-specific) anthropogenic emission sources
and dilution of transported sources as the U-IGP2 site is up-
stream of the U-IGP1 site (Fig. 1). The remaining sources
exhibited similar variations in day and night concentrations
at both sites during both periods and are discussed in Sect. S6
in the Supplement.

When comparing the variations between the U-IGP and
C-IGP regions, it was found that the relative contribution of
sources followed the same sequence in both regions, with CI-
rich, S-rich, and SFC1 sources dominating the other sources,
except for the dust source at C-IGP1 during the warm period
due to several dust storms, as already discussed in the pre-
vious section. During the cold period, the dust source was
comparable in the two IGP regions, as only road dust resus-
pension contributed at all the sites, as shown in the diurnal
pattern (Fig. 5). There was a significant variation in the av-
erage concentrations between the U-IGP and C-IGP regions
during the warm period. The concentrations of SFC1, SFC2,
Cl-rich sources, S-rich sources, Cu-rich sources, coal com-
bustion, and dust were found to be rather lower in the C-
IGP sites when compared to the U-IGP sites. The variations
were noted to be 2.2, 1.5, 4, 1.7, 4.8, 5.1, and 0.3, respec-
tively. During the warm period, the Cl-rich sources, Cu-rich
sources, and coal combustion levels in the U-IGP region were
far greater than those in the C-IGP region. This implies that
industrial pollutants have more impact on the U-IGP region.
Multi-site PSCF plots for Cl-rich pollutants show distinct
source regions (Fig. 6). In the warm period, primary source
regions were mainly in the northeast of U-IGP sites and from
the north at C-IGP1. Conversely, during the cold period, CI-
rich pollutants predominantly originated from the northwest
within the IGP regions. There are several steel manufacturing
industries in both the Punjab and the Haryana regions as well
as Moradabad (Rai et al., 2020). Possible geographical re-
gions of SFCI varied noticeably, with northern contributions
in the warm period and northwestern and eastern contribu-
tions in the cold period (Fig. 6). The PSCF plots of the other
sources are shown in Fig. S4 in the Supplement.
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During the cold period, the ratios of average concentra-
tions at the U-IGP to the C-IGP (U-IGP/C-IGP) reduced
significantly. The ratios for SFC1, SFC2, Cl-rich sources,
S-rich sources, Cu-rich sources, coal combustion, and dust
were 1.8, 1.3, 1.1, 1.6, 6.6, 5, and 2.3, respectively. The Cu-
rich factor showed the highest concentration ratio and rela-
tive contribution to El-PM> 5 (4 % in the U-IGP as compared
to 1 % in the C-IGP), indicating the role of industrial pollu-
tion in the U-IGP. The probable geographical region of SFC1
emission varied noticeably, with northern contributions in the
warm period and northwestern and eastern contributions in
the cold period (Fig. 6). There was a significantly higher in-
crease in Cl-rich sources at the C-IGP (26 % increase) com-
pared to the U-IGP (16 %) from the warm to the cold pe-
riod (Fig. S16). This variation in the relative contribution of
Cl-rich sources indicates that although during warm periods,
the C-IGP has a lower contribution, during the cold period,
both the U-IGP and the C-IGP have equal Cl-rich sources,
which is mostly responsible for extreme haze air pollution in
the whole IGP region. Similarly, dust also decreased signifi-
cantly from the warm to the cold period at the C-IGP, with a
U-IGP/C-IGP ratio of greater than 2 during the cold period.
Dust similarly dropped noticeably from the warm to the cold
period at the C-IGP. Indicating a lower impact of industries
in the C-IGP region than in the U-IGP region, the other in-
dustrial sources, Cu-rich sources, and coal combustion were
also considerably greater in concentration at the U-IGP sites.

3.4 Role of meteorology and pollution episodes of
elemental sources

There were frequent instances of high pollution (with the
average daily concentration of PMj; 5 reaching 6 times the
NAAQS of 60 ugm™3). We observed two distinct episodes
of air pollution, each during the warm (EP1 and EP2) and
cold (EP3 and EP4) periods, characterized by unique mete-
orological conditions (Fig. S3), as well as distinct emission
sources that significantly elevated the levels of PM; 5 when
compared to clean periods (two clean periods were also iden-
tified during both the warm and the cold periods to make
comparisons with their respective pollution episodes). The
durations of these episodes are outlined in Table S6 in the
Supplement. During both warm (C1) and cold (C2) clean pe-
riods at both U-IGP sites, the average concentration of PM3 5
remained relatively low, around 43 ugm=3. A detailed dis-
cussion about the variation in sources during the clean period
can be found in Sect. S7 in the Supplement.

The elevation of PM> 5 during the warm-period pollution
episodes (EP1 and EP2) as compared to the clean period
C1 can be due to the change in meteorological parameters,
such as a decrease in PBLH (465-657 m) during pollution
episodes as compared to a warm clean period (C1 with PBLH
500-840 m). Higher PBLH reduced pollution concentrations
on the surface by means of vertical dispersion of pollutants.
Dust-related sources, especially at C-IGP1 during EP2, were
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mainly from wind-induced dust resuspension, which in turn
contributed to the increase in PM» 5 during warm-period pol-
lution episodes. Conversely, during clean periods, S-rich and
dust sources (road dust resuspension) dominated. In EP1,
during the last week of October, agricultural residue burn-
ing (SFC1) and other combustion source emissions are rather
prevalent, as also reported by Manchanda et al. (2022), es-
pecially in significant dispersion conditions. These observa-
tions during warm periods across the IGP indicate severe pol-
lution events also depend on seasonal emission sources along
with meteorological conditions (Fig. 8).

As we investigated the variation in elemental sources from
C1 to EP1, we found that Cl-rich sources at U-IGP1 and
U-IGP2 contribution increased significantly. Furthermore,
SFCI increased significantly during EP1, which was ex-
plained by increased agricultural residue burning. Although
the temperature and PBLH are high and favorable for dis-
persion during the warm period, Lalchandani et al. (2022)
and Manchanda et al. (2022) found that this seasonal contri-
bution from biomass combustion was a major source of air
pollution. Again, from C1 to EP1, secondary aerosol forma-
tion mechanisms had a considerable influence, as the relative
contribution of S-rich sources reduced, but overall concen-
trations increased. During the warm period, the sharp rise in
dust-related contributions at C-IGP1 can be ascribed to the
dust storms during EP2 resulting from the dry (RH = 46 %)
and windy (WS =2-6ms~!) conditions. During EP2, the
average concentration of the SFC1 source increased, indicat-
ing a shift in emission pattern even if its percentage contribu-
tion to EI-PM3 5 decreased. These findings highlight how the
burning of agricultural residue and other factors impact pol-
lution levels, even during the warm period with less favorable
meteorological conditions.

Lower temperatures (average 9-24 °C), higher relative hu-
midity (69 %—87 %), lower planetary boundary layer height
(as low as 167-386 m), and slower wind velocities during the
cold phase (EP3 and EP4) as compared to C2 establish con-
ditions favorable for aqueous-phase formation of secondary
inorganic aerosols and pollutant accumulation (Seinfeld and
Pandis, 2006). The PM, 5 increase with the increase in ClI-
rich sources during cold periods further indicates the role of
aqueous-phase production of secondary aerosols at high rel-
ative humidity, as shown in Fig. 7. Moreover, the increase
in the Cl-rich contribution may be due to the contribution
from burning roadside trash (PVC- and plastic-related waste)
for heating purposes. Similarly, secondary aerosol forma-
tion from coal combustion emissions with reduced disper-
sion conditions might have caused the increase in the S-rich
factor. The daily fluctuations in the sulfur-rich source have a
distinct trend, especially at the C-IGP during the cold period
(Fig. 8). Photochemical oxidation processes usually caused
the afternoon increase in the S-rich sources during C2. The
late-evening increase in sulfur-rich sources during the EP3
and EP4 pollution episodes suggests that higher relative hu-
midity helped aqueous-phase formation (Seinfeld and Pan-
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dis, 2006), which was not observed during warm periods
when temperatures were high and relative humidity was low
(photochemical oxidation paths were more favorable).

In most pollution episodes and IGP locations, the results
show that wind speed, PBLH, temperature, and relative hu-
midity significantly impact the amounts of EI-PM, s and, fur-
ther, the elemental source contributions. Low temperatures,
high relative humidity, lower wind speeds, and reduced PBL
height all contributed to an increase in Cl-rich and S-rich
factors during cold seasons, highlighting the importance of
pollution accumulation and secondary production processes.
The importance of dispersion mechanisms was highlighted
during mild seasons when dust resuspension was more no-
ticeable owing to drier conditions and stronger winds. How-
ever, it is impossible to overlook the significant impact that
is caused by consistent shifts in emission sources. The varia-
tions in pollution levels seen can be ascribed to events more
often occurring in particular periods. Among these are in-
dustrial processes, the combustion of trash and wood for do-
mestic heating, and agricultural residue burning. Our results
show that fluctuations in emissions during different periods
along with meteorological conditions explain the variations
between these two periods seen in the IGP region. Variations
in emissions across the period also highlight the dynamic fea-
ture of the elemental sources in the IGP region along with
observed weather patterns.

4 Conclusion

In this study, we characterized the high-time-resolution ele-
mental composition (EI-PM3; 5) in the Indo-Gangetic Plain
region. The elemental concentrations measured at the two
sites in the U-IGP region were similar, while they were lower
in the C-IGP as compared to U-IGP sites during both warm
and cold periods. S, Cl, and K are the primary contributors to
El-PM3 5 in the IGP during the cold season and are associ-
ated with combustion sources such as power plants, waste in-
cineration (PVC and plastics), and agricultural burning, high-
lighting the substantial influence of anthropogenic activities
on regional air quality. Elements such as Al, Si, Sr, and Ba
showed a 3- to 10-fold increase during the warm period, in-
dicating the influence of seasonal factors on pollution levels.

From a health perspective, concentrations of carcinogenic
elements (Pb, Ni, As, Cr) generally remained below recom-
mended levels, but lead concentrations exceeded the limits
during warm periods in the U-IGP. This finding raises con-
cerns about human health, as lead exposure, even during
warm weather, can lead to severe health effects. Further, we
identified elemental sources using the ME-2 solver, includ-
ing Cl-rich sources, coal combustion, Cu-rich sources, dust,
SFC1, SFC2, and S-rich sources. The cold period decreased
SFC1 and dust contributions while increasing Cl-rich and S-
rich sources. During the cold period, the Cl-rich source had
higher concentrations at night, indicating increased emis-

https://doi.org/10.5194/acp-25-3765-2025



A. K. Shukla et al.: Sources and meteorology influencing highly time-resolved PMo> 5 trace elements in the IGP

T

Relative contribution of sources (%), =H (%)

Concentration (ug m'3) (all vertical axes)

100 —
80 —
60 —
40 —
20 -

0 -

100 —
80 —
60 —
40 —
20 -

100 —
80 —
60 —
40 —
20 —

3779

Cl_rich m Coal_Comb. @ Cu_rich M Dust_related s SFC1 m SFC2 m S_rich

® PM,, - RH

U-IGP1

C-IGP1

0 -

Temperature

Warm Cold

I 1

©w -

S o

S o
SINd

(_w 6r) uonyesyuasuod

¢-

30

20

10

30

20

10

!
¢t ' ept |

Figure 7. The variation in the RC of elemental sources, PM; 5, RH, and temperature during the clean and polluted episodes C1, EP1, EP2,
C2, EP3, and EP4 during both warm and cold periods.

EP.

N

—— C1— 2= EP1 = EP2 === EP3—— EP4

-ri ! =Fi '
U-IGP1 Cl-rich | 0 _ UIGP1 S-rich : 12 o U-IGP1 SFC1
1 4
112 4 1 :
1 i 1 g
1 1
IS_/V/-,\.NI ]
- 1
:4_ |4_.
PN - 1 -

N T :0__7 A~ ' o;wﬁ"..
aaaananannnaE e e e e B B B B B
0 4 8 12 16 20 24, 0 4 8 121620241 0 4 8 12 16 20 24

| 16\ U-aP2 1127 uder2
112 | g
1 n 1 4
1 8 - 1 4
1 - 1
4
4 > 4w
1 _E,_—g_/_\‘\"l o
i e e B e e e e s B e o e e e e
1 1
0 4 8 12 1620 241 0 4 8 121620241 0 4 8 12 16 20 24
1 —_
C-IGP1 1071 cacpt . 6
I8_ . :
!
‘g
v 4T )
I2_ - 1
! Vg ‘ et
T L O ) O T
0 4 8 1216 20 24' 0 4 8 1216 2024' 0 4 8 12 16 20 24

Hour of the day (all horizontal axes)

Figure 8. The diurnal variation in Cl-rich, S-rich, and SFC1 sources having a major role in the variation in EI-PMj 5 during the clean and
polluted episodes C1, EP1, EP2, C2, EP3, and EP4 during both warm and cold periods.

https://doi.org/10.5194/acp-25-3765-2025

Atmos. Chem. Phys., 25, 3765-3784, 2025



3780

sions from garbage burning (including PVC and plastics) and
the involvement of low PBLH and high RH in pollutant accu-
mulation and formation of secondary aerosols. S-rich source
concentrations were mostly high during the afternoon, possi-
bly due to photochemical sulfate production, despite the di-
lution conditions. This was likely caused by increased emis-
sions from industrial processes and biomass burning, along
with favorable meteorological conditions that enhanced ac-
cumulation, leading to pollution episodes.

The U-IGP region showed higher concentrations of
industrial-related sources, such as the Cu-rich factor associ-
ated with industrial metal processing and lead-acid battery
recycling. Coal combustion was also higher in the U-IGP
and linked to thermal power plants and industrial emissions,
highlighting spatial variability influenced by local emissions
and meteorological factors in the two IGP regions. The multi-
site potential source contribution function (PSCF) analysis
demonstrated the role of regional transport and local emis-
sions in contributing to variations in source origin regions,
emphasizing the need for coordinated regional air quality
management strategies. During pollution episodes, the rel-
ative contribution of Cl-rich sources increased when PM; 5
concentrations showed a sharp increase as compared to clean
periods, especially during cold periods, indicating the role
of emissions from trash burning (plastic and PVC) and steel
industries along with favorable meteorological conditions in
the formation and accumulation of pollutants.

During the warm period, the relative contribution of Cl-
rich sources in the C-IGP is lower, but during the cold pe-
riod, both the U-IGP and the C-IGP have a significant CI-
rich source contribution, indicating the role of chlorine in
extreme haze air pollution in the whole IGP region. During
warm periods, high-pollution events occurred across the IGP,
with major contributions from SFC1 (crop residue burning)
indicating that severe pollution events also depend on sea-
sonal emission sources despite less favorable meteorologi-
cal conditions. These findings underscore the significant im-
pact of both meteorological conditions and seasonal emission
sources, such as industrial activities, waste burning, and agri-
cultural residue burning, on air quality.

Overall, this study highlights the complex nature of air
pollution in the IGP, with multiple factors influencing the
composition and characteristics of EI-PM; 5. Compared to
other sites, the significant pollutant concentrations observed
in the C-IGP region highlights the urgency for policymak-
ers and scientists to expand their focus beyond the U-IGP
regions. The findings underscore the need for targeted miti-
gation strategies, improved understanding of seasonal varia-
tions, and proactive measures to safeguard public health and
mitigate the region’s detrimental effects of air pollution.

Data availability. The data used in this study can be found online
at https://doi.org/10.5281/zenodo.12212768 (Shukla et al., 2024).
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