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National Capital Region (NCR) encompassing New Delhi is one of the most polluted urban metropolitan areas in
the world. Real-time chemical characterization of fine particulate matter (PM1 and PM2.5) was carried out using
three aerosol mass spectrometers, two aethalometers, and one single particle soot photometer (SP2) at two sites
in Delhi (urban) and one site located ~40 km downwind of Delhi, during January–March 2018. The campaign
mean PM2.5 (NR-PM2.5 + BC) concentrations at the two urban sites were 153.8 ± 109.4 μg.m−3 and 127.8 ±
83.2 μg.m−3, respectively,whereas PM1 (NR-PM1+BC)was 72.3±44.0 μg.m−3 at thedownwind site. PM2.5 par-
ticles were composed mostly of organics (43–44)% followed by chloride (14–17)%, ammonium (9–11)%, nitrate
(9%), sulfate (8–10)%, and black carbon (11–16)%, whereas PM1 particles were composed of 47% organics, 13%
sulfate as well as ammonium, 11% nitrate as well as chloride, and 5% black carbon. Organic aerosol (OA) source
apportionment was done using positive matrix factorization (PMF), solved using an advanced multi-linear en-
gine (ME-2) model. Highly mass-resolved OA mass spectra at one urban and downwind site were factorized
into three primary organic aerosol (POA) factors including one traffic-related and two solid-fuel combustion
(SFC), and three oxidized OA (OOA) factors. Whereas unit mass resolution OA at the other urban site was
factorized into two POA factors related to traffic and SFC, and one OOA factor. OOA constituted a majority of
the total OA mass (45–55)% with maximum contribution during afternoon hours ~(70–80)%. Significant
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differences in the absolute OOA concentration between the two urban sites indicated the influence of local emis-
sions on the oxidized OA formation. Similar PM chemical composition, diurnal and temporal variations at the
three sites suggest similar type of sources affecting the particulate pollution in Delhi and adjoining cities, but var-
iability in mass concentration suggest more local influence than regional.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Fine particulate matter adversely affects human health (Pope and
Dockery, 2006), local and regional climate (Seinfeld and Pankow, 2003),
and causes 4.2 million deaths globally every year (World Health
Organisation, 2018). The National Capital Region (NCR), one of the
world's largest urban agglomerations includes India's capital (New
Delhi) along with districts (Gurugram, Faridabad, and Noida) from the
adjoining states of Haryana and Uttar Pradesh. New Delhi was found to
be the most polluted city in the world, with an annual mean PM2.5 con-
centration of ~140 μg.m−3 (World Health Organisation, 2018). The global
annual population-weighted PM2.5 was estimated to be ~46 μg.m−3,
while ~91 μg.m−3 for India in 2017 (Cohen et al., 2017).

Aerosols affect the solar radiation budget by directly absorbing and
scattering sunlight, and indirectly by acting as cloud condensation nu-
clei (Albrecht, 1989; TWOMEY et al., 1984). Quantification of the
source-aerosol relationship is crucial for predicting the climate effects
of aerosols. Predominantly, organic aerosol (OA) constitutes a major
fraction (20–90%) of sub-micron aerosol mass (Jimenez et al., 2009;
Zhang et al., 2007). OA is classified as either primary organic aerosol
(POA),which is emitted directly in the atmosphere, and often but not al-
ways related to combustion activities. OA is emitted from both anthro-
pogenic sources such as vehicles, industrial and cooking, and natural
sources such as forest fires, or secondary organic aerosol (SOA), which
is formed in the atmosphere from the oxidation of precursor gases
such as volatile organic compounds (VOCs) (Kanakidou et al., 2005;
Fuzzi et al., 2006; Hallquist et al., 2009; Han et al., 2016). Understanding
the sources and formation pathways of OA is a challenging task as it is
composed of thousands of compounds, many of which are unknown,
which continuously evolve in the atmosphere (Jimenez et al., 2009).

Highly time-resolved real-time monitoring of non-refractory (NR)
PM chemical species can be done using time-of-flight aerosol chemical
speciation monitor (ToF-ACSM) (Fröhlich et al., 2013), and high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS)
(Canagaratna et al., 2007; Jayne et al., 2000), which measures size-
resolved mass spectra as well. The detailed working of different types
of AMS developed, and its applications in various field experiments
can be found in Canagaratna et al. (2007).

OA mass spectra can be used in bilinear factorization receptor
models such as positive matrix factorization (PMF) for apportioning
the total OA into factors representing different sources and/or atmo-
spheric processes (Lanz et al., 2007; Ulbrich et al., 2009). Multiple stud-
ies have used AMS data for investigating OA sources in both rural and
urban environments in India (Chakraborty et al., 2015; Chakraborty
et al., 2017; Kumar et al., 2016; Thamban et al., 2017) and across the
world (Jimenez et al., 2009; Lanz et al., 2010; Ng et al., 2010; Zhang
et al., 2007, 2011). However, PMF source apportionment is often not
able to resolve the sources with similar temporal variation and/or pro-
files. Advanced source apportionment method such as multi-linear en-
gine (ME-2) (Paatero, 1999) has been used for apportioning OA
sources by constraining oneormore known factor profiles or time series
resulting in a clean separation of primary and secondary sources, which
is otherwise not possible through conventional PMF model (Canonaco
et al., 2013; Crippa et al., 2014; Lanz et al., 2008).

Most of the previous studies in Delhi-NCR have used low time
resolution filter-based methods for characterization and source
apportionment of fine and coarse PM (Nagar et al., 2017; Pant et al.,
2015; Sharma et al., 2016; Singhai et al., 2017), which are unable to
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capture the temporal trend in concentration, and suffer from sampling
artifacts. In other parts of India, only a handful of studies have been
done on real-time PM characterization and source apportionment
using AMS (Chakraborty et al., 2015; Mukherjee et al., 2018). Gani
et al. (2019) was the first study in Delhi reporting real-time temporal
and seasonal variation of PM1 and its species, using Quadrupole-ACSM
(Q-ACSM) data at the Indian Institute of Technology Delhi (IITD), New
Delhi from January 2017 to April 2018 (one of the sites of this
study), and found more than 50% organic content with the highest
concentration observed during the winter season (mean PM1 =
~210 μg.m−3). Tobler et al. (2020) carried out the PM2.5 characteriza-
tion and OA source apportionment using highly time-resolved ToF-
ACSM measurements and found (39–49)% OA in PM2.5 from Decem-
ber 2017 to May 2018. A part of the long-term data analyzed in that
study has been used here (February–March). The present study is the
second continuous measurement of NR-PM species in Delhi, and the
first multi-site measurement in Delhi-NCR to study local and tempo-
ral differences in fine particulate matter concentration. The objective
of this study is to characterize the real-time fine particulate matter,
explore the temporal and diurnal variation of the constituent spe-
cies, and investigate OA sources and/or evolution pathways using
positive matrix factorization.

Here, we investigate the composition and sources of PM in the New
Delhi area via highly time-resolved measurements at three sites. NR-
PM2.5 was measured at two sites in New Delhi while NR-PM1 was mea-
sured at an urban downwind site in Faridabad, Haryana using AMS.
Real-time black carbon (BC) mass concentrations were also measured
at all sites. Further, the ME-2 algorithm was used for source apportion-
ment of OA mass spectra from AMS at the three sites.

2. Methods

2.1. Sampling site description

Delhi-NCR includes the National Capital Territory of Delhi and dis-
tricts from adjoining states of Uttar Pradesh, Haryana, and Rajasthan.
This encompasses approximately 58,000 km2 and a population of over
47 million. NCR has a semi-arid climate and is surrounded by the Thar
Desert on thewest and the Indo-Gangetic plains to the south-east. It ex-
periences hot and dry summer (April to June) with temperatures rang-
ing from ~20 °C to ~48 °C, and cold and humid winter (December to
February)with temperature ranging from ~2 °C to ~15 °C. It experiences
north-westerly winds during most of the year except during the mon-
soon season (southern winds; July to mid-September). Sampling was
conducted at two sites in New Delhi: Indian Institute of Technology
Delhi (IITD) (28.54° N, 77.19° E) and Indian Institute of Tropical Meteo-
rology Delhi (28.62° N, 77.17° E), hereafter referred to as IITD and
IITMDD, respectively, and a downwind site located ~40 km north-west
to New Delhi in Faridabad, Haryana: Manav Rachna International
Institute of Research and Studies (MRIIRS) (28.45° N, 77.28° E) during
January–March 2018. IITMDD is a central urban part of Delhi,
surrounded by forest area and residential colonies. On the other hand,
IITD is more of an urban residential site surrounded bymoderate traffic
density roads (~200 m away). Further, MRIIRS is an educational insti-
tute and is located close to the main road with both heavy and light-
duty vehicles. The hourly averaged temperature observed during the
sampling period ranged from ~8 °C to ~36 °C with an average value of
19.1 ± 6.2 °C at the IITD site and 20.8 ± 5.7 °C at the MRIIRS site.
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While average relative humidity observed at IITD was 54.3 ± 23.7%
(8.1–99.1) and 53.8 ± 19.0% (15.6–99.5) at MRIIRS.

2.2. Sampling details and instrumentation

At the IITD site, a high-resolution long-time-of-flight aerosol mass
spectrometer (L-ToF-AMS), equipped with PM2.5 aerodynamic lens
(Peck et al., 2016) (Aerodyne Research Inc., Billerica, MA, USA), and a
seven wavelength aethalometer model AE-33 (Aerosol d.o.o.,
Ljubljana, Slovenia) (Drinovec et al., 2015) were installed inside a
temperature-controlled laboratory on the 3rd floor of Centre for
Atmospheric Science (CAS) building located at a height of ~10 m
above ground. Ambient aerosols were sampled through PM2.5 cyclone
(BGI, Mesa Labs. Inc.) inlet located ~2 m above the rooftop using ~3 m
long stainless steel tubing (6 mm I.D.; 8 mm O.D.). The particles were
dried using an aerosol sample dryer system (Aerodyne research, Inc)
to achieve output RH of ~20%. The ambient aerosol data were collected
from 17th January, 2018 - 19th January, 2018 & 5th February, 2018 – 11th

March, 2018. The data between 19th January to 5th February was not
available, as the AMS was not operated during this period due to hard-
ware issues.

At the IITMDD site, a time-of-flight aerosol chemical speciationmon-
itor (ToF-ACSM) (Aerodyne Research Inc., Billerica, MA, USA) (Fröhlich
et al., 2013), equipped with PM2.5 aerodynamic lens (Peck et al., 2016),
and a sevenwavelength aethalometer (model AE-33) were installed in-
side a temperature-controlled laboratory on the second floor of the
main building at a height of ~8 m from the ground. Ambient aerosols
were sampled through a PM2.5 cyclone (BGI, Mesa Labs, Inc.) placed
on the roof (~1.5 m above the rooftop) at 5 L.min−1 and transmitted
through stainless steel tubing (12 mm O.D.). A bypass flow of 1.9 L.
min−1 was maintained using an external pump to achieve the required
flow of PM2.5 cyclone. A Nafion dryer (MD-110-48S-4) was installed
after bypass to dry the ambient aerosol. The dried aerosol flow was
split between ACSM and aethalometer which sampled at 0.1 L.min−1

and 3 L.min−1, respectively. The ambient aerosol data were collected
from December 2017 to May 2018, however, only a portion of the
whole data (17th February-15th March, 2018), which coincides with
the AMS data from IITD and IITMDD sites, has been discussed here.
The overall data has been discussed in our companion paper (Tobler
et al., 2020).

At MRIIRS site, a high-resolution time-of-flight aerosol mass spec-
trometer (HR-ToF-AMS, Aerodyne Research Inc., Billerica, MA)
(Canagaratna et al., 2007; DeCarlo et al., 2006) along with a scanning
mobility particle sizer (SMPS, TSI.inc), equipped with PM1 aerodynamic
lens, andDropletMeasurement Technologies (DMT) Single Particle Soot
Photometer (SP2), was installed inside a temperature-controlled labo-
ratory on the first floor at a height of ~4 m above ground. Aerosols
were pumped in using ~1.5 m long and 0.19 inch inner diameter (TSI.
inc) silicon tubing through a window, after which it was dried using a
silica diffusion dryer which was regenerated frequently to maintain
RH of ~20%. The dried aerosol was split between AMS and SMPS sam-
pling at 0.08 L.min−1 and 0.3 L.min−1, respectively. SP2 was connected
directly to the ambient air as it can operate between 0 and 100% RH sim-
ilar to the setup described elsewhere (Laborde et al., 2013; Liu et al.,
2013; Shamjad et al., 2016). The ambient aerosol data were collected
from 27th January, 2018 to 15th March, 2018.

2.2.1. Aerosol mass spectrometers
NR-PM is operationally defined as the PM components that vaporize

at 600 °C and ~10−5 Torr. These typically include organics, nitrate, sul-
fate, ammonium, and some chlorides, but exclude black carbon, sea
salt, mineral dust, and metals.

HR-ToF-AMSmeasures size-resolvedmass spectra of NR component
of either PM1 or PM2.5 (respectively denoted as NR-PM1 and NR-PM2.5),
depending on the installed inlet and aerodynamic lens. The detailed
working of HR-ToF-AMS has been described in DeCarlo et al. (2006).
3

Briefly, aerosol particles are sampled through a 100 μmdiameter critical
orifice and enter the aerodynamic lens systemwhere it is focused into a
narrow beam. A combination of inlet and aerodynamic lens system effi-
ciently transmits particles smaller than 1 or 2.5 μm vacuum aerody-
namic diameter (transmission efficiency 100% for Daero = 35 nm to
700 nm for PM1 and more than 50% for PM2.5 particles) (DeCarlo et al.,
2006; Peck et al., 2016). The focused particle beam enters the sizing
chamber where the particle size is determined by measuring the time
it takes to travel the fixed length of the sizing chamber. The particle
beam then impacts the vaporizer heated at 600 °C (at 10−7 Torr)
which evaporates the non-refractory particles. The resulting gas mole-
cules are ionized by electron ionization at 70 eV, and the ions formed
are detected by a time-of-flight mass spectrometer according to their
mass to charge ratio (m/z). HR-ToF-AMS was operated in V-mode
which offers high sensitivity but lower resolution, with a sampling
time of 2 min during which it alternated between mass spectra (MS)
and particle time-of-flight (PToF) mode every 30 s completing 2 cycles.
DuringMSmode,mass spectra of an ensemble of particles aremeasured
whereas in PToFmodeparticle beam ismodulated by a chopper rotating
at ~130 Hz, thus measuring size-resolved mass spectra. In MS mode, it
switched between open and closedmode every 15 s measuring particle
plus gas and particle-free gas, respectively. Unit mass resolution (UMR)
data were analyzed using the SQUIRREL data analysis toolkit (version
1.59) programmed in IGOR Pro 6.37 software (Wavemetrics, Inc.,
Portland, OR, USA). High-resolution data were analyzed using PIKA
(version 1.19) following peak fitting algorithm (DeCarlo et al., 2006)
form/z 12 to 120 for both sites. Particle free airmeasurementswere per-
formed every week for 1–2 h using a HEPA filter to correct the standard
fragmentation table atm/z's 12, 16, 18, 29, 33, 34, 40, 44 in case of HR-
ToF-AMS, and atm/z's 16, 18 and 44 in case of L-ToF-AMS, for the air in-
terferences (Aiken et al., 2008; Allan et al., 2004). AMS NR-PM1 mass
concentration at the MRIIRS site was compared with PM1 mass esti-
mated from SMPS measured volume concentration by assuming a den-
sity of 1.4 g.cm−3, as the effective density of ambient particles in Asia,
was estimated to range between 1.3 and 1.6 g.cm−3 (Sarangi et al.,
2016; Hu et al., 2012; Thamban et al., 2019).

L-ToF-AMShas the sameoperation and principle as HR-ToF-AMSbut
has a mass spectrometer with approximately two times the length of
the mass spectrometer in HR-ToF-AMS offering twice the mass resolu-
tion as HR-ToF-AMS in V-mode. L-ToF-AMS sampled at a flow rate of
~0.08 lpm with an averaging time of 2 min and alternated between
MS (30 s open and 30 s closed position) and PToF mode every 1 min.

The ToF-ACSMhas the sameworking principle as AMS except it does
not measure the size of the particles. A detailed description of the
ToF-ACSM can be found in Fröhlich et al. (2013). An ACSM measures
ambient air and particle-free air, generated using a particle filter in the
sampling line, alternatively every 20 s, and the difference of the two
mass spectra represents the particle mass spectra. The mass spectra of
20 cycles were integrated resulting in a time resolution of 10 min. The
raw data were analyzed using Tofware 2.5.13. Further details of sam-
pling, instrument operation and data analysis can be found in our com-
panion paper (Tobler et al., 2020).

Composition-dependent collection efficiency (CDCE) was calculated
according to the method of Middlebrook et al. (2012). For IITD AMS, a
time-dependent CDCE correctionwas applied to AMSmeasured species
(average collection efficiency (CE)=0.5±0.01), whereas, forMRIIRS, a
CE of 0.5 ± 0.01 was calculated and applied to the AMSmeasured mass
concentrations. AMS measured NR-PM1 mass correlated strongly with
SMPS measured PM1 mass at MRIIRS with R2 value of 0.84 and a slope
of 0.80 (Fig. S1). A CE of 0.5 was assumed for ToF-ACSM, as no suffi-
ciently acidic particles were found to affect the calculations and ammo-
nium nitrate mass fraction was less than 40% in more than 99% of
the data.

Ionization efficiency calibrationswere performed at the beginning of
the campaign by injecting mono-disperse 300 nm ammonium nitrate
and ammonium sulfate particles into AMS/ACSM and a condensation
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particle counter (Jayne et al., 2000). For AMS, a relative ionization effi-
ciency value of 3.89 and 4.1 were calculated for NH4

+ for IITD and
MRIIRS, respectively, while a standard RIE of 1.4, 1.3, and 1.2 were as-
sumed for organics, chloride, and sulfate, respectively. For ACSM data,
RIE of 2.83 and 1.06 for ammonium and sulfate, respectively, were de-
termined experimentally, whereas standard RIE of 1.4 was assumed
for organics and chloride.

2.2.2. Supporting measurements
Aethalometer (Magee Scientific, model AE-33) was deployed at IITD

and IITMDD sites to measure real-time black carbon (BC) mass concen-
trations. It measures the light attenuation of particles collected on a
quartz fiber filter at 7 wavelengths (370, 470, 520, 590, 660, 880, and
950 nm) which is then used to calculate the aerosol absorption coeffi-
cient (babs) as per Beer-Lambert's law:

I ¼ I0:e−babs :x ð1Þ

where I0 is the intensity of light falling on the particle-ladenfilter, I is the
intensity of light passing the filter, and x is the thickness of the filter. BC
concentration was calculated from babs at 880 nm using a mass absorp-
tion cross-section (MAC) of 7.77 m2.gm−1. The AE33 aethalometer cor-
rects for loading effects in real-time using the dual spot technique
(Drinovec et al., 2015, 2017). However, IITM data was post-processed
for loading effect correction as the instrument correction failed for high
mass loading, details of which can be found elsewhere (Tobler et al.,
2020).

At MRIIRS, SP2 was used to measure real-time BC mass concentra-
tion in the size range of 70–500 nm. SP2 uses an intracavity Nd:YAG
laser beam to intercept the aerosol flow in a perpendicular plane, and
heats individual BC particles to their vaporization temperature. As a re-
sult, BC particle emits incandescent light which is detected using ava-
lanche photodiodes, and is used to estimate BC mass. A detailed
description of the principle and working of SP2 can be found elsewhere
(Gao et al., 2007; Moteki and Kondo, 2007, 2010; Schwarz et al., 2006;
Stephens et al., 2003; Subramanian et al., 2010; Wang et al., 2014). In
the present study, SP2 was operated at a flow rate of 30 cubic centime-
ters per minute (ccm) and calibrated with Aquadag following the stan-
dard protocol as described in Thambanet al. (2017). Datawere analyzed
using standard SP2 software version 4.3.3. Additionally, Scanning Mo-
bility Particle Sizer (SMPS, TSI.Inc) was deployed at all three sites to ob-
tain PM1 mass concentration. The meteorological parameters
(temperature and relative humidity) were measured at IITD and
MRIIRS using an automatic weather station (AWS).

2.3. Source apportionment

2.3.1. OA source apportionment
Source apportionment of OA mass spectra was performed using the

PMFmodel (Paatero and Tapper, 1994) for all sites. TheME-2 algorithm
(Paatero, 1999)was used to solve the PMFmodel andwas controlled via
the Source Finder (SoFi, Datalystica Ltd., Villigen, Switzerland)
(Canonaco et al., 2013) interface version 6.6.

PMF is a receptor model for solving bilinear unmixing equation
where ameasured quantity (in thepresent study the organicmass spec-
tral time series) can be factorized into a linear combination of a number
of constant factor profiles and their corresponding time series as per the
following equation:

xij ¼ ∑
p

k¼1
gik: f kj

� �
þ eij ð2Þ

where, i, j, and k represent a timestamp, a measured variable, and a par-
ticular factor, respectively. xij, gik, fkj and eij are elements of themeasured
organic matrix, time series of factor contributions, factor profiles, and
residual matrix, respectively. The model uses a least square algorithm
4

to iteratively minimize the fit parameter Q, which is defined as the
sum of the squares of the ratio of residual (eij) to measurement uncer-
tainties (σij).

Q ¼ ∑
m

i¼1
∑
n

j¼1

eij
σ ij

� �2

ð3Þ

wherem is the number of samples (time series) and n is the number of
variables (ions orm/z) in thematrix. PMF does not require a priori infor-
mation of the source profile or their temporal contribution. However,
PMF can result in mathematically accurate but not unique solutions
through several linear combinations of the factor profile and time series,
also known as rotations (Paatero and Hopke, 2009; Ulbrich et al., 2009).
As a result, mixed factor profiles and inaccurate factor attribution are
possible (Canonaco et al., 2013, 2015; Crippa et al., 2014). InME-2, these
rotations can be efficiently explored by constraining one or more ele-
ments of factor profile and/or time series in the PMFmodel using known
information of source profile (s) and/or temporal variation as a priori in-
formation, referred to as a-value approach. The a-value represents the
degree of constraint on the known source profile and/or time series,
and varies from zero to one with zero being fully constrained (Lanz
et al., 2008). Here, we have used the a-value approach for the IITMDD
and MRIIRS PMF solutions.

For the IITD site, OA mass spectra obtained from HR analysis of m/z
12 to 120 (320 ions) was combined with UMR OA mass spectra from
m/z 121 to 350 (225 ions), resulting in a combined PMF input matrix
containing 545 ions/variables. Similarly, for the MRIIRS site, HR ions
from m/z 12 to 120 (369 ions) were combined with UMR (m/z 121 to
300; 176 ions), resulting in a combined PMF input matrix containing
445 variables. Variables with a signal-to-noise ratio < 0.2 were
down-weighted by a factor of 10 whereas those with SNR <2 were
down-weighted by a factor of 2 (Paatero and Hopke, 2003). Further,
CO2

+ related variables (O+, OH+, H2O+, and CO+) were excluded from
PMF analysis to avoid overweighting CO2

+ intensity. The variables
were added to the OA spectra post-PMF analysis. The final input matrix
contained 541 ions and 4452 data points (10min averaged) for the IITD
site, and 441 ions and 3960 data points for MRIIRS (15 min averaged).
For the IITMDD site, OA mass spectra included 177 ions ranging from
12 to 210. The CO2

+-related ions were added to the OA mass spectra
post-PMF analysis. The PMF results for the IITMDD site were taken
from our companion paper (Tobler et al., 2020), in which PMF was
run on OA data from 17th February to 27th April, 2018. Here, we have
taken the factors time series from 17th February to 15thMarch, 2018, co-
inciding with the AMS data from IITD and MRIIRS, as mentioned previ-
ously in Section 2.2.

2.3.2. BC source apportionment
The multi-wavelength BC data from Aethalometer can be appor-

tioned into biomass burning and traffic combustion sources utilizing en-
hanced absorption of biomass burning aerosols in near ultra-violet and
bluewavelength range, as compared to fossil fuel sources such as traffic
(Sandradewi et al., 2008; Zotter et al., 2017). The model assumes that
light-absorbing particles originate only from traffic and biomass burn-
ing sources, and uses absorption Ångström exponent (AAE) value corre-
sponding to traffic and biomass burning sources. According to past
studies, traffic AAE values fall in the range of (0.8–1.1), whereas
(0.9–3.5) for biomass burning emissions (Kirchstetter et al., 2004;
Lewis et al., 2008; Saleh et al., 2013; Schnaiter et al., 2003, 2005). In
the present study, AAE values of 0.9 for traffic and 1.5 for biomass burn-
ing emissions are taken from our companion paper (Tobler et al., 2020).

2.4. Backward trajectory (BT) clustering and concentration weighted
trajectory (CWT)

To understand the origin of air masses and their travel path, a BT
analysis was performed using HYSPLIT (v4.1, Hybrid Single-Particle
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Lagrangian Integrated Trajectory) (Draxler et al., 2018; Stein et al.,
2015) model using a Weekly GDAS (Global Data Assimilation System)
files (ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1) with a 1° × 1° res-
olution. The BT were calculated every 3-h for an arrival height of 100m
above ground level (a.g.l) so that they ended within the mixing layer.
The calculated BT were weighed with OA factors time series, using a
CWT model to localize air parcels responsible for high concentrations
at the receptor site. OA factors time series were averaged to 3-h to
match the BT time resolution, and CWT were calculated using Igor-
based user interface, ZeFir (Petit et al., 2017), according to the following
equation

CWTij ¼ 1
τij

∑
N

k¼1
Ckτijk ð4Þ

where, i, j represents the latitude and longitude; CWTij (μg m−3) is the
average weighted trajectory concentration in the ijth cell; k is the index
of the trajectory, N is the total number of trajectories, Ck (μgm−3) is the
measured factor concentration of trajectory k; and τijk is the residence
time of trajectory k in the ijth cell.

3. Results and discussion

3.1. PM species concentration and temporal variation

Fig. 1 shows the temporal variation of hourly averagedmass concen-
tration of total PM2.5 (IITD and IITMDD) and PM1 (MRIIRS) and its con-
stituent species for the campaign period. The sum of NR-PM and BC is
represented here as equivalent PM concentration written hereafter as
PM (eq.), however, it is important to note that it does not include refrac-
tory elements like metals.

Similar temporal trends were observed between the three sites for
total PM and individual species mass concentrations. Highest PM load-
ings were observed at IITD with campaign hourly average PM2.5 (eq.)
(NR-PM2.5 + BC) concentration of 153.8 ± 109.4 μg.m−3, and maxi-
mum concentration reaching up to 596.2 μg.m−3 (observed during the
night at 10 pm), followed by IITMDD at 127.8± 83.2 μg.m−3 with max-
imum concentration reaching up to 391.3 μg.m−3 (observed during the
morning at 9 am). Whereas, hourly average PM1 (eq.) concentration at
MRIIRS was 72.3 ± 44.0 μg.m−3, with a maximum concentration of
250 μg.m−3 (observed during late night at 1 am). Similarly, the highest
NR-PM2.5 concentration was observed at IITD with an hourly average
value of 125.2 ± 93.3 μg.m−3, ranging from 6.4 to 484.9 μg.m−3,
Fig. 1. Temporal variation ofmass concentration (μgm−3) of PM2.5 species at IITD (L-ToF-AMS)
sum of NR-PM and BC.
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followed by IITMDD with an hourly average concentration of 114.5 ±
81.4 μg.m−3, ranging from 14.6 to 356.4 μg.m−3. Hourly average NR-
PM1 concentration at MRIIRS was 65.9 ± 41.7 μg.m−3, ranging from
7.1 to 239.3 μg.m−3. The percent contribution of NR-PM in PM (eq.)
was 81%, 89%, and 91% for IITD, IITMDD, and MRIIRS, respectively. Daily
average PM2.5 (eq.) loading at IITD site (146.2 ± 76.4 μg.m−3) was ~2.4
times higher than NAAQS (60 μg.m−3) and ~ 6 times higher than WHO
daily average PM2.5 standard (25 μg.m−3), however, for IITMDD, it was
~2 and ~ 5 times higher, respectively. Very high chloride concentrations
were observed at all sites, with campaign mean concentrations of
20.4± 30.3 μg.m−3, 22.3 ± 27.6 μg.m−3 and 7.7 ± 9.7 μg.m−3, andmax-
imum concentrations of 209.5 μg.m−3, 126.4 μg.m−3 and 68.2 μg.m−3 at
IITD, IITMDD and MRU, respectively. Gani et al. (2019) has also reported
multiple episodes of chloride concentrations exceeding 100 μg.m−3,mea-
suredusingACSMat the IITD site, during thewinter of 2017. Several other
studies have also reported high particulate chloride concentrations in
Delhi (mainly in the form of NH4Cl) in the winter season because of low
temperature, high RH, and less vertical mixing (Rai et al., 2020;
Bhandari et al., 2020; Gani et al., 2019; Pant et al., 2015). Pant et al.
(2015) identified coal combustion, biomass burning, and waste burning
as the probable source of chloride, using molecular markers for source
identification. Patil et al. (2013) developed source profiles of 27 sources
in six Indianmetropolitan cities including NewDelhi, and found an abun-
dance of chloride in several sources such as wood and coal combustion,
agriculture waste burning, garden waste burning, Bagasse combustion
and open solid waste burning (paper, plastic and packing materials).
Using real-time measurement and source apportionment of elements in
Delhi during the 2018 and 2019winter period, Rai et al. (2020) suggested
chlorine likely to be emitted from numerous brick kilns using coal and
biomass burning for baking bricks, and steel industries using HCl in the
pickling process of hot and cold steel sheets.

For the whole campaign period, average, standard deviation, maxi-
mum, and minimum concentration values of NR-PM, organic, nitrate,
sulfate, ammonium, chloride, and PM (eq.) are listed in Table 1. PM
(eq.) is calculated for the periodwhere both BC andNR-PM species con-
centrations were available. Similar average NR-PM2.5 levels were ob-
served at IITD and IITMDD, but were around ~(1.7–1.9) times that of
NR-PM1 at the MRIIRS site, respectively. The AMS at MRIIRS sampled
PM1 particles unlike IITD and IITMDD sites; therefore, direct comparison
of absolute concentration levels betweenMRIIRS and theother two sites
cannot be done. The campaign average BC concentration was highest at
IITD (24.5 ± 20.6 μg.m−3) followed by IITMDD (14.4 ± 9.9 μg.m−3),
while significantly lower levels were observed at MRIIRS (3.3 ±
and IITMDD (ToF-ACSM), and PM1 at MRIIRSS (HR-ToF-AMS) site. PM (eq.) represents the

ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1


Table 1
Average, standarddeviation,maximumandminimummass concentrations of PMspecies for the campaign period (organics (Org), nitrate (NO3), sulfate (SO4), ammonium(NH4), chloride
(Chl) and black carbon (BC)) for IITD, IITMDD and MRIIRS). For IITD and IITMDD all parameters represent PM2.5 component whereas PM1 for MRIIRS.

Mean ± Std (μg.m−3) Max (μg.m−3) Min (μg.m−3)

IITD IITMDD MRIIRS IITD IITMDD MRIIRS IITD IITMDD MRIIRS

Org 65.3 ± 51.68 55.0 ± 37.4 32.4 ± 20.5 304.1 211.4 128.5 3.4 4.4 3.5
NO3 13.3 ± 12.1 11.1 ± 8.0 8.0 ± 6.2 68.2 41.3 32.8 0.4 0.7 0.2
SO4 12.0 ± 10.1 12.5 ± 5.3 8.9 ± 6.2 99.9 32.0 53.2 0.6 2.8 2.0
NH4 14.3 ± 13.5 13.6 ± 11.4 9.0 ± 6.9 82.5 55.8 41.4 0.6 1.6 0.6
Chl 20.4 ± 30.3 22.3 ± 27.6 7.7 ± 10.0 209.5 126.4 68.2 0.1 0.2 0.1
BC 24.5 ± 20.6 14.4 ± 9.9 3.3 ± 2.4 111.3 46.4 17.6 1.4 1.6 0.4
NR-PM 125.2 ± 93.3 114.5 ± 81.4 65.9 ± 41.7 484.9 356.4 239.3 6.4 14.6 7.1
PM (eq.) 153.8 ± 109.4 127.8 ± 83.2 72.3 ± 44.0 596.2 391.3 250.0 12.8 16.4 9.0
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2.4 μg.m−3), indicating the IITD site to be most affected by combustion-
related emissions such as traffic and burning of solid fuels. Lower
concentration levels atMRIIRS than IITD and IITMDDwere also probably
because it is located downwind of Delhi and the emissions are expected
to be diluted and less trapped. Similarly, significantly higher mixing ra-
tios of volatile organic compounds (VOCs), measured using proton-
transfer-reaction time-of-flight mass spectrometers (PTR-ToF-MS),
were observed at IITD (27.6 ppbv), as compared to MRIIRS (19.4
ppbv) during the same measurement period (Wang et al., 2020).

Campaign average concentrations (overall and separated by day and
night hours) of PM1/PM2.5 species and their percent contribution to
total PM at three sites are shown in Fig. 2(a & b). On average, PM2.5

particles at IITD and IITMDD were composed of ~(43–44)% organics,
~(14–17)% chloride, ~(9–11)% ammonium, ~9% nitrate, ~(8–10)% sul-
fate, and ~(11–16)% BC, whereas at MRIIRS PM1 particles were com-
posed of 47% organics, 13% sulfate as well as ammonium, 11% nitrate
as well as chloride, and 5% BC. During the winter of 2017, Gani et al.
(2019) found a relatively higher contribution of organics (53%),
whereas, lower contribution of BC (7%) and chloride (11%) in PM1
Fig. 2. Average absolute concentration of PM species (a), and average percent contribution
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using Q-ACSM at IITD, however, relatively similar contribution of ni-
trate, sulfate, ammonium, and sulfate (8–11) % were found. The domi-
nance of organics fraction in PM fine fraction is consistent with earlier
studies in India (Chakraborty et al., 2015; Kumar et al., 2016) and across
theworld (Jimenez et al., 2009; Zhang et al., 2007). Crippa et al. (2013a)
also found similar PM1 composition using AMS during January–
February 2010, between urban and urban background sites in the
metropolitan area of Paris, indicating the influence of regional sources
on air quality. However, much lower average NR-PM1 levels (average
~14–18 μg.m−3) were observed, as compared to the present study,
with average NR-PM1 at MRIIRS being ~66 μg.m−3 while NR-PM2.5 at
IITMDD and IITD being ~114 μg.m−3 and ~196 μg.m−3, respectively.

Similar PM composition and temporal variation were observed
between the three sites except for lower BC fraction in PM1 at MRIIRS,
whichmay suggest that the particle pollution at the three sites wasma-
jorly influenced by similar sources. It should be noted that the BC at
MRIIRS was measured using SP2 which detects BC particles in the size
range of 70–500 nm. Differences in PM chemical composition during
day and night were examined by separating the overall data in day
to total PM (b), separated by day, night and overall, at IITD, IITMDD, and MRIIRS sites.
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(7 am to 6 pm) and night hours (6 pm to 7 am). At all three sites, higher
inorganics contribution to total PM concentration was observed during
the day (48–52%) than night (36–48%),whereas organics and BC contri-
bution was higher during the night (46–48% and 5–19%) than day
(38–45% and 4–12%) (Fig. 2). A higher contribution of inorganics during
the day can be attributed to an increase in the formation of semi-volatile
species such as nitrate, ammonium, and chloride by gas to particle con-
version during night time, when the temperature was low and RH was
high (Fig. S2). The overnight formation and accumulation of secondary
semi-volatile species resulted in the high morning peak (~6–9 AM)
(Fig. 3) coinciding with the lowest temperature and highest RH values
of the day (Fig. S2). Similar highmorning time concentrations of nitrate
and chloridewere also observed by Gani et al. (2019) during thewinter
months in New Delhi. Whereas, higher contribution of organics and BC
duringnight could be attributed to a combination of stagnant conditions
at night owing to reduced planetary boundary layer and, increase in
solid fuel combustion activities and traffic emissions during peak eve-
ning traffic hours as evident in Fig. 3.

PM species exhibited strong and similar diurnal variations at all three
sites as shown in Fig. 3, with minimum concentrations observed during
day time between 3 and 5 pm and maximum concentrations during
late night and early morning hours (6–9 am). However, urban sites
(IITD and IITMDD) exhibited more distinct diurnal patterns as compared
to urban downwind site (MRIIRS), which could be attributed to the prox-
imity of the urban site to primary emission sources andmixing and aging
of airmasses during transport to the urban background site located in the
downwind direction, making the variation less pronounced. Similar dif-
ferences in diurnal variation between urban and urban background
sites were observed by Crippa et al. (2013a) in the Paris metropolitan
area. Organics and BC showed a sharp increase in concentration from
~5 pm till ~11 pm and a small increase during early morning hours
(6–9 am). This could be attributed to a combination of reduced atmo-
spheric mixing with a decrease in the atmospheric boundary layer and
an increase in solid fuel combustion activities such as the burning of
wood, coal, and roadside trash for heating purposes, and traffic emissions
Fig. 3. Diurnal variation of mass concentration of PM s
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during rush hours. Owing to the decrease in PBL and increased formation
at lower temperatures, semi-volatile species such as nitrate, ammonium,
and chloride concentration increased from late evening till morning at all
sites with a sharp peak between 6 and 8 am.

3.2. OA source apportionment results

In this section, we describe the selection criteria for choosing the op-
timum PMF solution for each site, OA factors identified in terms of their
mass spectra, diurnal and temporal variation, and correlationwith exter-
nal tracers. For the first time in the present study, using the HR-ToF-AMS
data for IITD andMRIIRS sites, we have used the combined HR (ions from
m/z 12 to 120) and UMR (m/z 121 to 350 for IITD andm/z 120 to 300 for
MRIIRS) spectra for the PMF analysis, which resulted in PMF factors hav-
ing signals of higherm/z's (>120). This enabled us to identify polycyclic
aromatic hydrocarbons (PAH) fragments at high m/z's (178 and 202)
and separate two semi-volatile oxygenated OA (SV-OOA), and two
solid-fuel combustion (SFC) factors based on the differences in their
mass spectra in the high m/z region along with other criteria (discussed
in detail in Section 3.2.2).

3.2.1. Selection of optimum PMF solution
The optimum solutionwas chosen based on the significant signal in-

tensity of specific marker ions of sources in the factor mass spectra, cor-
relation of factor time series with external measurements, elemental
ratios of the factor mass spectra, and physical interpretability of the fac-
tors. Also, Q/Qexp and residuals were investigated.

The procedure followed for selecting the optimum PMF solutions for
IITD and MRRIRS are described in detail in the Supplementary informa-
tion (S-1 and S-2), respectively, and are briefly discussed here. For the
IITMDDsite, the optimumsolution is directly taken fromour companion
paper (Tobler et al., 2020),where OAmass spectrawas best represented
by three factors, namely hydrocarbon-like OA (HOA), solid-fuel com-
bustion (SFC)OA, and oxygenated OA (OOA). TheHOAprofile in the un-
constrained 3-factor solution contained signals of both SFC and HOA
pecies measured at IITD, IITMDD and MRIIRS site.
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factor. So, a clean external HOA profile found in Paris by Crippa et al.
(2013b) was used to constrain one factor (HOA) with a random a-
value varying from 0 to 0.5. A detailed description of the HOA optimiza-
tion for the IITMDD site has been described in Tobler et al. (2020). The
higher 4-factor solution resulted in an additional primary factor with
mass spectral characteristics of both HOA and SFC-OA, and the 5-
factor solution resulted in an additional OOA factor split from the OOA
factor in the 3-factor solution (Tobler et al., 2020). For the IITD site, in
the 5-factor solution, a lot of primary species contributed to a likely
semi-volatile oxygenated OA (SV-OOA) factor, whereas in the 7-factor
solution, a split in the SFC factor was observed without a significant in-
crease in explained variability. Further, the difference in the Qresidual

value when moving from one factor (lower) to another (higher) factor
solution was inspected (Fig. S3), which indicates the increase in the ex-
plained variability with the added factor. The largest differences were
Fig. 4. a) Mass spectra of OA factors identified at IITD site (UMR spectra is shown separately on
b) temporal variation of hourly averaged mass concentration of OA sources in μg.m−3 (left ax
interpretation of the references to color in this figure legend, the reader is referred to the web

8

observed when moving from 5-factor to 6-factor solution. Thus, based
on the above observations and the environmental feasibility of the fac-
tors, a 6-factor solution was chosen as the most optimum solution. For
the MRIIRS site, a significant percent decrease in Q/Qexp when moving
to a higher number of factors solution (>15%) was observed up to a 3-
factor solution but decreased to <5% when going up from 3 to 4
(Fig. S4). This suggested significant variability in the data was explained
until the 3-factor solution, which was chosen as the minimum number
of factors. In the 5-factor solution, a high signal of m/z 60 (0.0075)
(tracer of biomass burning) was found in a likely HOA factor, whereas
in the 7-factor solution, an additional factor was split from a SFC factor
in the 6-factor solution as shown in Fig. S7. Therefore, a 6-factor solution
was chosen as the optimum solution from the unconstrained PMF run.
But, the HOA factor in the unconstrained solution was not clearly re-
solved, and had high CO2

+ (m/z 44) and C2H4O2
+ (m/z 60) intensity.
the right with brown color to clearly show the lower intensity signals atm/z 120 to 350);
is) identified at IITD site. Right axis represents the concentration of external tracers. (For
version of this article.)
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Thus, a constrained PMF runwas performedwith six factors, and values
of CO2

+ and C2H4O2
+ were constrained to “0” in only one factor (HOA),

and a-value varied from 0 to 1with a-delta as 0.1, producing 11 PMF so-
lutions each with different a-value. Finally, the solution with a-value=
0.6 was chosen as the best solution based on tracers identified in the
mass spectra, O/C of HOA, and temporal correlation of HOA with BC.

3.2.2. PMF results
For IITD andMRIIRS, OAmass spectra from HR-ToF-AMS (combined

HR and UMR) was factorized into 6-factors consisting of HOA, two SFC
factors (SFC-1 & SFC-2), two SVOOA factors (SVOOA-1 & SVOOA-2),
and one low-volatile oxygenated OA (LVOOA) factor, whereas at
IITMDD, UMR OA spectra from ToF-ACSMwas factorized into three fac-
tors includingHOA, SFC andoxygenatedOA (OOA). The difference in the
number of OA factors was probably due to the higher mass resolving
power of HR-ToF-AMS (ΔM/M ~ 2100 at m/z 200) (DeCarlo et al.,
2006), as compared to ToF-ACSM (ΔM/M = 600) (Fröhlich et al.,
2013). Figs. 4-6 show themass spectra and time series of the OA factors
identified for IITD, IITMDD, and MRIIRS, respectively.

HOA mass spectra was characterized by signals of aliphatic hydro-
carbons at m/z 41 (C3H5), 43 (C3H7), 55 (C4H7) and 57 (C4H9), 69
(C5H9) and 71 (C5H11), which are typically associated with traffic ex-
haust emissions (Canagaratna et al., 2007; Ng et al., 2011). A low O/C
of 0.05 was observed for both IITD and MRIIRS sites, which is close to
the value for gasoline and diesel exhaust, and consistent with other
studies (Mohr et al., 2009; Zhang et al., 2011). This was not possible in
the earlier studies using conventional PMF 2 resulting in either higher
O/C value in the HOA factor or a mixed factor containing signals of
both HOA and cooking OA, or HOA and biomass burning OA
(Chakraborty et al., 2015; Kumar et al., 2016; Thamban et al., 2017).
Fig. 5. (a) Mass spectra and (b) time series of OA factors at IITMDD site. Left axis represents co
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At the IITD site, Bhandari et al. (2020) resolved a mixed HOA and
BBOA factor by applying PMF2 on Q-ACSM data during 2017.

Fig. 7 shows the diurnal variation of the OA factors identified at the
three sites averaged over the campaign period for each site. HOA factor
exhibited a strong diurnal cycle at all sites with a small morning rush
hour peak between 9 and 10 am and a sharp peak in the evening be-
tween 6 and 11 pm. Unlike MRIIRS, high overnight concentrations
were observed at IITD and IITMDD sites indicating high night-time ve-
hicular emissions at the two urban sites. This could be attributed to
the heavy-duty vehicles which are only allowed in the city premises
from 11:00 to 17:00 and 21:30 to 07:30. HOA and BCtr followed similar
temporal trends for IITD and IITMDD sites (Figs. 4b & 5b) with R2 value
of 0.49 for IITD (Fig. S8) but a relatively lower correlation value (R2 =
0.27) was found for IITMDD (Fig. S9), which was because BCtr did not
follow certain high concentration peaks in HOA concentration
(Fig. 5b). While, for MRIIRS, a correlation value of 0.56 was found be-
tween HOA and BC (Fig. S10).

SFC at IITMDD contained significant signals at m/z 60 and m/z 73,
which are associated with biomass burning (Alfarra et al., 2007;
Simoneit et al., 1999), along with signals of unsaturated hydrocarbons
at m/z 77, 91, and 115, and PAH at m/z 178 and 202, which typically
come from combustion processes (Fig. 5a). From HR-AMS data at IITD
and MRIIRS, we were able to resolve two SFC factors (SFC-1 and SFC-
2). The two SFC factors were characterized by signals of anhydrous
sugars at m/z 60 (C2H4O2) and m/z 73 (C3H5O2), and other oxidized
fragments at m/z 29 (CHO), m/z 43 (C2H3O), and m/z 44 (CO2). O/C of
0.14 and 0.25 were observed for SFC-1, whereas 0.18 and 0.19 in the
case of SFC-2, for IITD and MRIIRS, respectively. The main difference
between SFC-1 and SFC-2 mass spectra was the presence of ions with
different delta (Δ) patterns for m/z > 44, where Δ = Mm/z–14n + 1
ncentration of OA factors whereas right axis represents concentration of external tracers.



Fig. 6.Mass spectra (a.) and temporal variation (b.) of OA factors identified atMRIIRS site (UMR spectra in a) is shown separately on the right with brown color to clearly show the lower
intensity signals at m/z 120 to 350. Left axis represents the concentration of OA factors whereas right axis represents the concentration of external tracers. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

V. Lalchandani, V. Kumar, A. Tobler et al. Science of the Total Environment 770 (2021) 145324
(Mm/z is the mass of the ion and n is the number of carbon atoms pres-
ent). SFC-1 included ions at m/z 63 (C5H3), 77 (C6H5), 91 (C7H7), 105
(C8H9), and 119 (C9H11), all with Δ value of −6. Along with prominent
peaks from aromatic hydrocarbons atm/z 77 (C6H5),m/z 91 (C7H7) and
m/z 115 (C9H7), which are associated with coal combustion (Dall'Osto
et al., 2013; Elser et al., 2016), SFC-1 also contains small contributions
atm/z 178 and m/z 202, which are associated with polycyclic aromatic
hydrocarbons (anthracene and pyrene), and are typically emitted
from incomplete combustion processes. This indicates SFC-1 to be influ-
enced more from a mixture of coal-burning for residential heating and
10
burning of roadside trash including leaves, compostable waste, etc.,
which usually involves incomplete combustion. In addition, SFC-1 ex-
hibitedhighN/C value of 0.04 and0.06 for IITD andMRIIRS, respectively,
with significant amines signal at m/z 27 (CHN), m/z 30 (CH4N), m/z41
(C2H3N), m/z 42 (C2H4N), m/z 52 (C3H2N), m/z 54 (C3H4N), m/z 56
(C3H6N) and m/z 58 (C3H8N).

On the other hand, SFC-2 included ions atm/z 53 (C4H5), 67 (C5H7),
81 (C6H9), 95 (C7H11), 109 (C8H13), all with Δ value of−2. In continua-
tion of the HR ions with Δ=−2, peaks atm/z 123, 137, 151, 165 were
also observed, with the subsequent addition of the CH2 group. In



Fig. 7.Average diurnal variation ofmass concentration of OA factors at a) IITD (17th January-19th January & 5th February-11thMarch, 2018); b)MRIIRS (27th January - 15thMarch, 2018)
and c) IITMDD (17th February – 15th March, 2018).
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addition, SFC-2 mass spectra also included prominent signals from ali-
phatic hydrocarbons at m/z 41, 43, 55, and 57, which are also found in
mass spectra of conventional biomass burning emissions such as
wood and paper (Mohr et al., 2009). Signals of aromatic fragments at
m/z 77 (C6H5), m/z 91 (C7H7), and m/z 115 (C9H7) were also observed
but with lower intensities as compared to SFC-1. Thus, we argue that
SFC-2 is probably more affected by conventional biomass burning
emissions.

SFC at all three sites showed similar diurnal behavior with a small
peak in the morning between 7 and 9 am whereas a large peak in the
evening between 6 and 11 pm, which is consistent with residential
heating and burning activities. A very low daytime concentration was
observed for all siteswhich could be attributed to less solid-fuel burning
emissions during the day, and increase in PBL leading to increased
mixing. Time series of SFC at IITMDD correlated well with BCwb (R2 =
0.79) (Fig. S9), while for IITD, lower correlation values were obtained
for SFC-1 (R2 = 0.20) and SFC-2 (R2 = 0.34) with BCwb (Fig. S8). How-
ever, similar temporal trends for SFC and BCwb can be seen for both sites
in Figs. 4b and 5b. For MRIIRS, SFC-1 and SFC-2 correlated strongly with
AMS measured m/z 60 with R2 values of 0.71 and 0.85, respectively
(Fig. S10). Similar contribution of SFC were observed at IITMDD
(~30.5%), IITD (SFC-1:11.4% and SFC-2: 16.2%) and MRIIRS (SFC-
1:16.1% and SFC-2: 19.7%) (Fig. 8).

SVOOA-1 and SVOOA-2 were characterized by higher signals of oxi-
dized fragments at m/z 44 (CO2) and m/z 43 (C2H3O), as compared to
primary OA factors (HOA and SFC). SVOOA-1 mass spectra was
Fig. 8. Average percent contribution of OA factors to tota
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dominated by ions at m/z 53 (C4H5), 67 (C5H7), 81 (C6H9), 95 (C7H11),
109 (C8H13), all with Δ value of −2, along with aromatic fragments at
m/z 63 (C5H3), 77 (C6H5), 91 (C7H7), 105 (C8H9), all with Δ value of
−6. The presence of aromatic compounds suggests that it could be be-
cause of the oxidation of primary emissions rich in aromatic content
such as vehicular. Whereas, SVOOA-2 included nitrogen-containing
fragments (CHN and CHNO) at m/z 27, 30, 40, 41, and 42 with high
N/C of 0.05 and 0.04 for IITD andMRIIRS, respectively, alongwith traces
of biomass burning fragments atm/z 60 and 73. This suggests it could be
formed from the oxidation of biomass burning emissions. SVOOA-2 also
included aromatic fragments atm/z 77, 91, and 115, but with lower in-
tensity. This indicates the two factors were formed by the oxidation of
different types of precursor compounds. As compared to the highly ox-
idized LVOOA (0.49 and 0.65) factor, much lower O/C values of 0.14 and
0.32 for SVOOA-1, while 0.33 and 0.26 were observed for SVOOA-2, for
IITD and IITMD sites, respectively, indicating their freshly oxidized na-
ture. Both SVOOA-1 and SVOOA-2 exhibited strong diurnal behavior
with a small peak in themorning at around 9 am, which could be attrib-
uted to formation due to photochemical oxidation, and a large peak in
the evening between 6 pm and 11 pm, which could be attributed to
gas to particle partitioningwith decreasing temperatures and increasing
relative humidity. Low concentration during day time could be because
of increased atmosphericmixing due to an increase in PBL. As compared
to other species, the SVOOA-1 time series correlated only with AMS ni-
trate (R2 = 0.33) in the case of MRIIRS, and with BC (R2 = 0.36) in the
case of IITD. Whereas, SVOOA-2 correlated strongly with AMS nitrate
l OA mass at a) IITD; b) IITMDD; and c) MRIIRS site.
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(R2 = 0.76) in the case of IITD, and less with AMS ammonium (R2 =
0.35) and chloride (R2 = 0.33) in the case of MRIIRS. Good temporal
correlations of SVOOA-1 and SVOOA-2 with semi-volatile nitrate, am-
monium, and chloride further support their semi-volatile nature.
SVOOA-1 comprised around 17% and 14.7% of total organic mass
whereas SVOOA-2 comprised 11% and 10.4% for IITD and MRIIRS sites,
respectively (Fig. 8).

LVOOA was characterized by very high signals atm/z 44 (CO2
+), rel-

atively less signal at m/z 43 (C2H3O), and negligible signals atm/z > 44
indicating the aged nature of this factor (Ng et al., 2010). High O/C of
0.49 and 0.65 were observed for IITD and MRIIRS, respectively. LVOOA
at the IITMDD site was also dominated bym/z 44 signals with small al-
iphatic hydrocarbon signals at m/z > 44, which is also evident from
slightly strong diurnal variation as compared to IITD andMRIIRS. The di-
urnal patterns for IITD and MRIIRS showed relatively stagnant and ele-
vated concentrations throughout the day. A peak in the concentration
was observed between 9 and 11 am at IITD, whereas for a longer dura-
tion (9 am - 3 pm) atMRIIRS, which could be attributed to production of
secondary organics from photochemical oxidation, after which a de-
creasing trend was observed, which could be attributed to increasing
planetary boundary layer height (PBLH). Time series of LVOOA at IITD
correlated strongly with AMS measured both sulfate (SO4

2−) (R2 =
0.82) and nitrate (R2 = 0.78) (Fig. S8), whereas relatively less for
MRIIRS (R2= 0.47with SO4

2− and 0.40with NO3
−, Fig. S10) further sup-

ports the aged nature of this factor. Overall, a similar fractional contribu-
tion of SOA (LVOOA+ SVOOA-1 + SVOOA-2) to the total OA mass was
observed at the three sites with average campaign percent contribution
for IITD, IITMDD, and MRIIRS as 52.1%, 47.9%, and 55.5%, respectively
(Fig. 8).

3.3. Comparison of OA sources at three sites

In this section, we compare themass spectra of OA factors identified
at the three sites. Further, an overlapping period of sampling from three
sites (17 February-11March, 2018)was selected to compare the tempo-
ral and diurnal variation, and percent contribution of the factors to the
total OAmass. Overall, OAmass spectra at IITD andMRIIRSwas resolved
into three oxidized factors including one low-volatile and two semi-
volatile factors, constituting total OOA, whereas only one oxidized OA
factor was obtained at the IITMDD site. Furthermore, two SFC factors
with different chemical fingerprints were resolved at IITD and MRIIRS
as opposed to one SFC factor at IITMDD. This was mainly due to the
higher mass resolution of the L-ToF-AMS and HR-ToF-AMS, compared
to the ToF-ACSM, as discussed in Section 3.2.2. For IITD and MRIIRS,
three oxidized factors (LVOOA, SVOOA-1, and SVOOA-2) were summed
to calculate total OOA, while two solid-fuel combustion factors (SFC-1
and SFC-2)were summed to calculate total SFC, for comparisonwith re-
spective IITMDD factors (OOA, SFC, and HOA).

A cooking OA (COA) factor was not identified at any of the sites. A
COA factor mass spectra is similar to HOA but has some key differences
such as a higher ratio ofm/z 55 tom/z 57, high contribution of oxygen-
containing ions atm/z 43, 55, and 57, higher O/C value (~0.2) than HOA
factor (~0.05) (He et al., 2010;Mohr et al., 2009).We found very lowm/
z (55/57) values for HOA at IITD and IITMDD (1.06–1.07) but slightly
higher in the case of MRIIRS (1.3). Further, the oxidized CHO group
ions were also present in the HOA mass spectra at m/z 43, 55, and
57 at the MRIIRS site as opposed to the IITD site suggesting that it
could be mixed with COA related emissions. The diurnal variation of
HOA at IITD and IITMDD did not show any peak during the lunch
hours (Fig. 9d) which is distinctly observed in the COA factor (He
et al., 2010; Mohr et al., 2012). However, a distinct peak during lunch-
time (~1 pm) was observed in the HOA diurnal pattern at the MRIIRS
site during the afternoon (Fig. 9d) which could likely be because of
cooking-related emissions from the hostel mess and canteen in the
MRIIRS campus. This suggests that the HOA factor at MRIIRS was prob-
ably mixed with COA, however, the low O/C value (0.05), the
12
dominance of hydrocarbon series in the mass spectra and good correla-
tion with BC supports our nomenclature of this factor (Ng et al., 2010).

Fig. 9 shows the comparison of the diurnal variation of (a) OOA,
(b) SVOOA, (c) SFC, and (d) HOA factors between the three sites.
Temporal correlation between OA factors at the three sites was investi-
gated for the whole common period (overall) and further by dividing
into rush hours (7 am–10 am and 6 pm–11 pm), mid-day hours
(12 pm–6 pm), and over-night hours (12 am–6 am) to investigate the
effect of local emissions on the correlation. Table S1 shows the correla-
tion (Pearson's R2) between OA factors identified at the three sites
during rush-hour, mid-day, overnight, and overall.

A large difference in HOA concentrationwas observed between IITD,
IITMDD, and MRIIRS with average values of 26.7 ± 29.2 μg.m−3, 15.6 ±
13.3 μg.m-3, and 5.0 ± 2.7 μg.m−3, respectively. Wang et al. (2020)
based on PTR-ToF-MS data, also found that the nocturnal mixing ratio
of primary VOCs at the IITD site was twice that of theMRIIRS site. Over-
all, the HOA time series correlated reasonably well between IITD and
IITMDD (R2 = ~0.3–0.4) during overall, rush hours and over-night
hours, but decreased significantly during the mid-day hours (R2 =
0.13). Correlation between IITMDD and MRIIRS was not good during
overall, rush-hour and over-night (R2 = 0.07–0.10) but increased for
mid-day hours (R2 = 0.37) when concentration levels were low. Simi-
larly, between IITD andMRIIRS, correlation varied significantly between
different times of day (R2 = 0.15 to 0.32). Relatively higher HOA con-
centrations were observed at night as compared to the day, which
could be related to nighttime traffic emissions fromheavy-duty vehicles
(only allowed in the city during). Significant differences in the absolute
concentration and temporal correlation between the three sites during
different times of day indicate HOA to be largely driven locally with
the highest fractional OA mass contribution at IITD (25%) followed by
IITMDD (21%) and MRIIRS (10%). The CWT plots for HOA for all three
sites indicated the probable source to be of local origin (Figs. S13–15).

SFC-2 atMRIIRS is located higher andmore to the left on f44 (ratio of
signal atm/z 44 to the total organic signal of factor mass spectra) vs f43
(defined as that of f44) than SFC-2 at IITD (Fig. S12) indicating it to be
more oxidized (Ng et al., 2010). SFC-1 mass spectra at MRIIRS had
higher signals from oxygenated fragments (CHO and CHOgt1) whereas
less signals from aliphatic hydrocarbons, with higher O/C of 0.25 than
IITD (0.14), indicating it to be more oxidized at the downwind location.
Furthermore, in addition to CHN fragments observed at both sites,
CHNO fragments (m/z 43, 44) were also present in the case of MRIIRS,
which could be due to oxidation of nitrogen-containing fragments. At
MRIIRS, the signal intensity of aromatic fragments at m/z 77, 91, and
115 was similar in SFC-1 and SFC-2, unlike IITD, which could be attrib-
uted to more mixing of the air masses at the downwind location. Both
SFC- 1 and SFC-2 had higher N/C of 0.06 and 0.02 at MRIIRS, as com-
pared to 0.04 and 0.014 at IITD, respectively. SFC-1 exhibited increasing
nighttime concentration at IITD whereas a decreasing trend at MRIIRS
was observed, indicating higher SFC-1 emissions at IITD. Unlike HOA,
similar SFC concentration levels were observed at the three sites, with
highest at IITD (SFC-1 + SFC-2) (27.9 ± 23.3 μg.m−3) followed by
IITMDD (25.1 ± 23.8 μg.m−3) and MRIIRS (SFC-1 + SFC-2) (19.2 ±
20.7 μg.m−3). SFC correlated strongly between IITD and IITMDD
(R2 = 0.70) as compared to IITD and MRIIRS (R2 = 0.42) and IITMDD
and MRIIRS (R2 = 0.27). Correlation between IITD and IITMDD in-
creased during overnight hours (R2=0.81) indicating similar SFC emis-
sions at the two sites, whereas decreased between IITMDD andMRIIRS,
and IITD andMRIIRS. This is also visible from the similar diurnal trend of
SFC at IITMDD and the sum of SFC-1 and SFC-2 at IITD, whereas a de-
creasing trend was observed at MRIIRS (Fig. 9c), indicating it to be less
affected by SFC emissions at night. The CWT plots for SFC-1 shows it
to be affected both from the transported air masses from the north-
west direction and close to the proximity to the sampling site, whereas
the probable source of high concentrations for SFC-2 appears to local
(Figs. S13 & S15). The CWT plot for SFC at IITMDD shows that it was af-
fected both from transported air masses from the north-west direction



Fig. 9. Comparison of average diurnal variation of mass concentration of OA factors a) LVOAA; b) SVOOA; c) SFC; and d) HOA at IITD, IITM, and MRIIRS for the common sampling period
between the three sites (17th February – 11th March, 2018).
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and proximity to the sampling site (Fig. S14). Overall, different mass
spectral characteristics of SFC-1 and SFC-2 and diurnal behavior indi-
cates that the two factors were influenced by different types of solid-
fuel burning emissions. SFC-1 included aromatic and PAH fragments
and ions with Δ = −6, and was probably more affected by incomplete
combustion emissions such as burning coal and roadside trash,whereas
SFC-2 included ions with Δ=−2 and aliphatic hydrocarbons, and was
probably more affected from wood-burning emissions. While SFC at
IITMDD was probably influenced by a combination of SFC-1 and SFC-2
emissions sources.
13
High spectral similarity was observed between OOA factors at IITD
and MRIIRS (R2 = 0.60–0.98) (Fig. S11). Both SVOOA-1 and SVOOA-2
had higher O/C for MRIIRS than IITD, and were located higher and
more to the left on f44 vs f43 plot, indicating it to be more oxidized at
the downwind location (Fig. S12). The mass spectra of SVOOA-1 was
dominated by ions with Δ = −2 and −6, which included fragments
of aromatic compounds, whereas SVOOA-2 was rich in nitrogen-
containing compounds with higher N/C values. However, unlike IITD,
SVOOA-1 at MRIIRS had similar or higher signal intensities of aromatic
fragments atm/z 77, 91, and 115 than SVOOA-2. Furthermore, the two
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factors had large differences in their O/C (0.14 and 0.33 for SVOOA-1
and SVOOA-2, respectively) and N/C (0.006 and 0.02) values at IITD,
as compared to MRIIRS, where similar O/C (0.32 and 0.26) and N/C
(0.02 and 0.04) were observed. This could be attributed to the mixing
of the freshly oxidized factors at the downwind site. At both IITD and
MRIIRS sites, SVOOA-1 and SVOOA-2 showed a small peak in concentra-
tion at 9 am (Fig. 9b), indicating formation due to photochemical oxida-
tion probably fromprimary gaseous andparticulate emissions related to
traffic and solid fuel burning. SVOOA-2 showed a similar diurnal pattern
at the two sites with concentration increasing from late evening and
maintaining stable concentration during the night. Overall, significant
differences in the mass spectra and diurnal patterns suggest that
SVOOA-1 and SVOOA-2 were formed from different precursor com-
pounds, with SVOOA-1 affected more from the oxidation of primary
emissions rich in aromatic content, whereas SVOOA-2 from the oxida-
tion of solid-fuel burning emissions. The CWT plot for SVOOA-1 shows
the probable source of high concentration in the north-west and local
for both IITD and MRIIRS (Figs. S13 & S15). While for SVOOA-2, the
probable source at IITD is more local and from the south-east direction,
whereas, atMRIIRS, it appears to be originated from the north-west and
local sources.

f44 vs f43 plot showed that LVOOA at MRIIRS was the most oxidized
with O/C of 0.65 followed by LVOOA at IITD with O/C of 0.49
(Fig. S12). Unlike the LVOOA factor obtained at IITD and MRIIRS, OOA
at IITMDD showed some aliphatic signals at high m/z's, indicating that
it contains signals of both freshly and highly oxidized OA obtained at
IITD and MRIIRS. This is also evident from the similar diurnal trend of
OOA at IITMDD and total OOA at IITD (LVOOA+SVOOA-1 + SVOOA-
2) (Fig. 9a), which showed a small peak at 9 am, suggesting its forma-
tion fromphotochemical oxidation. However, LVOOA atMRIIRS showed
Fig. 10. Diurnal variation of percent contribution of OA facto
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a relatively more stable diurnal pattern and a second peak at 1 pm,
which could be attributed to more photochemical oxidation at the
downwind site, or the influence of transported air mass from upwind
urban sites (IITD and IITMDD). The CWT plot for LVOOA at IITD showed
the probable source of high concentrations located in the south-east and
in close proximity to the sampling site, whereas at MRIIRS, it appears to
be originated from close proximity and north-west direction (Figs. S13-
S15). While the OOA factor at IITMDD appears to be affected by both
north-west direction and close proximity to the sampling site.

Significant differenceswere observed in the average OOA concentra-
tion levels (calculated for the common sampling period) between the
three sites with highest at IITD (50.9 ± 18.1 μg.m−3) followed by
IITMDD (32.96 ± 13.45 μg.m−3) and MRIIRS (27.04 ± 12.68 μg.m−3).
Overall, OOA correlated reasonably well between the three sites with
the highest value for IITD and MRIIRS (R2 = 0.54) followed by IITD vs
IITMDD (R2 = 0.47) and IITMDD vs MRIIRS (R2 = 0.36). No significant
change in correlation was observed with different time of day other
than a decrease between IITD and IITMDDduring overnight hours, indi-
cating it to be less affected by primary emissions. However, in the Paris
metropolitan area, observed similar concentrations levels and much
higher correlation (R2 = 0.7–0.9; slope = ~0.9–1.1) between OOA at
the urban core and urban background sites, thus indicating the domi-
nance of regional sources on Paris air quality Crippa et al. (2013a).
Another study conducted in summer 2009 using AMS measurements
at three sites over Paris megacity found similar concentrations of sec-
ondary OA (Freutel et al., 2013). These differences in the absolute con-
centrations of OOA at the three sites in Delhi-NCR suggest the
influence of local emissions on air quality.

OOAwas the dominant fraction of total OAmass at all sites constitut-
ing on average 48%, 45%, and 53% at IITD, IITMDD, and MRIIRS sites,
rs to the total OA mass at a) IITD, b) IITMDD, c) MRIIRS.
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respectively (calculated for the common sampling period). Fig. 10
shows the diurnal change in the percent contribution of the OA factors
to the total OA mass at the three sites. A large variation in OA composi-
tion was found with OOA dominating (>50%) between 10 am to 6 pm
with a maximum value of ~70–80% during the afternoon hours indicat-
ing photochemical oxidation to be a major factor in the formation of
OOA. OOA variation through the day was more or less similar between
three sites indicating similarity in their formation pathways. POA contri-
bution was >50% from late evening till early morning at all sites. These
findings are consistent with an earlier study on PM1 OA source appor-
tionment using ACSM at IITD site (Bhandari et al., 2020), who reported
POA (mostly retrieved as one mixed factor) dominating during the
night (>50% contribution to total OA), whereas one secondary OA factor
(OOA) factor dominating in the afternoon hours (up to 80% OA contri-
bution). Among POA, SFC was more dominant at IITMDD and MRIIRS,
having an average fractional contribution of 34% and 37% to total
OA, and reaching up to ~60% and ~40% at midnight, respectively, in-
dicating solid fuel combustion to be the major primary OA at these
two sites during the evening and night hours, whereas, average SFC
contribution was 25% at IITD. HOA was more dominant at IITD con-
tributing on average 25% followed by IITMDD (21%) and MRIIRS
(10%). Fractional HOA contribution at IITD varied significantly from
40% at midnight to less than 10% during the afternoon, whereas rel-
atively stable at IITMDD (20–30%) and MRIIRS (<20%). Overall, the
IITD site was more affected by traffic emissions, whereas IITMDD
and MRIIRS from SFC emissions.

4. Conclusions

We measured highly time-resolved fine particulate matter concen-
trations and chemical composition in real-time at two urban sites
(IITD and IITMDD) and one urban downwind site (MRIIRS) in the
Delhi-NCR during the late winter period of 2018, using three aerosol
mass spectrometers for non-refractory fraction, two aethalometers
and one single particle soot photometer for refractory black carbon.
Campaign mean PM2.5 (eq.) at IITD and IITMDD (urban sites) were
153.8 ± 109.4 μg.m−3 and 127.8 ± 83.2 μg.m−3, respectively, with av-
erage daily mean exceeding the WHO standard by 500% and 400%, re-
spectively during the campaign period. PM1 (eq.) at urban downwind
site (MRIIRS) was 72.3 ± 44.0 μg.m−3. Particles were composed of
mainly organics (43–47%) followed by chloride (11–17%), ammonium
(9–13%), sulfate (8–13%), nitrate (9–11%) and (5–16%) black carbon.
Surprisingly high chloride concentration was observed during the
morning hours with an hourly average concentration in PM2.5 reaching
up to 209.5 μg.m−3and 126.4 μg.m−3 at IITD and IITMDD, respectively,
while 68.2 μg.m−3 in PM1 at MRIIRS.

OA source apportionment of highly mass-resolved data using ME-2
resulted in three primary factors including one traffic-related (HOA),
two related to solid-fuel combustion (SFC-1 and SFC-2) and three sec-
ondary factors including two freshly oxidized factors (SVOOA-1 and
SVOOA-2) and one highly oxidized factor (LVOOA), at IITD and MRIIRS
sites. Whereas, unit mass resolution OA data at IITMDD was factorized
into two primary factors (HOA and SFC) and one secondary factor
(OOA). SFC-1 was influenced more by a mixture of coal-burning used
for residential heating and burning of roadside trash including leaves,
compostable waste, etc., whereas SFC-2 was probably affected by
wood-burning emissions. While SFC at IITMDD was probably affected
by a combination of SFC-1 and SFC-2 sources. SVOOA-1 and SVOOA-2
had significant differences in their mass spectra suggesting it be formed
fromdifferent precursor compounds,with SVOOA-1 affectedmore from
the oxidation of primary emissions rich in aromatic content, whereas
SVOOA-2, by the oxidation of solid-fuel burning emissions.

Traffic-related emissions were more dominant at the IITD site with
an average fractional contribution to the total OA mass reaching up to
~40 atmidnight, whereas solid-fuel burning emissionsweremore dom-
inating at IITMDD andMRIIRSwith an average fractional contribution of
15
~40% and ~60% at midnight, respectively. OOA was the major contribu-
tor to the total OA mass with an average relative contribution of
(45–55)% and reaching up to ~(70–80)% during the afternoon hours.
Time series of total SOA estimated at the three sites were reasonably
correlated (R2 = 0.36–0.54), however, significant differences were ob-
served in the absolute concentration levels between the two urban
sites, indicating the influence of local emissions on total OOA concentra-
tion. Relatively similar PM chemical composition, diurnal and temporal
variations between the three sites suggest similar type of sources affect-
ing the particulate pollution in Delhi and adjoining cities, but variability
in mass concentration suggest more local influence than regional.
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