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• Over 65% of the daily PM2.5 concentra-
tions exceed the national air quality
standard.

• Exceptionally high chloride contribu-
tion during early mornings in the cold
period

• Significant solid fuel combustion contri-
bution throughout the full campaign

• PMF uncertainty assessment
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Delhi is one of the most polluted cities worldwide and a comprehensive understanding and deeper insight into
the air pollution and its sources is of high importance. We report 5 months of highly time-resolved measure-
ments of non-refractory PM2.5 and black carbon (BC). Additionally, source apportionment based on positive ma-
trix factorization (PMF) of the organic aerosol (OA) fraction is presented. The highest pollution levels are
observed during winter in December/January. During that time, also uniquely high chloride concentrations are
measured,which are sometimes even themost dominant NR-species in themorning hours.With increasing tem-
perature, the total PM2.5 concentration decreases steadily, whereas the chloride concentrations decrease sharply.
The concentrationsmeasured inMay are roughly 6 times lower than in December/January. PMF analysis resolves
two primary factors, namely hydrocarbon-like (traffic-related) OA (HOA) and solid fuel combustion OA (SFC-
OA), and one or two secondary factors depending on the season. The uncertainties of the PMF analysis are
assessed by combining the random a-value approach and the bootstrap resampling technique of the PMF
input. The uncertainties for the resolved factors range from ±18% to ±19% for HOA, ±7% to ±19% for SFC-OA
and ±6 % to ±11% for the OOAs. The average correlation of HOA with equivalent black carbon from traffic
(eBCtr) is R2 = 0.40, while SFC-OA has a correlation of R2 = 0.78 with equivalent black carbon from solid fuel
combustion (eBCsf). Anthracene (m/z 178) and pyrene (m/z 202) (PAHs) are mostly explained by SFC-OA and
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follow its diurnal trend (R2= 0.98 and R2= 0.97). The secondary oxygenated aerosols are dominant during day-
time. The average contribution during the afternoon hours (1 pm–5 pm) is 59% to the total OA mass, with con-
tributions up to 96% in May. In contrast, the primary sources are more important during nighttime: the mean
nightly contribution (22 pm–3 am) to the total OA mass is 48%, with contributions up to 88% during some epi-
sodes in April.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Atmospheric aerosols are recognized to have an impact on climate,
visibility and humanhealth (Fuzzi et al., 2015). Therefore, the identifica-
tion and source apportionment of those particles is of great importance.
Particulate matter with an aerodynamic diameter smaller than 2.5 μm
(PM2.5) has been widely used as a proxy for air pollution, for example
in theWHOAir Quality Guidelines (WHO, 2005), which are usedworld-
wide as a reference. In case of PM2.5, a daily average of b25 μgm−3 with
an annual mean average of 10 μg m−3 should be targeted. Most mega-
cities experience problems reaching these targets. In the past few
years, NewDelhi, India, has always been ranked in the topmost polluted
cities in the world (IEA, 2016). During special occasions, like the Diwali
fireworks in November, high levels of up to 1200 μg m−3 can be ob-
served in New Delhi (Tiwari et al., 2012). As long-term exposure to
high ambient PM2.5 concentrations is linked to cardiovascular disease
and premature death (Pope and Dockery, 2006), the emission sources
have to be better understood in order to be targeted specifically and
to efficiently reduce the high pollution levels.

Previous aerosol studies in NewDelhi havemostly focused on offline
analysis of total PM concentrations (Tiwari et al., 2012), trace elements
(Kumar et al., 2018; Pant et al., 2016) or black carbon measurements
(Tiwari et al., 2013). They identified traffic, residential and industrial
combustion and open fires, includingwaste burning as themost impor-
tant anthropogenic emission sources in the city. It was estimated that
open municipal solid waste burning may contribute up to 5–11% to
the total PM emitted within Delhi (Nagpure et al., 2015). In addition
to the local urban air pollution sources, NewDelhi is affected by regional
air pollution sources from the Indo-Gangetic Plain, often dominated by
open outdoor fires from agricultural regions. It is common practice in
Northern India to clear field crops by burning the residual stubbles.
These fires are common in April to May (pre-monsoon) and even
more in October to November (post-monsoon) (Liu et al., 2018).

Themain limitations of previous studies are either low temporal res-
olution (with typically daily samples) or short campaign periods. With
our measurements we present 5 months of measurements with high
time resolution of ambient PM2.5. The aerosol chemical speciationmon-
itor (ACSM) is a robustmass spectrometer, especially designed for long-
termmeasurements. It is widely used by research groups and monitor-
ing networks all over the world (Petit et al., 2015; Zhou et al., 2019;
Budisulistiorini et al., 2014; Fröhlich et al., 2015b). Co-located instru-
ments showed a good inter-comparability (Crenn et al., 2015; Freney
et al., 2019), and it is well suited for organic aerosol source apportion-
ment (Fröhlich et al., 2015a).

Recently, the use of online aerosol mass spectrometry for PM source
apportionment has been reported in New Delhi. Gani et al. (2019) re-
ported thefirst long-termmeasurements of non-refractory (NR) submi-
cron PM (PM1) levels and their strong dependence on meteorology.
Subsequently, Bhandari et al. (2019) presented a source apportionment
of the same data set. Our measurements have the advantage to report
the more relevant PM2.5 levels regarding legal thresholds. In addition,
we are able to access more molecular information because of a wider
mass rangemeasured. In combinationwith advanced source apportion-
ment techniques it allows to better understand the emission sources in
Delhi.
In this study, we present a detailed characterization of the chemical
composition of PM2.5 in New Delhi combined with source apportion-
ment based on positive matrix factorization (PMF) (Paatero and
Tapper, 1994) analysis of the organic mass spectra measured by a
time-of-flight aerosol chemical speciation monitor (ToF-ACSM)
(Fröhlich et al., 2013). This will improve the current understanding of
the PM pollution in New Delhi and of the source of carbonaceous aero-
sols which are important regarding health and climate forcing of parti-
cles. Finally, this work may support mitigation strategies in and around
New Delhi towards green chemistry.

2. Method

2.1. Sampling site and instrumentation

To investigate the PM2.5 concentration and composition evolution in
NewDelhiwith high time resolution, a ToF-ACSM (time of flight aerosol
chemical speciation monitor, Aerodyne Research Inc., Billerica, MA,
USA) (Fröhlich et al., 2013) and a seven-wavelength aethalometer
model AE33 (Magee Scientific, Berkeley, CA, USA) (Drinovec et al.,
2015) were installed at the Indian Institute of Tropical Meteorology
(IITM, 28°35′ N; 77°12′ E) in New Delhi (India). The institute is located
north of the Central Ridge reserve forest in a residential area of New
Delhi.

Ambient aerosols were sampled continuously at a flow rate of
5 L min−1 through stainless steel tubing. The inlet was equipped with
a PM2.5 cyclone (BGI, Mesa Labs, Inc.) and installed on the rooftop of
the building. The ambient aerosol then entered the temperature-
controlled room in the floor below. Before passing through a Nafion
dryer (MD-110-48S-4), a by-pass flow of 1.9 L min−1 was installed to
maintain a constant total flow required for the cyclone. After the Nafion
dryer the flowwas split, so that 0.1 Lmin−1 were sampled by the ACSM
and 3 L min−1 by the aethalometer. The 3 L min−1 are needed for near-
isokinetic sampling conditions at the ACSM (Aerodyne Research Inc.
and Tofwerk AG, 2019).

2.1.1. Aerosol chemical speciation monitor (ACSM)
The ToF-ACSM provides quantitative mass spectra of the non-

refractory component of PM2.5. Its operating principles are described
in detail in the literature (Fröhlich et al., 2013) and summarized here.
Particles first pass through a 100 μm critical orifice and are then focused
into a narrow beam by an aerodynamic lens. In order to sample PM2.5

particles, the ACSM was equipped with an intermediate pressure lens
(IPL) as described in Xu et al. (2017). The non-refractory fraction of
the focused particle beam is then flash-vaporized in a standard tungsten
vaporizer at ~600 °C. The vaporized compounds are ionized by an elec-
tron impact (EI) ionization source (70 eV) and analyzed with a time-of-
flight (ToF) mass spectrometer. The ACSM alternates between direct
sampling from ambient air and through a particle filter inserted into
the sampled airflow; the difference of these two measurements yields
the ambient mass spectrum. The obtained mass spectra had a mass to
charge (m/z) range of 12–210 Da with a resolution of m/Δm = 120 at
m/z 28. This does not allow a separation of different ions at the same in-
tegerm/z. Consequently, all signal is integrated on an integer-by-integer
basis. Mass calibration was performed by generating mono-disperse
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300 nm particles of ammonium nitrate and ammonium sulfate by
injecting them into the ACSM and a condensation particle counter
(CPC, TSI model 3776, Shoreview, MN, USA) (Ng et al., 2011).

Two different filter switching schemes were used during the mea-
surement period. From 22 December 2017 until 17 January 2018, the
ACSM alternated between 2 min of filtered air and 8 min of ambient
air (“slow valve switching settings”). From 17 February 2018 until 26
May 2018, the ACSM sampling system switched every 20 s between fil-
tered and ambient air (“fast valve switching settings”). Regardless of
switching scheme, spectra were integrated over a 10 min period (i.e.
1 cycle for the slow settings and 15 cycles for the fast settings), resulting
also in a time resolution of 10min. The ion source filamentwas changed
on 6 May 2018.

The raw data were separately analyzed for the two measurement
settings by using Tofware 2.5.13. For the slow valve switching settings,
an experimentally determined relative ionization efficiency for ammo-
nium (RIENH4) of 3.33 and for sulfate (RIESO4) of 2.27 was used, while
for chloride (RIEChl) and organics (RIEOrg) a standard RIE of 1.4 was as-
sumed. For the fast valve switching settings, an RIENH4 = 2.83 and
RIESO4 = 1.06 were applied before 6 May 2018 and RIENH4 = 4.18 and
RIESO4 = 0.92 for the new filament after 6 May. Based on the NH4NO3

calibrations, a mean inorganic salt interference on CO2 (Pieber et al.,
2016) of 7% was subtracted from the organic m/z 44 signal for the
datameasured with the slow valve switching settings (December/Janu-
ary) and 1.7% for the measurements with the fast valve switching set-
tings (February–May). The collection efficiency was evaluated
according to the method of Middlebrook et al. (2012). We observed
no sufficiently acidic particles to influence the calculations and the
NH4NO3 mass fraction was b0.4 in N99% of the measurements during
the whole campaign. Therefore, a collection efficiency (CE) of 0.5 was
assumed.

2.1.2. Aethalometer
The Magee Scientific Aethalometer model AE33 collects ambient

particles on a filter tape and continuously measures the light attenua-
tion at seven wavelengths (370, 470, 520, 590, 660, 880 and 950 nm)
with 1 min time resolution. With the dual-spot technique in the AE33,
the instrument is able to correct loading non-linearities in real-time
(Drinovec et al., 2015; Drinovec et al., 2017). These light attenuation
measurements were converted to equivalent black carbon (eBC) con-
centrations using the nominal mass absorption cross section (MAC)
value of 7.77 m2 g−1 for the measurement at 880 nm. During the mea-
surement campaign, three different filter tape types were used: PALL
Flex TFE coated FiberFilm T60 (M8020; described in Drinovec et al.
(2015)), M8050 and M8060. Although the AE33 is able to correct load-
ing effects in real-time, the correction, especially for the M8050 tape, is
not always sufficient, mainly due to high mass loadings and non-
linearities exceeding the real-time capabilities of the instrument. There-
fore, wemanually corrected the data by fitting the slope to the BC(ATN)
(BC as a function of attenuation) plot (Drinovec et al., 2015). Overall, the
uncertainty on the correction slope is about 5%.

2.2. Source apportionment

2.2.1. OA source apportionment
The ToF-ACSM data was averaged to 30 min. Positive matrix factor-

ization (PMF) (Paatero, 1997; Paatero and Tapper, 1994)was applied on
the organic mass spectra measured by the ToF-ACSM. PMF is a bilinear
receptor model with non-negativity constraints. It describes the vari-
ability of a multivariate data set X, here a sequence of organic mass
spectra, as a linear combination of factor contributions (time series) G
and factor profiles F. The residual matrix E contains that fraction that
could not be described by G and F and is defined by Eq. (1):

X ¼ GF þ E ð1Þ
The dimensions of G and F are depending on the rank p, which rep-
resents the number of factors chosen to describe the data set. In order to
solve Eq. (1), the quantityQ (Eq. (2)), defined by the elements of the re-
sidual matrix E (eij) and the measurement uncertainty (σij), is mini-
mized:

Q ¼
Xn
i¼1

Xm
j¼1

eij
σ ij

� �2

ð2Þ

PMF suffers from rotational ambiguity, i.e. there exist rotated solu-
tions of G and F with similar Q-values, out of which some may result
in environmentally unreasonable solutions and/or mixing of factors. It
has been demonstrated that constraining expected factor profiles is an
efficient method for rotational exploration to optimize the factor
deconvolution (Crippa et al., 2014; Canonaco et al., 2013; Fröhlich
et al., 2015a). For the following analysis, PMF was implemented within
the multilinear engine (ME-2) (Paatero, 1999), using Source Finder
(SoFi, Datalystica Ltd., Villigen, Switzerland) (Canonaco et al., 2013)
for model configuration and post-analysis. The SoFi/ME-2 package al-
lows theuse of a priori information in the PMF analysis, so that elements
of either the G and/or F matrix can be constrained from known factor
profiles and/or factor time series. Factor profiles can either be from am-
bient measurements where a clear separation of the sources was suc-
cessful or from chamber experiments. The extent to which the profiles
or times series are allowed to deviate from the predefined values is de-
termined by the so-called a-value (Eq. (3)):

f j;solution ¼ f j � a∙ f j ð3Þ

where f represents the constrained factor profile in the F matrix.
To estimate the rotational and statistical uncertainty of the solution,

a random a-value approach combined with bootstrap resampling anal-
ysis (Davison and Hinkley, 1997) was performed. During each iteration
step of the bootstrap analysis, random samples of the original data and
error matrix were selected to create new input matrices that have the
same dimensions as the original input matrices. Then, PMF with a ran-
dom a-value was performed. A random a-value ranging between 0
and 0.5 to account for the adaption of the constrained profile was sepa-
rately assigned to each constrained factor for each bootstrap iteration.
The large number of PMF solutions was assessed by application of a se-
lection of criteria based on typical profile or time series features for the
different factors. The set of applied criteria is described in details in
Section 3.2. Based on those criteria, environmentally unreasonable solu-
tions were rejected. The rotational and statistical uncertainty of the av-
eraged PMF solution can be assessed since multiple solutions exist for
different time points i exist due to the random resampling
(bootstrapping) and the random a-value for constrained factors. This
uncertainty is described by the linearfit through zero between the stan-
dard deviation for each point versus the mean of that time point in the
averaged PMF solution. The reported uncertainty (in percentage) for
each factor is given by the slope of the linear fit described beforehand
and will not include other errors such as the model uncertainty (e.g.
number of factors chosen).

2.2.2. eBC source apportionment
Light absorbing aerosol from wood burning, including black carbon

from this source (eBCwb), has a significantly stronger absorbance in
the ultraviolet (UV) and lower visible range compared to black carbon
from traffic contributions (eBCtr). Based on this observation,
Sandradewi et al. (2008) devised a model for the separation of biomass
burning and traffic contributions to eBC using the multi-wavelength
aethalometer measurements. Zotter et al. (2017) proposed Ångström
exponents of 0.9 and 1.68 for traffic and wood burning, respectively,
based on comparison with 14C elemental carbon (EC) measurements.
This method has been successfully applied in places where no other
major combustion sources were present.
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The absorption Ångström exponent (AAE) is calculated based on the
absorption coefficients b at 470 nm and 950 nm (Eq. (4)):

AAE ¼
ln

b470 nm

b950 nm

� �

ln
950
470

� � ð4Þ

The AAE frequency distribution from the measurements in New
Delhi is centered on 1.2 and suggests an AAEtr value of 0.9 for traffic
(like Zotter et al. (2017)) and anAAEsf value of 1.5 for solid fuel combus-
tion. The latter value is a rough estimate based on the pdf (probability
density function) of the AAE values (Fig. S1) and is somewhat lower
than the one found by Zotter et al. (2017) for wood burning. We expect
a wide range of different open burning sources in addition to biomass
burning in Delhi, therefore we chose to call this type of combustion
“solid fuel combustion” (resulting in eBCsf). The optical properties and
absorption wavelength dependency of eBC and other carbonaceous
aerosol from sources other thanwood combustion such as coal combus-
tion or waste incineration are unknown and/or poorly characterized. In
addition to the uncertain chemical composition of the coating, this coat-
ing and the non-refractory carbonaceous aerosol core can also be al-
tered by bleaching: Zhao et al. (2015) showed that in highly oxidizing
atmospheres, the brown carbon (BrC) can be severely bleached, leading
to an underestimation of eBCsf in the source apportionment.

3. Results and discussion

3.1. PM2.5 chemical composition

Fig. 1 shows the temporal variation (in India Standard Time (IST)) of
theNR-PM2.5 organics, chloride, nitrate, ammonium, and sulfate, as well
as the relative contributions of these species to the total NR- PM2.5 mass
loadings, and the eBC concentration. The period highlighted in blue was
recorded using the slow valve switching parameters, the period
highlighted in yellow was measured with the fast valve switching
Fig. 1. (a) Absolute stacked concentrations of hourly non-refractory organic (green), chloride (p
the slow (light blue) and fast (light yellow) valve switching mode and (b) relative contribution
black carbon measured by an aethalometer AE33. (For interpretation of the references to colou
settings. The highest pollutant concentrations are found during the
colder period between December and February. The hourly total NR-
PM2.5 concentration varies from 10 to over 600 μg m−3, whereas N65%
of the daily averaged data exceed the 24 h air quality standard of
60 μg m−3 defined by the Central Pollution Control Board, India. The
hourly eBCmass loadings range from 1 μgm−3 in the afternoons during
May up to 120 μg m−3 during December and January nights.

The total PM2.5 concentration shows a distinct seasonal and diurnal
variation. During December/January, an average mass concentrations
of 359 μg m−3 is measured, strongly driven by the high loadings mea-
sured during the nights. With the increase of the average temperature
and the correspondingly greater planetary boundary layer (PBL) height,
the monthly average mass concentration decreases during the transi-
tion from winter to spring. The mean average mass loading in May is
65.6 μg m−3, roughly 6 times lower compared to December/January
(Fig. 2). The organics are the dominant species in all months,
representing 44% in December/January and 58% in May of the total
PM2.5 mass. The strongest seasonal change in absolute mass loading
and relative contribution is observed for chloride. During December/
January, peak concentrations above 200 μgm−3 are observed, including
some events where chloride concentrations are higher than any other
species measured by the ACSM. In May, the monthly averaged relative
contribution is 4 times lower than in the winter months, whereas the
absolute concentration is 25 times lower. This is comparable with the
PM1 measurements conducted by Gani et al. (2019) where they ob-
served a similarly drastic decrease of the unusual high chloride concen-
trations. The ammonium chloride that is observed during winter is
expected to evaporate with the high temperatures and low relative hu-
midity in summer and then to be found in the gas phase (primarily as
HCl) rather than the particle phase.

Besides the seasonal variations in the PM2.5 concentration and con-
tribution of the ACSM species and BC to the totalmass, a pronounced di-
urnal pattern (Fig. S2) is observed as a result of surface meteorology,
PBL dynamics and source emissions. A similar trend for the composition
based estimate for PM1 (C-PM1 = BC+ NR-PM1) concentrations at the
Indian Institute of Technology Delhi was observed by Gani et al. (2019).
ink), nitrate (blue), ammonium (orange) and sulfate (red) measured by the ToF-ACSM in
s of the species to the total NR-PM2.5 aerosol concentration. (c) Time series of equivalent
r in this figure legend, the reader is referred to the web version of this article.)



Fig. 2. (a) Average chemical composition and concentration of total PM2.5 at IITM and temperature (from the DPCC station at Mandir Marg, roughly 2.7 km air distance) and (b) relative
contributions of the species to the total mass per month.
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3.2. OA source apportionment

During this campaign, two different valve switching modes were
used. It has been shown, that different valve switching times can alter
ACSM mass spectra, because for some compounds evaporation time-
scales are comparable to or longer than typical switching periods
(Fröhlich et al., 2015a). These differences may be large enough so that
PMF factor mass spectra are not consistent between sample periods
having different valve switching times. In addition, Fröhlich et al.
(2015a) showed in an intercomparison study that the f44 discrepancies
between the instruments resulted in significant differences in the PMF
factor profile analysis but not in the total factor contribution. In the scat-
ter plot of f44 vs. f43 (fraction of m/z 44 and 43 to organic mass, respec-
tively), a significant change is observable when the instrument valve
switching settings were changed (Fig. S3). Therefore, the source appor-
tionment for this data set was performed on the two periods separately.
Furthermore, the period with the fast valve switching settings was
subdivided again to account for the difference in f44 that resulted from
changing the filament end of April.

In a first step, the number of factors was determined based on in-
spection of the source profiles, diurnal variations, comparison with
eBC source apportionment and residual analysis. The solution best
representing the total OA includes a hydrocarbon-like OA (HOA), a
solid fuel combustion OA (SFC-OA) and two or one oxygenated OA
(OOA) factors. In contrast to other source apportionment studies in
Europe and Asia, a clean biomass burning OA (BBOA) could not be sep-
arated even though there are indications for such source emissions. In
winter, BBOA is often associated with domestic heating based on
wood, whereas in other seasons wildfires and agricultural burning are
the dominant sources for BBOA. In April and May, agricultural burns
for field clearing are important, which is also manifested in the strong
increase of registeredfires outside of Delhi (FIRMS, 2019). FromDecem-
ber to February, when temperatures are still low, it can be assumed that
residential heating is more dominant, with only little fire activity re-
ported around Delhi. However, wood is often not available for low-
income households, so other alternative energy sources like paper,
dung, textiles, plastic and compostable waste are also burned
(Nagpure et al., 2015). However, a SFC-OA factor was separated which
includes probable emission sources of wood and coal combustion,
agricultural waste (stubble) burning, waste disposal and open fires. A
detailed description of these OA sources is described in Sections 3.2.1
and 3.2.2 for the two periods. The main difference to the PMF results
published by Bhandari et al. (2019) is that with our analysis we are
able to also access information from m/z N 120 (the limit for a quadru-
pole ACSM). Furthermore, using the SoFi/ME-2 package allows the con-
straint of factors. Therefore, we were able to separate the primary
sources in more detail (i.e. the separation of HOA and SFC-OA) during
the full period discussed here.

To assess the statistical and rotational uncertainty, the input data
matrix was repeatedly (n=1000) and randomly resampled (bootstrap
strategy) and each time a random a-value for the constrained factors
was chosen. This generates a large number of PMF runs that need to
be examined. To identify the environmentally reasonable solutions, a
set of criteria was applied. In each criterion, the factor profile or time se-
ries for each bootstrap iteration is reduced to a single point, a so-called
score (Canonaco et al., 2020). A threshold for each criterion is set based
on the evolution of the scores over all PMF iterations and/or the score
for the base case. Only the solutions that fulfill all criteria simulta-
neously are kept and regarded as environmentally reasonable.

HOA optimization. In the unconstrained PMF solutions, the mass
spectral profiles indicated mixing of the combustion sources. To
minimize the mixing between SFC-OA and HOA, the HOA profile
was constrained using the profile that was found in Paris during
winter by Crippa et al. (2013b) with a random a-value between 0
and 0.5. Since the BC source apportionment is associated with
large uncertainties, the correlation of HOA and eBCtr was not used
as a criterion to exclude solutions.
SFC-OA optimization. For December/January (slow settings), the SFC-
OA was left unconstrained, whereas for the warmer period (Febru-
ary–May, fast settings) the SFC-OA was not clearly separated as a
primary source if not constrained. For constraining the SFC-OA fac-
tor, using the SFC-OA mass spectral profile from December/January
was not successful, i.e. the constrained factor did not explain much
mass and/or the signal of ions typically associated with combustion
processes (m/z 60, 73 and 202). In addition, a mixed primary factor
with those ions was resolved. Therefore, a clean primary SFC-OA
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was first separated which then could be used for constraining this
factor in the later PMF analysis. Higher contributions of SFC-OA are
expected in February and during the night due to an increase of res-
idential heating. So PMFwasfirst run for only the night hours in Feb-
ruary to get a clean SFC-OA profile for that period. This profile was
then constrained with a random a-value in the range of 0 to 0.5. To
separate the environmentally reasonable solutions, the explained
variation of m/z 60 was monitored. Based on the pdf (probability
density function) over all PMF runs the extreme runs were
discarded, which corresponds to a lower limit of an explained varia-
tion of m/z 60 of 0.59, 0.38 and 0.32 for December/January,
February–April and May, respectively. The correlation with eBCsf

was monitored but was high (R2 N 0.62) over all solutions and was
therefore not used to exclude solutions.
OOA optimization. The OOA factor (or both of them) was always left
unconstrained in this analysis and is characterized by a very high
contribution of m/z 44. To corroborate the secondary nature of the
OOA factor(s), the contribution of m/z 44 was monitored to make
sure that all PMF solutions included the contribution of that ion. In
December/January, two OOA factors were separated, the MO-OOA
1 factor with some aliphatic signatures, whereas those were less
pronounced in the MO-OOA 2 factor. There are no unique markers
specifically only relating to one of the MO-OOA factors to track.
However, from analysis of single PMF runs, solutions with a low
f44/f43 in the MO-OOA 1 were typically associated with a higher f44
in the SFC-OA, indicatingmixing of MO-OOA 1 with the SFC-OA fac-
tor. Consequently solutions with an f44/f43 b 1.5 in the MO-OOA 1
factorwere rejected. Apart from their difference in themass spectral
profile, the diurnal forMO-OOA2 is uniquewith a distinctmaximum
around 10 am and high concentrations throughout the day. There-
fore, the diurnal pattern was monitored, and solutions that did not
have a peak in the morning at 10 am that is comparable (or higher)
to the concentrations at midnight ([concentration at 10 am]/[con-
centration at midnight] b 0.9) were rejected. In December/January,
all solutions that did not exhibit this pronounced peak in the late
3.Mean PMF factorsmass spectra (left) andmean diurnalmass concentrations (right) for th
E33 data) and chloride are shown with the corresponding ACSM factors.
morning were already rejected by other criteria, whereas in
February–April and May this influences the selection of solutions
more. The OOA factor in the solution for February–April and May is
similar to the MO-OOA 2 factor, and the MO-OOA 2 criteria were
applied.

3.2.1. December/January (slow valve switching settings)
The solution that best represented all variations in this period was a

4-factor solution which includes two primary factors, HOA and SFC-OA
and two oxygenated factors, MO-OOA 1 andMO-OOA 2. TheMO-OOA 1
and MO-OOA 2 factor mainly differ in the contribution of aliphatic ions
in the profile (higher for MO-OOA 1) and a different diurnal trend (high
concentrations throughout the full day for MO-OOA 2). All the factors
are discussed in detail below. In the 3-factor solution (Fig. S4), the two
MO-OOAs are combined in one OOA factor with similar contribution
as the sum of the two MO-OOA factors. The 5-factor solution leads to
mathematical splitting of the MO-OOA 1 into an aged mixed primary
OA and an OOAwith a similar profile as MO-OOA 2 (small aliphatic sig-
natures) but the diurnal of MO-OOA 1 (low concentrations during the
afternoon hours). With an even higher number of factors, the OOA fac-
tors keep splitting and/or an environmentally non-explicable factor is
resolved. The presented result is the average of all solutions that were
accepted as environmentally reasonable based on the criteria above.
The factor profiles and the diurnal concentrations together with the
eBC source apportionment are shown in Fig. 3. From the initial 1000
bootstrap runs, 930 solutions match the criteria described above. Simi-
lar to the total PM2.5 and OA concentration, the diurnals are partially
driven by the PBL dynamics. During the night, a very low PBL height
can be observed (Gani et al., 2019) which favors the accumulation of
all emissions. Nevertheless, some distinct factor-dependent features
are apparent.

The constrainedHOA factor is characterized by the presence of alkyl-
fragment signatures, the absence of anhydrous sugar fragments and a
strong contribution of m/z 43 compared to m/z 44. The vehicle fleet in
New Delhi is slightly different from the reference spectrum from Paris
(Crippa et al., 2013b). In 2018, N11 million vehicles were registered in
Delhi, whereof 64% were motorized two wheelers (Accident Research
Cell et al., 2018). Two-wheelers only contribute 6% to the total vehicle
e cold period. Additionally, the diurnal profiles of eBCtr, eBCsf (from source apportionment
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fleet in France (European Commission, 2018). Although the contribu-
tion of two-wheelers in cities can be assumed to be higher than in the
country-side, the fraction of two-wheelers in Paris is still significantly
lower than in Delhi. Themajority of passenger cars (60%) and light com-
mercial vehicles (95%) were running on diesel in France in 2017 (CCFA,
2019). In contrast, in Delhi the majority of cars (53%) run on petrol in
2013 (Goel et al., 2016). Meanwhile, the HOA profile from Paris has
been shown to perform well for a wide variety of places, seasons and
car fleets (Crippa et al., 2014; Elser et al., 2016). In addition, sensitivity
tests on the amount of f44 in the reference profile used were performed
and the environmentally most reasonable solution was found with the
original reference profile. The profile was constrained with an average
a-value of 0.26 ± 0.14. The averaged error for the modelled HOA is cal-
culated based on the standard deviation of all points in the time series of
the accepted solutions versus the mean of the averaged solution. The
uncertainty is defined as the slope of the linear fit through zero. An un-
certainty of±19% is estimated. Thediurnal pattern shows a smallmorn-
ing rushhour peak around 9 amand elevated levels from the evening on
during the night. The eBC source apportionment shows a more pro-
nounced early morning rush hour peak, however, its source apportion-
ment is more uncertain for the reasons described in Section 2.2.2. The
median HOA/eBCtr is 0.59, somewhat higher than the reported OM/BC
range from 0.2 to 0.4 in smog chamber experiments (Chirico et al.,
2010) but consistent with the range from 0.3 to 0.6 found in ambient
measurements in Paris (Crippa et al., 2013a). Note, however, that the
median HOA/eBCtr increases to 1.13–1.26 during spring. Trends for
higher OM/BC can be found with high organic mass loadings due to
the influences on the partitioning of the organic compounds (Chirico
et al., 2011) and older vehicles without diesel particle filters (Chirico
et al., 2010). This is both in agreement with the higher mass loadings
and older car fleet in New Delhi compared to Europe. Alternatively, it
may reflect uncertainties in the determination of eBCtr caused by the as-
sumption of static AAE values for both traffic and SFC, despite seasonal
changes in the SFC fuel distribution. Although local heavy-duty vehicles,
auto-rickshaws and buses have been converted to CNG (Ravindra et al.,
2006), regional transport still involves diesel traffic without filters. In
order to control the pollution levels and traffic volume during the day,
since February 2013, heavy duty vehicles have been banned from enter-
ing the city through rushhours from7:30 to 11 amand5 to 7 pm (Singh,
2013). Furthermore, during heavy pollution days heavy duty vehicles
are often banned on short notice in the city center from 7 am to
11 pm. Considering that heavy-duty vehicles are only allowed inside
the city during the night hours and the PBL dynamics, it is reasonable
to have higher HOA concentrations during the night compared to the
morning rush hour peak. Similar observations were made based on
source apportionment of AMS data and PTR-MS data, which were mea-
sured at the Indian Institute of Technology Delhi (IITD). AMS PMF anal-
ysis resolved one HOA factor with a similar diurnal as shown by ACSM
PMF (Lalchandani et al., 2020). PTR-MS PMF analysis resolved two traf-
fic factors, both of which also show a morning rush hour peak and a
broad peak during nighttime (Wang et al., 2020).

The SFC-OA shows high contribution of the mass fragments m/z 60
and m/z 73, which are related to anhydrous sugars, typical for biomass
burning. It also includes signals from unsaturated hydrocarbons at m/z
77, 91 and 115, as is also the case for coal combustion (Elser et al.,
2016; Dall'Osto et al., 2013). Furthermore, contributions of m/z 178
and m/z 202, associated with anthracene and pyrene, two PAHs that
are typically emitted during combustion processes, are present. There-
fore, we argue that this combustion factor is a mixture of different
solid fuel combustions. Consistent with residential heating activities,
SFC-OA exhibits a diurnal pattern with a small peak in the morning
hours and a significant increase over the night. During the day, the
SFC-OA is close to zero. This also agrees with the fact that SFC-OA is a
primary emission source. In Delhi, solid fuel combustion may comprise
a mix of domestic heating, coal-based cooking and open-fire activities
which include many types of biomass burning and waste combustion.
Resolution of these individual emissions sources could not be achieved
using only the current ACSMmeasurements. The averaged uncertainty
of the SFC-OA is ±7%. Even though the BC source apportionment is
based on the assumption of only having two combustion sources,
which seems too simple for New Delhi and its various combustion
sources, the eBCsf resolved with the aethalometer model correlates sur-
prisingly well with our SFC-OA factor. Over the whole period the time
series yield a correlation of R2 = 0.69, with a median ratio SFC-OA to
eBCsf of 3.30, while the diurnal variations exhibit a correlation of R2 =
0.88 in the averaged solution. The reported OM/BC values for wood
combustion are highly dependent on the combustion conditions and
span a wide range from 1.1 to 10 (Favez et al., 2010; Grieshop et al.,
2009). This large variation is due to different measurement techniques
and burning conditions. In addition, ambient measurements tend to re-
port higher OM/BC ratios. In general, a more efficient combustion leads
to lowerOM/BC values.With themanyopen burning activities observed
in New Delhi, higher OM/BC values are expected as the combustion is
often not operated under ideal conditions.

During this time period we are able to distinguish two OOA factors,
based on different profile contributions and diurnal variations. The un-
certainty of the two OOA factors is similar, the averaged error is ±9%
for MO-OOA 1 and ±8% for MO-OOA 2. Compared to the two primary
factors, the MO-OOA 1 and MO-OOA 2 factors exhibit a significantly
higher contribution of m/z 44, typically a result of thermal decomposi-
tion of highly oxygenated organic acids (Ng et al., 2010). Besides the
high contribution of m/z 44, the MO-OOA 1 factor still shows some ali-
phatic features in the profile. This is also reflected in the diurnal profile
where high concentrations during the night dominate. The MO-OOA 2
factor shows a different diurnal pattern with rather high concentration
levels during the full day and a unique peak in the late morning hours
(10 am). When the chloride concentration decreases, an increase in
the MO-OOA 2 factor is noted. This may be linked to specific oxidation
chemistry occurring in environments that are rich in chloride and
HONO; this is the case during the late morning hours in New Delhi.
The following decrease in the concentration around noon is likely due
to PBL dynamics.

3.2.2. February–May (fast valve switching settings)
During the measurements with the fast valve switching settings

fromFebruary untilMay2018, thefilament had to be replacedwhich re-
sulted in an increased f44 with the new filament compared to the old
one. Therefore separate PMF runs were performed for the two filament
periods. It was found that a 3-factor solution best represents theOA var-
iations, independent of the filament. A higher number of factors led to
an additional primary factor with features of both HOA and SFC-OA
but no m/z 44. An even higher number of factors led to mathematical
splitting of the OOA factor. From the 1000 bootstrap runs, 977 solutions
for the analysis for February to April and 979 solutions for Maymet the
criteria described above. The averaged factor profiles and the diurnal
concentrations are shown together with the eBC source apportionment
in Fig. 4. Since the solutions are very similar for the two separate PMF
analyses, they are discussed together in this section. The mentioned a-
values, uncertainties and ratios refer to the separate studies (Febru-
ary–April and May, respectively).

An HOA factor similar to the solution in December/January with the
slow valve switching settings was resolved, with the same key features.
The diurnal pattern was the same, with a small rush-hour peak in the
morning and high concentrations during the night due to heavy-duty
traffic that is only allowed in the city between 11 pm and 7 am. A
mean a-value of 0.25 ± 0.15 for both solutions was found, with an un-
certainty of the HOA factor of ±19% and ±18%, respectively. As men-
tioned in Section 3.2.1, the median HOA/eBCtr is 1.13 and 1.26,
respectively. Further discussion follows in Section 3.2.3.

The SFC-OA contribution is expected to be lower in the warmer
monthswith temperatures up to 36 °C in April compared to the still rel-
atively cold month of February. In addition, the high temperatures can



Fig. 4. Average PMF factor mass spectra (left) and diurnal variations of mass concentrations (right) for the fast valve switching setting measurement period (a) 17 February–2 May and
(b) 6 May–26 May. Additionally, the diurnal variations of eBCtr, eBCsf (from source apportionment of AE33 data) and chloride are shown with the corresponding ACSM factors.
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speed up the oxidation process whichmakes it harder to separate fresh
SFC-OA with unconstrained PMF in April. Therefore, PMF was first per-
formed over the February nights where a relatively high contribution of
fresh SFC-OAwas observed. The resolved SFC-OAwas then used to con-
strain this factor over the whole period February–April with a random
a-value of 0.5. Since the switching to the new filament could have influ-
enced them/z 44 contribution, the constrained profile forMay allowed a
random a-value of 1 for m/z 44. According to the definition given in
Section 2.2.1, the uncertainty of the SFC-OA factor is ±9% for
February–April and ±19% for May (Fig. S6), with an average applied
a-value of 0.24 ± 0.14 and 0.25 ± 0.15, respectively. Fig. S5 shows
that the instrument valve switching settings and the instrument tuning
had a big impact on the sensitivity towards some PAHs which are ex-
pected to be emitted during combustion processes. However, the de-
tailed relationship could not be determined based on our
measurements. With the changed sensitivity also the source profile of
the SFC-OA changes. With the fast valve switching parameters, the rel-
ative intensities of the higher m/z (especially above m/z 100) as well
as their contributions in the SFC-OA increase. PAHs, such as anthracene
and pyrene exhibit the same diurnal trend as the SFC-OA factor. More-
over, the correlation of those PAHs over time with the SFC-OA is R2 =
0.99 and R2 = 0.95 for the two periods. The dual-peak diurnal pattern
is still very similar to the pattern resolvedwith the slow valve switching
settings. The diurnal correlation with eBCsf is high (R2 = 0.97 and R2 =
0.94, respectively), whereas for the full time series a correlation of R2 =
0.76 and R2= 0.71 is found, respectively. This is still very high consider-
ing that New Delhi has a wide variety of combustion sources. Even in
May with an average temperature of 32.2 °C, when residential heating
can be excluded, SFC-OA is separated. The more stable combustion
sources such as industries (e.g. brick kilns) and especially in April and
May, agricultural biomass combustion explain the presence of an SFC-
OA factor also in the warmer season. The median ratio of SFC-OA to
eBCsf is 2.67 and 1.86, respectively. The change over the measurement
campaign is further discussed in Section 3.2.3.

Only one OOA factor was resolved, with an uncertainty of ±11%
and ± 4% for the two separate PMF solutions (Fig. S6), respectively.



9A. Tobler et al. / Science of the Total Environment 745 (2020) 140924
The chemical fingerprint as well as the diurnal behavior of this factor
strongly resemble the MO-OOA 2 from the first measurement period.
Themass spectral profile is dominated bym/z 44, indicating the oxygen-
ated nature of this factor. This is also reflected in the diurnal pattern,
which is more stable compared to the primary sources. Besides contrib-
uting substantially to the total OAmass in the afternoon, the character-
istic increase of concentration in the late morning hours is also present
here. Often, with higher temperatures, one is able to distinguish differ-
ent OOA factors (Canonaco et al., 2015), however, we are not able to ob-
serve this with our data. This may be due to similar dominating
precursors in the cold and warm periods in contrast to Europe.

3.2.3. Comparison of the PMF solutions
Even though the source apportionment for this data set was per-

formed on the two valve switching setting measurement periods sepa-
rately, comparable sources were resolved. For both periods,
constraining HOA with the reference spectrum from Crippa et al.
(2013b) to separate HOA from other combustion sources was success-
ful. As shown in other studies (Crippa et al., 2014; Elser et al., 2016),
this HOA reference profile describes awide variation of different vehicle
fleets and also measurement parameters quite well regarding factor
separation in PMF analysis. The diurnal profiles show a similar trend
with a smaller rush-hour peak during the morning and high contribu-
tion during the evening and the night. The relative contribution to the
monthly average is constant from February to May. In December/Janu-
ary, the contribution is lower, probably due to the strong additional
source of SFC-OA. The HOA/eBCtr increases from 0.59 to 1.26 from De-
cember/January to May. The ratio in December/January is comparable
to other ambient studies (Crippa et al., 2013a), whereas the increase
of the ratio to even higher values may reflect uncertainties in the deter-
mination of eBCtr by the aethalometer model. Uncertainties may come
from the assumption used here of overall stable combustion sources
represented by a static AAE value. However, further investigation on
the BC source apportionment is out of the scope of this paper.

The SFC-OA factor in both periods is characterized by dominant an-
hydrous sugar fragments at m/z 60 and 73. However, the higher m/z's
seem to be sensitive to the valve switching settings and/or instrument
tuning. Therefore, the SFC-OA profiles are significantly different in the
high m/z range between the PMF solutions. The fraction of m/z 60 de-
creases slightly over time as it can be expected with increasing
Fig. 5. (a) Absolute and (b) relative facto
temperatures and less residential heating. Estimating the background
level of m/z 60 was not successful because no period with clear SFC-
OA absence could be defined. Other studies defined a background
level of 0.3% based on aerosol mass spectrometer (AMS)measurements
(Cubison et al., 2011; DeCarlo et al., 2008). Since fragmentation is not
entirely consistent across different instruments this value can only
serve as a rough guideline. Nevertheless, the stable level of m/z 60,
clearly above that suggested limit for AMS measurements, also in the
warmer season, justifies the constraint of the SFC-OA also in May. Fur-
thermore, PAHs, such as anthracene and pyrene, which are often co-
emitted during various combustion processes, show a high correlation
with the SFC-OA. Although the sensitivity of the instrument towards
the PAHs varies over the campaign, the variance of the PAHs is well ex-
plained by the SFC-OA during the nighttime throughout the campaign.
The median SFC-OA to eBCsf ratio decreases from 3.30 to 1.86 from De-
cember/January to May. Different influences take effect here. Firstly,
there is a change in the solid fuel to be expected, because of the high
concurrency of very simple local heating (open fires) with solid fuels
in the cold period, whereas regional open agricultural burning is more
common in the warmer period. In addition, the processing and oxida-
tion process of the SFC-OA will change with the seasons. The f60 in the
MO-OOA factors in the cold period is on average lower than in the
OOA factor in the warmer period, suggesting the SFC-OA is
underestimated (Bougiatioti et al., 2014). Furthermore, the BC coating
can change due to partitioning, aging or bleaching. Changes in the BC
coating and composition will affect the absorption wavelength depen-
dence (Zhang et al., 2018). The data presented here is not able to explain
the extent of the influence of the different factors to the change in the
SFC-OA/eBCsf values. We were only able to resolve two OOA factors
for December/January where MO-OOA 1 exhibits a stronger hydrocar-
bon pattern than MO-OOA 2. From February to May, PMF is not able
to reasonably resolvemore than one OOA factor. The highly oxygenated
OOA (MO-OOA 2 and OOA, respectively) is very similar for both valve
switching settings. Thesemass spectra are dominated bym/z 44. The di-
urnal profile is more constant compared to the other factors resolved.
The morning peak is slightly shifted compared to the primary sources
which is likely an indicator of early morning photochemical production
of secondary OA.

The absolute concentrations and relative factor contributions to the
total OA over the campaign are shown in Fig. 5, and the monthly
r contributions to the total OA mass.



Fig. 6. (a) Monthly averaged total OA composition and (b) relative contributions of the PMF factors to the total OA mass.
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averaged OA factors and their contributions to the total OA mass are
shown in Fig. 6. Overall, we see that the relative fractions of MO-OOA
2 and OOA are continuously increasing during the campaign, which
can be linked to the temperature increase. Over the fast valve switching
settings during the campaign, the HOA factor seems to be a stable con-
tributor to the total mass. The SFC-OA contribution at the same time is
decreasing. However, even with high temperatures, when it can be as-
sumed that residential heating isminimal, the SFC-OA factor is still pres-
ent, pointing towards a more stable source of solid fuel combustion.
Further studies with higher mass resolution and/or softer ionization
could give more insight here.

4. Conclusion

This study investigated the highly time-resolved chemical composi-
tion of NR-PM2.5 and the source apportionment of OA in New Delhi be-
tween December 2017 and May 2018. All species exhibited seasonal as
well as diurnal variations. The highest concentrations of all species were
observed during the colder period between December and February.
With increasing temperatures and greater PBL height, the concentra-
tions decreased. While in the cold period exceptionally high chloride
concentrations were measured in the morning hours, the chloride con-
centration in thewarmer periodwas very low as the equilibrium of am-
monium chloride was shifted to the gas phase with the increased
temperatures.

The data was recorded in two different valve switching modes. The
overall composition and mass loadings of those two modes seemed to
be comparable, whereas some ions seemed to behave slightly differ-
ently. The different valve switching settings control the amount of
time overwhichmaterial is accumulated and desorbed on the vaporizer
and therefore may lead to different mass spectra. Since the ACSM is
based on flash vaporization the fast valve switching settings should be
preferred. Although PMF was performed separately on the two periods
with different valve switching settings, consistent sources were identi-
fied for the full period. The primary sources exhibited a stronger diurnal
trend compared to the secondary sources, with stronger contribution
during nighttime. TheMO-OOA2 (December/January) andOOA (Febru-
ary–May) factors showed high concentrations also during the less pol-
luted afternoon hours. They exhibited an increase in concentration in
the late morning when the concentrations of the primary sources
were already decreasing. The increase went along with the decrease of
the chloride concentration. Further studies focusing on the chemistry
in chloride and NOx rich environments could bring some more insight
into the oxidation processes in New Delhi. To better assess the variabil-
ity of emission sources and the influence of meteorology, rolling PMF,
where a small PMF window is shifted over the data set (Canonaco
et al., 2020), should be performed over the extended data set. This
would also lead to more insight regarding the OOA factors and their
evolution over the different seasons.

With this studywe are able to givemore insight and provide a better
understanding of the complex air pollution problem that Delhi is facing.
Deconvolving and identifying different sources and their contributions
and evolution over time is an important first step to establish better
guidelines to reduce air pollution efficiently and to avoid extremepollu-
tion events as observed lately.
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