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Abstract Simultaneous measurements of volatile organic compounds (VOCs) using two PTR-TOF-MS
instruments were conducted at urban and suburban sites of New Delhi during the winter of 2018. The

time series of VOC mixing ratios show substantial variations mainly influenced by local emissions and
meteorological conditions. Mixing ratios of methanol (~28 ppbv), acetaldehyde (7.7 ppbv), acetone (10.6
ppbv), isoprene (2.8 ppbv) and monoterpenes (0.84 ppbv) at the suburban site were higher than those at the
urban site, while levels of aromatic VOCs were almost similar. The strong nighttime correlations of isoprene
and monoterpenes with CO and benzene at the urban site indicate their predominant anthropogenic origin.
Higher emission ratios of AVOCs/ACO and AVOCs/Abenzene than those reported for vehicular exhaust
suggest the contributions of other sources. In addition to vehicular emissions, episodes of biomass burning,
industrial plumes and aged air strongly influenced the levels of VOCs at the suburban site. Despite the
predominant primary anthropogenic emissions, the higher daytime enhancements of OVOCs/CO ratios indicate
additional contributions of OVOCs from secondary/biogenic sources. The secondary formation of OVOCs
in moderately aged air masses was noticeable at the suburban site. Using the source-tracer-ratio method, the
estimated biogenic contributions of isoprene (71%) and acetone (65%) during daytime at the suburban site
were significantly higher than those for the urban site. The photochemical box model simulations suggest
that daytime ozone formation was under the VOC-limited regime. The present study highlights the impact of
different emission sources, photochemical processes and meteorological conditions on the composition and
concentration of VOCs in the Delhi region.

Plain Language Summary Contributions of natural and anthropogenic sources of volatile organic
compounds (VOCs) vary on local and regional scales. In recent years, emission from the use of fossil fuels is
the main anthropogenic source of ambient air VOCs in the urban regions of developing countries. Other sources
such as biomass/biofuel burning and biogenic emissions also influence urban air quality in tropical regions.
The distinction between biogenic and anthropogenic contributions of VOCs in urban air is not straightforward
because many VOCs are emitted from several co-located sources. In this study, we performed simultaneous
VOC measurements using state-of-art instruments at the urban and suburban sites of New Delhi in the polluted
Indo-Gangetic Plains of India during the winter season. Besides the impact of primary sources, we have also
investigated the roles of photochemical secondary formation of oxygenated VOCs. Our findings will help
policymakers develop strategies for controlling primary and secondary pollutants in this tropical urban region.

1. Introduction

Volatile organic compounds (VOCs) are ubiquitous organic gases present in the Earth's atmosphere at trace levels
(pptv-ppbv). Typically, VOCs are categorized into two major groups of non-methane hydrocarbons (NMHCs)
and oxygenated-VOCs (OVOCs). NMHC:s are primary VOCs emitted from biogenic and anthropogenic sources,
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whereas both primary and photochemical/secondary sources contribute to OVOCs (C. Liu, Ma, et al., 2017; C.
Liu, Zhang, et al., 2017; Sahu, Pal, et al., 2016; Sahu, Yadav, & Pal, 2016). However, based on their major global
emission sources, VOCs are also classified as anthropogenic VOCs (AVOCs) and biogenic VOCs (BVOCs).
According to the Model of Emissions of Gases and Aerosols from Nature Monitoring Atmospheric Composi-
tion and Climate project (MEGAN-MACC) estimates of global BVOC emissions, isoprene (C;H,) contributes
~70% to the average total emission (Sindelarova et al., 2014). Monoterpenes (MTs, C,,H,,), methanol (CH,OH),
acetone (CH,COCH,), sesquiterpenes, and other BVOC species account for ~11, 6%, 3%, 2.5%, and 2%, respec-
tively. In the troposphere, VOCs are precursors for the formation of secondary organic aerosols (SOA) and ozone
(0,) in the presence of oxides of nitrogen (NO, = NO + NO,) and sunlight (Hester & Harrison, 1995; Seinfeld
& Pandis, 2016). Most of VOCs can rapidly react with hydroxyl radicals (OH), O, and nitrate radical (NO,) and
can influence the oxidation capacity of the atmosphere. Therefore, the levels of VOCs in the global atmosphere
can change the lifetimes of long-lived compounds such as methane (CH,) (Lelieveld et al., 2008; Monks, 2005).

Although associated with large uncertainties, the global emissions of ~1,000 Tg year~! of VOCs estimated
from biogenic sources (Guenther et al., 2006, 2012) is ~10 times greater than those from anthropogenic sources
(Goldstein & Galbally, 2007). However, the balance between biogenic and anthropogenic emissions can vary
greatly at local and regional scales. Ambient air measurements of VOCs over several urban and industrial
regions of the world revealed the dominant contribution from anthropogenic sources (e.g., de Gouw et al., 2009;
Wu & Xie, 2018). The major anthropogenic sources in the urban environment include fossil fuel combustion,
biomass/biofuel burning, fuel evaporation, use of solvents, and industrial processes (Duan et al., 2008; Legreid
et al., 2007; Sawyer et al., 2000). The contributions of secondary sources via photo-oxidation of primary VOCs
are also significant in the urban atmosphere (Friedman et al., 2017; Yuan et al., 2012). Several studies have
reported that alcohols (methanol and ethanol), ketones (especially acetone) and aldehydes (formaldehyde and
acetaldehyde) are the most abundant OVOCs measured in the urban air (Acton et al., 2020; de Gouw et al., 2018;
Wau et al., 2020). Nonetheless, the understanding of different emission and atmospheric processes of VOCs is
important to assess their impact on air quality in complex urban environments (Warneke et al., 2013).

Several urban regions of India have been facing prolonged episodes of severe air pollution due to rapid urbani-
zation and ever-increasing numbers of vehicles (Majumdar et al., 2011; Ramachandra, 2009). In India, the major
anthropogenic sources of VOCs include emissions from residential combustion (~41%), transportation (37%),
and industrial combustion (13%) (Li et al., 2014). The Indo-Gangetic plain (IGP) experiences elevated loadings
of gaseous and particulate pollutants from local and regional sources (Dey et al., 2012; Guttikunda et al., 2014;
Kaskaoutis et al., 2014; Sen et al., 2017; Srivastava et al., 2014). In the winter season, the ambient pollution is
aggravated by stagnant meteorological conditions resulting in smog formation and visibility reduction across
the IGP (Ojha et al., 2020). Therefore, it is important to understand the role of emission, photochemistry, and
meteorology in governing ambient air pollution over this part of the world. Effective O, concentration control
strategies are required considering significant impacts on human health and crop yields (Anenberg et al., 2010;
Feng et al., 2019; Li et al., 2017; WHO, 2017). The implementation of such strategies needs an adequate under-
standing of the nonlinear VOC-NO,-O, chemistry. Modeling studies have provided first-hand information about
the sensitivity of O, formation to the background levels of NO, and VOCs (e.g., Chen et al., 2021; Goldberg
et al., 2016; Ojha et al., 2012; Sillman et al., 2003; Tang et al., 2010; Xue et al., 2013). However, modeling stud-
ies in the tropical Indian region are relatively few and reveal strong biases when simulations are compared with
observations (Chutia et al., 2019; David et al., 2019; David & Ravishankara, 2019; Kumar et al., 2012; Mahajan
et al., 2015; Sharma et al., 2017; Surl et al., 2018). These biases have been suggested to be due to uncertain-
ties in the input emissions and model resolutions, besides the treatment of atmospheric chemistry in different
mechanisms. Recent studies have shown substantial improvements in the forecasts through the assimilation of
observational datasets in the model (Jena et al., 2021; Kumar et al., 2020). In view of this scenario, in situ meas-
urements in different environments are needed to characterize the sensitivity of O, to its precursors and improve
the performances of regional and global models. Model-based estimates of emission inventories of various VOCs
are reported with significant uncertainties for major urban areas of developing countries (e.g., Karl et al., 2009;
Ohara et al., 2007). Real-time speciated measurements of VOCs and reference trace gases (e.g., CO) provide
important datasets to estimate urban emission factors (Brito et al., 2015).

The studies characterizing the emission and photochemical processes of VOCs and O, in the urban regions of
India are limited mainly due to the lack of comprehensive real-time measurements (Sahu, Yadav, & Pal, 2016;
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Figure 1. The left panel shows the locations (red square) of IITD urban and MRIIRS suburban sites and industrial estates on the map of New Delhi and surrounding
regions. The right panel shows the locations of different industries near the IITD urban site on the map of the National Capital Territory (NCT) of New Delhi.

Sahu et al., 2020; L. Wang et al., 2020). The present study is based on the simultaneous measurements of VOCs
using two Proton Transfer Reaction Time-of-Flight Mass Spectrometer (PTR-TOF-MS) instruments at an urban
and a suburban site of New Delhi, India during the winter season of 2018. The high time- and mass-resolved
measurements of various VOCs were analyzed to assess the impact of different emission sources, episodic events,
photochemical processes and meteorological conditions. We have investigated the change in the concentration
and composition of VOCs in different air masses with respect to the tracer compounds for primary emissions.
The contributions of anthropogenic, biogenic/secondary sources to different VOCs in ambient air were quantified
by the source-tracer-ratio method. The photochemical age-based method was applied to investigate the role of
secondary formation of OVOCs in ambient air. The photochemical box model simulations were performed to
study the O variability due to variations in VOCs and NO,. The ozone formation potential (OFP) and OH reac-
tivity of different VOCs were estimated to understand their relative importance in the O, formation.

2. Materials and Methods
2.1. Site Description

India's capital New Delhi is one of the largest megacities in the world. The city lies in the IGP with the Thar
Desert in the west, the central plains in the south, and the Himalaya in the northeast (Gurjar et al., 2016). The
major local pollution sources include vehicular traffic, industries, and power plants, besides regional biomass/
biofuel burning sources (Rai et al., 2020). The instruments were deployed in the campuses of Indian Institute of
Technology Delhi (IITD; 28.54°N, 77.19°E) and Manav Rachna International Institute of Research and Studies
(MRIIRS; 28.45°N, 77.28°E) representing urban and suburban areas, respectively. The suburban site (downwind
region) is located at a distance of ~20 km in the southeast (SE) direction from the urban site (IITD) (Figure 1). At
IITD, the instruments were installed on the third floor of the Centre for Atmospheric Science laboratory building.
The IITD site is situated at a distance of ~80 m from a major road known as the outer ring road. In addition to
traffic-related emissions, the measurements at IITD were influenced by the emissions from industries located in
the surrounding areas (Figure 1 and Figure S1 in Supporting Information S1).

At the MRIIRS site, the instruments were deployed on the first floor of the Civil Engineering building. The
MRIIRS campus, located in the Faridabad suburb, is an outskirt area of New Delhi. This site is located at a
distance of ~100 m in the west of a national highway (NH-2) connecting two states (provinces) of New Delhi and
Haryana and at a distance of ~3 km from the Mathura road (NH-19). The MRIIRS site is surrounded by several
vegetated areas (Asola Wild Life Sanctuary), industrial and chemical plants within 1-5 km of distances (Figure 1
and Figure S1b in Supporting Information S1).
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The vehicular traffic in New Delhi consists of both light-duty vehicles (LDVs) and heavy-duty vehicles (HDVs).
Usually, the emissions from LDVs dominate during the morning (07-10 hr) and evening (18-21 hr) rush-traffic
hours. The emissions from HDVs are highest during nighttime (21-07 hr).

2.2. Measurement Techniques

Measurements of VOCs were conducted using PTR-TOF-MS 8000 instruments (Ionicon Analytical G.m.b.H,
Innsbruck, Austria) from January 10 to 07 March 2018. The PTR-TOF-MS 8000 provides high time- and
mass-resolution measurements of various VOCs. Measurements at both sites were performed using similar oper-
ating parameters (e.g., drift tube pressure of 2.3 mbar, drift temperature of 60°C, and drift voltage of 660 V). The
ratio of the electric field (E) to gas number density (&) in the drift tube was set between 128 and 130 Townsend
(1 Townsend = 1077 V ¢m?). The E/N ratio in the range of 110-130 Td, where hydration and fragmentation are
minimized, has been suggested for the standard ambient air measurements (Hewitt et al., 2003). Very high-purity
hydronium ions (H,O%) are produced in the ion source region. Subsequently, H,O* ions enter the drift tube where
the proton transfer reactions occur between H,O* and any compounds with higher proton affinity (PA) than that
of H,0 (691 kJ mol~"). The ambient air samples were drawn into the drift tube through a 1.5 m long heated
(60°C) Teflon® PFA tube (1/8" or 3.175 mm) at a flow rate of ~60 mL min~'. A VOC molecule (R) is ionized in
the drift tube by the following proton transfer reaction.

H;0" + R —» RH* + H,0 (H

The proton transfer reaction rate coefficients vary in the range of 1.5-3.9 X 10~ cm? s~! (Smith & §panél, 2005)
and a typical value of (2 X 10~ cm3 s~!) has been used here to calculate VOC concentrations. The ionized mole-
cules (RH™) enter the time of flight (TOF) chamber and get separated according to the mass-to-charge ratio (m/z)
and finally detected by the multi-channel plate (MCP) detector. Instead of H,'°O* (m/z 19.0178) ions, which
can saturate the MCP, we used the signal of H,'80" (m/z 21.0221) to quantify the concentrations of reagent ions
by assuming a natural ratio of '°0/'30 (~500:1). The spectra measured at time resolution (integration) of 30 s
were stored in “hdf5” format using the TOF-Daq program, and quantification of peaks at different masses was
performed using the PTR-TOF Data Analyzer (Graus et al., 2010). Under typical operating condition for ambi-
ent air measurements, a mass-resolving power (m/Am) of about 5,000 (FWHM) was achieved (Sahu, Yadav, &
Pal, 2016). A certified standard gas mixture (L5388, Ionicon Analytik GmbH Innsbruck) containing ~1.0 ppmv
of 13 different VOCs with protonated mass of (a) OVOCs; m/z 33.034 (methanol), 45.034 (acetaldehyde), 59.049
(acetone), 47.050 (ethanol), and 73.065 (methyl ethyl ketone, MEK), (b) aromatics, m/z 79.054 (benzene), 93.070
(toluene), 107.086 (C4 aromatics, including ethylbenzene and xylenes), 42.034 (acetonitrile), 69.070 (isoprene),
113.016 (chlorobenzene), 137.133 and 81.07 (MTs and its fragment), and 146.977 (1,2 dichlorobenzene) was
used to generate their sensitivity curves (Wang et al., 2020). The different known (set) volume mixing ratios
were obtained by dynamic dilutions of the standard mixture using a “gas calibration unit” (GCU-advanced v2.0,
Tonicon Analytik) for multipoint calibration. The instrument baseline was determined by analyzing the response
of VOC-free zero air generated using VOC scrubber catalyst heated at 350°C in the GCU. The flow rate of
the standard mixture was adjusted using a mass flow controller (MFC_,) onto the flow (500 sccm min~') of
dilution gas (zero air) maintained using MFC, to produce variable known mixing ratios. The zero air in GCU
was produced by passing ambient air through a heated (350°C) VOC-scrubber catalyst. A stable supply of zero
air is important for the determinations of background signals and hence to quantify the overall performance of
PTR-TOF-MS including sensitivity. The desired relative humidity (RH) of zero-air air was generated by adjusting
the set dew point temperature in the dew point mirror (DPM) in GCU. The instrumental background and calibra-
tion at different RH values were performed about every 3- and 10-day of intervals, respectively. Additional details
of the operation, calibration procedures and fragmentation of MTs are described in our previous studies (Sahu,
Yadav, & Pal, 2016, 2017; Tripathi & Sahu, 2020). The measurement precisions of VOCs presented in this paper
varied in the range of 2%—15%. The uncertainties (8%—13%) in the calculations of the mixing ratios of VOCs
include the uncertainties in the mass flow controllers (MFCs) of GCU and standard mixture (+5%—6%) (Sahu &
Saxena, 2015; Tripathi & Sahu, 2020).

The fragments of several compounds, such as cyclopentene, pentanal, and 2-methyl-3-buten-2-ol (MBO) can
interfere with the isoprene (m/z 69.0699) signal detected using the PTR-TOF-MS (e.g., Sahu, Yadav, & Pal, 2016).
The mixing ratios of these interfering compounds are found to be particularly significant near the petrochemical
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facilities (Warneke et al., 2010). However, the measurement sites are far away from the petrochemical indus-
trial sources. We have compared the PTR-TOF-MS measurements with TD-GC-FID at similar urban site of
Ahmedabad, India. Based on comparison of ambient isoprene measurements, the (PTR-TOF-MS)isoprene/(TD-GC-
FID); prene 1atio of ~1.04 was determined which indicates a good agreement between the two instruments. The
strong correlation between m/z 137.133 and m/z of 81.07 indicates that the interferences of other sources to MTs
were negligible (Figure S2 in Supporting Information S1). Therefore, the impact of possible interference from
other compounds to isoprene and monoterpenes is assumed to be negligible.

The mixing ratios of O,, carbon monoxide (CO), and NO, measured during the campaign were used as supporting
data. At MRIIRS, the 491, 48i, and 42i analyzers (Thermo Scientific, US) were used for the online measurements
of O,, CO, and NO, mixing ratios, respectively. At IITD, Serinus 30 and Serinus 40 Ecotech analyzers were
operated for the measurements of CO and NO, mixing ratios, respectively.

2.3. Model Description

The dependence of O, variability on precursors at the suburban and urban sites was analyzed by conducting
simulations using the Master Mechanism v2.5 model (Chen et al., 2021). The model includes detailed gas-phase
chemistry of about ~2,000 different chemical species (Madronich, 2006). Photolysis rates are calculated using
the Tropospheric Ultraviolet and Visible (TUV) radiative transfer model (version 5.0), which is coupled with the
Master Mechanism box model (Madronich & Flocke, 1999). Further details of this model and its applications
over the Indian region can be found elsewhere (Chen et al., 2021; Madronich, 2006; Ojha et al., 2012).

The environmental conditions chosen in the simulations for the suburban and urban sites are summarized in Table
S1in Supporting Information S1. The values of total O, column and single scattering albedo are obtained from the
OMI satellite data and Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2)
model reanalysis, respectively. While aerosol optical depth at 550 nm and Angstrom coefficient are taken from
MODIS-Aqua satellite data. The model is initialized using the average values of CO, NO,, and various VOCs
derived from observations during the present campaign. The mixing ratios of methane (2.25 ppmv) and key light
NMHCs including ethane (20 ppbv), ethene (14 ppbv), propane (29 ppbv), propene (4 ppbv), i-butane (11 ppbv),
n-butane (22 ppbv), acetylene (10 ppbv), i-pentane (8 ppbv), n-pentane (6 ppbv), and 1-pentene (0.1 ppbv) have
been included for model inputs. NMHCs were measured using a C,—C, VOCs analyzer (AirmoVOC, Model:
A22022, Chromatotec®, France) at the IITD site during the winter season of 2019. Methane was set to 2.25 ppm
by considering the observed urban and industrial influences in Delhi's environment (Sahay & Ghosh, 2013).

2.4. Determination of VOC Emission Ratios

At the time of emission, each VOC has a characteristic molar emission ratio (ER) depending on the source type.
The ER of a compound (X) with respect to a reference or tracer compound (Y) can be given as:

_AX
T AY

ER = Slope of the X with Y 2)
Several studies have used the ER of VOCs to CO to characterize their emissions from a particular source (e.g.,
Borbon et al., 2013; Yuan et al., 2012). The ambient air molar mixing ratio of CO has been used as a tracer for
incomplete combustion-related emissions (Chandra et al., 2016). The measured molar ratio (X/Y) at any given
time has been used to estimate the ER by applying the corrections due to the photochemical process known as
age-corrected ER (e.g., Baker et al., 2011; de Gouw et al., 2001; Thorenz et al., 2017). The measurements from
midnight to early morning hours are strongly impacted by direct emissions and used to determine the ERs of
VOCs (Borbon et al., 2013; Parrish et al., 2012; Warneke et al., 2007). We refer the readers to Akagi et al. (2011)
for a more detailed description of ER parameters. In this study, we have calculated the ERs of several VOCs to
identify the emissions sources and estimate the photochemical age.
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Figure 2. Time series of VOCs, CO, wind speed, temperature and wind direction at (i) MRIIRS suburban (left panel) and (ii) IITD urban (right panel) sites in New
Delhi, India from 10 January to 8 March 2018. The three semi-transparent strips (I, II, III) represent the different episodic events observed during the measurement
period.

3. Results and Discussion
3.1. The Characteristics of VOC Levels and the Impact of Meteorological Conditions

The hourly time series of VOCs, CO, NO,, temperature and wind speed measured at both sites are plotted in
Figures 2 and 3. The variations of the planetary boundary layer height (PBLH) using the ERAS data (the fifth
generation ECMWF atmospheric reanalysis) are shown in Figure 3 (Hersbach et al., 2018). Although a few
studies have suggested overall consistency between the ECMWEF reanalysis, WRF model and observations over
northern India (e.g., Brunamonti et al., 2019), there can be some significant biases between the model and local
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Figure 3. The time series plots of VOCs, NO,, and the planetary boundary layer (PBL) depth at (i) MRIIRS suburban (left panel) and (ii) IITD urban (right panel) sites
in New Delhi. The PBL data are taken from ERAS (the fifth generation ECMWF atmospheric reanalysis) (Hersbach et al., 2018).

observations of PBLH (Nakoudi et al., 2019). In this study, we have used PBLH data to investigate the effect of
the boundary layer dynamics in ambient air variations of VOCs.

VOC:s as well as other trace gases show large variations at both sites. At the urban site, the daily average mixing
ratios of isoprene, MTs, methanol, benzene and toluene were in the ranges of 0.2-2.4, 0.03-0.6, 3.8-34.3, 1.1-7.4,
and 1.1-19.9 ppbv, while at the suburban site these were in the ranges of 0.16-5.70, 0.24-2.39, 2.52-47.23,
0.73-6.03, and 0.69-16.39 ppbv, respectively. The levels of BVOCs and OVOC:s at the suburban site were higher
than those measured at the urban site. The average mixing ratios of isoprene and monoterpene at the suburban
site are ~3 and 6 times higher than their levels at the urban site, respectively. Nevertheless, the levels of aromatic
compounds such as toluene (~5 ppbv), benzene (3 ppbv), and xylene (3 ppbv) are similar for both urban and
suburban sites. The mixing ratios of CO (0.63-2.88 ppmv) and NO, (30.4-507 ppbv) at the urban site were
higher than their values (CO = 0.51-1.67 ppmv and NO, = 12-65 ppbv) measured at the suburban site. However,
particularly during the northwest (NW) winds, the suburban site is downwind of major city centers including the
urban site (Figure S3 in Supporting Information S1). The transport time of air masses from the upwind urban
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Figure 4. (a) Scatter plots of the mixing ratios of toluene and xylene with benzene for the urban [(i) and (ii)] and suburban [(iii) and (iv)] sites under the calm (<1.2 m
s~!) and stronger (>1.2 m s~!) wind conditions. (b) Scatter plots of the mixing ratios of acetone and MVK + MACR with isoprene for the urban [(i) and (ii)] and
suburban [(iii) and (iv)] sites of New Delhi during the day and night hours.

region to downwind suburban areas is about 1 hour as estimated using the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model simulation. Therefore, the time series at both sites show similar trends
except when the southeast (SE) winds prevailed. However, as discussed in the following section, the time series
of VOC mixing ratios show some similar and distinct features between the two sites.

The meteorological variations can have significant impacts on the levels of VOCs at both sites. The higher levels
of VOCs, except for acetonitrile, were measured during 19-23 February at the urban site and during 20-25
February at the suburban site. Episodically, higher levels of VOCs, CO, and NOx were observed at the suburban
site when winds were from the SE sector housing several industrial units (Figure 1 and Figure S4 in Supporting
Information S1). Lower mixing ratios of primary VOCs (e.g., toluene, benzene, and xylene) associated with
relatively higher wind speeds (>1.2 m s~!) indicated the impact of dilution due to mixing with photochemically
aged background air masses. For example, Figure S4d in Supporting Information S1 shows the dependence of the
toluene mixing ratio with the wind speed at the suburban site during the entire study period.

The correlations between primary VOCs (toluene, benzene, and xylene) under the calm (<1.2 m s~!) and stronger
(>1.2 m s7') wind conditions are shown in Figure 4a. The criterion for choosing strong and weak winds is
discussed in our earlier studies (e.g., Sahu, Yadav, & Pal, 2016). The mixing ratios of benzene and toluene
measured under calm/weak winds show stronger correlations (r? > 0.80) than those under the strong winds
(Figure 4a). At the urban site, the slopes of Atoluene/Abenzene (AT/AB) and Axylene/Abenzene (AX/AB) were
~2.32 and 1.48 ppb ppb~! for calm conditions, and similar values of 2.15 and 1.50 ppb ppb~! were determined
for stronger winds, respectively. The almost similar AT/AB and AX/AB values under weaker and stronger wind
speed regimes at the urban site indicate major emissions of aromatic VOCs from the local sources and lesser
impacts of the transport from the distant sources (Sahu et al., 2022). At the suburban site, the AT/AB and AX/AB
slopes of 2.3 and 1.61 ppb ppb~! determined for the calm conditions were significantly higher than their respec-
tive values of 0.81 and 1.1 ppb ppb~' during periods with under the strong winds. In general, calm winds are
northerly; strong winds are westerly, where there are no significant anthropogenic sources. It can be noticed that
the industrial units of PVC, iron and steel, paper, machinery, gas power, sewage plants, and so forth, are situated
north of the suburban site (Figure 1). Several studies have reported that BTEX and acetaldehyde are emitted in
significant amounts from PVC, paper mills, coal power plants, landfill, and cement industries (Dave et al., 2020;
Evans, 2009; Garcia et al., 1992; Liu et al., 2019; Scott et al., 2020; Tong et al., 2015). In addition, the emission
from sewage treatment plants can also be a source of toluene, benzene, xylene, acetone, acetaldehyde and meth-
anol (Byliniski et al., 2019; Quigley & Corsi, 1995; Yang et al., 2012). Therefore, the higher levels of aromatic
VOCs at the suburban site under calm conditions suggest the influences of the local sources, including indus-
trial emissions. Whereas, lower AT/AB and AX/AB values measured under the stronger winds result from the
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Table 1

The Average Mixing Ratios of VOCs (Standard Deviation) at [ITD Urban and MRIIRS Suburban Sites in New Delhi and the Measurements Reported for Different
Urban Sites of the World

VOCs (ppbv) IITD? MRIIRS? Delhi® airport Ahmedabad® Paris? Zurich® Changdao® Beijing?® Mohali®
Methanol 12.03 (14.17) 28.35 (12.79) 30 17.85 2.35 1.21 5.67 (4.80) 24.32(20.83) 37.5(17.9)
Acetaldehyde 6.13 (4.94) 7.65 (7.65) 21 4.99 1.87 0.82 0.63 (0.44) 4.92 (3.66) 6.7 (3.7)
Acetone 8.97 (10.31) 10.63 (4.57) 32 5.35 1.05 1.17 1.85 (0.92) 2.80(2) 5.9 3.7)
Isoprene 0.80 (0.76) 2.81 (1.50) 3.8 1.11 0.17 0.06 0.01 (0.01) 1.21 (1.03) 1.9 (0.9)
Benzene 2.82 (2.30) 245 (1.64) 4.5 1.98 0.33 0.75 0.55 (0.36) 2.00 (1.74) 1.7 (1.5)
Toluene 5.14 (6.26) 4.46 (4.3) 6.1 4.29 0.54 1.25 0.57 (0.51) 1.94 (1.87) 2.7(2.9)
Xylene 3.14 (3.58) 3.05 (3.05) 3.2 0.67 0.25 2(2.2)
MTs 0.14 (0.18) 0.84 (0.57) 1 0.07 (0.06)

MEK 1.30 (0.92) 1.42 (1.00) 4.7 0.22 0.35 (0.22)

MVK + MACR 0.32 (0.26) 0.49 (0.87) 2.1 0.09 0.03

Acetonitrile 7.55 (16.85) 2.26 (1.14) 1.9 0.76 0.55 0.21 (0.12) 0.51 (0.51) 1.4 (0.9)

This study. "Hakkim et al., 2019. Sahu et al., 2017. 9Dolgorouky et al., 2012. *Legreid et al., 2007. fYuan et al., 2013. 2Acton et al., 2020. "Sinha et al., 2014.

mixing of local emissions with photochemically aged background air masses and fresh air transported from the
less-industrialized/polluted western region. In addition to wind parameters, the variations of BVOCs and OVOCs
show a clear dependence on the ambient temperature as discussed in Section 3.3. In Section 3.4, we discuss the
differences in VOC levels and their interrelationships between day and night (Figure 4b) and the direct and indi-
rect roles of meteorological processes.

In Table 1, the average mixing ratios of VOCs measured in this study are compared with values reported for
several other major cities of the world. Methanol levels at the suburban site are significantly higher than the
values reported over the European sites (Table 1). Previous studies have reported that emission from heavy-duty
diesel-fueled trucks are one of the major sources of OVOCs in the urban areas (e.g., de Gouw et al., 2005;
Dolgorouky et al., 2012; Legreid et al., 2007), besides the solvent in coatings and adhesives, disinfectants/indoor
air, and so forth (Karl et al., 2018; Li et al., 2019). Biogenic source of OVOCs include emissions from plants
and trees present in the urban and surrounding regions (Karl et al., 2018; Sahu, Yadav, & Pal, 2016). Unlike
urban regions of the developed nations, the biomass burning in surrounding region of Delhi could also enhance
the background concentrations of OVOCs and in particular of methanol. Sinha et al. (2014) have also reported
higher methanol levels (~100 ppbv) at Mohali, located at a distance of 250 km in the north of Delhi, mainly due
to influences of biomass burning. In conjunction with the study at Mohali, our observations at New Delhi high-
light the significance of open biomass burning in affecting the regional distribution of VOCs. The mean mixing
ratio of methanol at the suburban site is comparable to the values reported for Beijing, China during the winter
season (Acton et al., 2020). The higher mixing ratios of methanol in Beijing, China were attributed to emissions
from industrial activities. In Sections 3.2 and 3.5, we examine the reasons for the higher levels of methanol at the
suburban site. The concentrations of aromatic VOC:s at both sites of New Delhi are found to be considerably lower
than their values reported over Beijing, China (Acton et al., 2020; Gu et al., 2019), but are higher than those over
Paris, France (Dolgorouky et al., 2012) and Zurich, Switzerland (Legreid et al., 2007). Higher levels of aromatics
in New Delhi compared to a major urban region in western India (Ahmedabad) could be due to higher emissions
and favorable meteorological conditions. In January, the average temperatures at Ahmedabad and Delhi were
25 and 16°C, respectively (Sahu, Yadav, & Pal, 2016). In winter conditions, the pollutants emitted from various
sources get trapped in the lower PBL heights.

3.2. Episodic Events

At the suburban site, the three important episodic events observed during 22 January, 3—4 February, and 16-17
February are highlighted in Figure 2. Another local event on 2 March 2018 was related to the Holi bonfire
festival. At the suburban site on 22 January (first event), the average mixing ratios of toluene (16.4 ppbv) and
xylene (~8 ppbv) were higher than their non-episodic mean values of ~5 and 3 ppbv, respectively. The T/B ratios
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increased up to ~8 ppb ppb~! during this period. Typically, the T/B ratios of 24 ppb ppb~! indicate the influence
of vehicular emission, while higher values (>4 ppb ppb~') indicate industrial emissions (Rogers et al., 2006;
Velasco et al., 2007).

In the second episode, the mixing ratios of acetonitrile, a biomass burning tracer (e.g., Holzinger et al., 1999),
were observed to be enhanced (~6 ppbv) from 3 February 15 hr to 4 February 7 hr at the suburban site (Figure 2
and Figure S5a in Supporting Information S1). However, Bruns et al. (2017) and Coggon et al. (2016) have
suggested that acetonitrile may not be a suitable tracer for domestic burning in urban areas, instead, furfural
can be used as a wood-burning tracer. Fleming et al. (2018) and Pandey et al. (2014) have discussed the emis-
sions of a wide range of VOCs from different biofuel burning/combustion processes such as dung-angithi and
brushwood-chulha in rural parts of India. Huangfu et al. (2021) have reported higher acetonitrile/CO ratios
(1.1-7.98 ppb ppm™") for outdoor biomass burning sources such as wildfire and crop residue burning. In the
present study, a strong acetonitrile-CO correlation (r*> = 0.90) and a higher ER of Aacetonitrile/ACO (~8 ppb
ppm~") confirm the impact of biomass burning (Figure S5b in Supporting Information S1). However, just before
this episode, the mixing ratios of all VOCs were significantly lower than the non-episodic days at the suburban
site. The average mixing ratios of methanol, acetone, benzene, toluene, and xylene were 8, 4, 1.2, 1.4, and 1.1
ppbv, respectively. In addition to the efficient ventilation due to higher wind speed and PBLH, the transport of
regionally aged air masses from regions with less anthropogenic activities could be a factor leading to very low
levels of VOCs (Figure S5c in Supporting Information S1).

Elevated levels of acetonitrile (>10 ppbv) were observed in the third event during 16—17 February at the suburban
site. The poor correlations of acetonitrile with CO, furan and furfural but strong correlations of acetonitrile with
formaldehyde indicate the contributions from non-combustion sources (pharmaceutical/industrial) at the subur-
ban site (Coggon et al., 2016) (Figure S6a in Supporting Information S1). The compositions of VOCs during the
second and third events were very different from those measured during the Holi bonfire festival on 2 March 2018
(Figure S6b in Supporting Information S1). The simultaneous enhancements in the levels of furfural, acetoni-
trile, CO, methanol, and formaldehyde on 2 March 2018 at the suburban site indicate the effect of wood-burning
during the Holi festival. The mixing ratios of VOCs and CO show strong correlations with furfural during the
Holi (Figure S6c in Supporting Information S1). As shown in Figure S6c¢ in Supporting Information S1, the emis-
sion ratio Aacetonitrile/ACO (~1.8 ppb ppm™) is well within the range of values reported for the open biomass
burning sources (Bruns et al., 2016; Huangfu et al., 2021).

3.3. Diurnal Variation of VOCs

In addition to day-to-day variability, the large periodic variations on short time-scales (<1 day) of VOCs, CO,
NO, and meteorological parameters indicate their strong diurnal dependence at both sites (Figures 5 and 6).

The mixing ratios of all VOCs at the urban site showed a pronounced peak during the evening-midnight
period (18-24 hr). The evening peak amplitudes were higher than the morning rush hour period (07-09 hr)
values. In the daytime (8-18 hr), the declines of secondary VOCs (except (methyl vinyl ketone 4+ methacrolein
(MVK + MACR)) were smaller than those noticed in the mixing ratios of aromatics, CO, and NO. In the after-
noon hours, the lower concentrations of VOCs indicate the combined effect of photochemical loss, efficient venti-
lation due to the deeper boundary layer and reduced vehicular traffic. The higher concentrations from evening
to early morning hours were associated with the rush-hour emissions and their accumulation in the shallower
nocturnal boundary layer (NBL). The role of photochemical production and biogenic emissions in controlling
the daytime levels of OVOCs and BVOC:s are discussed in the following sections. The levels of OVOCs (except
acetic acid) and BVOC:s at the suburban site were higher than their values at the urban site. The mixing ratios of
aromatics and CO were approximately similar for both sites during daytime and early morning, but higher levels
were observed at the urban site during the nighttime. The variation in the mixing ratio of NO was similar at both
sites during the afternoon, but the mean NO level was ~20 times higher at the urban site than that at the suburban
site during the nighttime (Figure 6).

VOCs/benzene ratios can account for the effects of diurnal changes in anthropogenic emission, meteorology,
and PBL heights to an extent (e.g., Filella & Penuelas, 2006; Sahu, Yadav, & Pal, 2016; Tripathi & Sahu, 2020).
The average diurnal profiles of ambient air temperature and VOCs/benzene ratios for both the sites are plotted
in Figures 6 and 7, respectively. OVOCs/benzene and isoprene/benzene ratios at both sites show strong diurnal
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Figure 7. The box-whisker plots showing the diurnal variation of VOCs/benzene ratios (ppb ppb~") at the urban and suburban sites in New Delhi during the
measurement period. In the denominator “benz” stand for benzene.

dependence throughout the study period. The ratio of isoprene/benzene at the urban site increased from ~0.20
ppb ppb~! at 8 hr to 0.28 ppb ppb~! at 15 hr. At the urban site, the lower MTs/benzene and MVK + MACR/
benzene ratios during the afternoon indicate photochemical loss of MTs and MVK + MACR. The peak values
of OVOCs/benzene and isoprene/benzene ratios were observed between 11 and 18 hr at both sites. The higher
daytime ratios of OVOCs/benzene could be due to both biogenic and secondary sources at the suburban site.
However, the lower daytime ratios of MT/benzene and isoprene/benzene at the urban site indicate negligible
biogenic contributions. Therefore, the higher levels of OVOCs/benzene ratios during the daytime were mainly
due to secondary formation. In the nighttime, the significant differences of OVOCs/benzene ratios between urban
and suburban sites can be attributed to emissions from different anthropogenic sources.

Isoprene is released mainly by chloroplasts and varies as a function of light and temperature (Steeghs
et al., 2004). The two main oxidation products of isoprene are MVK + MACR. In the daytime, the enhancements
of both isoprene/benzene and MVK + MACR/benzene ratios indicate the impact of biogenic emissions and
photo-oxidation in the presence of solar radiation and higher temperatures. However, the isoprene/benzene ratios
at the suburban site were ~5 times higher than those at the urban site suggesting higher biogenic contributions
at the suburban site.

At the suburban site, OVOCs/benzene ratios were low from the night till morning (00-07 hr) but increased from
morning till evening (08—18 hr). However, with some lags, the diurnal patterns of OVOCs/benzene tend to follow
the temperature cycle. At the suburban site, peaks of VOCs/benzene ratios at around 17 hr could be due to the
combined contribution from anthropogenic, biogenic, and secondary sources. At night, the emissions from HDVs
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Table 2

The Emission Ratios (ERs) of AVOCs/ACO (ppb ppm~') and AVOCs/ABenzene (ppb ppb~') at IITD Urban and MRIIRS Suburban Sites Estimated Using the Data

Measured During 0-5 hr and Comparison of ERs of AVOCs/ACO Reported for Different Urban Sites of the World

This study AVOCs/ACO This study AVOCs/ABenzene Different urban cities of the world AVOCs/ACO
VOCs IITD MRIIRS IITD MRIIRS Beijing®  Los Angeles® London® Sao Paulo?  Beijing® Changdao®
Methanol 6.1 20.24 2.36 5.48 10.45 21.72 12 5.39 7.91 16
Acetaldehyde 3.58 5.07 1.47 1.38 2.87 5.42 4.14 3.93 0.86 1.2
Acetone 5.55 5.35 2.05 1.65 1.5 11.78 3.18 3.59 0.93 1.57
Acetic acid 3.63 441 1.48 1.35 1.27
MVK + MACR 0.21 0.29 0.06 0.08 0.24
MEK 0.88 1.14 0.34 0.34 0.55 1.42 0.68 0.47
Isoprene 0.77 1.32 0.31 0.41 0.21 0.3 1.13 1.17 0.06 0.02
Benzene 2.26 3.52 1.00 1.00 1 1.3 1.59 1.03 1.06 1.45
Toluene 5.23 9.16 2.28 2.51 1.33 3.18 3.09 3.1 1.2 2.05
Acetonitrile 1.5 0.63 0.8 0.14 0.39 0.52 0.5
o-xylene 3.35 5.31 1.37 1.58 0.67
MTs 0.18 0.42 0.07 0.12
Propanol 0.25 0.18 0.09 0.05 1.13

3Sheng et al., 2018. "Borbon et al., 2013. “Valach et al., 2014. 9Brito et al., 2015. *Wang et al., 2013. fYuan et al., 2013.

lead to elevated levels of CO, NO, and aromatic VOCs (Figures 5 and 6). The highest mixing ratios of CO and
NO measured at the urban site were ~1.6 and ~7 times greater than those at the suburban site, respectively. The
mixing ratios of aromatic VOCs, CO, and NO, start increasing at 17 hr due to evening rush-hour traffic. During
the same study period, Wang et al. (2020) reported the results of the positive matrix factorization (PMF) analysis
of VOCs, showing a traffic-related contribution of 57% at the urban site and 36% at the suburban site.

3.4. Emission Ratios of VOCs

The ERs are determined using the data measured in the midnight to early morning period (00-05 hr) by the
linear regression fit (LRF) method (Bon et al., 2011; Borbon et al., 2013). It characterizes emissions primar-
ily from the vehicular exhaust. During the winter season, from midnight to early morning, the contributions
from biogenic sources and photochemical processes can be considered negligible in the absence of sunlight
(Langford et al., 2010; Tripathi et al., 2021). The mixing ratios of CO and benzene can be used as references for
anthropogenic (fossil fuel combustion and biomass burning) and vehicular emissions, respectively (Stockwell
et al., 2015). Wagner and Kuttler (2014) have used the ERs of AVOCs/Abenzene to characterize the vehicular
emissions in Essen, Germany. The correlation plots of different VOCs versus CO measured during 00-05 hr are
shown in Figure S7 in Supporting Information S1. Most VOCs, including those usually associated with biogenic/
photochemical sources, show good correlations with CO. The ERs of AVOCs/ACO and AVOCs/Abenzene esti-
mated for both sites are presented in Table 2 and their correlation coefficient (r?) values are listed in Table S2 in
Supporting Information S1. The ERs of MVK and acetone to isoprene calculated using the daytime (8—18 hr) data
are used to characterize the biogenic source and secondary formation.

3.5. Emission Ratios of Primary VOCs

Henze et al. (2008) have described the use of ERs of aromatic VOCs to CO to predict SOA formation in photo-
chemical models. At both sites, benzene and toluene mixing ratios show strong correlations (2 > 0.75) with CO.
The ERs of Abenzene/ACO (2.26 ppb ppm~'), Atoluene/ACO (5.23 ppb ppm~!), Ao-xylene/ACO (3.35 ppb
ppm~1), and Aisoprene/ACO (0.77 ppb ppm~') estimated for the suburban site are ~1.5 times greater than those
for the urban site. The ERs of aromatic VOCs to CO determined for both sites are higher than those reported for
other megacities of the world (Table 2). In the Los Angeles (LA) basin, USA (Warneke et al., 2013), the ERs of
Abenzene/ACO and Atoluene/ACO were 1.27 and 3.11 ppb ppb~!, respectively. Although vehicle exhaust is a
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major source in New Delhi, the higher ERs of aromatic VOCs than those for other megacities indicate the higher
contributions from non-traffic local sources such as the use of solvent, evaporation loss and industrial emissions.
Therefore, the differences in the nighttime ERs of AVOCs/ACO between New Delhi and other megacities could
result from different fuel compositions and varying contributions from other sources. However, to some extent,
the differences in measurement methods could be another factor leading to the differences in the values of ERs
reported for the different cities.

The strong correlations (> > 0.7) of isoprene with CO and benzene during the nighttime at the urban site indi-
cate the dominant emission of isoprene from vehicles. At the suburban site, isoprene showed a weak corre-
lation (> = 0.36) with CO and a moderate correlation (r> = 0.54) with benzene. Almost all VOCs showed
strong correlations with benzene, indicating their emissions mainly from vehicles followed by contributions from
other combustion-related sources. The ERs of Aisoprene/ACO (0.77-1.32 ppb ppm~!) estimated in this study
are comparable to the values for Sao Paulo and London. Sahu et al. (2017) have reported significant anthropo-
genic contributions to ambient concentrations of isoprene at a major urban site of Ahmedabad in western India
during the winter season. The ERs of Aisoprene/Abenzene at urban (0.31 ppb ppb~!) and suburban (0.41 ppb
ppb~) sites show a reasonable agreement with those for Los Angeles (0.30 ppb ppb~!) and London (0.71 ppb
ppb~!) indicating significant emissions from vehicular sources in New Delhi.

3.6. Emission Ratios of OVOCs

The mixing ratios of OVOCs showed moderate to good correlations (r> = 0.5-0.8) with CO at both sites. Meth-
anol shows a stronger correlation with CO (2> = 0.77) at the suburban site than at the urban site. The ERs of
Amethanol/ACO (20.2 ppb ppm~'), Aacetone/ACO (5.4 ppb ppm~'), and Aacetaldehyde/ACO (5.1 ppb ppm~')
estimated for the suburban site are greater than those for the urban site. As presented in Table 2, the ER of Ameth-
anol/ACO (6.1 ppb ppm™!) estimated for urban site is within the range of values reported for other megacities of
the world. At the suburban site, the ER of Amethanol/ACO is comparable to the values reported for Sao Paulo
and Beijing but higher than that for other cities except for Los Angeles. The ERs of AOVOCs/ACO were lowest
for Mexico City (methanol = 2.1, acetone = 0.51, acetaldehyde = 1.0 ppb ppb~1), but highest for Los Angeles
(methanol = 21.7, acetone = 11.8, acetaldehyde = 5.4 ppb ppb~!) (Brito et al., 2015 and references therein). The
ERs of acetone and acetaldehyde estimated in this study are in the range of values for other cities and are compa-
rable to those for Sao Paulo and London.

The ERs of OVOCs show larger variations compared to those of primary VOCs as reported for different urban
sites of the world. The mixing ratios of OVOCs and benzene showed good correlations (1> = 0.6-0.86) at both
sites. At the urban site, OVOCs are well correlated with traffic and combustion related emission tracers, such
as benzene, toluene, and CO indicating their emissions from local anthropogenic (mostly vehicular) sources.
The results obtained in the present and previous studies (e.g., Acton et al., 2020; Sahu et al., 2017; Tripathi
& Sahu, 2020), suggest significantly higher contributions of anthropogenic sources than those from biogenic
sources in the urban regions of south-east Asia during the winter season.

The good correlations of methanol with CO, toluene, and benzene at the suburban site indicate the dominant emis-
sions from vehicles and combustion-related industrial sources. The higher background concentrations also indi-
cate the contribution from regional biogenic and biomass burning sources in addition to anthropogenic sources.
Consistently, a moderate correlation between methanol and isoprene (r> = 0.58) at the suburban site indicates
the contribution of biogenic sources to some extent. A laboratory study of emission factors (EFs) of methanol
from all major biogenic sources located in the study region will be important to quantify their contributions in
ambient air. The ERs of Amethanol/Abenzene were 2.4 ppb ppb~! at the urban and 5.5 ppb ppb~! at the suburban
sites. However, the ERs of Aacetaldehyde/Abenzene and Aacetone/Abenzene do not show significant differences
between the two sites. The strong correlations of OVOCs with both CO and benzene during the nighttime suggest
that vehicular emissions are the main primary source at both sites. Previous studies have suggested that the ERs
of AOVOCs/ACO in ambient urban air are significantly higher than expected from vehicle exhaust (e.g., Borbon
et al., 2013; Warneke et al., 2007). Karl et al. (2007) have reported the higher values of Aacetaldehyde/ACO
(~11 ppb ppb~}) from tropical forest fires during the Tropical Forest and Fire Emission Experiment (TROFFEE)
campaign in Brazil. A source apportionment study reported in our previous paper (Wang et al., 2020) explains
the contributions from different emission sectors.
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3.7. Daytime Ratios

The contributions from biogenic and photochemical sources can influence the VOC ratios with reference to a
primary anthropogenic emission tracer. During the daytime (08-18 hr), the mixing ratios of isoprene and MTs
showed stronger correlations with benzene at the urban site than those at the suburban site. The weaker correla-
tions between acetone and benzene suggest a significant secondary formation of acetone at both sites. The higher
slope of Aacetone/Aisoprene during the daytime (10.2 ppb ppb~!) compared to the nighttime (7.2 ppb ppb~)
at the urban site represents the secondary production of acetone during daytime (Figure 4b (i)). The slopes of
Aacetone/Aisoprene and their correlations for both day and nighttime are nearly the same at the suburban site
(Figure 4b (iii)). In the daytime, mixing ratios of MVK + MACR and isoprene show strong correlations at the
urban site but not at the suburban site (Figure 4b (ii) and (iv)). In summary, the weak correlations of isoprene and
MTs with benzene at the suburban site and their strong correlations at the urban site during the daytime indicate
a higher contribution from biogenic sources at the suburban site than at the urban site.

3.8. Variation of OVOCs With Photochemical Age

The determination of sources of ambient OVOC:s in urban areas is challenging mainly due to their emissions from
several types of sources such as fossil-fuel combustion, biomass/biofuel burning, and the use of volatile chem-
ical products. In addition to direct emissions, the photo-oxidation of primary VOCs emitted from the vehicles
can be a significant source of secondary VOCs and organic aerosols in urban regions (Robinson et al., 2007).
Secondary organic compounds, including OVOCs, are formed from the photo-oxidation of VOCs emitted from
both anthropogenic and biogenic sources (de Gouw et al., 2005; Hallquist et al., 2009). The contributions of
primary sources to OVOCs have been estimated using their ratios to emission tracers (e.g., benzene and CO)
(Inomata et al., 2010). The primary and secondary sources of different OVOCs were quantified using CO as a
tracer of emissions at a surface site in Pasadena near Los Angeles, USA (de Gouw et al., 2018). In this study,
we have calculated the photochemical age and used it as a reference to assess the oxidation processes leading to
relative changes in the concentrations of OVOCs (Text S1 in Supporting Information S1). The photochemical age
of an air mass can be determined using the ratios of two trace gases, mainly of reactive compounds such as VOCs
(de Gouw et al., 2005). However, it is assumed that the pair of VOCs used to estimate the photochemical age have
common emission sources and are removed mainly through their reactions with OH radicals at different rates. In
this study, the mixing ratios of benzene and toluene were used to calculate the photochemical age because both
sites are mainly influenced by vehicular emission. The photochemical age (¢) is defined as the time-integrated
exposure of an air mass to OH radicals (Kleinman et al., 2003).

"= 0w (k,},, = Kpenz) [l" (% ),:o i (%),:,] Q)

where kpen: (1.22 X 10712 cm? molecule™!. s~!) and ko (5.36 X 10~'2 cm? molecule~!. s~!) are the reaction rate
constants of benzene and toluene with OH radicals (Atkinson & Arey, 2003). In this study, we have taken a mean
OH concentration [OH] of 1 x 10° molecule cm~3, which has been used a standard value for the Asian outflow
measured during the Intercontinental Chemical Transport Experiment (INTEX) campaign (Lelieveld et al., 2016;
Mao et al., 2009). At the time of emission (T'/B)= is the characteristic ratio of 7/B. The (T / B),= values of
2.3 ppb ppb~! for IITD and 2.5 ppb ppb~! for MRIIRS were derived using the data measured during the early
morning hours (00-05 hr), when emissions from HDVs were highest and impact of photochemical aging was
lowest. However, the photochemical age estimated using the VOC ratio method has several limitations related
to the transport and mixing of air masses from distinct sources with different ages (McKeen & Liu, 1993). The
emissions from HDVs are a significant source of many NMHCs but particularly of aromatic VOCs (benzene
and toluene) (Sawyer et al., 2000). The OH radicals oxidize the NMHCs emitted from vehicles during the night
to early morning period in the daytime. To some extent, OVOCs/CO ratios account for other factors such as the
meteorological parameters and PBL dynamics, which can change the concentrations of OVOCs. Nevertheless, to
investigate the photochemical evolution of vehicular exhaust and to exclude the inferences of aged background
air masses and fresh emissions, we have divided the data based on low NO (<4 ppbv), moderate NO (4-20 ppbv),
and high NO (>20 ppbv) values.

At the urban site, under moderate NO concentrations, the average acetone/CO, acetaldehyde/CO, MEK/CO, and
MVK + MACR/CO ratios increased rapidly from 6, 6, 1.1, and 0.17 ppb ppm~! t0 9, 8, 1.5, and 0.32 ppb ppm~',
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Figure 8. The box whisker plots showing the dependencies of OVOC/CO (ppb ppm™!) ratios on the photochemical age at (a) IITD urban and (b) MRIIRS suburban
sites in New Delhi during the winter season 2018.

respectively, in the initial stages of photochemical aging (0-15 hr). However, the ratios decreased gradually in
the air masses with higher photochemical ages (>20 hr) (Figure 8a). At this site, the OVOCs/CO ratios meas-
ured under low and high NO concentrations do not exhibit any apparent dependence on the photochemical age
(Figure S8a and Text S2 in Supporting Information S1). At the suburban site, under moderate NO concentrations,
the acetone/CO, acetaldehyde/CO, MEK/CO, and MVK + MACR/CO ratios increased gradually from ~10, 7,
1.3, and 0.4 ppb ppm~' to ~12, 8, 1.5, and 0.5 ppb ppm~', respectively, at lower photochemical ages (0-25 hr).
However, the ratios decreased in the air masses at higher photochemical ages (Figure 8b). The ratios do not
exhibit any clear relations with the photochemical age at low and high NO concentrations (discussed in Text S2
and Figure S8b in Supporting Information S1).

At moderate NO concentrations, the increasing and decreasing ratios of OVOCs/CO indicate the predominant
photochemical production and loss of OVOCs, respectively. Overall, the enhancements of OVOCs/CO between
the two sites show different relationships with photochemical age. de Gouw et al. (2005) have reported the
increase of secondary contributions to OVOCs in moderately aged air masses compared to those in more aged air
masses during the New England Air Quality Study (NEAQS) 2002. The suburban site (downwind) represent the
measurements of more aged air masses with higher contributions of OVOCs from secondary/biogenic sources
than those at the urban site. As shown in the diurnal plots (Figure 7), the enhancements of OVOCs/benzene ratios
in the afternoon hours at the suburban site indicate higher contributions from secondary sources than those at the
urban site. The transport time of plumes from upwind regions could cause the delay in peaks of OVOCs/CO at the
suburban site in reference to those at the urban site. As a result, the increase of OVOCs/CO extended up to 25 hr
of photochemical aging at the suburban site. The influences of anthropogenic emissions from vehicular and other
sources in the daytime are higher at the urban site than those at the suburban site. Therefore, it is complex to track
the photochemical transformation of air masses leading to the secondary formation of OVOC:s at the urban site.

3.9. Estimates of Anthropogenic and Biogenic/Secondary Contributions

In urban and suburban areas, the separation of contributions of different sources to ambient VOCs is difficult due
to the complex source and sink processes. The contributions of primary and secondary (photochemical) sources
to ambient VOCs can be separated and quantified using CO or benzene as a tracer of primary emissions (e.g., de
Gouw et al., 2018). A source-tracer-ratio method has been widely used to separate the contributions of anthropo-
genic, biogenic/secondary sources of VOCs (e.g., Legreid et al., 2007; Yuan et al., 2012). Anthropogenic contri-
butions can be estimated using the following relation between ERs of OVOCs, isoprene, and MTs with reference
to CO derived using nighttime (0-5 hr) data (Bon et al., 2011; Borbon et al., 2013).
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Figure 9. The percentage contributions of biogenic/secondary and anthropogenic sources to the ambient mixing ratios of different VOCs at (a) IITD urban and (b)
suburban sites in New Delhi during the winter season 2018.

Anthropogenic VMR of VOC = ER X VMR of CO @)

where VMR stands for the volume mixing ratio of a given compound. The anthropogenic contribution to ambient
mixing ratio of a VOC can be calculated by assuming that both sites were mainly influenced by combustion-related
sources such as vehicle exhaust and residential/commercial fossil fuel use. While non-combustion anthropogenic
sources of VOCs (such as industrial and evaporative emissions) are not considered here. The non-anthropogenic
contribution is dominated by biogenic and/or secondary sources in the urban atmosphere (Brito et al., 2015).
Therefore, the contribution of biogenic and/or secondary sources to ambient mixing ratio of a VOC can be esti-
mated by the following equation.

Biogenic/Secondary VMR of VOC = VMR — Anthropogenic VMR of VOC 5)

The average diurnal percentage contributions of primary anthropogenic and biogenic/secondary sources to ambi-
ent air mixing ratios of OVOCs and isoprene are shown in Figure 9. At the urban site, the biogenic/secondary
sources show higher contributions in the daytime with peak values around noon. The average contributions of
anthropogenic sources to ambient isoprene, acetone, methanol, propanol, MEK, and MVK + MACR mixing ratios
are estimated to be ~82 + 5%, 73 + 9%, 65 + 7%, 61 + 8%, 72 + 5%, and 72 + 11%, respectively (Figure 9a).
During nighttime and early morning, anthropogenic sources made much higher contributions to mixing ratios of
almost all VOCs at both sites. The contributions of secondary sources to acetic acid, acetaldehyde, MEK, and
propanol reached ~50% during the daytime. The fractions of non-anthropogenic (biogenic) isoprene (~18%)
are significantly smaller than those (>25%) estimated for OVOCs from biogenic and/or secondary sources.
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Therefore, in addition to their biogenic emissions, the differences in non-anthropogenic contributions of isoprene
and OVOC:s indicate significant secondary formations of OVOCs.

The contributions of biogenic/secondary sources at the suburban site are estimated to be higher than those for
the urban site (Figure 9b). As expected, the biogenic/secondary fractions of VOCs are higher in the daytime with
peak values during the afternoon-evening hours. In the daytime, the average percentage contributions of biogenic
sources to ambient air isoprene at the suburban site were ~61%. While the contributions of biogenic/secondary
sources to OVOCs including acetic acid and MVK + MACR reached 40%—50% in the daytime (Figure 9b).
Overall, the total average percentage contributions of biogenic/secondary sources to OVOCs and isoprene are
estimated to be 30%—57% and ~57%, respectively. The emissions of precursors from primary anthropogenic and
biogenic sources could have resulted in the higher abundances of secondary OVOCs at the suburban site. The
reduction in traffic-related emissions is another factor leading to the decrease of anthropogenic contributions
in the daytime. However, the estimates of the biogenic/secondary contributions during the day are subject to
considerable uncertainty primarily due to the use of CO as a tracer for all anthropogenic emissions. The estimated
biogenic/secondary contributions to OVOCs and BVOCs should be considered a lower limit as VOCs + OH reac-
tion rates are higher than CO + OH (2.7 X 10~!3 cm? molecule~! s~!) rate (Butler et al., 1978; Cox et al., 1976).

Sahu, Yadav, and Pal (2016) have reported relatively low anthropogenic contributions to ambient average mixing
ratios of isoprene (63 + 12%), acetone (44 + 7%), and acetaldehyde (44 + 6%) at an urban site of Ahmedabad
in western India for the winter season. The results are consistent as primary anthropogenic sources had higher
contributions due to less secondary production and lower biogenic emissions in winter. At Beijing in China,
anthropogenic contributions to ambient air isoprene, acetone, and acetaldehyde were estimated to be ~94, 86%,
and 79%, respectively during the haze period in winter (Sheng et al., 2018). In addition to different emissions
sources, the different meteorological conditions could explain the differences in contributions from primary and
secondary sources in these cities. For example, the average temperatures at Ahmedabad, Beijing, and New Delhi
were ~24, <10, and 16°C during the respective study periods in the winter season. In addition to different meteor-
ological and environmental conditions, the differences in local biogenic sources (vegetation) among these urban
regions could also lead to varying contributions from biogenic/secondary sources.

3.10. OH Reactivity and Ozone Formation Potential (OFP)

The overall sink of OH in a given environment can be characterized by the measure of total OH reactivity,
which is the total loss rate of OH or inverse of OH lifetime (s~!) (Bsaibes et al., 2020; Williams & Brune, 2015).
The OH reactivity of VOCs can be used to assess their impact on atmospheric chemistry in different environ-
ments. However, the total measured and the calculated OH reactivity often show significant differences indicating
unquantified OH loss known as the missing sinks (Yang et al., 2016). In this study, we have calculated the OH
reactivity of dominant VOCs, NO and NO, measured at both the sites using Equation S7 (Text S3 in Supporting
Information S1). Instead of characterizing their contribution to the total OH reactivity, our main objective is to
compare their contributions to the urban and suburban sites of New Delhi.

We have calculated the OH reactivity of dominant VOCs, NO and NO, measured at both sites using Equation S7
(Text S3 in Supporting Information S1). The OH reaction rates of NO, and NO are 1.2 x 10~!! cm?® molecule~!
s~! (Atkinson et al., 2004) and 9.7 X 10712 cm? molecule™! s~! (Wang et al., 2021) at 298 K, respectively. The
total OH reactivity at the urban site (70 s~!) during the nighttime is about 2.5 times higher than the reactivity at
the suburban site (~27 s~!). At the urban site, the average contributions to OH reactivity by aromatics, OVOCs,
isoprene, MTs, NO and NO, to OH reactivity were ~4, 8%, 5%, 0.4%, 45%, and 36%, respectively (Figure S9 in
Supporting Information S1). At the suburban site, the average contributions of aromatic, OVOCs, isoprene, MTs,
NO and NO, to OH reactivity were ~7, 13%, 24%, 4%, 5%, and 16%, respectively. The reactivity values of NO
and NO, at the urban site were higher than those at the suburban site. The large local variations in the composition
of VOCs and other trace gases result in significant differences in the total OH reactivity between the urban and
suburban sites. The emissions of NO from vehicular sources especially from HDVs are higher at the urban site
(average > 100 ppbv) than those at the suburban site (average ~10 ppbv). The level of OH reactivity at the subur-
ban site is higher in January than in February and March. The mean OH reactivity of isoprene at the suburban site
in January (10 s~') was higher than the values (~6 s~!) determined for March, while values were nearly the same
for all three months at the urban site. As shown in Figure 10, relatively large diurnal variations of OH reactivity
at the urban site seem to be governed by the pronounced day and night differences in the mixing ratios of NO
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Figure 10. The mean diurnal OH reactivity of OVOCs, aromatics, isoprene, MTs, NO, and NO, at the suburban (a—c) and at urban (d—f) sites in New Delhi during

different months in the winter of 2018.

and NO,. The average OH reactivity of NO (>60 s~!) at the urban site at midnight is higher than the daytime
values of ~1 s~1. The higher reactivity of isoprene in the suburban region has been mainly attributed to biogenic
sources. The total OH reactivity at the suburban site is similar to the values reported for Beijing, China (Williams
et al., 2016), but the compound-specific contributions are different. Like Beijing, the contributions of NO and
NO, to the OH reactivity are much higher compared to isoprene at the urban site in New Delhi.

Despite the reductions of isoprene and OVOC reactivity due to deeper PBL, the greater contribution of second-
ary/biogenic sources in March seems to balance it out. Therefore, in addition to the emission and chemical
production/loss processes, the variation of PBL depth is important in controlling the reactivity. The PBL heights
affect the mixing ratios of VOCs, which in turn affect the ROH values (Gilman et al., 2009).

The photochemical formation of O, in the troposphere depends on several factors such as the reactivity of VOCs,
NO, concentration, and meteorological conditions (Tan et al., 2012). Typically, in the high NO, regimes, the rate
of O, formation is controlled by the levels of radicals produced by the oxidations of VOCs. However, in the lower
NO, regimes, the level of NO, controls the formation of O, (Carter, 1994). The concentration-based representa-
tion of VOCs is simple, but it has a disadvantage in assessing their sensitivities to the formation of O, and SOA.
Alternatively, several reactivity-based approaches have been used to assess the importance of different VOCs in
the formation of O5. The two main approaches are the Propylene-Equivalent (Propy—Equiv) concentration (PEC)
described by Chameides et al. (1992) and the OFP (Carter, 1994) (Equation S8 and S9 in Supporting Informa-
tion S1). We have calculated OFP values of different VOCs using the MIR values reported in Carter (1994) using
Equation S8 (Text S4 in Supporting Information S1). The OFP values of different VOCs for January, February,
and March are shown in Figure 11. The OFP values of almost all VOCs at the urban site are higher than their
value at the urban site mainly due to the higher concentration of VOCs. Among VOCs presented in this study,
each of xylenes, acetaldehyde and isoprene accounted for 22%-25%, followed by toluene (10%) to the sum of
OFPs at the suburban site. At the urban site, the OFP values for xylenes, toluene, acetaldehyde and isoprene were
significantly higher than those for other VOCs (Figure 11). Nonetheless, other factors such as the NO, level and
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Figure 11. The mean diurnal plots of the ozone formation potential (OFP) of different VOCs at the MRIIRS suburban (a—c) and IITD urban (d—f) sites in New Delhi
during different months in the winter of 2018.

solar radiation intensity also affect the production of Oj in the troposphere (Tan et al., 2012). In reality, the inter-
pretation using OFP or PEC does not fully explain how VOCs influence O, chemistry.

3.11. Sensitivity of VOCs and NO, on Ozone Formation

The ground-level formation of O, is sensitive to both VOCs and NO, concentrations in urban settings (Mazzuca
etal., 2016). Understanding O, production/loss is a significant challenge in comprehending the non-linear chemis-
try with its precursors such as VOCs, NO,, and VOCs/NO, ratios. The O, production can be either VOC-sensitive,
NO,-sensitive or both (VOCs as well NO,) due to the complexity of photochemical processes. The sensitivity
of O, production to VOCs and NO, represents a considerable uncertainty for oxidant photochemistry in urban
areas (Sillman et al., 2003). In the present study, we performed simulations using a photochemical box model to
investigate the O, production variations in VOCs and NO, levels at the two study sites in New Delhi.

The levels of NO, and VOCs were adjusted iteratively (Chen et al., 2021) for the base case to simulate the diurnal
cycles of O, measured at both sites during the study period (Figures 12 and 13). A series of sensitivity simulations
have been conducted to analyze the non-linear VOC-NO,-O, relationship in these urban and suburban environ-
ments. Two sets of sensitivity simulations were performed for each site, one with varying NO, and the other with
varying VOCs. For the base scenario in the model, the NO, levels are 55 and 122 ppbv over the suburban and
urban sites, respectively. Total VOCs (species mentioned in Table 1 + NMHCs) are 198 and 446 ppbC for the
suburban and urban sites, respectively for the base scenario in the model. In agreement with the observations at
the suburban site, the model (base run) tends to reproduce the O, build-up around noontime. However, during
the nighttime, the simulated O, mixing ratios show a significant difference compared to observations. Overall,
except for the evening period (1718 hr), the mixing ratios of O, simulated with adjusted NO, (=20% to 50%) and
VOCs (-50% to 50%) from the base case condition agree with the observed (average + standard deviation) values
(Figure 12). In Figure 12a, the total VOC value is fixed at 198 ppbC and NO, is varied from 27 ppbv (=50% NO,
simulation) to 110 ppbv (+100% NO, simulation). Similarly, in Figure 12b, NO, is fixed at 55 ppbv and the total
VOC is varied from 99 ppbC (—50% VOCs simulation) to 396 ppbC (+100% VOCs simulation). The difference
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Figure 12. Box-model simulated diurnal variations of O, for different NO, levels with fixed VOCs (left panel) and different
VOC levels with fixed NO, (right panel) at the suburban site (MRIIRS). The average diurnal variation of O, measured during
the study period (10 January to 7 March 2018) is also shown for comparison.

between observation and model simulation can be attributed mainly to the unaccounted transport effect in the box
model. The differences between the simulated and observed mixing ratios of O,, including underestimated night
levels, are consistent with a recent study for this environment (Chen et al., 2021). Ozone measurements could
not be made at the urban site (Figure 13) to compare with model simulation. Nevertheless, the model is shown
to reproduce contrasting chemical environments for the suburban site here and other stations in the Indian region
in earlier studies (Ojha et al., 2012; Soni et al., 2021). At the suburban site, the maximum net O, production rate
for base simulation is ~4 ppbv hr~!, which increases to 7.5 ppbv hr=! in +50% VOCs scenario. Whereas, O,
production rate decreases to 1.1 ppbv hr=! in +50% NO, case. Even though O, levels are lower at the suburban
site, the result that O, level is enhanced by VOCs (but saturated by NO,) is in agreement with another station in
the Delhi region (Nelson et al., 2021). The model consists of important isoprene reactions with for example, NO,,
O,, and OH (Calvert et al., 2008). The sensitivity simulations suggest that isoprene could enhance maximum
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Figure 13. Box-model simulated diurnal variation of O, mixing ratio at urban site (IITD). In addition to the base run,
simulations of O, for different NO, levels with fixed VOCs (left) and different VOC levels with fixed NO, (right) are shown.
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noontime O3 by 2.4 ppbv (10.4%) at the suburban site. The contribution was estimated to be smaller (2.2%) at
the urban site.

Noticeably, the O, mixing ratio build-up around the noontime increased with the increasing VOC concentrations
at both sites. At the suburban site, the changes in O, mixing ratios were in the ranges of —7 to 20 ppbv and —3 to
7 ppbv for the simulations within +£50% changes of both NO, (with fix VOCs) and VOCs (with fix NO,), respec-
tively. Simulations also show that the strong VOC enhancements (+100%) with fixed NO, can enhance O, levels
beyond the observed day-to-day variability.

Qualitatively, this finding based on detailed chemistry driven by observations agrees with the results reported
using simplified chemistry in a regional chemical transport model (Sharma et al., 2017). This sensitivity analysis,
especially during the afternoon, indicates that the NO,-saturated or VOC-sensitive regime controls the O, photo-
chemistry at both sites. It is suggested that reductions in local VOC emissions would help reduce photochemical
O, build-up over Delhi and its downwind regions. However, as the IGP region is shown to be strongly impacted by
the transport from upwind regions, also from outside India (David & Ravishankara, 2019), emission reductions
over larger regions would be necessary to improve the air quality over Delhi.

4. Conclusion

Ambient mixing ratios of VOCs were measured using the PTR-TOF-MS instruments at the urban and subur-
ban sites of New Delhi in India during the winter season of 2018. The day-to-day and diurnal variations in the
concentration and composition of VOCs were caused by the changes in vehicular emissions, meteorological
conditions, and episodic plumes from biomass burning and industrial sources. Typically, the higher and lower
levels of VOCs were measured during calm and stronger winds, respectively. The composition of VOCs and their
strong correlations with CO and benzene during the nighttime indicate the dominance of vehicular emissions at
both sites. The average mixing ratios of aromatic VOCs were comparable at both sites, while OVOCs and BVOCs
were significantly higher at the suburban site. The strong correlations of VOCs with CO, acetonitrile, furfural,
furan indicate the influences of biomass/wood burning, particularly during the Holi festival. However, in some
cases, the time series trend of acetonitrile (a tracer of biomass burning) does not follow CO, indicating additional
contributions from industrial and chemical sources. The higher levels of VOC/CO ratios measured in moderately
aged air masses at both sites elucidate the net secondary formation of OVOCs. AVOC/ACO emission ratios were
used to estimate contributions of primary anthropogenic and biogenic/secondary sources. The average percentage
contributions of anthropogenic sources to OVOCs and isoprene were 60%—73%, and 82% at the urban site, while
these were 40%—70%, and 43% at the suburban site, respectively. The daytime contributions of biogenic/second-
ary sources to ambient air mixing ratios of OVOCs, isoprene, and MTs at the suburban site were significantly
higher than those at the urban site. Model simulations suggest that limiting the emissions of VOCs is important
since the reductions in NO, alone do not yield mitigation of O, pollution and instead further increase ozone in
the environment of Delhi.

The results presented in this study suggest the need for developing emission inventories of speciated VOCs from
different sectors. A detailed understanding of the emission and photochemical processes of VOCs is required
to accurately model the variations of secondary pollutants such as O; and SOA. Further, it is also important to
investigate the contributions of different sources and compositions of VOCs in other seasons. The continuous
measurements of various anthropogenic and biogenic VOCs are required throughout the year, which will help
in planning the control strategies for the air quality improvements in New Delhi and other parts of the polluted
Indo-Gangetic plain. The measurement-based studies of VOCs need greater attention to investigate the regional
importance of biogenic and photochemical processes in South Asia.
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