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Sources of non-methane hydrocarbons in surface air in Delhi, India
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Abstract

Rapid economic growth and development have exacerbated air quality problems across India, driven by many
poorly understood pollution sources and understanding their relative importance remains critical to characterising
the key drivers of air pollution. A comprehensive suite of measurements of 90 non-methane hydrocarbons
(NMHCs)(C;,-C14), including 12 speciated monoterpenes and higher molecular weight monoaromatics, were made
at an urban site in Old Delhi during the pre-monsoon (28-May to 05-Jun 2018) and post-monsoon (11 to 27-Oct
2018) seasons using dual-channel gas chromatography (DC-GC-FID) and two-dimensional gas chromatography
(GCxGC-FID). Significantly higher mixing ratios of NMHCs were measured during the post-monsoon campaign, with
a mean night-time enhancement of around 6. Like with NO, and CO, strong diurnal profiles were observed for all
NHMCs, except isoprene, with very high NMHC mixing ratios between 35 — 1485 ppbv. The sum of mixing ratios of
benzene, toluene, ethylbenzene and xylenes (BTEX) routinely exceeded 100 ppbv at night during the post-monsoon
period, with a maximum measured mixing ratio of monoaromatic species of 370 ppbv. The mixing ratio of the highly
reactive monoterpenes peaked at around 6 ppbv in the post-monsoon campaign and correlated strongly with
anthropogenic NMHCs, suggesting a strong non-biogenic source in Delhi. A detailed source apportionment study
was conducted which included regression analysis to CO, acetylene and other NMHCs, hierarchical cluster analysis,
EPA UNMIX 6.0, principal component analysis/absolute principal component scores (PCA/APCS) and comparison
with NMHC ratios (benzene/toluene and i-/n-pentane ) in ambient samples to liquid and solid fuels. These analyses
suggested the primary source of anthropogenic NMHCs in Delhi was from traffic emissions (petrol and diesel), with
average mixing ratio contributions from Unmix and PCA/APCS models of 38 % from petrol, 14 % from diesel and 32
% from liquified petroleum gas (LPG) with a smaller contribution (16 %) from solid fuel combustion. Detailed
consideration of the underlying meteorology during the campaigns showed that the extreme night-time mixing
ratios of NMHCs during the post-monsoon campaign were the result of emissions into a very shallow and stagnant
boundary layer. The results of this study suggest that despite widespread open burning in India, traffic related petrol
and diesel emissions remain the key drivers of gas-phase urban air pollution in Delhi.
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Introduction

Poor urban air quality is a major global public health concern, particularly in the developing world, as rapid urban
growth has increased concentrations to harmful levels. This issue remains at the forefront of many governmental
policies, as by 2050 approximately 66 % of the global population are expected to live in urban environments. !
Globally, an estimated 4.2 million premature deaths were a result of poor ambient air quality in 2016, 2 mainly
caused by exposure to particulate matter (PM) and ozone (O3). NMHCs are key precursors to PM and Oz and some,
such as aromatic species, are carcinogenic themselves. 3 Globally biogenic NMHC emissions are the dominant source
with an estimated flux of 377-760 TgC yr1. #® However, anthropogenic emissions, which have been estimated to be
130-169 TgC yrt, > 7.8 can be important drivers of poor air quality in densely populated urban environments.

NMHC emissions from India are high and poorly understood, with emissions estimated to be the second largest in
Asia, after China. ° 10 Several emissions inventories have been produced for India, which included a range of NMHC
sources. 2 115 However, inventories remain hard to evaluate without knowledge of unaccounted for and
unregulated sources and their strength.
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Delhi (28°40°0”N, 77°10’0”E) had a population of around 29 million in 2018 ¢ and has been ranked as the worst of
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1600 cities in the world for air pollution, based on available data. 17 The air quality index of Delhi is rarely considetegk oniine
good by international standards (see the ESI1t). As a result, 1/3 of adults and 2/3 of childréfOinl e N 0087F

experienced respiratory symptoms owing to poor air quality. ® NMHC pollution has been previously highlighted as
coming from uncontrolled and unregulated sources in and surrounding Delhi and amplified by an unfavourable
geographic location. 1 NMHCs are a key driver of air pollution in Delhi: the composition of fine particulates (PM,)
in Delhi has been found to be dominated by oxygenated organic aerosol which derives from NMHC precursors, 2%
22 whilst ozone production has been found to be in a regime where NO, emissions reduction, without simultaneous
reduction in NMHCs, would lead to an increase. 2324

A range of inventories have been produced for NMHC emissions from 1990-2010 in Delhi which have estimated
emissions between 100-261 kt yr1. 1> 2527 Other inventories have focussed on specific sources, such as traffic
emissions and estimated NMHC emissions using fleet average emission factors to be around 180 kt y* in 1995, to
approximately 80 kt y! in 2014. 28 Current inventories for Delhi are limited by the lack of activity data and emission
factors specific to Indian NMHC sources which include brick kilns, residential solid fuel combustion, agricultural
waste burning, poor quality coal, cooking, burning of organic and plastic waste for heating and combustion of
municipal solid waste. *° Poorly serviced and regulated diesel generators using inferior quality fuel are also an
important pollution source throughout the year in areas with a poor electricity infrastructure. '° The highest
resolution inventory (1 km?) used China specific factors and calculated the importance of different sources to
NMHCs as transport (51 %), diesel generators (14 %), power plants (13 %), brick kilns (9 %), domestic (7 %), industrial
(5 %) and waste burning (1 %). 27

Recent studies have focussed on improving understanding of NMHC emissions from Indian sources. These included
a detailed study of north-Indian solid fuel sources which showed many hundreds to thousands of organic
components can be released into the aerosol phase, 2° measured emissions factors of non-methane volatile organic
compounds released from burning, 3° developed comprehensive source profiles of different fuel sources 3! and
showed cow dung cakes to be a highly polluting fuel source. 32

Previous studies focussed on making NMHC measurements in Delhi have limitations, concentrating on total NMHCs
33 or small subsets of NMHCs such as benzene, toluene, ethylbenzene and xylenes (BTEX). 343 Only a few studies
have included a greater variety of NMHCs. 4% 41 These have been complimented by a 2008 study with 7 day “snap
shot” intensive observations of a range of species of atmospheric interest during the summer, post-monsoon and
winter periods. #2 These measurements were used to create a gridded emission inventory (2 km? over an area of 32
km x 30 km) of hydrocarbon emissions for area sources (including emissions from cooking, crematoria, open
burning, waste incinerators and diesel generator sets), industrial sources and vehicular sources. This formed part
of a source apportionment study focussed on pollutant monitoring, creation of new emissions inventories, and
receptor and dispersion modelling in Delhi, Mumbai, Bangalore, Chennai, Kanpur and Pune. %3 The Central Pollution
Control Board (CPCB) also measure BTEX at 12 of their 20 sites in Delhi, although there is generally very limited-
data coverage. A detailed recent study made measurements at an urban and background site in Delhi using proton-
transfer-reaction time-of-flight mass spectrometry (PTR-TOF-MS) and determined the relative NMHC contributions
at the urban site of traffic (56.6 %), solid fuel (27.5 %) and secondary formation (15.9 %). This result echoed the
findings of several studies and available emissions inventories which have concluded that transport emissions are
the dominant NMHC source in Delhi. 15 27,42,44,45

Attempts to improve air quality in Delhi, which started with the 1981 Air Act, #¢ have heavily focussed on limiting
transport related emisssions. Examples include reducing the concentration of benzene in petrol to < 1 %, phasing
out vehicles > 15 years old, the introduction of improved vehicle regulations, time restrictions placed on when
heavy goods vehicles can enter the city, the introduction of compressed natural gas (CNG, mainly methane) for light
goods vehicles, mandatory for public transport vehicles, and the construction of a modern metro system; 28 37
however, air pollution has remained stubbornly high. This is because improvements have not taken into account
the significant unregulated population growth, which is expected to continue as Delhi is estimated to become the
most populous city in the world in 2030 with an estimated population of 39 million. *® Consequently the risks due
to elevated levels of air pollution remain of great concern. Accurate measurements of a wide range of ambient
NMHC species are vital to understand the sources of NMHCs in Delhi, as rapid development and limited
measurements have resulted in a lack of reliable data to determine the key drivers of the consistent poor air quality
observed. This is crucial to allow the development of well targeted legislation to improve air quality and limit the
impact on human health at a reasonable economic cost.
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During this study, measurements of a range of NMHCs were made at an urban site located in old Delhi during the

pre- and post-monsoon seasons in 2018. Exceptionally high levels of NMHC pollution were measured at nightiduging: ontine
the post-monsoon period. The meteorological drivers of this elevated pollution are explored iR@etailoaW® e 0087F
contributions from different sources are evaluated using a range of complementary source apportionment
techniques. The findings of this study are placed in context using recent receptor model and inventory studies.

Measurements

Delhi has five main seasons: winter (December to January), spring (February to March), pre-monsoon (April to June),
monsoon (July to mid-September) and post-monsoon (mid-September to November). Measurements were made
during two field campaigns in the pre- and post-monsoon seasons using dual-channel gas chromatography with

o flame-ionisation detection (DC-GC-FID) and two-dimensional gas chromatography (GCxGC-FID) at the Indira Gandhi
§ Delhi Technical University for Women (IGTDUW), near Kashmiri gate, within the historical area of Old Delhi. The
%3' site is located in the central district of Delhi (see Figure 1A), an area of high population density (27,730 people km-
*é 2 as per the 2011 census). 47 Old Delhi railway station is approximately 0.5 km to the southwest (Figure 1B), National
= Highway 44 about 0.3 km to the east (Figure 1C) and Chandi Chowk market about 1.5 km south.
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§ Figure 1. Map of (A) IGTDUW (B) Old Delhi railway junction and (C) National Highway 44. © OpenStreetMap contributors.
=
© Gas chromatography
S
5 The DC-GC-FID made measurements from 28-May to 05-Jun 2018 and 5 to 27-Oct 2018, with 31 C,-C; NMHCs and
§ C,-Cs5 oxygenated volatile organic compounds measured. 48 A 500 ml sample (1.5 L pre-purge of 100 ml min-! for 15

mins, sample at 25 ml min -1 for 20 mins) was collected (Markes International CIA Advantage), passed through a
glass finger at -30 °C to remove water and adsorbed onto a dual-bed sorbent trap (Markes International ozone
precursors trap) at - 20 °C (Markes International Unity 2). The sample was thermally desorbed (250 °C for 3 mins)
in a flow of helium carrier gas then split 50:50 and injected into two separate columns for analysis of NMHCs (50 m
x 0.53 mm Al,O; PLOT) and oxygenated volatile organic compounds (10 m x 0.53 mm LOWOX with 50 um restrictor
to balance flow). The oven was held at 40 °C for 3 mins, then heated at 12 °C min-! to 110 °C and finally heated at 7
°C min-t to 200 °C with a hold of 20 mins.
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The GCxGC-FID made measurements from 29-May to 05-Jun 2018 and 11-Oct to 04-Nov 2018. It was used to
measure 64 C;-Cy, hydrocarbons (alkanes, monoterpenes and monoaromatics). The mean, minimum and maximum
mixing ratios measured using both GCs from both campaigns are summarised in the ESI2t. The GCxGC-FID collected
2.1 L samples (70 ml min-* for 30 mins) using an adsorption-thermal desorption system (Markes International Unity
2). NMHCs were trapped onto a sorbent (Markes International U-T15ATA-2S) at - 20 °C with water removed in a
glass cold finger (-30 °C). The sample was thermally desorbed (250 °C for 5 mins) and injected splitless down a
transfer line. It was refocussed for 60 s using liquid CO, at the head of a non-polar BPX5 held at 50 psi (SGE Analytical
15m x 0.15 um x 0.25 mm) which was connected to a polar BPX50 at 23 psi (SGE Analytical 2 m x 0.25 pum x 0.25
mm) via. a modulator held at 180 °C (5 s modulation, Analytical Flow Products MDVG-HT). The oven was held for 2
mins at 35°C, then ramped at 2.5°C min-! to 130°C and held for 1 min with a final ramp of 10°C min-! to 180 °C and
hold of 8 mins. Both GC systems were tested for breakthrough to ensure trapping of the most volatile components
(see the ESI3T). Calibration was carried out using a 4 ppbv gas standard containing a range of NMHCs from the
British National Physical Laboratory (NPL, UK). The linearity of the detector response at higher mixing ratios was
confirmed post-campaign by carrying out a calibration using multiple injections at a range of mixing ratios of
benzene up to 3 times greater than the maximum observed ambient mixing ratio (see the ESI41). NMHCs not in the
gas standard were quantified using the relative response of liquid standard injections to toluene, as detailed in the
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ESI5*. This included quantification and qualification of 12 monoterpenes, tentative identification of C4 substituted
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monoaromatics (see the ESI61) and quantification of C;,-Cy4 alkanes. The inlet used by both instruments was legated: oniine
approximately 5 m above the ground with sample lines run down %” PFA tubing to the laboratoryDO!: 10.1039/DOFD00087F

Supporting measurements

Nitrogen oxides (NO, = NO + NO,) were measured using a dual-channel chemiluminescence instrument (Air Quality
Designs Inc., Colorado). Carbon monoxide (CO) was measured using a resonance fluorescent instrument (Model
AL5002, Aerolaser GmbH, Germany). Ozone measurements were made using a 49i (Thermo Scientific) with a limit
of detection of 1 ppbv. The CO and NO, instruments were calibrated regularly (every 2 — 3 days) throughout both
campaigns using standards from the NPL, UK. The setup and calibration procedures were identical to those
described by Squires et al. (2020). #°

PTR-QIiTOF-MS (lonicon Analytik, Innsbruck) measurements were made from 26/05/2018 to 09/06/2018 in the pre-
monsoon campaign and from 04/10/2018 to 23/11/2018 in the post-monsoon campaign. For the pre-monsoon and
post-monsoon campaign up until 05/11/2018 the sample inlet was positioned 5 m above the ground adjacent to
the inlet used for GC measurements. The PTR-QiTOF-MS subsampled from a %” PFA common inlet line running from
this inlet to an air-conditioned laboratory where the instrument was installed with a flow of around 20 L min-t. From
05/11/2018 to 23/11/2018 the inlet was moved to a flux tower approximately 30 m above ground level. The PTR-
QIiTOF-MS was operated with a drift pressure of 3.5 mbar and a drift temperature of 60 °C giving an E/N (the ratio
between electric field strength and buffer gas density in the drift tube) of 120 Td.

The PTR-QIiTOF-MS was calibrated daily using a 19 component 1 ppmv gas standard (Apel Riemer, Miami)
dynamically diluted into zero air to provide a 3-point calibration. Volatile organic compounds were then quantified
using a transmission curve. 30 Mass spectral analysis was performed using PTRwid. 51 A comparison of toluene
measured by PTR-QiTOF-MS and GCxGC-FID is presented in the ESI7t.

Windspeed and direction were taken from measurements at Indira Gandhi International Airport in 2018,
approximately 16 km southwest of the site. Modelled Planetary Boundary Layer Height (PBLH) data was
downloaded (Lat. 28.625, Lon. 77.25) from the fifth-generation reanalysis (ERA5) from the European Centre for
Medium-Range Weather Forecasts at 0.25 degree resolution with a at 1-hour temporal resolution. 52

Receptor models

The mixing ratio of NMHC j in the kth sample, G, can be described by equation E1: 53
(E1)

D
Cik = EF[/’Sjk"‘ Eik i=1,....m,k=1,...,n
j=1

where F;; = chemical composition of source, Sj, = source contribution, p = total number of sources, m = total number
of NMHCs, n = number of measurements and g; = residual error, which is minimised.

Principle component analysis (PCA) is a type of factor analysis which has been used to decompose many different
NMHCs measured into a set of factors which are used to represent their sources. 3357 It is appropriate to use with
datasets with only a few underlying factors Principal component analysis has been performed in R on the data
collected in this study, retaining the 4 factors with eigen values >1.3° This process is well described elsewhere. >3

The contribution of each source was determined by absolute principle component scores (APCS). 3658 The first step

involves normalisation of NMHC, Z;,:

E2
(cx - ©) (E2)

Ci

Zik =

where o; = standard deviation of NMHC i of all samples included in the analysis and ¢; = mean mixing ratio of species
i. The factor scores from the PCA are normalised with mean = 0 and o = 1. An artificial value with mixing ratio of

species i = 0 is created in equation E3 to compensate for this.

E3
(o-c;)_ -Co (£3)

Oj Oj

(ZO),‘ =
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The source contributions are determined by equation E4: View Article Online
DOI: 10.1039/DOFDO0087F
L (E4)
G = (bo); + Z APCSk by p=1,2,..,n
k=1

where (by); = constant for pollutant i, APCS," is determined by subtracting the factor scores from the true sample in
E2 from those obtained in E3, 7 b;, = coefficient of regression for source k for NMHC j >* and p = number of sources.
The product APCS,"b,; shows the contribution to the airborne mixing ratio of NMHC i from source p. E4 is solved
through multiple linear regression analysis. Due to the potentially colinear nature of many diurnal profiles in Delhi,
factors with small non-meaningful contributions to chemical species (< 20 %) have been deemed to be insignificant
and filtered out from the analysis. Furfural, measured by PTR-QiTOF-MS, has been included as a tracer for burning
emissions to help with the identification of factors. 5% 0 The result from PCA/APCS has been compared to those
calculated using the EPA Unmix 6.0 source apportionment toolkit, 1 which has been previously applied to many air
quality datasets. 62 The use of multiple source apportionment methods should result in a more robust conclusion.

Results and Discussion
Meteorological overview

Figure 2 shows seasonal wind rose plots for windspeed and direction measured at Indira Gandhi International
Airport in 2018, downloaded from the Integrated Surface Database provided by the National Oceanic and
Atmospheric Administration (NOAA). 3 6 Ajr masses predominantly approached Delhi from the west/north west
in winter and spring. During the pre-/post-monsoon and monsoons seasons, air masses generally approached from
either the west/north west or east/south east. Conditions were most stagnant in the winter and post-monsoon
seasons with the lowest windspeeds (averages of 1.8 and 1.9 m s, respectively) and the largest percent of calm
periods, where the wind speed was below < 0.5 m s1(25.7-28.0 %). Windspeeds were higher in spring, pre-monsoon
and monsoon seasons (with averages in the range 2.6 to 3.3 m s, respectively), with the lowest amount of calm
periods in the pre-monsoon and monsoon seasons (6.4 and 7.5 %, respectively) (see the ESI8t for monthly analysis).
The lowest windspeeds were at night during the post-monsoon and winter seasons, with a mean windspeed of < 1
m s1. The PBLH was highest at night during the pre-monsoon and monsoon seasons at around 160-200 m and
lowest during winter, spring and post-monsoon seasons at around 55-85 m. The mean PBLH was highest in the pre-
monsoon season at approximately 2450 m, when temperatures peaked at 45-50 °C. The mean daytime PBLH was
similar in post-monsoon and spring seasons at around 1400-1500 m and monsoon/winter seasons at around 1030
m (seasonal mean diurnal profiles of windspeed and PBLH are provided in the ESI9T).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Figure 3 shows 10 m 96 h NOAA HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) back trajectories
clustered (Angle) from pre- and post-monsoon campaigns with mean toluene mixing ratio coloured by cluster. 3
Back trajectories in the pre-monsoon campaign were generally long (C2-C4 at around 1000 km over 96 h),
suggesting higher windspeeds with monsoon-type wind patterns, and resulted in low toluene mixing ratios. C1 was
important from 27-29/05/18 and followed a much shorter trajectory and resulted in higher toluene mixing ratios,
highlighting the impact of shorter, slower moving trajectories in allowing the build-up of local pollution. Trajectories
in the post-monsoon campaign were generally shorter, and toluene mixing ratios higher.
Winter Spring Pre monsoon Monsoon Post monsoon
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Figure 2. Seasonal wind rose plots at Indira Gandhi International Airport in 2018.
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NMHC mixing ratios and diurnal cycles
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Hourly measurements of 90 individual NMHCs were obtained from both GC instruments over thedwo ¢agmpaignSooos7r
Relatively high mixing ratios of NHMCs were observed during both campaigns, but with significant enhancements
observed from 17/10/2018 until the end of the post-monsoon measurement period on the 27/10/2018. Figure 4A

and Figure 4C show stacked area plots of NMHC mixing ratios during pre- and post-monsoon campaigns. NMHC
concentrations in the pre-monsoon were generally much lower, except for two large alkane spikes caused by very
large concentrations of propane and butane (Figure 4A). In the post-monsoon, NMHC concentrations at night were
significantly larger than in the pre-monsoon. Figure 4B and Figure 4D show concentration-time series of O3, CO and

NO, from pre- and post-monsoon campaigns. Significant night-time enhancement of CO and NO, was observed in

the post-monsoon. O; peaked in the pre-monsoon at around 80-90 ppbv and around 60-90 ppbv in the post-
monsoon.

Figure 5 shows the mean diurnal profiles using data combined from both campaigns for propane (A), n-hexane (B),
isoprene (C), toluene (D), n-tridecane (E) and ethanol (F). These have been chosen as they are typical NMHC tracers
from different sources. Diurnal profiles of individual data from the pre- and post-monsoon campaigns are given in
the ESI11t. The diurnal profiles observed for propane, n-hexane, toluene and n-tridecane were similar, peaking at
night between 8 pm and 6 am with a minimum in the afternoon. For propane, large spikes were present around
midday, with the spikes present but less pronounced in the post-monsoon campaign. These large increases in
mixing ratios have been attributed to emissions from LPG, a mixture of propane and butane, from lunchtime
cooking activities. The average diurnal profile for n-hexane during the pre-monsoon (see the ESI11t) showed a small
peak around lunchtime likely from midday traffic. A small peak was present for toluene from 8-10 am, potentially
from the morning rush hour before the boundary layer begins to expand. Isoprene showed a typically distinct
biogenic diurnal profile and peaked around midday. However, mixing ratios remained high at night (around 0.5
ppbv), possibly indicating an additional anthropogenic source. %58 A pronounced diurnal profile was present for n-
tridecane which was highest at night, potentially amplified by night-time residential generator usage and
restrictions which allow the entry of heavy good vehicles to the city only at night. A peak was present for ethanol
around midday, which was most pronounced in the pre-monsoon campaign and may indicate formation from
secondary chemistry or increased volatilisation due to increased temperature and radiation.
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Figure 5. Diurnal profiles of selected NMHCs from pre- and post-monsoon campaigns for (a) propane, (b) n-hexane, (c) isoprene, (d) toluene, (e) n-tridecane and
(f) ethanol. The shaded region indicates the 95 % confidence interval in the means.

In order to compare the composition of NMHCs during the two campaigns, average diurnal profiles were calculated
for all NHMC during the two campaigns and split according to functionality (alkanes, aromatic, monoterpenes).
Figure 6A-B shows the average diurnal profiles for all alkanes. During the pre-monsoon campaign, the largest alkane
mixing ratios were from 10:00-14:00 and caused by very large mixing ratios of propane and butane, with the mean
for both campaigns peaking at around 150 ppbv. Outside of these peaks, the highest mixing ratios were observed
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at 20:00 at approximately 50 ppbv. The lowest mixing ratios of 20 ppbv were observed at 04:00. In the post-
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monsoon campaign, mixing ratios were high from 20:00-08:00 and peaked at around 360 ppbv at 21:00. Figure6CiB: ontine
show the average diurnal profiles for aromatic species from the pre- and post-monsoon campaigns [BotHc@RpaigR0087F

showed peaks likely from traffic between 08:00-12:00. During the pre-monsoon, mixing ratios peaked at 19 ppbv
at 19:00 and reduced to around 5 ppbv at midnight and remained low until the rush hour. In the post-monsoon,
the mean diurnal variation of aromatic mixing ratios peaked at 96 ppbv at 21:00. The mixing ratio at 12:00 in the
post-monsoon campaign was around 3 times larger (14 ppbv) than at the same time in the pre-monsoon average
diurnal profile (5 ppbv). The lowest mixing ratios observed in the pre-monsoon campaign were at 15:00 (4.2 ppbv)
and at 14:00 in the post-monsoon campaign (8.8 ppbv). Figure 6E shows that in the average diurnal profile during
the pre-monsoon the monoterpenes peaked at 07:00 (0.19 ppbv) and 22:00 (0.18 ppbv), likely due to biogenic
emissions before the effect of photochemical degradation is too pronounced. Post-monsoon monoterpenes (Figure
6F) peaked from 22:00-07:00. The largest contributors to post-monsoon mixing ratios were limonene (31 %) and B-
ocimene (25 %). The contribution of B-ocimene was similar in the pre-monsoon, with a lower contribution of
limonene (8 %) and larger contributions of a-pinene (28 %), a-phellandrene (14 %) and 3-carene (12 %). The lowest
monoterpene mixing ratios observed were in the afternoon at similar mixing ratios in the pre- (0.07 ppbv) and post-
monsoon periods (0.09 ppbv), with a minimum at 15:00. The diurnal profile of the monoterpenes in the post-
monsoon period was very similar to the anthropogenic NHMCs, with high concentrations of very reactive
monoterpenes observed. In the time series in Figure 4C, up to 6 ppbv of monoterpenes were measured. Comparably
high unspeciated mixing ratios of monoterpenes have been previously reported in India. °
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Figure 6. Stacked average diurnal profiles of alkanes (A-B), aromatics (C-D) and monoterpenes (E-F) measured during the pre- and post-monsoon campaigns in

Delhi in 2018. Zoomed in stacked diurnals from the pre-monsoon campaign are given in the ESI121t.
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Figure 7A-B show the diurnal variation of the toluene mixing ratio, PBLH and windspeed during the pre- and post-
monsoon campaigns. The shape of the toluene diurnal was similar in both campaigns, but the mixing ratio of telueae: oniine
much larger in the post-monsoon campaign. The windspeed in the pre-monsoon campaign P3X41¢i0§9)DWEH0087F
consistent throughout the day and the night-time PBLH was around 300 m. In the post monsoon both night-time
windspeed (~ 0.9 m s!) and PBLH (~ 60 m) were lower, resulting in higher toluene mixing ratios.

Figure 7C-D show the average diurnal profiles of the Os;, NO, NO, and CO measured during the pre- and post-
monsoon campaigns. In the pre-monsoon campaign, mean O3 peaked at 14:00 (90 ppbv) and remained high from
20:00-08:00 at ~ 30 ppbv. Average mixing ratios of NO (24-55 ppbv) and CO (0.67-1.3 ppmv) were elevated at night,
with NO reducing to ~ 1.3 ppbv from 14:00-15:00 and CO to 0.4-0.5 ppmyv from 12:00-16:00. In the post-monsoon
campaign mean Oz was low (< 5ppbv) from 18:00-08:00 and peaked at 81 ppbv at 13:00. Night-time mixing ratios
of NO (around 200 ppbv) and CO (approximately 2-3 ppmv) remained high from around 20:00-08:00. NO, showed
less variability, with a mean mixing ratio of ~ 40 ppbv from 00:00-08:00 with two peaks at 09:00 (55 ppbv) and 17:00
(65 ppbv). There was a clear enhancement of primary pollutants NO, CO and NMHCs in Delhi during the post-
monsoon at night, which appears to be driven, at least in part, by a very shallow and stagnant boundary layer.
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Figure 7. Variation of toluene mixing ratio, PBLH and windspeed in (A) pre-monsoon campaign from 26/05/18-09/06/18 and (B) post-monsoon campaign from
06/10/18-23/11/18. Mean diurnal profiles of O3, NO, NO, and CO in (C) pre- and (D) post-monsoon campaigns. Error bars represent the 95 % confidence intervals
in the mean. Figure 7A averaged over the same sample period as Figure 7C, is given in the ESI13%. Polar plots of (E) toluene from 26/05/18-09/06/18 and
06/10/18-23/11/18 and (F) CO from 28/05/18-05/06/18 and 07/10/18-23/11/18, with the radial component reflecting wind speed in m s, &3
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A bivariate polar plot of the toluene concentration measured using PTR-QiTOF-MS during pre- (26/05/18-09/06/18)
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and post-monsoon (07/10/18-23/11/18) seasons is shown in Figure 7E and for CO in pre- (28/05/18-05/06/18) andk oniine
post-monsoon (07/10/18-23/11/18) campaigns in Figure 7F. Most of the NHMCs presented in tH¥®pap&r3ehWewta0087F

similar trend, with the highest mixing ratios observed under low windspeeds and PBLH indicating they are likely the
result of emissions from the local area, perhaps with a larger source directly to the East.

Regression analysis

In order to determine the relative source strength of different NMHCs a number of different regression techniques
were used. The observed mixing ratios of NMHCs were plotted against the mean CO and acetylene (tracers for
petrol vehicles) measured during the concurrent GC sample time, with the regression coefficient of determination,
R?, examined. Figure 8 shows the observed R? values for different carbon numbers with the points coloured by
functionality. Shaded regions have been added to group NMHCs that were indicative of major emission sources. Cs-
C, alkanes, normally attributed to LPG emissions, 7> 7! were grouped together, with low R? values in the pre-
monsoon campaignh (< 0.4) and shaded in red. The low R? value to CO indicated that these likely were fugitive
emissions from LPG rather than combustion. Removal of the few measurement points which caused the large peaks
in propane and butane, shown as large spikes in alkanes between 11:00-13:00 in Figure 6A, confirmed this and
remaining measurements had much higher R? to CO and acetylene (shown as red shaded area with red dashed line).
Cs-Cyp alkanes, as well as some C, alkenes (green shading), were grouped with R? values ~ 0.7-0.9 and may be from
a petrol source as CO is a conventional tracer for petrol vehicular exhaust emissions. The R? value then decreased
for C10-C15 alkanes, which could be indicative of a different source (blue shading), with a poorer relationship to CO
such as diesel or burning. Aromatic species are located in the regions characteristic of petrol and diesel emissions,
and isomers with C;o showed the greatest variability spanning a range of R? values with CO from 0.1-0.9.
Monoterpenes were also placed onto Figure 8 and a range of R? values were observed, possibly indicating a range
of sources for these species. The overall shape between the two campaigns appeared similar, however, the R?values
for the post-monsoon campaign were greater, and may be driven by strong meteorological influences, higher levels
of pollution and reduced photochemistry. The monoterpenes in particular showed a much stronger correlation with
CO during the post-monsoon period suggesting an anthropogenic source. 3% 39 72 This conclusion is similar to that
reported by Wang et al. (2020) who suggested that biogenic molecules may be explained by vehicular or burning
sources in Delhi. 4°

Pre-monsoon campaign Post-monsoon campaign
10 1.0q
S TRTREE TR
08{ Tl s 0.8+ ", -
8 o6+ " 8 06+ . . n
Q Q - L
o] . o] .
= i =
&0.4- : . %04’ =
H . m  Alkanes
02 02
® LPG alkanes
. oo Alkenes
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Carbon number Carbon number n AlkyneS
Aromatics
. 1.0+
107 8 o Monoterpenes
t'; [ 1=
08{ 08] a : i
@ ] g ]
g & ,
206 =iy 206 . e
Q L] o ] s A B
g 0.4 . Q041 i
i3 4 i3
02 0.2
0ol % . . . . ; 004 : . ‘ ; . ‘
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Carbon number Carbon number
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Figure 9 shows the R? of linear regression plots of different NMHCs measured during pre- and post-monsoon
campaigns ordered according to hierarchical cluster analysis, created with data extracted from the corPlot function
of openair. 63 A region is marked with a red dashed line which contained two closely correlated regions with NMHCs
characteristic of diesel (blue) and petrol (green) fuels. There was likely some crossover of Cg-C1g species in this
region, owing to similar diurnal profiles of NMHCs characteristic of petrol/diesel emissions. Benzene and toluene
also sat with the diesel region but were likely to come from both vehicular sources, and toluene showed a stronger
correlation with C4-Cg tracers than benzene. A further region with propane and butane (white square) was identified
and characteristic of emissions from LPG fuels. Acetone and methanol were poorly correlated to other NMHCs,
indicating a different source, which was assumed to be secondary chemistry or volatilisation for methanol. Isoprene
was poorly correlated to other NMHCs, with an assumed daytime biogenic source due to the diurnal profile in Figure
5C. A further small region was identified (orange square) containing C,,-Cy4 aliphatic species, which were tentatively
identified as coming from a mixture of diesel/burning sources. These species showed strong correlations to each
other but poorer correlation with other NMHCs.
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Emission ratio evaluation

The ratio of specific NMHC tracer pairs in ambient samples can be indicative of their emission source(s). The
atmospheric lifetimes of i-pentane and n-pentane are similar; 73 a concentration ratio of 0.8-0.9 is typically observed
for natural gas drilling, 2.2-3.8 for vehicular emissions, 1.8-4.6 for evaporative fuel emissions and 0.5-1.5 for biomass
burning. 3074

Figure 10 shows the i-pentane to n-pentane ratio measured in this study, which was found to be 2.6. This was
compared to vehicular exhaust emissions reported from the Pearl River Tunnel in Guangzhou, China, where the
ratio was found to be 2.9. 7> The ratio measured in Delhi was also similar to another site considered to be highly
influenced by traffic related emissions (Jingkai community, Zhengzhou, Henan Province, China in 2017) which also
showed a ratio of 2.6. 74 The high R? of 0.98 in the Delhi measurements indicated a constant pollution source (mix),
with a ratio close to that characteristic of vehicular emissions.
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Figure 10. Comparison of i/n-pentane ratios between Delhi (black), Indian solid fuel combustion (red) 3° and the Pearl River Tunnel China (blue). 7°

The ratio of benzene to toluene in ambient samples has also been compared to those from different sources. During
the post-monsoon campaign, the mean benzene/toluene ratio was 0.36. This has been compared to the ratios
measured from the headspace of petrol (0.4) and diesel (0.2) liquid fuel samples collected from Delhi 30 and that of
0.3 reported for traffic exhaust emissions. 7 Whilst there is uncertainty in the exact ratio of benzene/toluene at
emission due to the increased reactivity of toluene relative to benzene, the presence of a significantly greater molar
ratio of toluene to benzene in ambient samples underlines the importance of petrol and diesel emissions to NMHCs
in Delhi, as this could not be explained by solid fuel combustion sources for which benzene/toluene ratios have
been reported for wood (2.3) and cow dung cake (0.9). 30

Source apportionment modelling

Figure 11 shows the mean contribution of the 4 factors selected to pollutant mixing ratios from the PCA/APCS
model. The PCA/APCS model was initially run with 3-7 factors, however, inclusion of > 4 factors did not lead to a
significantly improved output and running EPA Unmix 6.0 with > 4 factors often led to solutions which would not
converge. Sources in this study have been attributed to factors according to the species which they predict and
those suggested in previous studies which showed emissions of C,-Cs for natural gas, C,-C,o for petrol and diesel
emissions > Cg. 77 The LPG factor in this study contributed to C3-C, hydrocarbons. The petrol factor contributed to
C,-C4; hydrocarbons and contributed significantly to alkanes from Cs-Co. The petrol factor had a smaller contribution
to C41-Cy; hydrocarbons and was probably due to slight collinearity of petrol and diesel factors due to similar diurnal
profiles and strong meteorological influences. The diesel factor increased in importance from Cg-Ci4 NMHCs, as
expected of a diesel source. The inclusion of a small number of factors was beneficial to factor identification in this
study, as the diurnal profiles of all NMHCs in the post monsoon were very similar. It was not possible to resolve a
second diesel factor which could be explained by diesel emissions from vehicles and generators. The assignment of
petrol and diesel factors compared well with previous studies which showed that aromatics and alkanes were the
dominant emission from 4-stroke motorcycles, light petrol vehicles and diesel trucks. 7880 The burning factor was
rationalised using furfural as a tracer and contributed to C,-C; hydrocarbons and > C;, hydrocarbons. North Indian
burning sources have been shown to release substantial amounts of furfural and had significant emission factors of
smaller alkanes such as ethane and open burning of municipal solid waste has been shown to contribute to
emissions of heavier alkanes. 2% 3° Previous studies have also reported emissions of n-alkanes from the burning of
municipal solid waste. 81 It is noteworthy that very low mean mixing ratios of furfural (0.8 ppbv) were measured by
PTR-QiTOF-MS in the post-monsoon campaign compared to other NMHCs such as monoterpenes (1.3 ppbv) and
toluene (18 ppbv), which is suggestive of a small burning source.
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Figure 11. Mean contribution of sources to NMHCs measured in Delhi by PCA/APCS. Unmix 6.0 outputs are given in the ESI14t.

Table 1. Estimated source contributions to mean mixing ratios (M.R) and total NMHC mass observed in ambient samples.

Method By LPG Burning Petrol Diesel
PCA/APCS M.R 30 15 44 11
EPA Unmix 6.0 M.R 34 18 32 16
PCA/APCS Mass 23 10 47 20
EPA Unmix 6.0 Mass 25 18 30 27

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Table 1 shows the estimated source contributions to mean mixing ratio (M.R) and mass observed in ambient
samples predicted by PCA/APCS and the EPA Unmix 6.0 toolkit. This study showed that traffic related emissions,
which also included some emissions from static diesel generators, were the dominant source of NMHCs at the site,
with relative mean mixing ratio contributions predicted by the PCA/APCS and Unmix models from petrol
automobiles and motorbikes (38 %), diesel trucks, trains and generators (14 %), LPG from cooking (32 %) and open
burning of biomass and municipal solid waste (16 %). The mean mass contributions were petrol (39 %), diesel (23
%), LPG (24 %) and burning (14 %). High mixing ratios of aromatics were dominated by traffic related sources and
meant that the contribution of biomass burning to these was insignificant.
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This study compared well to the limited previous literature focussed on NMHC source apportionment in Delhi from
ambient measurements %5 and inventories which have shown the importance of vehicular emissions. 1% 26 27 Gujar
et al. (2004) showed that from 1990-2000 transport represented > 80 % of NMHC emissions, with 47 % of emissions
from motorcycles 26 and the study led by NEERI in 2008 showed vehicular related emissions to be the largest
citywide source. Petrol emissions were the largest source shown by Srivastava et al. (2009) and the inventory for
India produced by Sharma et al. (2015) commented that large built up areas like Delhi were dominated by petrol
traffic related emissions. The most recent study led by Wang et al. (2020) determined that traffic was responsible
for 57 % of the mixing ratio of NMHCs at an urban site in Delhi, with 16 % from secondary sources and 27 % from
biomass burning. 4> The larger contribution of traffic related emissions and lower contribution of burning emissions
in this present study were explained by the proximity of major roads to the IGTDUW site. It was also explained by
the fact that the GC instrumentation used in this study was specifically targeted to NMHCs, in comparison to PTR-
TOF-MS which is more suited to measuring oxygenated species commonly from secondary sources and burning.
The contribution by mass of petrol and diesel sources in this study (62 %) is in good agreement with that suggested
by a 1 km? gridded inventory of Delhi (65 %). 27
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The results of the PCA/APCS and Unmix 6.0 models were compared to 3-6 factor unconstrained solutions from EPA
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PMF 5.0 run on individual pre-/post-monsoon datasets as well as the combined dataset. Although PMF isywidelye oniine
accepted as a more powerful receptor model due to being able to find more factors, PMF explored@aridAeédwithip0087F

the petrol and diesel factors before finding the factor attributed to LPG (see the ESI15% for comparison of the 4-
factor solution using the combined dataset). The instrumental uncertainty in the large fugitive spikes in propane
and butane was not large, and so these points had not been down weighted within the model for this reason.
Inclusion of benzene/toluene ratios and propane/butane ratios of factors in the PMF model did not lead to a
significantly improved result and PMF was only able to identify the LPG factor in the 6-factor pre-monsoon dataset.
Factor identification for model runs with inclusion of additional factors was increasingly difficult to interpret. This
may be partly driven by the limited data collected during the short measurement periods of this study. For these
reasons, the results from the PMF model were not included in this study. Whilst studies criticise source
apportionment in India using PCA/APCS and Unmix, 82 the results of the PCA/APCS and Unmix models were
considered beneficial to include as they agreed with other source apportionment analyses and compared well to
literature.

This study only focussed on the major sources of NMHCs in Delhi. It is expected that any CNG transport related
emissions which may be > C;, potentially from poor maintenance and lubricant emissions, are grouped with petrol
emissions. This study does not account for smaller sources such as emissions from industry, powerplants and brick
kilns. The contribution of LPG emissions from cooking was larger than estimated in current inventories.

Conclusion

This study presents a comprehensive suite of NMHC measurements performed at an urban site in Delhi during the
pre- and post-monsoon seasons in 2018. Extremely high night-time mixing ratios were measured during the post-
monsoon campaign, caused by stagnant conditions and a shallow boundary layer. A range of source apportionment
techniques have been used, which appear self-consistent and arrive at similar conclusions for correlation analysis
to CO, acetylene and other NHHCs as well as hierarchical cluster analysis. The absolute contributions of different
sources have been determined through receptor models, with factors rationalised using recent studies focussing
on emissions from petrol, diesel and solid fuel combustion sources and confirmed through comparison of
characteristic i-/n-pentane and benzene/toluene ratios which are close to those of liquid automotive fuels. These
results are in line with bottom-up emissions inventory and top-down receptor modelling approaches from recent
literature. Unusually high levels of very reactive monoterpenes were observed at night during the post-monsoon
campaign, with similar diurnal profiles to NHMCs typical of petrol and diesel sources. This suggested that these
species were emitted from anthropogenic sources in Delhi rather than the conventional biogenic source seen in
other locations. The impact of prolonged exposure to elevated NMHC concentrations at night during the post-
monsoon campaign is likely to lead to significant health impacts and result in the production of high levels of other
harmful secondary pollutants, when photochemical oxidation can occur the following day. In order to reduce the
high levels of pollutants during the post-monsoon period, policies that target vehicle emission reductions are
critical.
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