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ABSTRACT

Ambient PM s samples were collected at a high-traffic locatisanimer and winter 2013) and
characterized for a large suite of elemental arghric markers. Concentrations were found to
exceed the Indian PMair quality standard on several occasions, espgdrathe winter. Winter
concentrations of several individual tracer spegviese several fold higher compared to summer,
particularly for some PAHs and trace metals. Hmrent factors relative to crustal material
showed significant enrichment for elements suchiaSb, Pb and As, although Ba, often used as a
marker for non-exhaust emissions from traffic was found to be enriched appreciably. Crustal
material was found to be an important contributothe summer (14.3%), while wood burning
(23.3%), nitrates (12.4%) and chlorides (12.3%)enfeund to be major contributors in winter. The
contribution of road traffic exhaust emissions weatimated to be 18.7% in summer and 16.2% in
winter. Other combustion sources (wood and othe@mbss/waste/coal) were found to be a
significant source in winter, and contribute to thigher concentrations. Secondary sulphates,
nitrates and chloride (the latter two in winterdaorganic matter also contribute substantially to

PM, 5 mass.

Keywords: Molecular markers; traffic, India; mass closysarticulate matter
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1. INTRODUCTION

Given the rapid rates of urbanization in Indianesit air pollution is increasingly becoming a

critical threat to the environment and to the gyatif life among the urban population in India.

Particulate matter (PM) concentrations are oftamébto exceed the Indian National Ambient Air

Quality Standards (NAAQS) and recent studies hdeatified PM as one of the key public health
risks, particularly in urban areas (Lim et al., 20Guttikunda and Goel, 2013; Trivedi et al., 2014)

The primary sources of air pollution in India haxeen identified as vehicular emissions, industrial
emissions, coal combustion, biomass burning, raed and waste burning, construction activities,
oil combustion and sea salt (Chowdhury et al., 2@DFCB, 2010; Guttikunda and Calori, 2013;

Gargava et al., 2014). An overview of PM sourcgwésented in Guttikunda et al. (2014).

There is a growing body of literature on sourceaappnment of PM in India which has used
receptor modelling with both elements and organ@rkers, and a detailed review of source
apportionment studies in India is presented in RadtHarrison (2012). A large number of studies
have focused on total suspended particulate méreP) and PN\ but there is an increasing
number of studies focused on fine Rad&rodynamic diameter <2.5 um) (Chowdhury et &Q72
Tiwari et al., 2009; Chakrobarty and Gupta, 2010ake and Baruah, 2010; Gummeneni et al.,
2011; Joseph et al., 201 terms of geographic distribution across the ¢uimost studies focus
on big cities such as Delhi (Balachandran et @Q02 Khillare et al., 2004; Srivastava and Jain,
2007; Tiwari et al., 2009; Khillare and Sarkar, 20Trivedi et al., 2014), Mumbai (Kumar et al.,
2001; Chelani et al., 2008; Kothai et al., 200&)efihai (Srimuruganandam and Shiva Nagendra,
2011), Hyderabad (Gummeneni et al., 2011; Guttikuat al., 2013) and Kolkata (Gupta et al.,
2007; Kar et al., 2010). The Central Pollution GohBoard (CPCB) also conducted a detailed
dispersion and receptor modelling analysis in giegacross India (CPCB, 2010). In comparison,

there are very few analyses in smaller cities/togeng. Mouli et al., 2006; Kulshrestha et al., 2009
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Chakrobarty and Gupta, 2010; Masih et al., 2010; &ial., 2013). Some recent work focused on
unique sources (Chakrobarty et al., 2013; DekaHogle, 2014, Kirillova et al, 2014; Srinivas and

Sarin, 2014).

A majority of the PM source apportionment studiesen been conducted using trace element
markers (Balachandran et al., 2000; Kumar et 8012 Kothai et al., 2008) and in some cases,
inorganic tracers have been used in conjunctioh wrganic and elemental carbon (Gupta et al.,
2007; Tiwari et al., 2009; Chelani et al., 2010afha et al., 2013). The use of organic molecular
markers for PM source apportionment has only begorted in recent years (Chowdhury et al.,
2007; Fu et al., 2010; Masih et al., 2010; Giraket2013; Herlekar et al., 2012; Li et al., 2014)a
comprehensive review on receptor modelling of PMIndia, several gaps were highlighted
including the need for detailed analyses usingmogearkers, focus on fine particles (P§ and

the need to characterize the contribution of seapndources to ambient PM concentrations (Pant

and Harrison, 2012).

Delhi is one of the most polluted cities across wweld and concentrations of air pollutants are
often found to exceed the NAAQS. Delhi is reportechave 29 planned industrial areas and 5
factory complexes with a range of industries inaslgdood and beverages, metal and alloys, leather
and leather products, chemicals, paper etc. (C#tihistical Handbook, 2013). Delhi has two coal
thermal power plants and four natural gas powentpland the sulphur content in the coal used in
power plants in Delhi typically ranges between 963&nd 0.50% (Chowdhury et al., 2007). Indian
coal is typically high in ash content. Diesel isdidor both road transport (cars, utility vehicles,
heavy duty vehicles [HDVs]) and industry (power lbap, mobile phone towers, miscellaneous)
while gasoline is mostly used for road transpottblfe transport in the city runs on compressed
natural gas [CNG] while private vehicles run onséig gasoline, CNG and liquefied petroleum gas

[LPG]. A number of brick kilns are also reportedagperate in areas around Delhi (Guttikunda and

4
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Calori, 2013). A range of different cooking fuelseaused in Delhi including LPG, kerosene,
firewood, cow dung cake, coal, crop residues, magad electricity with nearly 90% of households
using LPG (Delhi Statistical Handbook, 2013). Esiied source contributions from the different
sectors are described in Sahu et al. (2011a) amtk@wa and Calori (2013). While on one hand,
Sahu et al. (2011a) reported road transport adidpgest contributor to PM emissions (30.25
Gglyr) followed by residential emissions (18.65 ¥/ dust (18.35 Gg/yr) and industry (16.29
Gglyr); Guttikunda and Calori (2013) identifiedrisport, power plants and domestic emissions as
the three biggest contributors. Several studie® len undertaken for source apportionment of
suspended particulate matter (SPM), ;eMnd PMs using receptor modelling in Delhi and a
majority of those have used methods such as pahadpmponent analysis (PCA), PCA-MLR
(multiple linear regression), diagnostic ratio,iehment factor etc. However, several recent studies
have used positive matrix factorization (PMF) ahdmaical mass balance (CMB) models for source
apportionment. A large percentage of the PM has b#teibuted to vehicular emissions, road dust,
coal combustion and domestic emissions in sevéundies (Balachandran et al., 2000; Khillare et
al., 2004; Chowdhury et al., 2007; Sharma et &Q72 Chelani et al., 2010; Tiwari et al., 2013).
Goyal et al. (2010) have reported diesel vehiaesontribute nearly 28% of the total PM in Delhi.
Other sources identified for PM emissions in Ddlitlude industrial emissions, open refuse
burning and construction (Khillare et al., 2004; Mk6nnen et al., 2004; CPCB, 2010; Khillare and
Sarkar, 2012; Guttikunda and Calori, 2013). Mosteptor modelling studies, however, have
focused on characterization of elemental, and mesoase ionic species and PAHs, and there is a

lack of studies with detailed characterization @@cular marker species in BM

The objective of the current study was to condwetbited chemical characterization of ambient

PM, sand to assess source contributions te Pikcluding primary and secondary sources.
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2. MATERIALS AND METHODOLOGY

21 Sampling Location

Mathura Road is one of the major arterial road®@hhi with an average traffic flow of 170,000

vehicles per day and a modal split shown in Figlréther sources of PM include residential
burning and an industrial hub about three kilonsetrem the sampling site (Okhla Industrial Area).
Trucks are not allowed between 07:30 to 11:00 ah@QLto 21:30 while buses, light duty vehicles
(LDVs) and two and three wheelers are not restti¢2elhi Police, 2014). It is important to note

that Bharat Standard IV (BS-1V, 50 ppm sulphurndgtds are applicable to the vehicles within

Delhi; vehicles from outside Delhi are often BS{BQuivalent of Euro Ill, 350 ppm sulphur).

The samplers were placed at a height of two méters ground level at a distance of 50 meters
from the road. Traffic emissions are the most pn@mt source. Other sources include biomass
combustion in the low-income housing close to thmgling site, emissions from the industrial

units located at a distance of ~3 kilometres frammgampling site and a power plant.

New Delhi has a sub-tropical climate with hot sumsn@pril-June) and moderately cold winter
(November to January). Typically, S-SW winds arevpitent in summer and N-NW winds are
prevalent in winter (Yadav and Rajamani, 2006).iBgithe summer sampling period (June 15-30,
2014), the average temperature and relative huyn(igitl) were recorded as 31.4 + £02and 67.5

+ 20.5% respectively while during the winter samgliperiod (December 15, 2013-January 15,
2014), the average temperature and RH were recoaded3.4 + 2.7C and 80.8 + 8.1 %
respectively. During the sampling period in wintig/haze was reported on most days with calm
wind conditions. Average rainfall in the monthsJohe and December was recorded as 151 and 6.8

mm respectively.



146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

2.2 Sampling

Collocated Minivol samplers (AirMetrics, Springfiel OR) equipped with Pp4 impactors were
used to collect two twelve hour BMsamples per day (filter change at 12:00 and 0019€28 in
summer, n= 15 in winter) on 47 mm quartz fibre ¢§liguartz 2500QAT-UP, Pall Life Sciences
(7202) (Ann Arbor, MI)) and PTFE teflon membraneelfd® PTFE membrane with PMP
(polymethypropylene) support ring, 2um pore siza| Bife Science (R2PJ047) (Ann Arbor, Ml))
filters. Use of a low volume sampler with a flowteaof 5L/min was more suitable in Delhi to
minimize clogging since the area records high PMceotrations. Teflon-membrane filters were
equilibrated in a temperature (21-23 °C) and RH48%) controlled room before gravimetric
analysis. Pre- and post-weighing of filters wasfqrened with a microbalance (Mettler (Toledo,
OH) Model XP-6) with a sensitivity of + 1pg. Quafibre filters were baked at 900 °C for four
hours to remove organic artefacts. All samples wamalysed at the Environmental Analysis

Facility, Desert Research Institute (Reno, Nevatish).

2.3 Chemical Analysis

The PTFE filter samples were analysed for elemfgota Na to U at DRI using energy dispersive
X-ray fluorescence (ED-XRF) (PANalytical Epsilon @nd calibration was performed using
MicroMatter thin-film standards (Watson et al., 999while sulphate (S§), nitrate (NQ),
chloride (C1), ammonium (NH"), sodium (N3&) and potassium (K and carbohydrates (mono- and
disaccharides and anhydrosaccharides) were analgsed lon Chromatography (Thermo Dionex
(Sunnyvale, CA) Model ICS 3000 for anions and chglolvates and Model ICS 2100 for organic
acids) (Chow and Watson, 1999). The samples wese ahalysed for straight chain alkanes,
polycyclic aromatic hydrocarbons (PAHs), hopaned ateranes (details in SI) using Thermal
Desorption-Gas Chromatography-Mass Spectrometry ildAtg (Santa Clara, CA) Model

6890/5975C TD-GC-MS) with an HP-5MS capillary colunm SCAN mode (Ho and Yu, 2004,
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Chow et al., 2007a). Internal standards used imttadysis include n{D3, and nG4Ds5 for alkanes
and phenanthreneggand chrysened for PAHs. Experimental details of the method fopane
and sterane analysis are reported by Ho et al.8)20he samples were also analysed for carbon
fractions (OC1, OC2, OC3, 0OC4, OP, EC1, EC2 and )EG8ing the DRI Model 2001
Thermal/Optical Carbon analyser (DRI (Reno, NV) Mb&001) following the IMPROVE_A
thermal/optical reflectance protocol (Chow et 8D07b). Organic carbon (OC) is defined as the
sum of OC1-4 and pyrolyzed carbon (OP), and eleahearbon (EC) is defined as the sum of EC1-

3 minus any OP.

2.4 Data Analysis

Data analysis has been carried out using Micrdsefel and SPSS (Version 21). Several species
were detected in less than 20% of the samples aadnat included in further analysis.
Concentrations below detection limits were replae#tt 0.5*detection limit. Correlation analysis
of analyte concentrations was conducted using SB&®d on Pearson Correlation and the
correlation values reported in the text are for .040 Reduced major axis (RMA) regression

analysis has been used in most cases due to simdartainties of the different species.

3. RESULTS

3.1 Particulate Matter

The average 12h concentration in summer was olbéovbe 58.2+35.0 pgfhwith a maximum
PM, 5 concentration of 179.5 pghwhile in winter; the average concentration was.2¥89.9
pg/nt with a maximum of 424.9 pgfr(details in Table 1). Several studies have repoatabient
PM, s concentrations in New Delhi, and most of them reponcentrations in exceedance of the
Indian PM s NAAQS of 60 pg/m irrespective of site type (Singh et al., 2011; diinet al., 2014;
Trivedi et al., 2014). Additionally, studies inhet Indian cites, including Chennai have reported

higher concentrations in the winter season (Srigamandam and Shiva Nagendra, 2012). A
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summary of relevant studies is presented in Table Gontinuously monitored PM data for New
Delhi are not in the public domain, but these dehp to put the concentrations measured during
our campaign into context. The summer mean instudly was slightly lower than in most other
studies while the winter mean was slightly highieal{le S1). However the broad conclusion is that

our site well represented BNlconcentrations typical of Delhi.

Concentrations in winter were consistently highempared to summer and this can be due to the
differences in meteorological parameters as wellvasations in source strengths. Significant
differences between PM concentrations in summer wimder have been recorded previously
(Guttikunda and Gurjar, 2012; Yadav et al., 2013yafi et al.,, 2014), and higher winter
concentrations are attributed to larger combustmurce strength in the winter combined with calm

weather conditions and a shallow boundary layeclhifects pollutant dispersion adversely.

If the 12-h concentrations are compared (i.e. 0ADG9 AM and 12:01- 23:59 PM), the
concentrations are ~ 1.2 times higher for the 0@DB9 AM period in both seasons (Figure 2).
This is expected since this period corresponds Wi/ movement across the city at night, and
includes the morning traffic peak. EC was foundbéchigher for the 00:00-11:59 AM period while
the OC concentrations were higher during the 122859 PM. EC is typically associated with
traffic emissions, and the concentrations are ebggeto be higher when the volume of heavy duty
vehicle traffic increases. On the other hand, O€lm@&acontributed by primary as well as secondary
sources, and concentrations are likely higher dutime day when combustion activities (e.qg.
cooking, waste burning), as well as photochemieactions (i.e. secondary organic aerosol

formation) typically occur.

311 Carbon
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In both summer and winter, the high-temperature Q€3180°C) and OP fractions in helium (He)
atmosphere had the highest concentrations among@@dractions while low-temperature EC
(EC1, in 2% Q/98% He atmosphere) had the highest concentratirmmg the EC fractions. EC3
(at 840°C) was detected in less than 20% of sampld®oth seasons. This is in line with the
previous studies since EC3 is not associated vatoline or diesel vehicle emissions. A summary
is presented in Table 1. Typically, EC2 (at 74088) OC1 (at 140°C) are associated with diesel
vehicles while EC1, OC2 (at 280°C) and OC3 are dantiin gasoline vehicle emissions (Watson

et al., 1994).

OC and EC were found to be reasonably closely lae@ both in summer and winter indicating
some common sources such as road traffic and bsiasiing. Both OC and EC were also
correlated well with Pils mass in summer although no correlation was obsarvednter. Both
OC and EC were correlated well with the carbontioas. If the concentration of OC is expressed
as function of concentration of EC using RMA regres, the OC/EC gradient is significant for
both seasons (1.19 for summer and 2.15 for wirfi@gure 3). The intercept is greater than 4 ug

C/m®in both cases indicating contributions from otseurces of OC unassociated with EC.

EC is emitted directly into the atmosphere andlmamised to estimate relative amounts of primary
OC (POC) and secondary OC (SOC). Higher OC/EC gaie expected in the conditions where
SOC is dominant and the EC-tracer method involtesuse of EC as a tracer for POC, allowing
SOC to be calculated (Turpin and Huntzicker, 199&stro et al., 1999; Pio et al., 2011). Minimum
ratios of OC/EC are taken as representative ofggmr®C (although they may be an over-estimate)
(Pio et al., 2011) and OC above that ratio is takelpe SOC. The method as outlined by Castro et

al. (1999) was used and estimates of SOC werelatdd(Figure 4).

Secondary OC = Total O0C — (EC X (g) minirmum ) Eq (1)

10
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The minimum ratios were estimated as 0.93 for sumane 1.63 for winter, and were used to
calculate the contribution from primary and secopd®C for both seasons. The average
contribution of POC was estimated to be 41% in semamd 72.3% in winter while the SOC was

estimated to contribute 66.7% in summer, and 33rl4inter.

3.1.2 lons

PM,s SO and NH* were found to be the most abundant ions in sumwién average
contributions of 17.1% and 8.5% to PMnass. Higher abundance of §0n summer and N©in
winter is consistent with previous observationghia region (Satsangi et al., 2013). In winter,,NH
was the most abundant ion followed by N®©ontributing 12.4% and 11.8% to B¥mass. A
summary of the data is presented in Table 15 M6d SG* were found to be correlated in summer
as well as in winter and high correlation was a@bserved between $Oand NH" in summer and
winter indicating common sources. $0and NQ were also moderately correlated with M
mass in summer but no correlation was observedntew CI was not found to be correlated with
any of the other ions in summer while in winter, vilas correlated with NH. Higher
concentrations were observed for all ions in winbet Na was present in broadly similar
concentrations in both seasons with a winter/sumnmaigo of less than 2. On the other hand, CI
NOs; and NH" showed the highest winter/summer ratios. It istivaoting that particulate nitrate
when present as NNO;3 is semi-volatile (Allen et al., 1989), and at leghhemperatures NQis
volatilized from the particle phase. Seasonal vi@rng in concentrations of ions have also been
reported by Sudheer et al. (2014), and Tiwari e{2013) reported higher chloride concentrations

in Delhi during winter.

11
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CI"and NQ" (or their precursors HCl and NYOhave been reported to be emitted during wood
combustion and Kis widely used as a marker for biomass combusfidaeman et al., 1999;
Simoneit et al., 2004; Watson et al., 2008). khdnPatil et al. (2013) reported a high abundarice
CI" and K in wood combustion, open burning and coal combustihile NH;", NO;* andCl are
reported to be abundant in industrial emissionke fiigh winter concentration of @buld be due

to the increased burning (wood, coal, waste) in uleter season, but like ammonium nitrate,
ammonium chloride is semi-volatile (Pio and Hamis@987a,b) causing loss to the vapour phase

during conditions of higher temperature and lovedative humidity in summer.

lon equivalency was estimated using, §Q, NOs (anions) and N (cation)for both seasons to
understand the neutralization of the ions in timoaphere (Figure 5) and the anions were found to

be more or less neutralized by NHh both seasons.

3.1.3 Elements

S, Si, and Al were found to be the most abundaemehts in summer and winter (Table 1).
Concentrations of several elements including Cl, Rband Zn were found to be more than five
times higher in winter compared to summer. Eleméypgally associated with soil/mineral dust
showed the lowest winter/summer ratios (e.g. S850Ca- 0.80) while several other species
showed a 1.5 to 4 times increase in concentratiomanter (e.g.- Cr- 1.41; Mn- 2.69; S- 3.14; Zn-

3.27; Cu- 4.74).

Correlation analysis was used to identify assamigtiamong different elements. Zn was found to be
moderately correlated with Pb and Br in summer Jevaiistrong correlation was observed in winter
for Pb. Previous studies have also reported cdiwaldetween Zn and Pb and Tiwari et al. (2013)

used these as markers for traffic source and Chah €011) reported association of Fe, Zn, Pb

12
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and Br with diesel vehicles. Pb and Kave also been used as markers for biomass bui@heng

et al., 2013) but no correlation was observed betvikese two species in Delhi.

Al, Si, Ca, Ti, Mn and Fe have been used as markersrustal dust/soil (Cass, 1998; Chow et al.,
2004; Viana et al., 2008; Pant and Harrison, 201®ari et al., 2013). In summer, Si was strongly
correlated with Al, Fe, Ca, Ti, Sr and moderatedyrelated with Mn and K and weakly correlated
with Ni. In winter, Si was strongly correlated wifle, Ca, Ti but Al was not found to be correlated
with the other soil-associated elements but withBZland moderately correlated with Cu, Zn, and
K. This is probably due to anthropogenic sourcesélpparticularly from metallurgical industries,

coal burning and traffic.

In addition to its correlation with Zn, Pb was aated with As, K and moderately correlated with
S and Na. In summer, Pb was moderately correlatéld 8; Br, Zn, Cu and V. As was also
correlated with Zn in winter though these elememtse not found to be correlated in summer. As
and Pb are also reported to be emitted from wasteiry (Watson et al., 2008). V and Ni are
associated with industrial emissions as well asaihbustion (Viana et al., 2008). Pb, Fe, Zn and K
have also been associated with industrial emisgi®aku et al., 2011b; Moreno et al., 2013; Patil et
al., 2013; Farao et al., 2014). K and Br have aksen reported from wood smoke (Kleeman et al.,
1999; Fine et al.,, 2001) while Zn has been assatiatith incineration (Harrison et al., 1997;
Moreno et al., 2013) and industrial burning (Duwlll., 2012). Pb and Mg are also reported to be
emitted from kerosene combustion (Patil et al.,.330While the correlations in the summer season
are largely indicative of traffic and industrialulsoes, an additional source, most likely, combustio
(including biomass, coal and waste) is affectirgre@ntal concentrations in the winter season. Zn

and CI can both be emitted from coal combustion, waste incineration (Perrino et al., 2011). In
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winter, brick kilns are also reported to operataneas surrounding Delhi, and can contribute to PM

concentrations observed in the city (Guttikunda @atbri, 2013).

Elements such as Cu, Ba, Sb and Sn have been assowith brake wear (Pant and Harrison,
2013) but in Delhi, these were not found to be elated with each other in summer. Species
associated with brake wear such as Cu and Ba tipmehibit a coarse mode peak at 3.2-5.6 um
(Gietl et al., 2010). However, in Delhi, these peakere not observed (unpublished data). This is
important for future studies, as this would imghat elements such as Cu and Ba cannot readily be
used as markers for non-exhaust emissions in ladid further research is required to characterize

appropriate markers for non-exhaust emissions.

3.1.4 Hopanes and steranes

Total hopane concentration was observed to be 2.874ng/mi in summer and 26.3+7.93ngrim
winter. C3hfR-hopane was the most abundant species in bothrse@Bable 1, SI). Hopanes were
found to be strongly correlated to alkanes and PiHginter although no correlation was observed
with OC and EC. In summer, hopanes were stronglsetaied with EC and PAHs and moderately
correlated with OC and alkanes, indicating a tcaffource. While hopanes are typically used as
markers for traffic exhaust emissions (Lin et aD10; Pant and Harrison, 2013), several hopane
species are also found to be abundant in coal lgiernissions (Oros and Simoneit; 2000; Zhang et
al., 2008). The ratio between S/S+R homohopanedspmas identified as 0.05 for lignite and 0.08
for brown coal (Oros and Simoneit, 2000). In Dethg values for this ratio were calculated as 0.11
for summer and 0.05 for winter, indicating the moi@ contribution from coal/lignite burning as an
additional hopane source. Lignite is used for elgty generation in thermal power plants in India,

and coal can also be used for cooking and/or hgpgtiarticularly in poorer areas and slums.
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In the case of steraneg}ff 20R-Cholestane was the abundant sterane in sunvhikr affff 20S
24R-Ethylcholestane was the most abundant speniesiriter. Total sterane concentrations in
summer and winter were 0.44+1.04 and 3.95+1.49 hgfespectively. afp 20S 24S-
Methylcholestane showed a very high winter/sumnaéor(15.2) whileaaa 20R-Cholestane and
aoo. 20R 24R-Ethylcholestane showed winter/summer satss than 2. Steranes were strongly
correlated with hopanes and EC in summer and itewithe correlation was moderate both in the

case of hopanes and steranes at p<0.05.

3.1.5 Alkanes

Alkanes were the most abundant class among theniorgaecies and the 12-h average alkane
concentration was observed to be 48.1+38.9 Agirsummer and 382+137ngfrim winter. C20-31
homologues were the most abundant while C39 andvi@&t® not detected in either season. Fu et
al. (2010) also did not detect C36-40 homologuesvimer and C39-40 in summer in Chennai
(India). The dominant homologues were C26, C27 @28 in summer and C29, C22 and C31 in
winter. Dominance of C29 and C31 homologues in evimbhdicates contribution from vegetative
emissions, possibly through burning of biomass. Whater/summer ratios were highest for the
lower homologues (C18-C23) and C34-35, probablyecghg greater partitioning into the

condensed phase in the cooler months.

Wood and biomass combustion is quite common in iDilning the winter period when they are
used not only as a cooking fuel but also for hegtifu et al., 2010; Yadav et al., 2013). In additio
tyres, old furniture and waste materials are ofiamt in the open. Long chain alkanes (e.g. C36)
are also reported to be emitted from open wasteibgir(Fu et al., 2010; Alves et al., 2012).
Alkane emissions (n<25) from the vehicles can Iebated to unburnt engine oil in the case of
gasoline vehicles and fuel as well as lubricatiihgnacase of diesel vehicles, and older vehieles

often high emitters of n-alkanes (Rogge et al.,3)99
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Alkanes were found to be correlated well with O@d dopanes and moderately correlated with
PAHs and EC) in summer. In winter, however, no @ation was observed with OC and EC

although strong correlation was observed with hepas well as PAHSs ().

Carbon Preference Index (CPI), the ratio of odé&ten numbered homologues, can be used to
estimate the relative contribution of anthropogesid biogenic sources. Due to the odd carbon
number preference in case of vegetative materigieh ratio values are associated with a biogenic
contribution. In this case, the index value was9Qlfd& summer and 1.22 for winter indicating a

significant contribution from anthropogenic sourgeboth seasons.

3.1.6 PAHs

PAHs are typically emitted as a by-product of costlmn (including road traffic, solid fuel
combustion, coal combustion, industries and agduical burning) and are found both in gas- and
particulate-phases (Smith and Harrison, 1996; CE338; Chow et al., 2004). The total particulate
(pPPAH) concentration was observed to be 7.73+5&4nhin summer and 119+33.8 nginn
winter. Several species including picene (Pic),edin(ae)pyrene (DaeP), coronene (Cor) were
detected only in winter samples. Acenapthylene JAggs the most abundant species in summer
followed by acenapthene (Ace), while in winter dege (Chr) was the most abundant species
followed by benzo(a)pyrene (BaP). PAHs were strpragirrelated with OC, EC and hopanes in

summer and moderately correlated with alkanes siiggea traffic source.

HDVs typically emit low molecular weight PAHs incing anthracene (Ant), methyl- and

dimethyl-phenanthrenes and fluoren-9-one (Roggd.e1993; Sjorgen et al., 1996; Miguel et al.,
16
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1998). Species such as benzo(b)naphtho(1,2-d)terapliBN1INT), fluorene (Flu), phenanthrene

(Phe) have been used as markers for diesel vedmulesions while methylphenanthrenes have been
associated with evaporative emissions from fuelriisan et al., 1996; Jang et al., 2013). PAHs

such as benzo(ghi)perylene (BghiPe), indeno(1,8)Bycene (IcdP) and Cor have previously been
used as markers for gasoline traffic emissions$CE898; Phuleria et al., 2007; Pant and Harrison,
2013). Flu, Acy, Ant, Phe, Pyr, benzo(e)pyrene (BdBaP, retene (Ret) are typically used as

markers for wood combustion (Cass, 1998; Fine et2801; Simoneit, 2002; Jang et al., 2013)

while Ant, Phe, benzo(a)anthracene (BaA) and Cler used as markers for coal combustion

(Harrison et al., 1996). Several species such asddnlopenta(cd)pyrene (CcdP) and BNINT have
been attributed to various sources in differendistsl For example, Larsen and Baker (2003)
reported the use of CcdP as a tracer for gasohmsseons while Jang et al. (2013) used it as a
marker for coal combustion. Previous studies franid have associated pyrene with domestic fuel
emissions (kerosene, dung etc.) and coal combuydiaR with wood combustion and BghiPe and

lcdP with traffic emissions (Kulkarni and Venkatawan, 2000; Sharma et al., 2007) while

benz(a)anthracene-7,12-diotaAQ) has been associated with residential naisal emissions

(Cass, 1998).

If the summer and winter concentrations are conthaeecies such as Phe (11.6) and BaA (54.7)
associated with coal and biomass combustion shaw Wgh winter/summer ratios while others
associated with traffic such as BghiPe (6.86) ardethyl phenanthren€2MPhe) (2.50) have
comparatively lower winter/summer ratios. This cates additional sources in the proximity of the
sampling site during the winter season which iss@iant with emission inventory analyses. High
winter/summer ratios have been reported previobglgharma et al. (2007) for Delhi. In addition
to source types, the different temperature regiacesss seasons can also influence the partitioning

of the species in the gas- and particle- phaseBAdbts (Smith and Harrison, 1996).
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One of the qualitative approaches for assessmeRAbf source is diagnostic ratio (DR) analysis
where ratios of different PAHs are used for ideécdifion of contributing sources. The ratio of
IlcdP/IcdP+BghiPe is used as an indicator for digasbline or coal emissions (Ravindra et al.,
2008). The ratio was observed to be 0.38 in sumandr0.46 in winter indicating a contribution
from vehicular emissions. The ratio of BaA/BaA+Glan also be used to distinguish between
diesel/gasoline/wood combustion and in the presasg, the ratio was observed to be 0.18 for
summer and 0.39 for winter which corresponds wiikse&l emissions (Kavouras et al., 2001).
HDVs are reported to emit higher concentrationdligiiter PAHs such as Pyr, BaA and Chr
compared to heavier PAHs such as BghiPe and coeofMiguel et al., 1998). The site gets a high

volume of interstate HDV traffic, and often thedks are run on high sulphur fuel.

3.1.7 Sugars

In ambient air, saccharides are typically assodiatéth biological material (e.g. soil organic
matter) and arabitol and mannitol have been prapasemarkers for fungal spores (Simoneit et al.,
2004; Buaer et al., 2008). Glycerol was the onlgcharide species detected in both summer and
winter with a winter/summer ratio of 26.5. Mosttbé other saccharides were detected in less than

20% of the samples and are not discussed in &&ble 1).

Anhydrosaccharides such as levoglucosan and mamn@sa typically associated with

wood/biomass combustion (Simoneit et al.,, 2004;e8het al., 2012). Both levoglucosan and
mannosan were only detected in the winter seasdrhad a strong correlation. Levoglucosan was
also strongly correlated with OC and.Gorrelation with K was comparatively weaker, and not
significant at p<0.01. Fu et al. (2010) reportetkoglucosan/mannosan ratio of 16.4 which is

comparable to the ratio observed in the currendys{d6.07). Cow dung burning has also been
18
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identified as a source of levoglucosan in Indiat Kuis typically not released from cow dung
combustion (Fu et al., 2010). A recent study fodusie water soluble organic carbon (WSOC) has
also highlighted the importance of biomass combustis a source of OC in Delhi (Kirillova et al.,

2014).

3.1.8 Diacids

Several organic acids including oxalic acid, laetotd and glutaric acid were found to be present in
both seasons. While oxalic acid was found to beathendant species in both seasons, formic acid
had the highest winter/summer ratio of 3.14. Biogeources have been reported to contribute to
malic acid precursors, and the absence of the contpn this sample set is consistent with the

absence or low concentrations of other biogeniematrelated molecular markers.

3.2 Enrichment Factors
In order to further understand the sources of teements (crustal vs. anthropogenic), enrichment
factors (EFs) were calculated based on continentest concentrations using Al as the reference

element (Taylor and McLennan, 1995) (selected sgeanie presented in Figure 6).

{ Concentration(X)
Concentration(Reference)

{ Concentration(X)
Concentration(Reference)

} sample
Eq (2]

Enrichment Factor (X) =

} crustal

EF values of 10 or higher are considered to indicgnificant anthropogenic contribution. High
enrichment factors were observed for elements aschi, Cu, Zn, Sb, Cd, Sn, As and Pb both in
summer and winter, with higher enrichment obseiwedinter. Ti, typically associated with crustal
matter, was also found to be enriched in both seasdthough contrary to other elements, the

enrichment was higher in summer. Similarly, EFs & and Sn were higher for the summer
19
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compared to winter. EF for As was found to be savield higher in winter (~36 times) compared
to the summer. Cr showed similar enrichment in semand winter seasons. Cd is primarily
emitted from industries (smelting), waste incinenatand recycling of electronic waste but is also
associated with traffic emissions (Amato et al1Hf). As is used as a marker for coal combustion,
and Pb and Zn are also emitted from waste inciiogra®n the other hand, elements such as Si, Fe,
Ca, Ba, Mn, Mg, Sr and Se were present in concgmiasimilar to the upper continental crust

(Taylor and McLennan, 1995).

3.3 Mass Closure

In order to understand the relative contributiorihaf different species, mass closure was attempted
for PM, s mass with seven key components including woodsmtrkéfic, other OM, secondary
aerosol (ammonium chloride, ammonium nitrate anednamum sulphate) and mineral dust/soil
(Table 2). A little over 100% of the measured mass accounted for in both cases (115.4% in

summer and 114.2% in winter) and the results aserdeed in Figure 7.

Crustal material was estimated using concentratidreslements- Si, Al, Ca, Fe and Ti, based on
Chan et al. (1997). Organic matter (OM) was estadtom OC using a factor of 1.2 in the case of

traffic OM, and 1.5 in the case of other OM, whiehs considered as largely secondary.

OM was found to be the highest contributor to massummer (33.3%) while woodsmoke was the
primary contributor to PM2.5 mass in winter (23.3@dgtails in Figure 6). Ammonium sulphate
(20.5 %) and crustal material (14.3%) had highertrdoutions in summer while ammonium nitrate
(12.4%) had a higher contribution in winter. A lawencentration of nitrate in summer can be
explained by the volatility at higher temperatundsle higher crustal matter in summer (14.3%) is

attributed to desert dust as well as local dustcgsuwhich are frequently resuspended in dry and
20
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windy conditions. Traffic was found to contribut8.7% in summer and 16.2% in winter, while

woodsmoke was found to contribute 23.3% in winter.

Table 3 summarizes results from source apportiohremlies conducted in New Delhi. While
most studies report traffic, road dust, coal contibnsand biomass as key sources of PM in New
Delhi, there is a large variability in the quartiita estimation of source contributions. Somehef t
variability in introduced by the differences in tbemputational methods. For instance, while most
receptor models use the principle of mass consenjgahe CMB model takes into consideration the
chemical profiles of individual sources, while theass closure approach relies on individual
tracers. In addition, most of the studies condudteddelhi have analysed inorganic species
(elements and ions) and recent studies have indlwdebon (OC/EC). In addition, choice of
sampling location can often drive differences ime tlesults, especially when site types have
significantly different characteristics. In a CMBugy in New Delhi, Chowdhury et al. (2007)
identified five major sources including road dwstal combustion, diesel and gasoline exhaust and
biomass combustion at an urban residential sitees& are in line with the source inferences drawn
in this study, and while the quantitative contribns are a little different between the 2007 study
and the current study, overall trends with a higimtgbution from road dust in summer, and
biomass combustion in winter are similar. It igpornant to remember that the site characteristics
are not comparable between the two sites, andrelifées in local source strengths can introduce
differences in the overall source contributionrestie. The contribution of secondary aerosol was
not estimated in their study. For comparisonua\sin 2012 in Mumbai found the contribution of
secondary inorganic aerosol to be 23% of totab PMass while crustal material was reported to
contribute 11% of PMs mass, and in Chennai, the contribution of secgndarosol was estimated

as 42% of PMls mass (Joseph et al., 2012).
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It is important to note that some of the factoredus the current mass closure calculation are
derived from the literature and may not be directypresentative of the Indian situation. For
example, the woodsmoke estimation factors utilimethis study are based on measurements made
in Europe, and due to differences in the wood tymel the burning conditions, the ratios may not
accurately represent the contribution of woodsmisken Indian city. Also, this can introduce
uncertainty in the overall estimation. As a nexfpstiocally developed source profiles (Patil et al.

2013; Matawle et al., 2014) will be tested for a ERtodel.

4. CONCLUSIONS

PM,s samples were analysed for a heavy traffic site ewNDelhi, and detailed chemical
characterization was conducted including analy$ewetals, ions, carbon and molecular markers.
PM concentrations were found to be higher thar2thour PM2.5 NAAQS (60 pgffhon several
occasions in summer and on all days in winter. Bdwdements including Cu, Zn, Pb, Cd and As
were found to be significantly enriched and compderrelations were observed between elemental
species. In the case of molecular markers, seeerabustion-related species were detected only in
winter. Alkanes were found to be the most abundbass of organic species followed by PAHs and

hopanes.

Concentrations were found to be significantly highe winter compared to summer. Pollutant

concentrations can be affected both by meteorobgy source strength. There is an appreciable
difference in the average temperature between surantewinter seasons in Delhi, and this could
be driving some of the differences between speaestentrations in the two seasons. At higher
temperatures, several species can be easily votatiland reactive species can often undergo
chemical reactions in presence of sunlight (e.gtqubegradation of PAHS) (Venkataraman and

Friedlander, 1994; Smith and Harrison, 1996; Aleesl., 2012). The combination of higher wind
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speeds and a deeper mixed layer can lead to loetfeersion of pollutants in the summer season.
However, in winter, there is much less solar radmtand the weather conditions are often ‘calm’
in Delhi indicated by zero or very low wind speeBarther, the inversion layer height is typically
much lower in winter. A combination of such metdogical factors can thus contribute to a build-
up of pollutants, leading to higher concentratiohisother important aspect is the role of additional
sources in the winter season. During the wintes@@abiomass/waste combustion is often used as a
source of heating across the city, a lot of whichuss under uncontrolled conditions in the open
areas. An increase in species associated with wastbustion (Pb, Zn, C35 and C36) indicates the
potential contribution from this seasonal sourcéhatsampling site. However, in the absence of
detailed emission inventories, it is difficult tdtrdbute the elemental concentrations to specific
sources. It is also important to characterize thece emissions in detail, in order to separate the
contributions from various combustion sources. Latkenrichment of barium in the samples
indicates that the non-exhaust traffic markersagiy used in Europe and USA (i.e., Cu, Ba, and

Sb) might not be relevant in the Indian scenario.
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1014

1015 Table 1: Concentrations of the main species measured isutmmer and winter campaigns (in
1016 pg/n?, organic species in ngfn
. Summer Winter
Species - :
Mean S.D. Min Max Mean S.D. Min Max
Mass 58.2 35.0 3.30 179656 2769 99.9 111.9 424.9
ocC 17.6 8.38 5.17 36.4 104.4 40.6 53.3 195.5
EC 7.77 7.06 0.60 31.4 46.3 18.9 12 78.9
lons
Chloride 2.14 1.54 0.56 6.7¢ 27.8 18.1 7.21 68.1
Nitrate 4.37 2.14 1.04 8.79 32.8 20.1 0.21 76.7
Sulphate 9.97 6.25 1.74 27.5 26.1 15.3 7.66 59.1
Ammonium 4.94 2.87 0.94 12.4 34.2 17.0 13.0 64.0
Na’ 0.41 0.38 0.01 1.56 0.64 0.30 0.20 1.18
K* 0.86 0.49 0.13 2.40 3.83 1.63 151 6.50
Anhydrosaccharides
Levoglucosan detected in <20% samples 6.57 3.23 2.15 12.0
Mannosan detected in <20% samples 0.42 0.27 0.06 1.04
Molecular Markers
Sum of Hopanes
(C27-C35) 1.97 2.47 0.00 9.26 26.3 7.93 15.6 40.4
Sum of Steranes
(C27-C29) 0.44 1.04 0.00 4.81 3.95 1.49 1.63 6.79
Sum of Alkanes
(C14-C40) 48.1 38.9 1.52 145 382 137 168 617
Sum of PAHs (C12-
C24) 7.73 5.54 0.82 25.8 119 33.8 84.1 188
Sum of Saccharides
(C3-C12) 0.05 0.01 0.03 0.08 1.63 1.77 0.54 7.21
Sum of Diacids (C1-
Cbh) 1.43 0.49 0.65 2.41 3.76 3.12 1.00 9.55
Elements
Al 0.81 0.72 0.08 3.03 1.73 0.87 0.63 3.74
Si 1.88 1.87 0.02 7.80 1.79 0.67 0.77 2.94
S 3.02 2.20 0.01 9.67 9.49 7.27 2.42 26.9
Ca 0.78 0.75 0.004 3.27 1.11 0.46 0.33 1.85
Cu 0.02 0.01 0.001 0.05 0.07 0.07 0.01 0.28
Zn 0.20 0.19 0.01 0.75 0.64 0.38 0.23 1.47
Mn 0.03 0.03 0.0003 0.11 0.08 0.07 0.01 0.29
Fe 0.71 0.63 0.02 2.52 1.15 0.33 0.53 1.57
Ba 0.03 0.03 0.004 0.13 0.01 0.01 0.01 0.04
Pb 0.08 0.06 0.003 0.27 0.60 0.65 0.08 2.51
Ni 0.004 0.003 0.0003 0.01 0.01 0.01 0.0003 0.02
Ti 0.07 0.06 0.003 0.25 0.07 0.04 0.005 0.13
Vv 0.01 0.01 0.0004 0.02 0.01 0.01 0.001 0.03
Cr 0.01 0.01 0.0003 0.05 0.01 0.02 0.00 0.06

34



1017 Table 2 Estimation factors used for mass closure.

Source Component Estimation factor Reference

Mass 11.2*levoglucosan Harrison et al. (2012)

In summer, since levoglucosan was not detecteslcticulation was
not included for mass closure.

Woodsmoke
OC, 7.35*levoglucosan Puxbaum et al. (2007)
ECy 0.2*woodsmoke PMs Harrison et al. (2012)
EC Total EC- EG, In summer, since levoglucosan was not detectedn&€s was not
corrected for woodsmoke EC.
Traffic oG 0.35* EG Pio et al. 2011
PM; = 1.35* EG
OM (PM; ) Traffic PM, 1.2 Chow et al. (2002)
Other OC = Total OC — (Q€ OG,) .
Other OM Other OM= Other OC*1.5 Puxbaum et al. (2007), Pio et al. (2011)
(NH4)2SOy 1.38*Sulphate Harrison et al. (2003)
Secondary lons NH4NO; 1.29*Nitrate Based on molar ratios
NH,4CI 1.51*Chloride
Crustal Mass 1.16(1.90Al+ 2.15Si+ 1.41Ca+1.67Ti+ Chan et al. (1997)
Dust
2.09Fe)
Total PM SUM (Woodsmoke, Traffic OM, Other OM, (NHSO; NH4,NO3 NH,4CI, Crustal mass)

1018 EG- EC associated with traffic; EEEC associated with woodsmoke, ©C associated with woodsmoke, ©OC associated with traffic
1019
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Table 3 Summary of receptor modelling studies for NewhDe

Reference

Location

Method

Results (%)

Current study

PMs
Mathura Road

Pragmatic Mass Closure
(elements, ions, OC, EC,
molecular markers)

Woodsmoke- 23.3 (w)
Traffic- 18.7 (s)/ 16.2 (w)
Dust- 14.3 (s)/ 3.9 (w)
Sulphate- 20.5 (s)/ 10.6 (w)
Nitrate- 8.4 (s)/ 12.4 (w)
Chloride- 4.8 (s)/ 12.3 (w)
Other OM- 33.3 (s)/ 21.4 (w)

Sharma et al. (2013)

PMo
CSIR-NPL Campus

PMF (elements, ions, OC
and EC)

Soil (20.7)

Vehicles (17.0)
Secondary-inorganic (21.7)
Fossil fuel-coal/heavy oil (17.4)
Industry (4.5)

Sea salt (4.4)

Li et al. (2014)

TSP (winter)
CSIR- NPL Campus

Mass Balance (elements
ions, OC, EC, molecular
markers)

Crustal material (48)
Organic matter (23)
Sulphate (4.9)
Nitrate (4.5)
Ammonium (2.7)

Other (7.2)
Tiwari et al. (2013) Pivh PMF/UNMIX (elements, | Road traffic
IITM Campus (Central ions) Crustal dust
Delhi) SIA
Chloride

Khillare and Sarkar
(2012)

PM;g
Residential sites

PCA-MLR (elements)

Crustal (49-65)
Vehicular (27-35)
Industrial (4-21)

Singh et al. (2011) PMand PM 5 Qualitative- diagnostic Vehicles, road dust, industries
GGSIP University ratios, enrichment factor
Campus (elements, PAHS)

CPCB (2010) PMs CMB (elements, ions, OC Vehicles- 7-40 (s)/

Various sites

and EC)

Industry- 10-19 (s)
Construction- 16-41 (s)
Resuspended dust- 17-56 (s)

Tiwari et al. (2009)

PMs

Two sites in New Delhi

Biomass and fossil fuel burning
(80); natural and soil derived
particles (~6]) refersto % variance

explained]

Srivastava and Jain
(2008)

SPM (fine and coarse)
Residential

CMB (elements)

Diesel vehicles, industries, paved
road dust, gasoline vehicles, solid
waste, and soil and crustal d{ist
descending order]

Chowdhury et al.
(2007)

CMB (elements, ions,
OC, EC, molecular
markers)

Diesel- 22 (s)/ 10 (w)
Gasoline- 2 (s)/ 9 (w)
Road Dust- 42 (s)/ 11 (w)
Coal- 2 (s)/ 14 (w)
Biomass- 7 (s)/ 20 (w)
Sulphate- 10 (s)/ 8 (w)
Nitrate- 3 (s)/ 7 (w)
Ammonium- 3 (s)/ 5(w)
Other Mass- 11 (s)/ 17 (w)

Khillare et al. (2004)

SPM
Residential/industrial/co
mmercial sites in Delhi

PCA (elements)

Vehicular and industrial emission
(60)
Crustal (22)
[refersto % variance explained]
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Figure 1: Modal split at the sampling location in Delhi
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Characterization of Ambient PM,sat a Pollution Hotspot in
New Delhi, India and I nference of Sour ces
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HIGHLIGHTS

» Chemical composition measured in summer and winter campaigns

* Analyses of many elements, ions, OC/EC and organic molecular markers

» Winter campaign mass concentrations far exceed those in the summer
campaign

» Major components (ammonium salts, woodsmoke, traffic, crustal) are
quantified

» Good mass closure achieved
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Table S1: Previous studies reporting concentrations ob PM sites in India

Reference City Site Type Measurement Technique Year Season PM_: concentrations (ug/ni)
Summer 86.4+ 26.8 (a)
Beta Attenuation Monitor (BAM), 40.6 - 144.7 (r)
Trivedi et al., (2014) Delhi Residential real-time data 2010-2011
Winter 221.1+ 94.7 (a)
80.7 —470.1 (1)
Tiwari et al. (2014) Delhi Residential Beta Attetioa Monitor (BAM), 2010-2011 Summer 91.0
real-time data
Winter 169.4
Saraswat et al. (2014) Delhi Various locations D8stTrak 8250 aerosol 2010 Spring/Summer 96 — 232 (1)
monitor, real-time data
Bisht et al. (2013) Delhi Ten different Beta Attenuation Monitor (BAM), 2010 Post monsoon 112.1+ 56.0
locations across real-time data
Delhi
Winter 61.8+ 11.7 (a)
APM 550 Fine Particle Samper, 30.92 -73.5(r)
Singh et al. (2011) Delhi Roadside offline data 2007-2008
Summer 39.4+ 13.9 (a)
16.3-63.2 ()
Srimuruganandam and Chennai Urban roadside Envirotech APM 550 Fineilart 2008-2009 Winter 74.1+ 14.4 (a)
Shiva Nagendra (2012) Samper, offline data
Summer 67.4+ 20.2 (9)
Joseph et al. (2012) Mumbai Control AirMetrics Minivol Sampler 2007-2008 Average of suer, 69+ 20 (a)
winter and monsoon
Kerbside 84+ 31 (a)
Industrial 95+ 36 (a)
Residential 89+ 33 (a)

a. mearx standard deviation; r:

range




