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Abstract

We present thefirst reattime composition ofsubmicronparticulate matte{PM;) in Old Delhi using high
resolution aerosol mass spectrometry {ARS). Old Delhi is one of the most polluted locations in the world
andPM; concentrationseacted~600750 ug nt3 during themostpollutedperiod the postmonsoonwherePM;

increasedoy 1878% over the pranonsoonperiod YUsingSulphate contributes the largest inorganiciRivass

fraction during the prenonsoon (24%) and monsoon (24%) periods with nitrate contributing most during the

postmonsoon 89%). The organics dominate the mass fraction@8%) throughout the three periods and using

positive matrix factorisation (PMRp perform source apportionment analysfsorganic masstwo burning
related factorsvere found taontributethe mos(35%)to the postmonsoorincreaseThefirst PMF factor semi
volatility biomass burning organic aerosol (SVBBO#hpws a high correlation witharth observatiofire counts
in surrounding stateshich links its originto crop residue burning hesecond is a solifliel OA (SFOA) factor
with linksto local open burningue to itshigh compositiorof polyaromatic hydscarbons (PAHandnovel AMS
measuredmarker speciesfor polychlorinated dibenzodioxins (PCDDs) amwlychlorinated dibenzofurans
(PCDFs) Two traffic factorswere resolvedonehydrocarborike OA (HOA) factor and anothermitrogenrich
HOA (NHOA) factor. The N compoundswithin NHOA were mainly nitrile specie which havenot previously
beenidentified withinAMS measurement§ heir PAH compositionsuggest thatNHOA is linked to dieseland
HOA to compressed natural gas and gasoliirese factorscombinal make the largest relative contribution to

primary PM; mass during th@remonsoon and monsoon pergavhile contributing thesecondhighestin the
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postmonsoonA cooking OA (COA)factorshows strong link& the secondary factor, semvlatility oxygenated
OA (SVOOA). Correlations with cdocated volatile organic compound (VOC) measurements and iabtSured
organic nitrogen oxides (OrgN@uggest SVOOA is formed from aged COAIs also found thaa significant
increase in chloride concentratiod®2488%) frompre-monsoon to postonsoorcorrelatesvell with SVBBOA
and SFOA suggesting thatrop residue burning and open waste burningresponsiké. A reduction in traffic

emissions would effectively reduce concentrations across most of thdryeeder to reduce the pestonsoon

peak, sources such as funeral pyres, solid waste burning and crop residue burning should be considered when

developing nevair quality policy.

1. Introduction

The number of premature deaths linkedite particulate mattefPM, s) globally was estimated at 4.1 million in
2016 and 10.6% were in India alof@akidou et al., 201750me of the most polluted cities in the world are in
India, with Delhi beingin the top 1Qcities listed by the Wdd Health Organisation based amailableannual
PM.smeasurements 2018(World Health Organisation, 2018JJhis has a significant effect on the health of its
population(26 million) andin 2016 it wasestimatedhatfine particulate matter (PM) acounted for ~15000
prematuraeleaths per yegMaji et al., 2018)Thereforejt is important tanvestigatehesourceof PMtoimprove

air quality mitigation strategies

The composition a$ulrmicron PM (PM) is a mixtureof organic aerosol (OA), black carbon (BC) and inorganic
aerosols including ammonium, sulphate, chloride and niffaghighresolution aerosol mass spectrometer{HR
AMS) has helped to improve measurements of BMitgivesdetailed information oits chemical composition
throughelemental analysis artugh-resolutioncompound identificationCombining tlese measurememngth
positive matrix factorisation (PMF), allows for the apportionment of aerosol mass into different sarrces
factors) Thisprovidesdetailed information needed to inform effective air quality interventiboslate, relatively
few measurements of PM comptish have been made HYR-AMS in Indiawith measurement®ade in Kanpur

a notable exceptiofChakraborty et al., 2015, 2016a, 2016b, 20T8ese HRAMS measurements however give
multiple factor solutions, often dfix or greater, which highlights the compigxof the source mixTypical

sources identified includeomponents considered to be primary suchyasocarborlike organic aerosol (HOA)

and biomass burning organic aerosol (BBOA) as well as components usually considered to be secondary such as

low-volatility oxygenated organic aerosol (LVOOA), sewaiatility oxygenated organic aerosol (SVOOA), and

oxidisedBBOA (O-BBOA). Throughout these studies there are multiple versions of the same source and requires

additional auxiliary measurements to pin doweit origin. This study aims to better assign factors to their original
sources usingdditional measurements of volatile organic compounds (VOQ®Kck carbon BC), carbon
monoxide CO), nitrogen oxidesNOy) andEarth observations

A growing numbenpf studiesin Delhi, and other locations india, havereporedlarge concentrations of chloride,
especially during the morning hours at9a.m{Sudheeret-al;2014;-Chakixty etal;2018;-Gani-etal2019;
Acharja-etal—2020-Reyasllegas-etal-2020)Sudheer et al., 2014; Chakraborty et al., 2018; Gani et al., 2019;
Acharja et al., 2020; Reyaéllegas et al., 2020; Tobler et al., 2020; Lalchandani et al., 20h&) source of this

chloride is still widely debated and there are several possiviliteduding aluminium pickling, industrial activity,

municipal waste burning and biomass burnifige duminium pickling industryin the north west oDelhi is

thoughtto directy emit HCI and be themain contributor to chlorideduring the winter months vem average
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concentrationgncreasdrom 1.5 pg m? in the summeto 23 pg m? in the winter(Gani et al. 2019) Studiesin
Mexico city suggest aubstantial amount of chloridefrom biomass and municipal waste burnawgdtheyalso
observe high concentrations from crop residue bur(@igistian et al., 2010; Li et al., 2012h Delhi, these

85  sourcegmay also behigh contributorsas it wouldexplain whychloride concentrationshow a larger elevation
during the coldepostmonsoon and winter montiisan other compounds.
During the postmonsoon, largecale cropresidueburning occurs lang with large numbers of Delhi residents
burning municipal waste teep warm andlean streets. Thes@en burningourcegproduce chloride in fflerent
organic and inorganic formgorganicNH4Cl is related to biomass burnitigrough the release pérticulateKCl

90 thatforms HCI and ultimatey NH4Cl once reacted with ammon{&ullivan et al., 2007; Wang et.,a2017)
Emissions of HChreoftenassociated witlplasticburningbut there arealso organic species of chlorideichas
polychlorinated dibenzéurans (PCDF) anedioxins (PCDD) thatform readily from chloriderich plastics such
aspolyvinyl chloride (PVC) and polychlorinated biphenyls (PEBlinh et al., 2003; Chakraborty et al., 2013;
Stewart et al., 2020).argescale plast burning practises in Delhsuch aselectronic waste recycling centres

95 situated in the North Westould therefore be high contributors to chloride mass. The measurement of plastic
burningmarkerds therefore important to understatine contribution ouch practises to chloride concentrations
This study focuses on the higbsolution aspect of théligh-Resolution Timeof-Flight Aerosol Mass
Spectromete(HR-TOF-AMS) and investigates the detailed composition of aerosol. UBigjtive Matrix
Factorisatbn (PMF), the PM source mass profiles in Delhi are compared to auxiliary measurements, including

100 high-resolution proton transfer reaction mass spectron{EER-QiTOF) measurements of VOCs, giving us a
detailed picture of the origin of PMF factors. The polyaromatic hydrocarbon (PAH) composition of each factor is
also investigated and helps to distinguish factors based on the combustion of different fuel types.sfalsous i
placed orinvestigatingthe origin of the high chloride concentrations observed in Delhi, where compositional aids
help to establish a mixture of chloride sources and an indication to their contriittame. are twaompanion
105  paperswhich use theHR-TOFAMS measuremendata fromIGDTUW. One study comparesAMS datasets

measured at different sites Delhi andcreate a city-wide perspectiveof PMy compositionover an entire year
(ReyesVillegas et al., 2020)The otherstudy(which will be published separatelyses the unitnass redation
measuements to calculatsompositionaberosol fluxegor the first timeandcomparesneasurements in Delto
measuremesttaken intwo cities London andBeijing. The three studiexombine to produce a more

110 comprehensiveicture ofPM; aerosolcomposition concentrations angburcesn Delhi.

2. Methods
2.1. Measurementlocation and instrumentation

Measurements were undertaken the campus of the Indira Gandhi Delhi Technical University for Women
115 (IGDTUW) which is located to thenorth of Old Delhi 28°39'51.8"N 77°13'55.2"E The measuremesitwere

made inthree campaignsorresponihg to three periods of the year in Delhi where the seasonal differences cause

significant changes in meteorologlyigure-1).. Here we refer tothe measurements taken during themmer

months as thpremonsoorperiod @6/05/2018 28/062018 whenaveraggemperatureserehigh 36 C) and

relative humidity (RH) was low (43%). During the monsoorcampaign (03/08/201871 18/08/2018 the
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temperaturedropped slightly 1 C) andRH washigh (76%) coinciding withlarge rainfall events. The pest
monsooncampaign(09/10/2018i 23/11/2018 encompassed the periods thfe 5-days ofDiwali (05/11/181
10/11/18)andtheseasonastubbleburningfor rice cropsn theneighbouringstates of Punjab and Haryana situated
to the NW These two activities are combined with unfavourahkteordogy whereboundary layer height,

temperature§24 C) and wind speedaregenerallylower, causing a shallow inversion layer

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Pre-Monsoon Monsoon Post-Monsoon

A High-Resolution Tine-of-Flight Aerosol Mass Spectrometer (HROFAMS, Aerodyne Research Inovas

usedin V-modeto measur&-minuteaverage mass spectsanonrefractory PM. The principle ofoperation of
the instrument is descritién detailelsewherdDeCarlo et al., 2006; Canagaratna et al., 20Biigfly, particles
are sampledia a~PM; aerodynamic lens aritleir size is measured using a tholeflight chamber Particlesare
thenvaporiedona heated plate (60C), the ron-refractoryspeciesonisedusing a70 eVelectron impacsource
andthem/zvalues of theesultantsonsdetermiredwith a timeof-flight analyser.

The HRTORAMS was calibratedhrougheutortnightly overthe threecampaigng11 calibrations in totaljor

its ionisation efficiencyof nitrate (IE) andtherelative ionisation efficiency (RIE)f other inorganic compounds

using nebulised300 nm ammoniumnitrate, sulphate and chlorid@ collection efficiency (CE)of 0.5 was
confirmedthroughcomparsors with gravimetricPM s filter measurements taken thrdwautthe pre and post

monsooncampaigs: by Birmingham Universit. TheAMS measurements were added to the BC measurements

to give total PM which wasaveraged tanatch the samplmtervalsof the filters(6 and 12h). The comparison

gave PM vs. PM s gradients 00.9 using a CE of 0.5luring most ofthe measurement campaig@onsidering
the increased mas®llecteddue to a highesize fraction for PMs, the CEwas set to 0.5 for these periods.
However,for Diwali and a few days afte0% to 14/11/18 a higher CE oft0.8 was applieckdo obtaina mere
aceuratgimilar PM; vs. PM s gradientof ~0 8 was-found-when-set8E=19. The reasons for this change are not
the purpose of this study afgrther compositional analysis is required to underdtthe changéll CE, RIEs

and IEs are summarised in Tab@fSr the different measurement periods.

The HR-ToOFAMS data vere analysed using th&GOR Pro (Wavemetrics, Inc., Portland, OR, USAgased
software SQUIRREL (Sequential Igor data Retrieval)82B.and PIKA (Peak Integration by Key Analysis)
v.122Band atotal of2725ions were fittedincluding isotopesin the range of/z12-328 This range extends to

largerm/zthan is typically used foambient measurements and certainly for high resolution PMF calculations
using AMS datgAiken et al., 2009; Docherty et al., 2011; Sun et al., 2016; Zhang et al.,. ZBi8pecomes
possible due to the high concentration loading in D@lhito~609750 pg n73) providing considerable signal at
high m/z The fitting of heavierions has alsdbeenshown to improve the strength of PMF solutions and their
correlations with external tracei@s demonstrateith the Supplementary Information (S8ectionS1. However,

fragment identification becomes increasingly ambiguous athiglz The PIKA softwareallows the useto fit

peaks based on a reduction in teeiduals between the measured signal and thEhf#rearemeasured signals




for open(when the chopper is operglosed(when the chopper is closedihd diff (= operi closed) meaning

therearealsothree sets of residualsleighbouring peaks may overlap and cause the diff residuals to improve

whilst not improvingthe open and closed rdgals This becomes more relevant when moving to high&tions

160 as peaks become broadEnereforgonly peaks which significantly improved the open and closed signal residuals

were fittedrega

.. Peaks were also fitted based

on signal intensity where peaksverwith an average signal of ledsan102 Hz/nswerenot included.

The extendedn/zrangeincluded ionsdentified agpolyaromatichydrocarbos (PAH)whichwere fitted accordlig

to the protocol set out iyerring et al(2015) Elemental analysis was also performederiveoxygento-carbon
165 (O:C), hydrogerto-carbon (H:C) nitrogento-carbon (N:C) anadrganic mass to organic carbon (OM:OC) ratios

usingthe ImprovedAmbient(IA) methoddeveloped byCanagaratna et g2015)as implemented in PIKA

The concentration of organic nitrogen oxide spe@@¥gNO) have been estimated usingk@*/NO ratio(Y )

method describeth detail by Farmer et al(2010) The methodnvolves calculating thefraction of OrgNO

(61 "@0 ) using theequation
170 01 "00 _ 1)

whereY is theNO;"/NO* ratio observed during NENOs calibratiors and’Y  is a fixed value (0.1}hathas

beendetermined as tHewestY in multiple data setfKiendlerScharr et al., 2016Thecalculated) i "0

is then multiplied by théotal nitrate concentration to give an estimate of the OrgNG (has "®0

The ISORROPIAII model was used to estimate the liquid water content (LWC) in aerosol using the input
175 parameter of temperature and relative humidity along with AMS measuremamsrahium, sulphate, chloride

and nitratg Fountokis and Nenes, 2007)

The AMS measurements were compared to a humber-tfcatedinstrumens including black carbofBC)

measurementshich were taken using arethalometer AE31l-and-correctedfor-by-SingleParticle-Soot

Ohe BC measurements wa@rectedising

180 the Weingartner metho@Veingartner et al., 200&ndby using reference measuremefrtsm a Single Particle

Soot PhotometerSP2; Droplet Measurement Technology, Boulder, G@)ich was celocated for~7-days

(ReyesVillegas ¢ al., 2020) Volatile organic compounds (VQ@eremeasurel using ahigh-resolutionproton
transfer reaction mass spectromdfFR-QiTOF, lonicon Analytik G.m.b.H., Innsbruck, Austriad 5-minute
averageof the concentrations were usedthin this wak anddetaik of the setuparedescribed infActon et al.,
185 2020) COand NQ concentrations were measunggingan Aerolaser AL 5002 UVWdnda duatchannel high
resolution chemiluminescence (Air Quality Designs Inc., ColoragspectivelyMeteorologicalmeasurements
were taken using &HS-50 Gill resarchultrasonic anemometeand aVaisalaweathertransmitter(WXT530
Serie$ from the 1110/2018 onwards. All measurements befolig thatewere taken from théndira Gandhi

International Airport(available athttps://www.ncdc.noaa.gov/cdeeb)).

190
2.2. Sourceapportionment
Positive Matrix FactorisatioPMF) is a bilinear receptor model which is usexla multivariate analysis tool to
separate the total measured mass specandhits corresponding time seriaeso individualsourceor Af act or s O
(Paatero and Tapper, 19924he model can beummarised as:
195 @ 00 0O 2


https://www.ncdc.noaa.gov/cdo-web/

where® is the total measured matrix containimgows of mass spectra for each time stamp amdlumns of
measuredn/zions. The factor mass spectral profiles are contained withia the) matrix "'Oand the time series
contribution of each factor is expresdadthery & matrix"Q The residuals of the model are represented by the
a & matrixOandthe number of factors), are chosen by the model user ibuéquiresno a priori information
200 for matricesOand"Q The model iteratively fitdOand"Oto the data in order to minimise the fitting parameter,

through a leassquares algorithm as
0O B B — . )

Here the elements of the residu@l, and uncertainty, , matrices have row&and columnsQwherein ideal

circumstance$ = 1 andthe modelwould createa minimised solutiorthatwould explain all the measured data
205 and leave the uncertainty thin the residual matrix

The analysis was carried out using BidF Evaluation Tool (PET, v3.Q0@sing the PMF2 algorithm in robust

mode(Ulbrich et al., 2009)The error matrix was dowsweighted based on the sigftatnoise ratio (SIR) where

columns with an SNR2 were downweighted by a factor divo and SNR<0.2 by a factor of 1@Down-weighting

of CO,;" and its associate@erived)ions CO, H*, OH, H,O, was also included to account for the influence of
210  overcounting

The primaryPMF analysis was conducted on the organatrix (2.39673 10’ data pointsand a #actor solution

was choseffollowing the procedurand rationaleset out inSI Sectiors S1 and S2 The procedure alsocludes
multilinear regression analysis belp determine the chosen solutioFhe solution choseis from PMF analysis
carried out on all the measurement periods combineduétdinear regressions showed thdsfit more closely

215  with external traceréseeSection S1 for more details).
An alternative PMF solution was obtained, introducing inorgap&cies into the data matrix using the method
set outby Sun et al(2012) Briefly, selected ions fochloride (Ct m/z35, HCF m/z36), ammonium (NHm/z
15, NHz* m/z16, NHs" m/z17), nitrate NO™ m/z30, NQ:* m/z46) and sulphateSO" m/z48, SQ* m/z64, SQ*
m/z80, HSQ" m/z81, H,SOs" m/z98) were chosen anid was confirmed thabnce combined toofm one time

220 seriegheycorrelated almost perfectly withe measured total mass of their represented inorganic sfréciés
All adjustments for relative ionisation and collection efficiencies were applied to the data before PMF analysis in
order to determine accurate uncertainties and allow reasonable mixing of the organic and inorgahitedata.
PMF analysis,lteselectedonswere then dividedy thetotal masdractionof their represented inorganic species
This time a9-factor solutionwas chosen (Sectior8and wasdeveloped partly to providenaanalysisproduct

225 that would be comparable withe earlierAerosol Chemial Speciation MonitofACSM) PMF results for Delhi
of Bhandari et al. (2019Additionally, it provides informatioron the association betwethre organic factors and
the ions that are normally associated with inorganic compounds.
Although there is some ambiguity in the choice of the ideal solutions, PMF was chosen over the more advanced
Multi Linear engine (ME2Canonaco et al., 201,3)hich allows individual factors to be constrained with a priori

230 information becausefor India, reference spectra have not yet been established and especially not for high

resolutionspectracovering the wide range ofi/zused in our analysis



3. Results
3.1. Inorganic and organic PM concentrations

235 The concentrations oPM species during the pmaonsoon and monsoon periodee similar although slightly
lower in the latterpresumalyl due to increased rainfadind associated washaiigure 1Figure21). However,
most PM component concentratiomere considerably higher during thestmonsoon periodndtotalPM; mass
increass by 1878% over the prenonsoon Chloride and nitrateconcentratioaincreasehe mostpy afactor of
~5-6, suggesting there is a significatdditionalsource of chloridend nitrateduring the postmonsoorperiod
240 This isalso consistent with increased partitioning of (s¢woiatile aerosol compoundsto the aerosol phase
during the cooler poghonsoon periodAmmonium and organiaerosolundewenta ~23 fold increasgwhereas
sulphateis the only speciewhoseabsoluteconcentrationsid not increase during the peastonsoon. Tis has
alsobeennotedin previousmeasurements taken in Delhi using an AC&Nere sulphata&'as on average 10

m3 across spring, summer and the monsoon pé@aahi et al., 2019)
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Figure 1217 First Panel: Average relative contributions of chloride, ammonium, nitrate, sulphate, organic aerosol and
black carbon to the total PMi mass loadings in the premonsoon, monsoon and poshonsoon periods.The average
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concentrations of each species are shown to the righf each bar(see Table S5 for values and statistics3econd panel:
Gant chart showing the measurement periodsvhere the red region shows the Diwalfestival and the green region
shows when the inlet was moved to a 30 m towdrhird panel: time series othe relative humidity and the temperature
for the three measurement periodsFourth panel: time series of the wind speed with arrows showing wind direction.
Fifth panel: time series of stacked concentrations of aerosol species showing total:PM

Breliminary

analyses of the edeyovariance flux measuremerf3i Marco et al., 2019jnade during the poshonsoon tower

period suggest that whilst concentrations peaked at night, local emissions peakedheudtey morning and
afternoon suggesting that boundafstyer dynamics exerciseal dominantcontrol over surface concentrations.
Concentrations oéll specieswith the possible eception of sulphatedecreased significantly in the afternoon
during the postmonsoor(Figure2Figure32). Thiswas mainly due to theontraction otheboundary layer during
the night and early hours of the morning beingre pronouncedvhich removes possible afternoon pefksn
specific sourcg, e.g. lunch hour cooking activiti@eakoudi et al., 2019; Reyaéllegas et al., 2020)The pe-
monsoonand monsoordiurnal cycle show speciegoncentrationsexcluding nitrate and chloride, were less
affected by the higher boundalayer in the afternoanThe monsoon is the least affected period as there
midday peaks for sulphatammoniumand organi@erosol
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Figure 2327 Median diurnal cycles for aerosol chemical specieend for BC, CO and NOx during the (a) pre-monsoon,
(b) monsoon and (c) postnonsoon periods. The median concentration is represented byhe thick line and the
interquartile range is represented bythe shading. Regions shaded in grey are night hourdData for CO and NOx are
not available for the monsoon period.

Morning peals were observeth thediurnal g/cle for nitrate, ammonium and chloridgigure 2Figure32). The

nitrate peaksareearlier inthe morningduring the premonsoorcompared t@ther periodsvhich mayrelateto an

earlier rise in temperatusmmpared to monsoon apdstmonsoomeriods Thediurnal cyclefor chloride shows
a regulampeakat ~6-8 a.m.and the details of possible sources willdiscussed irsection4.3.1

The pollution roses (showing the concentratioiregueneydistribution by wind sector-igure 3Figure43) for

nitrate and ammoniurshowhigher contributions to PMmasswith a southwesterlywind directionbut there is
no clear patternFigure S8shows ptar graphs(i.e. the windsector distribution of the raw 3@inute

measurementsyhichin particulaillustrate the wind direction corresponding to maximeoncentratioa Nitrate

and ammonium show scattered pafgaphs which indicates no clear soudieectionswere associated with
extreme concentrationdhe silphatepollution roseshowsa shghth-higher mass contributiorwith a south
easterlywind butits polar graph showsiaximumconcentrationgriginated from the north andnorth east

The pollutionroseand polar graplfor organicaerosolsarehighly spread. The pollution roseiggestshatmeost

ofthere isaslightincrease itheorganicmasssfrom-theeastandsouth-@stwith-high-peak$>—1-4-03when

originatingfrom theeastandsouth astbut this is closely followed by contributions from #ivestandnorthwest

(Figure 3Figure3e). Its polar graplalsoshows someextreme valuegxisting from the south eagfigure 8).

This spreaccan be explained bylaw wind speed and a low boundary lapeightcausing asignificant increase

10



in concentratioa -Figure5;In Figure 1Figure 2Figure2, PM; shows a large increase duripgriods oflow

wind speed andn exponential decay in RMoncentration withincreasingwind speedMeteorology theréore

plays an important role during the high concentration periods.
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Figure 3431 Pollution rosesfor (a) chloride, (b) ammonium, (c) nitrate, (d) sulphate and(e) organic aeroso) along with
(f) awind roseplot for all measurement periods combinedThe pollution roses show80° wind vectorsand their sizeis
300 proportional to the frequenecy—of-counts—as—apercentage 0w ontribution to the mean
concentration. The eeuntsvectorsare divided into concentration bins based on the colour scale in the legend.
The chloridepollutionrose Eigure3Figure43a) showsno clearpattern in itswind directionbut there is a slightly
higher @ntribution originating from thevest,northwestand theeast.The chloridepolar graphin Figure S8is
305 alsospread,showing largechleride peakswhich coincide withthe south easteast northeastand north The

pollution rosesfor each diurnal houin Figure Show thedirectional trend of chloridan more detailHere,the
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largepeak in the mornings(8 a.m.) corresponds to a mixed spread of wiinelctionswith aslight preference for

thewest south westsoutheasandnorthwestwhich suggest mixed sourcesf chloride.
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315 3.2. Concentrations ofpolyaromatic hydrocarbonsand OrgNO

The presence of OrgN€pecies is evident iRigure4Figures4 andthere is ggradual drop in concerationwith

time over thepremonsoonmonsoorandeatrlier half of the posnonsoorperiod This may suggest aincrease
in temperatureand a decrease in relative humidity are key to OrgNO formation in Dellhiring Diwali
(07/12/2018) there islsoa sharp increasa OrgNO concentrationso > 20 ug n1® andthis s likely due to large

320 amounts of pyroteatical emissions Similar peaks inAMS-measured OrgNMave beeneenduring alarge
pyrotechnical everih the UK called bonfire nightReyesVillegas et al., 2018b)
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Figure 4641 Upper panel: time series of N@'/NO* ratio in the three measurement periods. Lower paneltime series
of polyaromatic hydrocarbon (PAH) uncalibrated concentrations and organic nitrogen oxide species (OrgNfss
concentrations

The PAH-time serieof PAH concentrationin Figure4Figure64 are uncalibrated concentratiomsdfurther lab
work (such as the work carried outhterring et al(2015) is requiredo establistabsolute concentrationghich

goes beyond the scopéthis study.Thedata doeshowever show therelative change in PAHs smallbetween

the premonsoon and monsoon periosisggeshg consistenssource are responsiblsuch as trafficsolid fuel

burningor cooking activitiesThere isalsoa largeincreasan PAHsduring the postmonsoon period whethe

buming of therice cropresiduebegins(Kulkarni et al., 202Q)but it is also likely a result o& lower boundary

layer.Three large peakasreobserved duringhe week of the Diwali holidagndeach peak occurs during thete

hours of thenight ~10-12 pm.), suggeshg an infrequentlocal source. It is uncertawhat this source is and

through source apportionment anady$seeSection3.3 below the PAH contributionto these peakss split

betweensourcessuggestindhey cannot be resolvethrough PMFwithout the unknown sourceccurring more

oftenthan these three occasions

3.3. Sourceapportionment concentrations

The organiconly PMF solutionis presentedn Figure SFigure75 and Figure 6Figure-86 while the organie
inorganicsolution ispresentedn the SI (Section 8). The organieinorganic solutioris not considered the most
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355

360

representative of sourcess it may be influencedylthermodynamieffects i.e. factorsmay be resolvettased
on similarities involatility rather than sourcéiowever the organieinorganicsolution isreferred towithin this
sectionas it providesinsight into thecombinedbehaviour of inorganiand organicspecies

The Ffactor organic solutioincludestwo hydrocarborlike organic aerosol (HOA) factorglating to traffig
whereone containsmore nitrogen(NHOA) and is characterised by a larger contribution from highkrions
including PAHSs (see belowyuch Nrich HOA factors are rarelyeported in the literaturéutit was a persistent
feature in our PMF sensitivity studies (seeS8ttionS3S2). There are alstwo burningrelated factorseparated
mainly by theiroxygenaton and source originwhich we interpret to reflegirimary solid fuel organic aerosol
(SFOA) and a semiolatility biomass burning organic aerosol (SVBBRAIso on the basis of the correlation
with regional fire counts (see Section 4.3 belowwyookingorganic aeroso{COA) factoris also resolved along
with two oxygenated organic aerodalctors(OOA) which areseparate based on their volatility: lowolatility
OOA (LVOOA) and semivolatility OOA (SVOOA).Usingmultilinear regressionghe traffic and brningfactors
weredetermined to better correlate with external tragensn separate(seeSI SectionS3S2). This isfurther
supported by a PMF study on PTWRS measurements takeim Delhi which also resolvedwo traffic and two
burningfactors@ang-etal-2020Wang et al., 2020A
the combined and separated fas@e shownm TableSi34.
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Figure 686 - Time series for each factor where the Jaxis is broken to show each measurement period. Regions shaded
370 in grey are night hoursand the Diwali period is shadedin light blue. Thetime series of the normalised concentrations
are also shown in the bottom section of the graph.

3.3.1.Hydrocarbon-like organic aerosol(HOA)

Both HOA and NHOA have characteristicaldygepeaks at 55 and 5%/zalongwith little evidence of oxidation
375  (Figure5SFigure?5). Their H:C values are the highest amongst the identified factors and they have the strongest
correlationsvith measurements of BC, CO and N@igure7Figure97). The diurnal cycle for both factors shows
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a clear peak in the evening when traffic is b%wever—the@%m—rrmmng%&s#heu%es&pmneunced

380 y i i Bg show -t 1 whi
peakat9-a-mand-1la-mwhich-supports-titimure8Figure8). The two factors are therefore assigned as traffic
sources which is supported by strong correlations wgttocatedmeasurerants of benzene, toluerad ethy
benzene thylbenzen,ewhlch are commonly used as tracers for traffic emlssGStmmk etal., 2010; Crippa et

385

17



LVOOA
Ammonium

LVOOA
Ammonium

SVBBOA

Nitrate
SVOOA 17

LWC (25 18

Sulphate 25
COA o

OrgNO 11 10 3

CgHgOy"
PAH 20

CgH 10O
Chloride |38
BC 17
Acetonitrile | 3
SFOA 29
C,H,O" 38
NHOA s
HOA 10
NO, 14 14
Benzene 22 30
Toluene -1s 26
CO -5 31

SVBBOA
Nitrate

12

=

14
35

Ethyl Benzene s 18 38 7

Relative contribution to total OA

-100

1.0

Pre-monsoon

el

—

[0}
c
< 2 o R0 = 2y, O
© e) (O] c c m
o S«az Qo 2= S g Qr g < g o =
[ S o R e o e o OT xc S >
>=250P 5L 5c0o0L L0000 FO=E
NIV O0O00ALLOLLOUMICYNWOZIZOFOW
1726 25 0 1188120 |80/ 36 17 3 29 36 6 10 14 22 19 15 3
18 -10 14 30 26 37 18
22|21/ 3 36
12 20 32 23 38 4 19 1435 7
36
1215 1 12 12 11 18 12 24 32 33 28 22
12 22 15 21 24 20 20 38 16 28 34 29 19 19 20 9 15
15 36 24 16 29 21 27 15
1|2 440 6|2 |6 49 6 1323 20 10 6 9 |1 12
12 (15 -14 35
12 21 0
11 24 [88] & 17
18 20 2 29 31
20 6
:: @\'19
36 56 16 6 17 32
12 28 13
RN B
2y 24 20
24 19 16 -10 35 29 38
32 19 29 6
33 20 21 9
289 27 4
22 15 15 12 31 32
0 20 40 60 80 100
m Chloride
= Ammonium
m Nitrate
m Sulphate
m SVOOA
m LVOOA
m SVBBOA
53.6 Ydgz | W SHOA
- - . | m HoA
Hg HOM™ | m NHOA
COA
m BC

Post-monsoon

18




g
€ ) o)
5 < = N
<E0 < § 58 E . 2o §
smeo & 00 QT 5«0« g5 £
@ 8EBEoosgIErss 83203552
3<w2w4w003§60m<w6212mﬁoﬂ
LVOOA gt 26 25 [l = [l 19
Ammonium gL 10 :
sveBOoA L IEATNE] 3
Nitrate EAEAELRLY - - 32 g 66 |54 48 8 i ‘ 35
SVOOA‘ 46 56 (100|56 46 47 60 46 56 46 60 36 40 40 48 46 10
Lwc os [l = oo (IR - 5 =
Sulphate 43 o0 [21] v o
COA‘,,,, 9 29 32 46 15| 00| 60 8 6 4 46 36 60
OrgNO | a7 & <0 100 | ‘
C8H802+ 69 86 60 8 009 8 6 64 80 8 9 4 ?f 0
PAH 964 |59 |46 9 00|9 84 (92 (89 |9 4 50
CBH100+ 0 6 6 6 8 9 00/ 6 b6 8 8
Chloride *::,‘ 9|74 |66 4 il 76 6 00/70 |70 | 68 62 | 4 46 :
BC ’ J 6 4 46 60 46 § 64 66 0 00/8 68 0 64 60 0 69
Acetonitrile ‘ 8 6 48 60 38 2 i 80 |8 8 0|8 00
SFOA 68 36 56 8 9 68 00 ; 4
(:4H4()+ :_jJ 8 8 0 60 93 |89 |8 68 |79 |9 00|80
NHOA ‘7 4 2 0 3. 49 5 0 4|6 80 [100| 8
HOA“ 33 43 38 4 4 64 68 8 00/ 8 8 86 88 89
NOX; 45 ji 0 60 18 42 8 00/86 |86 |8
Benzene : 48 |32 46 9 |44 36 | 84 |86 [100| 9
Toluene -9 A 46 33 0|66 |68 |4 0 |76 P390 47 | 85 | 86 |86 |97 |100|92 |9
CO ~15| 7 35 4 68 |68 44 69 446 6 8 88 |8 9 g 00! s
Ethylbenzene 1777 s il 4 62 | 66 62 | 66 |32 85 |89 |87 | 94 | 95 | 94 [100
() 100 80 60 40 20 0 20 40 60 80 100
1.0 1
m Chloride
- ﬁmmonium
itrat
= W . S:II;the
g = SVOOA
) m LVOOA
5 06— = SVBBOA
= 53.6 46.7 1539 | M SFOA
2 [ wgm? [ ugm? wgm? | o :g(A)A
§ 0.4+ COA
Q m BC
z 0.2
© 0.2
“ 15%
6%
00— I |
Pre-monsoon Monsoon Post-monsoon

Figure 7977 Upperpanelk Correlation ard-matrix (a) between the AMS OA factorgbold), internal tracers and external

390 tracers for the combined dataset (all seasons)he correlation coefficientsare ordered using hierarchical cluster
analysis Lewerpanek The relative contribution of OA factors, BC and inorganic speciego the-total ©APM: for each
period (b) where thetotal average PM: is shownusing right curly brackets (see TableS2S5 for values and statistics)
The three ions [GH100]*, [CsHsO2]* and [C4H4O]* are, respectively: an organic acid fragment used for COA
determination, a fragment of dibenzodioxin called benzodioxan and, furan a fragment of dibenzofuran. The

395 abbreviations of VOC species are: Ace = acetonitrile, Ben = benzene, Tol = Toluene and EBenEthyt
Benzend&thylbenzene
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405

From Figure 9Figure 119, a largefraction of HOA mass follows aerth-westerly-wind-which-points-towards a
husymotonvav-intersectiord.Z km-from-the me ement site-There is-also-a-preferencestrthwesterly
wind whicheeincides-witlpoints towards nearby train station0.5 kmfrom the measurement sitEhere is also

a preference fowesterly anchorthwesterly wing which coincidewith busy motorway intersectier{~0.5-km)
where-diesel-trains-are-commeonhy-in-Uskm and~0.7 km) NHOA shows a similar preference for both the
northwestand southwesthowever, there is a much larger spread of mass between wind diredtieasnay

jong\ larger spread for NHOA when

compared to HOA could suggest that atmospheric processing is occurring as both have similar traffic origins.

NHOA could therefore be a resii of aged or oxidised traffic emissions allowing it to be transported further and

causing a mixture of wind directional preferences
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Figure 8168 i Median diurnal cycles of the factor solutionsfor the three measurement periods (interquartile range
indicated by the shadirmg) along with the elemental ratios Regions shaded in grey are night hours.

FheOne of hemaincompositional differencebetween NHOA and HOA is a higher nitrogen content in NHOA
which is evdent in the mass profile§igureSFigure?5). Peaks am/z41 ([GHsN]*), m/z43 ([GHsN]Y), m/z55
([C3HsN]Y), m/z57 ([GH7N]*), m/z83 ([GHgN]*), mfz 97 ([CeH11N]*), are all prominent in NHOAut not in

HOA. ln-an-attempttaassessf-these peaksresolehresponsible fothe NHOA orbeing-resolvedthe
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The PAH content of NHOA and HOA islsovery different, with the fraction of PAHs within NHOA being high
at 317 % compared with HOA at 1.00.%he levelchemical functionalityof exidatien-inthe PAH fraction

435  efwithin each factor is shown iRigurel2-where-NHOACigure 10Figure10. The NHOA factor contributes the
highest relative amounts of amino PAHs (APAH) and nitregeygen substituted PAHs (NOPAH) which

coincides with this factor containing more nitrogRiHOA alsohas the second highest relative concentrations of
oxidised PAH (OPAH), after SFOA. A large pertage of OPAH mass is due to the species dibenzodiexin
183-and-184)dibenzopyran and acenaphthoquinamé{81-and-18Rigure S13. The presence of dibenzodioxin

440 s also supported by a significant correlation with its mass spectral fragment, benzodigklg®{[¢ ( Pear sond s

r = 0.80) Eigure7Fi
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Figure 9329+ PAH- - Pollution roses for eactfactor prefiles-showing-and uncalibrated PAH concentrationsalong with

a)-_wind rose. The pollution roses show 30° wind vectors and their size is proportional tihe mass-speetra—of-PAH
peaks;(b)-therelativepercentagecontribution to the mean concentration The vectors are divided into concentration
bins based on the colour scale in the legend.

450 The total mass of trafficelated factors (HOA + NHOA) is the largest of the primary sources (compared with

burning = SFOA + SVBBOA ahcooking = COA) during the pn@monsoon and monsoon periods. It is also the

joint second largest, similar to SOA (LVOOA + SVOOA), in the pwsinsoon period where its average
concentration reache§2132 ug m* (Figure 7Figure?).
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Figure 10101 Relative contribution of PAH families to total PAH factor mass(a) and {e}-the PAH family average
uncalibrated concentrations_(b). The PAH families: UnSubPAH, MPAH, OPAH, NOPAH and APAH, are described

within thetexisectionS6 and in Herring et al. (2015. *Fhe-peak-atm/z252 relating-to-the-ion-{GoH 1o} His-alistof PAHS
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3.3.2.Cooking organic aeroso(COA)

The COA massgrofile in Figure5SFigure?5 has a characteristically high/z55:57 nominal mass ratio (2.87) and
highm/z41 and 43sseen in previous studi¢allan et al.,2010; Mohr et al., 2012; Sun et al., 201Bhe COA
time series also haswaoderatecorrelation with the AMS measureddicO]*p e a k  ( Pre= 8.653 vehichdiss
often used as an internal tracer for cooking related fa¢®us et al.,, 2016)The mass spectrum has
uncharacteristically large peakrafz44 (andthe inferredm/z28) andas a consequeneelarge O:C réo (0.33)
when compared to literature valupsesentedn Table S2S6. There is also a dation from literature when
observing th&/an Krevelen(VK) diagram in Figure&s13S15 as the high O:C pulls it away from a gradientf
and towards a gradient df. This relates to differencein composition fronthe normakldehydes and ketones
to carboxylic acidsThe reasons fahis arediscussed irsection 4.3

The diurnal cycle foCOA has a clear morning peak across the three periods but it is hard to interprieldine
dynamicsbecause of the pronounced boundary layer affelotreasin other studieshere isa clearlunchtime
peak (Figure 8Figure108). There is a slight rise in the median at 12 p.m. for thermesoon and monsoon
periods but the poshonsoon period shows a more defihaachtime peakand supports this factor being related
to cooking activities.

The wind rose for COAKigure 9Figure119) is one of the few factors to havelear patterrand siows that the
majority of its mass is coming from tmerth-east,eastand southeastThis is likely from food kiosks, shelters
and vendors situated outside the grounds of IGDTUWé polar graph showaspread of large peaksatching

a northerlywind (Figure S10)which coincides with the location shared student kitchens at IGOW. The
same observations were made by a study measHéticanoicacids at IGDTUWGadi et al., 2019)The polar
graph alsshowsmaximum concenttans coincide with @outheasterlydirection (Figure S.0h). Thetiming of
thesepeaksmatchwith maxima seen ipolar graphs for PAH, SFOA and NHQ£&Eigure S.0), which suggests

a common source.
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