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Abstract

The rapid growth of industrialization and increased energy demand have led to the deterioration
of air quality in urban and peri-urban cities. Fine particulate matter, particularly atmospheric
particulate matter (PM) with a diameter smaller than 2.5 um (PMz2s), significantly affects
climate forcing and human well-being. At significant levels, prolonged contact with polluted
air can lead to various human health-related problems. To expedite particulate matter removal
strategies, sources contributing to the pollution need to be identified, apportioned, and
removed. This study explored the highly time-resolved variation of the PMz2.s bound species
sources contributing to both the inorganic and organic constituents, using state-of-the-art real-
time online instruments in Delhi, India. We performed the detailed long-term source
apportionment, including different components of PM2s (organics, elements, and black
carbon), to provide valuable insights into Delhi's composition and particulate air pollution
sources. We found that significant proportion of Delhi's ambient air particulate matter is
attributed to the power plant (25-30%), biomass burning (BB) (25-35%), traffic emissions (20-
30%), dust-related (5-15%) and industrial emissions (4-7%). Organic aerosol (OA) dominated
mass fraction in all seasons, followed by other non-refractory species (SO4>, NO,-, NH,*, and
Cl-). We observed marked seasonal and diel variability in the concentration and composition
of PM2s owing to the interactions of sources and atmospheric processes. Winter and post-
monsoon were the most polluted periods of the year. The apportionment of organic aerosol
(OA) vyielded primary factors, hydrocarbon-like organic aerosol (HOA), biomass-burning
organic aerosol (BBOA), and secondary factors, oxygenated organic aerosols, semi-volatile
oxidized OA (SVOOA), low volatile oxidized OA (LVOOAL and 2). On the other hand, eight
sources are identified from the source apportionment of elements such as power plant dust,
biomass burning, vehicular emission, secondary chloride, waste incineration, coal combustion,
and industrial emission in all seasons. During the Diwali period, fireworks were identified as
an additional source of pollution. The secondary chloride factor was dependent on the local
wind direction (NW direction, 302-333°). Dust factor was found to dominate the elemental
source apportionment in the summer season. Multiple high-loading dust storms were observed
in the summer season. During the winter, power plant factors dominate the elemental source
apportionment as the formation of sulfate particles was facilitated in the presence of higher RH
and aerosol liquid water content (ALWC), indicating the role of rapid aqueous phase formation
pathway in secondary aerosol haze formation. However, researchers have integrated data from

multiple instruments to better understand PM sources and their chemical composition to



examine PM characteristics. Accordingly, in this study, source apportionment was also
performed on a combined dataset consisting of non-refractory PM2.s organic factors, elements,
and BC; we evaluated two disparate factor analytic methodologies — namely, double-PMF (D-
PMF) and Tracer-conjugate PMF (TC-PMF). The D-PMF, as well as TC-PMF, improved the
interpretation of organic factor sources, such as apportioning considerable contributions of
LVOOAZ2 (85%) to the power plant factor, which is often linked with regionally carried aged
organic aerosols in the organics only PMF(O-PMF). Lastly, the D-PMF results significantly
agreed with TC-PMF, indicating that either of the two techniques could be used to unmix the
complex variety of PMzs sources in the Delhi-NCR region and, arguably, the larger Indo-
Gangetic Plains also, since more than 50 % of that organic aerosol mass concentration is
comprised of secondary organic aerosol (SOA). However, the underlying formation
mechanism of SOA remains poorly understood in Delhi due to chemical complexities,
numerous sources of organic precursors, and evolutionary processes. This study also examined

the impacts of photochemical and aqueous-phase processing on factors related to SOA.
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IR
MR o1 g g 3R Il 1 S HiTT & HRUT R 3R IU-Te<) <6 # arg Bt
ToreT H fARIae 318 €1 2.5 um (PM2s) ¥ BIC TN ald e &0 ygrd, faviy &g 9
qIgHSHT HUT Uard (PM), STaarg URdd 3R AMd HedTul & Ag@yul &4 J FHIfad
P & | Hedqul Wkl WR, UGN 841 & 1Y dd THg ddh Juc ¥ 4 W e fafia
TR B gl § | Mfégpaie Aex ge &1 OFIfaa § doil & forg, Tgwor & anre™
3 10 Tl D1 U B, I fAUTOH B 3R 3= 8 &1 ATl § | 39 3Heqg-
J foeel, URA T ATy arRdidd THT SHAATST SUBRUN BT TN Hh AHBISHD
3R HTE gl gedh! H aNTeH o arel YTeH2.5 19 TeTIiad & Hidi & Sfid Jad-
a1 fafaedr &1 a1 | g9 foee & AT SR HiUe arg Uguur drdr o
Tegd Sdei® UaM o34 & g, PM2.5 (Sifdes, dcd 3R sidb HTe-) & fafird ged! afed
faeqa <efrfere Fid fauTom &1 T foban | ga= uman & feeeht & ufvaefia arg suit &1
Teyu! e faTel Taa (25-30%), STAHRN SIe (Sl (25-35%), TATd SoToi (20-
30%), YT ¥ F&fId (5) & oY SR Bl -15%) 3R SNefiie (4-79%) 1 Tt Agat |
FHHHE WA (OA) BT T8 TN TR TYd 8T, TP d1¢ 3 TIR-g4 ™ Ylfadl (NO3,
SO4, NH4, Cl) %1 R 81| g Hidl 3R argHead Ufsharati &t lRER fhal & HRuT
PM2.5 BT TigdT 3R WRE1 & HrHt 3R i e uikad-—=itadr ¢&t | 9l 3R A & diG
DI A aY B! YN UgNa @i It HEHe WA (0A) & [AUTSH I TIH® SR,
gISSIBIa Y HIEe W (HOA), ST SId aTd HIeHd W (BBOA), 3R
fadia® RS, SIS gad BT+ T, Sef-ara=id siadidd OA (SVOO0A), HH
rU=ite SHiqiigd Ul §UI OA (LVOOAL 31R 2)| Hidl 3R 31! I Heh AT Dl
IR T T THIH & oI 3 IUBUN ST &) Tb1ghd (bl 8| TEIIR, 3T 37eqa 7,
R-gEH PM2.5 HTHd BRI, dal 3R S14T I Jad Th Ggad Seric IR Fid fqurer off
foraT T T, B9 &) SR SRS fARavunetss UG aa! o1 i foba - 3rfd, Saa-
dieHuw (S1-iTHu) $fR SHR-4g™ dores (@E-tierum) | S1-dierue, e g -
Joquw 3 SeHe HRS Al & O # GuUR foedr, o9 6 foore 999 sRe d
TAAISHI3MT 2 (85%) & He@yul ATa I faHTTd ST, St SIeRR &g &4 9 o 91T 7Y
< PEMHD WG I ST Bidl 5| Had ey feaus (3f-diequw) | ofd &, St-
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Ui & ool ERf1-dieHut & $1t! g deb JeHd €, off auiidn 8 fob feehl-geitemR
&3 3R g1, 98 Rig[-7 & Tt # died2.5 Wil o1 Sifed fafaedr &t s &1 &
forT ST dapTiap! | 3 Tl Uah T STINT b ST &l ¢ | . SHb SHATal, Yfdh 3 BIaHD
WA GHHM Higdl &1 50% F S U fGiiasd SeHe R (THsNT) I &1 gidl
2| gralliep, ITafe Sifeadrel, e 3gdl & Ps |l 3R fawrard! ufsparst &
HRUT fEcet T SOA & Sfafied & o &I HH THIAT ST & | 3 30T H, gHH SOA H
GafRrd HR®! IR BICIB S HR SIcd-aR0T BRI & GHTE! & Ht ST &1 |

viii



Table of Contents

(O 1] oL =T PPN [
ACKNOWIBAGEMENTS. .. et e il
ADSTIACT. . ..o, v
LISt Of FIQUIES. ..ttt e Xii
LISt Of Tables. ..o et Xiv
(O 0T o (=T SRS OPRTP 1
INEFOTUCTION ...ttt ettt bbbttt e b et e st e et e snee b 1
1.1 AtMOSPNEIIC @EIOSOIS.....ccuiiiiie ittt 1
1.2 Chemical compOSItion aNd SOUICES..........cceiirieieieieiesie st 3
1.3 Motivation, objective, and thesis OULIINE ... 5
RETEIBNCES. ...ttt ettt ne e bt ae et e e nnes 8
CRAPLET 2. .ttt 12
Material and MethodOIOgY.........eiueriiriiiiireeee s 12
2.1 Sampling location and INStrUMENTAtION ..........ccoieiiiiiiiii e 12
2.2 SOUICE aPPOITIONIMENT ...ttt ettt b e bbbt 13
RO O ENICE. . et 15
(01 0T o (=] g SRS PPSPP 17

PM2s bound species variation and source characterization in the post-lockdown period of

the Covid-19 pandemic iN DeINi........cocooiiiiiii e 17
ADSTFACT ... 17
B L INTFOAUCTION. ...ttt b bbbttt 18
3.2. Materials and MEthOUS ..........coviiiiiiie s 20
3.2.2 SOUICE APPOITIONIMENT.....c.vitiieiiteiti ettt 21
3.3.1 Secondary Inorganic Aerosol FOrMAatioN ...........cccooeiireninieieiese s 26
3.4 OA SOUrce apPOrtiONMENT .......cciieii ettt sre e ers 28
3.5 Source apportionment of elemental 10ad .............cccooiveiiiicic i 32



3.6 Sources with significant lag effects and comparison with the previous studies......... 40

3.7 CONCIUSIONS.......eiieeeet ettt b b 41
ACKNOWIBAGMENT ... bbb 42
RETEIEINCES. ...ttt bbbt 43
CRAPLET 4.t bbbt 52

Festive Fireworks in Delhi: A Major Source of Elemental Aerosols Established Through

Dispersion Normalized PMF in a Multiyear StUdY ...........ccoovviiiiiniiiiice e 52
AADSTFACT ... 52
4.1 INEFOTUCTION ...ttt bbb nn e nes 53
4.2 Materials and MEthOUS ..........coveiiiiiii s 56
4.4 ReSUIS aNd AISCUSSION .....cvviiiniieiite sttt 58
4.4.1 Variation in PM2s, PM2sel, and its constituents during Diwali ............cccocevvenne. 58
4.5 Source apportionment of elemental PM2sel .......cccooeiiiiiiiiiiiiccecee, 65

4.6 Contribution of Fireworks, organic factors, and biomass burning to the total PMz2s

AUIING DIWALT ...t 76
4.7 Comparison of PMF and DN-PMF for firework factor............cccceveniiciiniinninnen, 78
4.8 CONCIUSTONS......eitiieiti ettt bbbttt ettt b e bbb 79
RETEIEINCES. ...t 81
AT B e 90

Two possible approaches for source apportionment of combined high-time resolution

organic, black carbon, and inorganic PMz2s composition datasets: Double and Tracer

CONJUALE PIMIF ...ttt bttt 90
ADSTFACT ... 90
ST 01 £o o [0 Tod o] o PSPPSR PR RPN 91
5.2 Material and MEtNOGS .........ccoiiiiiiiiiie s 93
5.3 RESUILS AN DISCUSSION .....ccuvviiiieiiieiieeeie et 96

5.4 Comparison of the D-PMF and TC-PMF results with individual PMFs (Organics-PMF
AN E-PIME). .ttt b et bbb 108



Xi

B D CONCIUSIONS. ..ottt e e e e e e e ettt e e e e e e e e e et eeaeeeeaaans 108

ACKNOWIEAGMENT ...ttt e e sae e e nns 111
RETEIEINCES. ...t b bbbt 112
(014 F=T o) G PP 120
Long-term source apportionment and formation of secondary aerosols in world pollution
CAPITAL DEINT ... e 120
AADSTFACT ... 120
6.1 INEFOTUCTION ...ttt 121
6.2 Material and MEetNOAS ............ooiiiiiii s 122
6.3 RESUILS aNd DISCUSSION ..ottt 123

6.4 Effects of aqueous-phase chemistry and Photochemical oxidation on OOA formation

1N SUMMET AN WINTEE ...ttt bbbt 136
6.5 CONCIUSIONS. .....cviiiiiiiiiieie e bbbttt 139
RETEIEINCES. ...ttt bbbttt bbbt 141
G 7. e 146
Conclusions limitations, and future recommendation ................c.cocoiiiiiiiiiinnn. 146
APPENAIX Attt et e e e et e e be e e e taenraeabeearee s 150
APPENAIX B .ot a e e beearae s 176
F AN o] o 1=1 o [ ST P TS RORRPRPROTS 210
APPENAIX Dot e e e e aree s 240
LSt OF PUDHCAIION.......otiiiiiieiceee e 258
BIOg PN . . e e 259



List of Figures

Figure 1.1: Size comparisons for PM particles (USEPA)........c.ccccoiveiiiicieeiecc e 1
Figure 1.2: Direct and indirect effect of aerosols ( Seinfeld, J. H., & Pandis, S. N. 2016) ....... 2
Figure 1.3: Variation of different components of PM2.5 in Delhi different seaasons in 2021
AN 2022, ..ottt bbbt e e 4
Figure 3.1: (a) Relative contribution of different PM2.5 chemical species. (b) the time variation
of ACSM based species: Org, NH4, NO3, and SO4, (c) the time variation of Chl
from the ACSM, (d) the elemental load composition from Xact metals monitor, and
(e) the associated hourly time series of the elemental load............c.ccccoevverivennne. 25
Figure 3.2.: SOR and NOR (a) Diel plot of SOR and NOR (b) Relationship between SOR and
NOR with RH (c) Relationship between SOR and NOR with Temperature(d) The
mean values of SOR under the RH < 30 %,30%< RH<60% and RH>60% conditions

Figure 3.3.. Source apportionment results for organic particulate matter (a) The relative
percentage contribution of organic factors, (b) the diel variation, and (c) the time
series for the categorized species concerning POA, BBOA, OOA-1 and OOA-2..32

Figure 3.4.: Source apportionment results for elemental particulate matter (a) The relative
percentage contribution of elemental load, (b) the diel variation, (c) the factor
profiles, and (d) the time series of elemental factors ............ccccceeevieie e, 39

Figure 4.1.: Variation of particulate matter during different phases (a)Variation of Total PM2.5
during different phases (b)Variation of PM2.5 el during different phases (c)Variation
of different markers for fireworks during 2019 (d)Variation of different markers for
fireworks during 2019 (d)Variation of different markers for fireworks during 2020
(e) Variation of different markers for fireworks during 2021 ...........cccocevvevvenenne. 63

Figure 4.2.: Variation of sources during different phases (a)Total Factor contribution during
whole study period in 2019, 2020, and 2021 (b) Factor contribution during Diwali
night 2019,2020, and 2021 (c)Temporal Variation of sources during 2019 (d)
Temporal Variation of sources during 2019 (d) Temporal Variation of sources during
2020 (e) Temporal Variation of sources during 2021 .........cccccvevvvieereeiesieesnereennns 76

Figure 4.3.: Comparison of PMF and DN-PMF for fireworks during 2019, 2020 and 2021..79

Figure 5.1.: (a) contribution of each species to the C-PMzs (b) diel variation of PM2.5 species

( ¢) Temporal variation of of C-PM2.5 composition including NR-PM2.5 (organics,
S04, NO3, NH4 and CI), BC and total elemental concentration (Xact 625i)........... 99

Xii



Figure 5.2.: The nine-factor source apportionment results of D-PMF and TC-PMF. (a, b)
Contribution of each factor in the D-PMF and in the TC-PMF to C-PM2.5 (c, d) Diel

variation (pug/m3) of the resolved factor for D-PMF and TC-PMF .........c..ccccoe.... 99
Figure 5.3.: Temporal variation of each resolved factors for the D-PMF sources during the
study period (15th December 2020 to 28th February 2021) ........cccccovvevvviiievinnennn. 99
Figure 5.4.: Resolved factor profiles for the nine-factors obtained from (a) D-PMF and (b) TC-
P . e ea e e n e e e e nrrreeeaas 107
Figure 5.4.: Polar plot of D-PMF resolved factors. .........cccccoveiieiiiic i 107

Figure 6.1.: Mean absolute concentration and composition of PM2.5 (Org, Cl, NH4, NO3, SO4,

elements and BC) DY SEASON.........ccoiiiiiiiiiieie s 127
Figure 6.2.: Seasonal diel cycle (hourly averages) of the PM2.5 species (Org, Chl, NH4, NO3,

SO4, elements and BC.........coiiiiiiiiiiieiee e 127
Figure 6.3.: Mean absolute concentration and composition of resolved organic factors ...... 132
Figure 6.4.: Seasonal diel cycle (hourly averages) of the resolved organic SA factors ........ 132
Figure 6.5.: Mean absolute concentration and composition of resolved elemental SA factors

Figure 6.6.: Seasonal diel cycle (hourly averages) of the resolved elemenal SA factors...... 136
Figure 6.7.: Variations of absolute and mass fractions of LVOOAL1 and LVOOAZ2 as a function

Of (3,0 ) RH (C,d ) OX INWINTEN ....ouiiiiiiiieiee e 138
Figure 6.8.: Variations of absolute and mass fractions of LVOOA1 and LVOOAZ2 as a function
of (3,0) RH (C,d ) OX 1IN SUMMEN .....ccviiviiiieiecie st s 138

Xiii



List of Tables

Table 3.1: Sources with noticeable lag effect.................cooi 42

Table 4.1 Average and Maximum concentration levels of various inorganic species during the
Diwali Night (DN) and corresponding Generic Regional Screening Levels (RSLs) as suggested
by US EPA and Potential Health Hazard...................ccooiiii e, 65

Xiv





