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Abstract

Fine particulate matter (PM2s5) adversely impacts human health, climate, air quality, and
visibility, necessitating effective mitigation strategies. Addressing these challenges requires a
thorough understanding chemical composition, physical properties (e.g., hygroscopicity, phase
state), and atmospheric interactions (e.g., gas-particle partitioning, secondary formation) of
PM:s. However, persistent knowledge gaps, particularly in quantifying sources, formation
pathways, and thermodynamic behaviour, hinder region-specific policy development,
especially in pollution hotspots like the Indo-Gangetic Plain (IGP). This study investigates two
critical aerosol processes in Delhi, a representative IGP megacity: (1) new particle formation
(NPF) and (2) hygroscopic water uptake driving aerosol liquid water content (ALWC). Using
real-time non-refractory PM2s (NR-PM2s) data from an Aerodyne Aerosol Chemical
Speciation Monitor (ACSM) and thermodynamic modelling (ISORROPIA II), we analysed
ALWC dynamics for two winter periods (Dec 2019—Jan 2020 and Dec 2020—Feb 2021). A 50%
increase in average NR-PMaz.s concentrations (from 102 pg/m? to 152 pg/m?) resulted in a 60%
rise in ALWC, which exhibited exponential growth with relative humidity (RH), becoming
significant at RH >80%. Ammonium sulphate dominated ALWC uptake at lower RH, while
ammonium nitrate prevailed at higher RH. Elevated PMa2s and RH significantly reduced
visibility, with light scattering efficiency increasing by more than 3.5 times at RH >85%.
Chloride (Cl) concentrations in PM2.s have halved in recent years, reducing their contribution
to ALWC. While nitrate and sulphate, the other major contributors to ALWC, are linked to
power plants and vehicular emissions, the sources of chloride remain poorly understood.
Source apportionment studies in Delhi have struggled to identify the exact sources of chloride
due to weak correlations with primary tracers. This study investigated one potential source of
chloride: crop residue (stubble) burning. Real-time PMa2.s chemical composition data from
stubble burning hotspots in rural Punjab during peak stubble burning demonstrated strong
correlations between CI and primary biomass burning tracers (potassium; K, organic aerosols;
OA, black carbon; BC). Elemental source apportionment in Punjab attributed ~80% of chloride
to stubble burning, supported by diagnostic CI/K molar ratios (~2), indicative of gaseous
chloride emissions beyond potassium chloride (KCI). In contrast, Delhi’s chloride dynamics
were predominantly governed by meteorological processes, with secondary chloride formation
contributing 70-80% of total chloride and biomass burning accounting for only 10-20%.
Diagnostic ratios (CI/K, CI/OA, CI/BC) in Delhi revealed a complex mix of sources: post-

monsoon chloride signatures aligned with Punjab’s stubble burning, while elevated CI/K ratios
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in other seasons (summer, winter) pointed to non-biomass sources like waste burning or
industrial emissions. We also investigated the seasonal characteristics of particle size
distribution (PSD) in Delhi’s atmosphere, with a special focus on NPF. Our findings reveal
pronounced seasonal variations in particle number and mass concentration levels following the
variations in atmospheric conditions and emission sources across different seasons.
Condensation sink (CS) emerged as a primary factor governing NPF, with no NPF events
observed when daytime CS exceeded 0.06 s™'. NPF events were characterized by relatively
high formation rates, high sulphuric acid concentrations, and a relatively large CS compared to
cleaner and more pristine environments. The estimated formation rates were comparable to
other polluted regions and could be explained by mechanisms involving H2SO4, ammonia and
amines like dimethylamine (DMA). On days with comparable CS, chemical composition
showed no significant variation between NPF and non-NPF days, with organics contributing
~50% of PMa.s, emphasizing the dominance of physical processes. Higher atmospheric liquid
water content, driven by elevated RH, inhibited NPF, highlighting the critical influence of
relative humidity on particle formation. Additionally, simultaneous analysis of PSD and PMa2.s
mass composition revealed significant variations during daytime and night-time growth phases.
Daytime growth of nucleated particles was associated with increases in sulphate and low-
volatility oxygenated organics, suggesting the involvement of sulphuric acid and oxidized
vapours in early particle growth. This study highlights the need for comprehensive, long-term
monitoring of ALWC, PSD, and PMaz.s chemical composition to address Delhi's air quality
challenges. Mitigation strategies should prioritize reducing inorganic PM2.s concentrations to
lower ALWC and improve visibility, while at the same time focus on controlling precursor
gases such as sulphuric acid and organic vapours to limit the formation of ultrafine particles,

which have significant health and climate impacts.



ARIA

GeH ST yard (PM2.5) AT WA, Sear], arg Turadl 3R TR4dl R Ufdgd THId
ST 7, R guTet gt Ut Bt SaRgerar gkl g1 3 gl &l JHIHH
FRA & [ PM2.5 & RIS TeH, Hifdd Tl (SR, STd-Sa=iyur &, 3faRiT) 3R
JrgHseg Sfa:forarelt (I, - faurem, fediae fAmion &Y Tew THg simaxa® g
gTcTitop, faRy =0 3 |idt, fAafor ant ok s TagR & AFES 3Meha- § I Bt
Ht, &F-faRy ffa fFmfor & aren Iom FRdd 3, WHHR SS-TRE WH (IGP) S UgHuT
glcdic ¥ U8 & faeelt, Th Ul IGP AR, H &l Ag@qul RN Ufharsf o
S BT & (1) Y HUT AT (NPE) 3R (2) STd-3IGRNN0T gRT WA g9 od Jrft
(ALWC) &1 fAafor WisEd WA siied WRIERH AfveR (ACsM) I Ui dRdfdsw
JHT & TR-GETMA PMas (NR-PMas) ST 3R SHEARTAS AISAT (ISORROPIA 1I) &I
JUIANT HRd gU, T <l LMaswreid Safda (RG¥aR 2019-SHa¥ 2020 3R fewaR 2020-
TRas 2021) & T ALWC Bt Tfa=ierdr &1 fagayor fHar NR-PMa.s Bt 3T Tigar §
50% P gl (102 pg/m® F 152 pg/m?®) & TRUTHERET ALWC H 60% H1 3G 85, SN 108
3{TEdT (RH) & 1Y 91T U § 9¢1 3R RH >80% TR Ag@yul g1 715 | s Jethe 3
&HH RH IR ALWC 3TN0 R Yy fGaman, Safd Sy Ar8¢e 3o RH UR WHTdT AT |
I PMa.s 3R RH - TXIT &l B! HH B [T, S8 RH >85% TR UHT Ueb 10 il
3.5 AT Y fF 9¢ TR | BT & a8l § PMos H FARIZS (Cl) Figar 3l 81 713 7, or
ALWC B 39T TRTeH &4 g3 8| gTdifds, Agee 3R ahe, Sl ALWC & 30 TE
TeMd! g, faoiel Ta=t iR argd o I IS ], FIRRS & |id ot of Ry g
faeet o Aia faueF sieggql # JaRIgS & Uetd Fidl bt Uga & H Hiols 88 o
Fif I8 Tl® SO & 1Y HHOIR Tguey fG@rdl 81 59 3T | qRss & Uh
JUTfad Fa-Tad ARy (URTEH) STA-b! Sird @1 T8 | USTTE & UTH0T &3 § IRTeh S/
& IRY THI & SR GRAAd T PM. s IS T SeT = C1 3R Wifis S
ST & ¢ (K, OA, BC) & d1d Holgd veaad fa@am | god & da-3emid did faureH
= ~80% FIRTSS P WRTCH STaH § STeT, oY CI/K HITR SUTd (~2) §RT S fid favar T,
S KCl ¥ W IR FaRES o &1 Jobd odl g1 39 [Amid, foeht & waRgs
TfoRiterar Jea: e dett ufearsdt gr1 Faka o, ST e waRess Fai oo
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FARTSS BT 70-80% TNTCT T & 3R TTHIY STel- T TNTGH padt 10-20% 2| fawet &
&I ST (CUK, C/OA, CI/BC) = Hidi &1 T Sifed Hyul feamm: A & 918 &
FARTSS Yobd TS & URTeH ST F AT WId 3, Siafer 37 AgHt (@, 9dh 5 3= ek
3UTA A IR-TRHTT el (S T ST a1 S It B 3R 3RIRT fHar| g0
faeelt & agHeSd | HUT ATHR [IRUT (PSD) &1 HIgHt farsraraii o1 o srezee foan, fadiy
¥ ¥ NPF R M Hisd Hd gUI AR FHET I Ual gard § & argrerg uRkfyfaat
3R IToi Fral & At gRad=i & SR HUN WS 3R GIHM Tigal & WP gt
e Bt 81 To=H Ris (CS) NPF &Y fRafd & aren urufiies SR T, ofel fod &
THY CS >0.06 s B T Ig NPF UCHT T8 ol 715 | NPF "e1s{l 1 fa=ivdr 3= fafu
R, I oINS 3 Wigdl 3R 3= s Bt | srgana fFafor ) o ugfvd &sf & waH
off 3R H2S504 TUT THIS (STEAURATHTST (DMA) 3R AT Tied) ¥ IS o= gRT
quETs o bd! 1 ¢S &1 gag fufadt are fef #, NpF iR TRNpF f&Al & o9
S Yoe H dls Agaqul 3R T8} YT, STgT e Tarf PM s BT ~50% TS <d
3, S Hifde ufsharstt & UYQ &I <dI 81 3 RH & HRUI AGHSHUT &d o1d IRl &
3f& 7 NPF I T, S HUT AT TR A1 ST & HedgUl THIG B S9FR &Hdl g
3% 3MfARkad, PSD 3R PM. s Go0HM Tge o7 Uh WY [Azawur 4 3§ faq siRId &
faeprg =R & R He@yyl Tt agt 781 gfawucs Hul &1 fad & qag fasr
Tohe 3R HH-aRd siaiiogad Hre-d el # gia I e U1, S JergRed 3
IR 3ifefiepd el Bt 4fEepT Y URf B0 faerg § quiar g1 I8 sy Rl Bt arg
TG AN BT JHTETH B & [T ALWC, PSD 3R PM. s TS T &1 U,
e AR &) srawadmdr & Xaiferd Sl g | AR Ul &1 SbTafes
PM. s TIGdT &I HH HIh ALWC B! HH HR 3R TN H YR HRA W &M dbisd Bl
IR, Y & TeRIRP 31 3R e A} o9 It 7191 &1 fAafd e anfee
s 31fd Y& HoT & FHfor ot St fovar o e, fSmeT W 3R Sfaarg iR Agayuf
UHIG USdT g |
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Figure 4.6: Diel variations of mass concentrations of NR-PM2.s inorganic components for (a)
2019-2020, and (b) 2020-2021 winters; Diel variations of NR-PM2s5 and AWLC mass
concentrations for (¢) 2019-2020, and (d) 2020-2021 winters; Diel variations of RH and T for
(e) 2019-2020, and (£) 2020-202 IWINLETS. ....c.veureeerierienterieeieeiteiteeeterte sttt nee s 108

Figure 4.7: Variation of enhanced light scattering coefficient f(RH) with RH; Comparison
between visibility-derived and hygroscopicity-derived f(RH). Data is fitted by the exponential
function y=e®*"® +c. The fitting parameters for modelled and visibility derived f(RH) vs RH
were (a=-10.74,b=10.123, c=1.12) and (a = 10.44, b = 0.125, ¢ = 1.14), respectively. The

correlation coefficient (R?) value for both cases was >0.94. ..........cocccoeevevveereeieeeeeeenn, 112

Figure 5.1: Seasonal variation in average particle number concentrations of (a) nucleation
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Figure 5.5: (a) Average daily variation in the H2SOas proxy concentration (molecules
cm ) versus CS (s™!). No NPF event was observed when the average daytime CS was above
0.06 s!, primarily observed during colder post-monsoon and winter periods. While
H2SO4 proxy concentrations were comparatively higher on NPF days, the difference does not
appear statistically significant. (b) variation of NH3 vs. CS during NPF and non-NPF days. (c)
and (d) Average daytime variation of RH and ALWC (ug m™>) versus CS (s!). In lower CS
bins (<0.02 s '), high ALWC on non-NPF days led to enhancement in CS of particles and
consequently hindering NPF. In the moderate CS bins (0.02 to 0.06 s !), lower RH and lower
ALWC favoured NPF. Each data point represents the average of the variable from 10:00 to
16:00 1ocal tIME (LT). c.veeeiieiieiieeieeeie ettt ettt ettt esaeebe et essbeesaaeenbaesaeenseennns 146

Figure 5.6: Relationship between H.SO4 concentration (cm™) and condensation sink (CS, s™)
across various locations. The color of the markers represents the particle formation rate (cm™
s™"), with higher formation rates indicated by warmer colors. Observations from Delhi are
compared with those from other regions, revealing that the new particle formation (NPF) rates
in polluted environments are significantly higher than those in relatively clean areas. This trend
aligns with global observations, (Cai et., 2023; Deng et al., 2020) highlighting the influence of

elevated precursor concentrations and higher CS in polluted regions on NPF processes. .... 148

Figure 5.7: (a) Comparison of chemical composition of PM2 s during the daytime for NPF and
non-NPF days under different CS bins during the daytime; (b) and (c) difference in the chemical
composition of PMz s between NPF and non-NPF days during the days with similar daytime
CS and daytime H2SO4 vapour concentrations. All the daytime averages have been estimated

during the time interval of 10:00 LT to 16:00 LT for each day.........ccoceeverienieneniencnnennn. 153

Figure 5.8: Diel variation of average composition of PM2.5 during clean and polluted days of
the spring season. Sulphate and oxygenated organic aerosols (LVOOA?2) dominated the mass
fractions of inorganics and organics, respectively, during the daytime when observed NPF

events take place in our study during both clean and polluted periods. ........ccccceevverureennenee. 157

Figure 5.9: Temporal variation of particle size distribution, mode PN concentrations, along with
chemical composition of PM2.5 on two consecutive days, with the first one an NPF. Sulphate
and LVOOA2 dominated the mass composition of PM2.5 between the periods of start of NPF
(10:00 LT and 18:00 LT) and end shaded by the light orange colour in plots. This type I growth

is interrupted by primary emissions in the evening hours and undergoes night-time rapid growth
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due to coagulation between particles and condensation of vapours resulting from low RH and
T, represented by the grey shaded regions in the above plots. The primary nature of these
processes is validated by the increase in the mass concentration of BC, HOAs and BBOAs
along with their enhancement in mass fractions. Semi volatile inorganics such as nitrate and

chloride condense at the later stages of the particle growth. ...........ccoccooviiiiiiiiniiinie, 159

Figure 6.1: (a, b) A mobile van (CARLab) equipped with real-time air quality monitoring
instruments stationed near agricultural fields where crop residue burning is occurring. (c)
Schematic of the van equipped with different PMas characterization (XACT, ACSM, and

Aethalometer) and gas analysers (Courtesy: Pandey et al., under preparation). ................... 182

Figure 6.2: Seasonal variation of CI and other PM2 5 species during the entire sampling period
(2019-2022) at the IIT Delhi sampling site, measured using XACT (for K), Aethalometer (for
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Figure 6.4: Combined PMF of elemental PM2s5 and BC identified biomass burning and
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Figure 6.7: (a) Stubble burning factor profile obtained from PMF analysis during Punjab
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Figure 6.9: (a) Stubble burning factor profile obtained from PMF analysis during Punjab
sampling period of stubble burning; (b) Relative contribution of different factors to total

elemental PMa2sand BC CONCENIIAtION. ........ooeiiiiiiiiiiiiiiiie e 197

Figure 6.10: Time series of chemical components in PM2.s measured during winter and spring
in Delhi. Two types of periods have been identified: the high-chloride and high-organics
episode (shaded by blue colour) and the high-chloride and low-organics periods (shaded by

MAZENLA COLOUT). 1nvtiiiiiiiiiieitiete ettt ettt ettt et sb e bt ea e sbe et e e sbe e bt et e ebeenaeenee 199

Figure 6.11: Scatter plot of C1:BC versus Cl:OC ratios for various type of burning as collected
from literature, compared with measured ratios from the present observations from Delhi and

PUNJAD. ..o e et e e et e e e ba e e e abaeeanaaeeeaaaeenaaens 200
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