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H I G H L I G H T S  

• Amines, chloride, and hydrocarbon like OA (HOA) show similar diurnal growth and possibilities of internal mixing in Delhi. 
• HOA, families of hydrocarbon (CH), and amines and chloride grow prominently up to a diameter of ~900 nm during the photochemically active period. 
• Secondary OA (SOA) significantly promotes the growth of primary OA sources, OA families, and inorganics such as chloride and nitrate. 
• Sampling sites in Delhi show a significant difference in size-resolved acidity that governs the growth of species. 
• For an increase in the mass fraction of 0.1 SOA in OA, the sizes of HOA, chloride, primary amines (CHN family), and secondary amines (CHON family) are increased 

up to ~93, 80, 66, and 47 nm, respectively in Delhi. 
• Condensation of photochemically produced SOA is important in determining the growth of aerosols in late winter in Delhi.  
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A B S T R A C T   

This study presents the first multi-site evolution analysis of fine Organic Aerosols (OA) and inorganics in the 
Delhi megacity (National Capital Region (NCR)) using high-resolution-particle time of flight (HR-PToF) size 
distribution obtained from Aerodyne HR-ToF-AMS. It provides a comprehensive view of the atmospheric dy
namic processes responsible for the aerosol size and composition transformation. The measurements were per
formed at two different sampling sites (1) Indian Institute of Technology, Delhi (IITD), and (2) Manav Rachna 
International University, Faridabad (MRIU) during a late winter period (February to March 2018). Among or
ganics, primary OA (POA) showed particle growth, whereas it was absent in secondary OA proxies. IITD was 
observed to have a distinct growth pattern as compared to MRIU because of high vehicular density and het
erogeneity, and the presence of growth-promoting factors such as acidity and RH conditions. IITD aerosols were 
observed to be more acidic (ANR~ 0.75) compared to MRIU (ANR~1) and showed a distinct diurnal bin-wise 
increase during the photochemically active period (PAP). Such high acidic conditions are responsible for pro
moting acid-catalyzed SOA productions over the broader size bins, especially during the PAPs. Primary OA (POA) 
such as HOA and BBOA proxies show a diurnal growth from ~440 to 970 nm and from ~370 to 550 nm, at IITD 
and from ~270 to 400 nm and ~430–470 nm, at MRIU respectively. Further, OA families (amines and hydro
carbons), and inorganics such as chloride and nitrate also showed distinct concurrent diurnal growth patterns at 
IITD (from an MMDs of ~380–520 nm to 650–960 nm). We have also observed a positive correlation between OA 
and inorganics growth and the mass fraction (MF = SOA/OA) of SOA at both sites of NCR. For 0.1 (MF) increase 
in SOA, the sizes of HOA, chloride, primary CH family and amines (CHN family), and secondary amines (CHON 
family) are increased by ~93, 80, 64, 66, and 47 nm at IITD and ~14, 35, 8, 11, and 16 nm at MRIU respectively. 
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The concurrent growth of these species with the increase in the SOA concentration indicates the existence of a 
similar size evolution mechanism at both NCR sites, further promoting the formation of internally mixed aerosols 
during some phase of their evolution. This suggests that condensation is significantly governing the growth 
mechanism in NCR. Our study indicates the inclusion of such dynamic growth patterns arising from local pre
vailing conditions into the models for a better understanding of atmospheric aerosol evolution and estimation of 
fine particulate matter budget.   

1. Introduction 

Aerosols are ‘climate changers,’ known to alter the radiative budget 
of the earth by indirect, direct and semi-direct effects (Albrecht, 1989; 
Griggs and Noguer, 2002; Jacobson, 2001). A significant mass fraction 
of submicron aerosol is organic Aerosols (OA) that are complex and 
ubiquitous in the atmosphere (Jimenez et al., 2009; Q. Zhang et al., 
2007). OA can be either emitted to the atmosphere directly (primary 
organic aerosol, POA) or produced from the oxidation of atmospheric 
precursors (secondary organic aerosol, SOA). In general, SOA is more 
hygroscopic and less volatile than POA (Hallquist et al., 2009; Jimenez 
et al., 2009; Thamban et al., 2019). Condensation of SOA formation onto 
pre-existing POA leads to internal mixtures of POA and SOA (Jacobson, 
2001), which yield morphological and chemical changes that alter the 
radiative forcing interactions, atmospheric aging, and cloud-nucleating 
ability of OA (Dusek et al., 2006; Stanier et al., 2004). 

Previous studies have shown the capability of the Aerodyne high- 
resolution time-of-flight aerosol mass spectrometer (termed “AMS” 
hereafter) for real-time characterization of submicron OA in the atmo
sphere (Allan et al., 2003; Canagaratna et al., 2007; DeCarlo et al., 2006; 
Satish et al., 2017; Thamban et al., 2017, 2019; Qi Zhang et al., 2005a), 
including complex environments of IGP (Bhattu and Tripathi, 2015; 
Chakraborty et al., 2015; Thamban et al, 2017, 2019). With the AMS, 
size-resolved mass concentrations of non-refractory NR-PM2.5 (particles 
with less than 2.5 μm aerodynamic diameter) species can be identified in 
real-time (Qi Zhang et al., 2005a). Recently reported high-resolution 
(HR) size distribution analysis of OA proxy ions (Thamban et al., 
2019) addresses the main challenge of traditional Unit Mass Resolution 
(UMR) size distribution studies (DeCarlo et al., 2006; Mohr et al., 2009; 
Qi Zhang et al., 2005b); i.e., the contributions from multiple interfering 
isobaric species; which can be used for the better understanding of the 
OA source evolution. HR analysis allows for the separation of isobaric 
interferences in the mass spectra and provides a more detailed view of 
the dynamic process by which both aerosol composition and size dis
tribution change in the atmosphere. This comprehensive understanding 
will be very useful to apply in ambient aerosol models in IGP to predict 
the OA evolution and effect in the atmosphere accurately. 

Delhi megacity, also known as National Capital Region (NCR), is a 
well-known aerosol hotspot located in the western Indo-Gangetic Plain 
(IGP) (Chowdhury et al., 2017; Gani et al., 2019; Goel et al., 2021; 
Kumar et al., 2016a; Lalchandani et al., 2021; Manchanda et al., 2021). 
NCR is a highly populated and polluted megacity in IGP that receives 
both local and regional aerosols from sources that include vehicular 
emissions, biomass burning and industrial emissions (Jain et al., 2018; 
Kaskaoutis et al., 2013) and these sources show strong seasonal varia
tions (Bikkina et al., 2019). Additionally, complexities in the atmo
spheric evolution and mixing state of OA make its characterization more 
challenging (Goldstein et al., 2008; Hallquist et al., 2009) in SOA 
prominent environments of IGP (Kumar et al., 2016b; Thamban et al., 
2019). 

The aim of this study is to understand the evolution of the size and 
composition of fine particulate matter in the Delhi megacity during later 
winter. The study uses two AMSs, gas analyzers, an aethalometer, and a 
Single Particle Soot Photometer for the analysis. It combines the recently 
introduced high-resolution particle time of flight (HR-PToF) size dis
tribution analysis with the OA factor profiles derived from the positive 
matrix factorization (PMF). The present study is performed during the 

late winter season (February to March 2018) at two NCR sites. 

2. Methods 

2.1. Sampling locations 

The sampling sites were: the Centre for Atmospheric Sciences 
building (28.547◦ N 77.191◦E, 242 m above mean sea level) in the In
dian Institute of Technology-Delhi campus (IITD) and the Faculty of 
Engineering and Technology block of Manav Rachna International 
University (MRIU) (28.450◦N, 77.283◦E, 253 m above mean sea level). 
IITD is located in south Delhi, observed to have a high RH during the 
winter period and has influence from vehicular emissions from an 
arterial road (Gani et al., 2019) that located ~100 m away from the 
sampling location. MRIU is situated in Faridabad, a known industrial 
hub that is located in the south-west of the NCR and influenced by the 
traffic emissions from a bypass road located ~100 m north-east of the 
sampling site. The instruments were housed in temperature-controlled 
laboratories at both sampling locations. MRIU is located in the down
wind direction of IITD, and the aerial distance between the sampling 
locations is ~20 km (Lalchandani et al., 2021; Wang et al., 2020). The 
sampling sites location and their areal distances adapted from google 
maps are shown in Fig. S1a. 

The study periods were a late winter period, i.e., February 7, 2018 to 
March 10, 2018 at IITD and 2nd February to March 15, 2018 at MRIU. 
During the sampling period, both sites experienced lower temperatures 
(~20 ◦C; Fig. S1b) and varying Relative humidity (RH~34–100% at 
IITD and ~15–90% at MRIU; Fig. S1b), and shallow boundary layer 
height which promotes the accumulation of pollutants at ground level. 

To understand the influence of climatology at Delhi megacity on the 
downwind sites, we have performed HYSPLIT forward frequency anal
ysis (Draxler et al., 2016; Stein et al., 2015) at MRIU between 1st 
February to March 8, 2018. The total forward trajectory duration was 
five days, and new trajectories are calculated for every 12 h for a height 
of 500 m above ground level with a 1◦ × 1◦ resolution. Forward HYS
PLIT frequency analysis indicates that the aerosol composition at the 
sampling sites significantly influences local and regional downwind re
ceptor sites climatology (Fig. S9). 

2.2. Instrumentation 

At each site, the real-time size distribution and chemical composition 
of the non-refractory aerosol species were measured using Aerodyne HR- 
ToF-AMS (AMS). At IITD and MRIU, aerosols were sampled through 
PM2.5 and PM1 lenses, respectively. The higher lens diameter at IITD 
increases its collection efficiency and significantly extend the trans
mission efficiency towards the big diameter particles (as PM2.5 lens 
successfully transmits more than 50% of PM2.5) (Williams et al., 2013), 
while the PM1 lens at MRIU has a 100% transmission efficiency for a 
smaller size range, i.e., from 70 nm to 600 nm (Allan et al., 2003). The 
duty cycle of the chopper and the PToF length of AMS at each NCR sites 
were 2% and 0.295 m. 

With the AMS, non-refractory species were quantified by the electron 
ionization (70 eV) of the thermally vaporized (~600 ◦C) aerosols 
(Canagaratna et al., 2007). The AMS operating mode is switched be
tween particle time of flight (PToF) mode and mass spectrum (MS) mode 
with a time resolution of 2 min at both the sites. The sampled aerosols 
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were dried using an aerosol sample dryer system (Aerodyne research, 
Inc) at IITD and using a silica diffusion dryer regenerated frequently at 
MRIU to achieve the output RH ~20%. The regression analysis 
(Fig. S16) shows that the slopes (indicate the NH4/NH4 predicted) of 0.7 
for IITD and 0.99 MRIU, representing that the aerosols are not that 
acidic to changes the collection efficiency from 0.5 at both the sampling 
site. The ammonium nitrate mass fractions (ANMF) were calculated for 
both the sites, which were less than 0.4. Therefore, none of these effects 
were substantial to change collection efficiency (CE) from the default 
value of 0.5. More details of the CE can be found in (Lalchandani et al., 
2021; Middlebrook et al., 2012). The ionization efficiency (IE) calibra
tions were done once before the sampling period at MRIU and IITD. The 
calculated relative ionization efficiency (RIE) values for NH4

+ were 3.89 
and 4.1, respectively, for IITD and MRIU. Organics, Cl− and SO4

2− were 
assumed to have RIE values that were 1.4, 1.3, and 1.2, respectively, at 
each site of NCR (Canagaratna et al., 2007). The vacuum aerodynamic 
diameters (Dva) of the non-refractory aerosols are derived from the 
particle velocities in AMS (Canagaratna et al., 2007; DeCarlo et al., 
2004). The size calibrations of AMS were performed with ammonium 
nitrate at each sampling site with NH4NO3. The size calibration com
parison for IITD and MRIU is shown in Fig. S5. 

Seven wavelengths Aethalometer (AE-33), manufactured by Magee 
Scientific, USA (Drinovec et al., 2015), and Single Particle Soot 
Photometer (SP2), manufactured by Droplet Measurement Technologies 
(DMT) (Moteki and Kondo, 2007, 2010, 2007; Schwarz et al., 2006; 
Stephens et al., 2003) were used to measure the black carbon (BC) 
concentrations at IITD and MRIU respectively. Trace gases including 
oxides of nitrogen (NOx, i.e., NO + NO2) and carbon monoxide (CO) 
were continuously measured at IITD and MRIU using the Serinus gas 
analyzers (model number: serinus 40 and 30 respectively) that manu
factured by Ecotech, Australia, and Thermo Scientific monitors (model 
42i and 48i respectively) that manufactured by Thermo Scientific, USA. 
Ozone was additionally measured at MRIU (model number: 49i) using 
the gas analyzer manufactured by Thermo Scientific, USA. During the 
sampling period, volatile organic compounds (VOCs) also were quanti
fied with two proton-transfer-reaction time-of-flight mass spectrometers 
(PTR-ToF-MS) at the same sampling sites (Wang et al., 2020). 

2.3. Data analysis 

The unit mass resolution (UMR) and high resolution (HR) data 
analysis were performed (Canagaratna et al., 2007) on the AMS data for 
both sites using SQUIRREL (Version 1.62) and PIKA (Version 1.22). 
High-resolution (HR) peak fittings were performed on the AMS-derived 
mass spectra (MS) using PIKA (DeCarlo et al., 2006), and is further 
processed to identify the size-resolved mass spectra of HR species. The 
HR-PToF size distribution is estimated using the same PIKA (Version 
1.22). The size distributions were derived from the PToF mode mea
surements that are normalized to the UMR MS data. Two direct current 
(DC) regions, where the particle velocity is too low or high to be 
transmitted in AMS, were identified to remove the baseline ion signals. 
DC regions were selected at a smaller (DC region-1) and a higher (DC 
region-2) PToF times, to separate the overlapping contribution of the 
signal from interfering particle and gas fragments such as ammonium 
aerosol at m/z 15, 15N+ from the air (Allan et al., 2003) and also 
gas-phase CO2

+ fragment at m/z 44. DC1 regions of MRIU (Dva = 30 
nm–47 nm) and IITD (Dva = 12 nm–42 nm) was selected as the back
ground signal to subtract the gaseous fragment interferences. A 
composition-dependent collection efficiency (CDCE) of 0.5 was applied 
to the mass concentrations of all species derived from AMS as described 
elsewhere at each site (Middlebrook et al., 2012). Methods described 
originally by (Aiken et al., 2008) and updated by (Canagaratna et al., 
2015) were used to find the elemental ratios from the high-resolution 
mass spectra of AMS at each site. 

To understand the sources of OA at MRIU and IITD, Positive matrix 
factorization (PMF) (Paatero and Tapper, 1994) was performed by 

(Lalchandani et al., 2021) on the HR V-mode, 2 min averaged organics 
data at each site using Source Finder (SoFi) interface that works through 
the multilinear engine (ME-2) (Bozzetti et al., 2016; Canonaco et al., 
2013). The PMF factors were identified based on physical interpret
ability, correlation with internal and external markers, and scaled re
siduals (Ulbrich et al., 2009). 

2.3.1. Estimation of HR-PToF size distribution 
For simplicity, the size-resolved analysis of high-resolution AMS 

mass spectra is referred to as HR-PToF analysis in this manuscript 
(Thamban et al., 2019). To speed up the data process, and increase the 
signal to noise ratio for HR fitting, the raw data (2 min alternatively for 
each mode: PToF and MS) was averaged to 3 h. In HR-PToF analysis, the 
peak fitting parameters such as HR peak width, and m/z calibration and 
HR peak shape of MS data were assumed to be the same for the HR-PToF 
data. Detailed procedures for HR-PToF analysis are explained in 
(Thamban et al., 2019). 

Particle Time of flight (PToF) size data were grouped into thirteen 
equally-spaced PToF bins (delta t = 0.00033 s) with diameters ranging 
from 0 to 2582 nm at MRIU (Table S2). At IITD, The data was grouped 
into fifteen bins (thirteen equally spaced PToF with delta t = 0.00024 s 
(diameter range = 5–1684 nm) and two equal PToF bins with slightly 
higher delta t values of 0.0003 s (diameter range = 1684–2851 nm)) 
(Table S1). Each PToF bins at both the sites have exponentially 
increasing vacuum aerodynamic diameter (Dva) values with PToF time. 
The mean bin diameter (MBD) indicate the geometric mean of Dva values 
of a particular HR-PToF size bin. Mean Modal diameters (MMD) repre
sent the mean of the HR size distribution modes at a particular period of 
a day. The details of MMD are described in (Thamban et al., 2019). The 
appropriateness of using MMD to characterize the particle growth is 
illustrated in Fig. S12, which shows the difference in the particle size is 
well-captured by representing them with MMD. 

3. Results and discussion 

3.1. HR size distributions of OA proxies 

OA source apportionment is performed using a positive matrix 
factorization (PMF), which works on the advanced multi-linear engine 
(ME-2) model. High mass-resolved OA mass spectra at IITD and MRIU 
are factorized into six sources that include a low volatile oxygenated OA 
(LVOOA), two semi-volatile oxygenated OAs (SVOOAs), two solid-fuel 
combustions OAs (SFC–OAs), and a hydrocarbon like OA (HOA) at 
each sampling site. Oxygenated OA (sum of LVOOA and SVOOAs) 
contributes the predominant fraction of OA mass (52–55%) with 
maximum afternoon hours contribution. HOA contributes 9–20%, and 
SFCs contribute 27–36% at the two sites of NCR. The average percent 
contributions of PMF derived OA factors to the total mass of OA at IITD 
and MRIU are shown in Fig. S1c. The mass spectra of OA factors iden
tified at the IITD and MRIU sites are shown in the S13. More details of 
the PMF factors selection, diagnostics, and interpretation can be found 
in the companion manuscript (Lalchandani et al., 2021). 

OA source apportionment studies have identified several proxies 
such as m/z 43 for SVOOA (Decarlo et al., 2010), m/z 44 for LVOOA 
(m/z 44) (Q. Zhang et al., 2005), m/z 60 and m/z 73 for BBOA (m/z 60 
and m/z 73) (Aiken et al., 2008; Jimenez et al., 2009), m/z 57 for HOA 
(m/z 57) (Mohr et al., 2009) using UMR-AMS data. Understanding the 
size distributions of HR isobaric ions fitted at these OA proxies (m/z 43, 
m/z 44, m/z 57 and m/z 60) are very important to address the evolution 
of size-resolved chemical compositions of OA in unique environments 
like NCR where the aerosols are complex in origin and atmospheric 
processing. 

Figs. 1 and 2 show the size distributions of these UMR proxies at IITD 
and MRIU and illustrate the extent to which these size distributions are 
influenced by the constituting size distributions of the isobaric HR 
fragments that can be of different origin and atmospheric age. HR size 
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distributions at IITD and MRIU have fewer data points (15 and 13, 
respectively) than the corresponding UMR distributions (61 and 78 
respectively) as they are calculated by averaging over the wider size 
bins. The mass contribution of individual isobaric HR fragments towards 
the mean mass of the respective UMR OA proxy is termed as its frac
tional contribution (fx) in the further discussion of this manuscript. Pie 
charts in the second and third rows of Figs. 1 and 2 indicate the fx of HR 
ions towards the mean mass of UMR proxies at these sites. fx along with 
its standard deviation is used in the further discussion of this section. 

The UMR size distributions of SVOOA (m/z 43) and HOA (m/z 57) 
proxies and the size distributions of the contributing HR fragments at 
these m/z’s at IITD and MRIU are shown in Fig. 1a–f. At IITD, SVOOA 
proxy has contributions from primary (C3H7

+) and secondary (C2H3O+) 
organic fragments that have an fx of 43 ± 13 and 56 ± 11%, whereas, at 
MRIU, they contribute 29 ± 8 and 57 ± 7%, respectively. A notable 
fraction of secondary organo-nitrate (CHNO+) fragment is also seen with 
an fx of 11 ± 2% at MRIU (Fig. S2). 

The modal diameter of the SVOOA proxy (m/z 43) at MRIU is slightly 
higher (420 ± 11 nm) than that of IITD (398 ± 13 nm) (Fig. 1a). The 
details of UMR-PToF bin edges, geometric mean bin diameters, and the 
bin widths at IITD and MRIU are shown in the supplementary section as 

Table S3. The diameters are round to the nearest whole number in the 
discussions. At MRIU, size distributions of constituting primary (C3H7

+) 
and secondary fragments (C2H3O+ and CHNO+) show distinct modes at 
368 and 501 nm, respectively (Fig. 1c). These different modes are absent 
at IITD (Fig. 1b), where both the primary (C3H7

+) and secondary 
C2H3O+ fragments have the same size distribution modes at 384 nm 
C3H7

+ is a POA fragment generally emitted from engine exhaust, plastic 
burning, and meat cooking (Mohr et al., 2009). Conversely, C2H3O+ is a 
principal secondary oxygenated organic fragment in atmospheric OOA 
(Ng et al., 2010). 

The size distribution of the UMR HOA proxy (m/z 57) is shown in 
Fig. 1d. The mode of the size distribution of individual species is indi
cated further as ‘mode’ in this manuscript. HOA proxy (m/z 57) at MRIU 
shows a higher mode of (379 ± 10 nm) compared to that of IITD (347 ±
12 nm). At IITD, m/z 57 is composed of a primary hydrocarbon (C4H9

+) 
and a secondary oxygenated (C3H5O+) fragment (Fig. 1e) with an fx of 
65 ± 10% and 30 ± 9% respectively, and the modes of primary (C4H9

+) 
and secondary (C3H5O+) fragments that are located at a diameter of 384 
nm, with an increased concentration of primary isobaric C4H9

+ frag
ments at lower diameters. At MRIU, in addition to these C4H9

+ (fx = 48 
± 6%) and C3H5O+ (fx = 22 ± 6%) fragments, a primary organo-nitrate 

Fig. 1. UMR size distributions of (a) SVOOA (m/z 43) and (d) HOA (m/z 57) proxies at IITD and MRIU. Fig. 1b and c represent the HR size distribution at SVOOA 
proxies at IITD and MRIU, respectively Fig. 1e and f represent the HR size distribution at HOA proxies. The Y-axis mass concentrations are normalized to corre
sponding HR MS fragments. Pie charts at 1b,c,e,f are indicating the fractional contributions from primary and secondary fragments towards the mean mass of 
UMR proxy. 
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fragment, i.e., C3H7N+ (fx = 23 ± 5%) is also contributing (Fig. S3a) 
towards the mean mass of HOA proxy (Fig. 1f). Primary C3H7N+ frag
ment shows the broader peaking at lower diameters, i.e., 264–368 nm, 
non-oxygenated (C4H9

+), and oxygenated (C3H5O+) fragments show 
distinct peaks at 368 nm and 501 nm at MRIU. 

It is interesting to note the size distributions of C4H9
+ at IITD and 

MRIU with previous studies. IITD and MRIU are observed to have size 
distributions of C4H9

+ that peak at Dva 384 and 368 nm, respectively, 
and are higher than the sizes of HOA proxies measured in the other 
ambient environments (Aiken et al., 2008; Alfarra et al., 2007), vehic
ular exhaust (Canagaratna et al., 2004), and water pump engine ex
hausts (Douglas Goetz et al., 2018), i.e., Dva ~100 nm (Canagaratna 
et al., 2004; Douglas Goetz et al., 2018; Qi Zhang et al., 2005b). How
ever, the similar sizes of the C4H9

+ at NCR sites (Dva of 384 and 368 nm) 
and Kanpur (Dva ~350 nm) (Thamban et al., 2019) could be indicating 
that 1) similar HOA sources in these sites of IGP 2) rapid growth of HOA 
due to the condensation of SOA than the other sites 3) possible atmo
spheric processing of some fraction of freshly emitted HOA in NCR sites. 
HOA particles with Dva< 70 nm could not detect well using AMS, hence 
not discussing in the current manuscript. 

To understand more details of the C4H9
+ distributions, it is important 

to understand its interaction with mass fractions of HOA and SFC 

factors. The mass fraction of each OA source is termed as its ‘MF’ 
hereafter in this manuscript. The ratio of MF of HOA to the total SFC 
(SFC1+SFC2) is indicated as HOA/SFC. At MRIU, HOA/SFC increases 
(Fig. S8a) with the increase in the diameter of C4H9

+, contrarily, while 
in the case of IITD, it decreases (Fig. S8b). The prominent size of HOA 
during high SFCs periods could be indicating the condensation derived 
growth of HOA at these periods at IITD. On the contrary, on the high SFC 
period, MRIU shows low diameters, which could be due to the difference 
in atmosphere processing and sources of SFCs at these sites. 

Fig. 2 shows the UMR size distributions of BBOA (m/z 60) and 
LVOOA (m/z 44) proxies and the size distributions of constituting HR 
OA fragments fitted at these UMR proxies at IITD and MRIU. The mode 
of size distributions of m/z 60 (Fig. 2a) at MRIU (420 ± 11 nm) is higher 
than that of IITD (372 ± 13 nm). However, in the case of m/z 44 
(Fig. 2d), both sites have close modes, i.e., 484 ± 15 nm at IITD and 489 
± 12 nm MRIU, respectively. BBOA is generally characterized by the 
distinct fragments of levoglucosan, i.e., C2H4O2

+ and C3H5O2
+ at m/z 60 

and 73, respectively. We have only discussed the size distribution of the 
C2H4O2

+ fragment further in this manuscript. The size distributions of 
C3H5O2+ do not show much difference with C2H4O2

+, and its relative 
concentration is less than C2H4O2

+ (Fig. S15). The UMR BBOA proxy 
(m/z 60) at IITD and MRIU shows predominant contributions from 

Fig. 2. The UMR size distribution of BBOA (a) and LVOOA (d) proxies. Fig. 2b and c represent the HR size distribution at BBOA proxies at IITD and MRIU, 
respectively. Fig. 2e and f represent the HR size distribution at LVOOA proxies at IITD and MRIU, respectively. Y-axis is scaled from PToF to MS. Pie charts at 2b,c,e, 
and f are indicating the fractional contributions from primary and secondary fragments towards the average mass of respective proxies. 
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C2H4O2
+ fragments (fx = 88 ± 4 and 79 ± 3% respectively) and show 

influences from oxygenated organo-nitrate fragments such as CH4N2O+

(fx = 8 ± 2%) and CH2NO2
+ (fx = 20 ± 4%) respectively in its HR peak 

fitting (Fig. S4). The higher fx of CH2NO2
+ and its modal differences with 

C2H4O2
+ at MRIU makes the size distribution of m/z 60 more complex 

there than IITD. 
CO2

+ is a well-known proxy and principal contributing fragment of 
highly aged Low volatile oxygenated OA (LVOOA). The mode of the HR 
size distributions of aerosol CO2

+ is at a Dva of 498 and 501 nm for IITD 
(Fig. 2e) and MRIU (Fig. 2f), respectively, and consistent with the UMR 
LVOOA proxy (m/z 44) distributions at these sites (mode 484 ± 15 nm 
for IITD and 489 ± 12 nm for MRIU). Fig. 2c and f indicate that the UMR 
LVOOA proxy (m/z 44) size distribution measurements can be prone to 
interference up to ~30% due to gaseous CO2

+ detected in the PToF 
mode of AMS. However, the interferences of gaseous CO2

+ are not 
causing a notable change in the UMR size distributions (compared to 
HR) in the present study, hence not discussing in detail. 

In NCR, fragments of hydrocarbons have relatively higher mass 
contributions from lower diameters than that of oxygenated fragments. 
This pattern of hydrocarbon and oxygenated fragments is consistent 
with the previous study at another highly polluted site in IGP (Thamban 

et al., 2019) and agree with the previous studies by (Mohr et al., 2012; 
Q. Zhang et al., 2005) that indicated the smaller diameter peaks for the 
distributions of UMR proxies of primary OA, i.e., COA and HOA than 
oxygen containing secondary OOA proxies. 

Altogether, the mode of the distribution of UMR proxies and the 
constituting HR fragments at MRIU is slightly higher than that of IITD. It 
is interesting to note that the difference in the modes of the distribution 
between primary and secondary fragments is more distinct at MRIU than 
IITD. One of the possibilities of this difference in the modes of average 
distribution between MRIU and IITD can be correlated with the freshly 
emitted OA near the vicinity of IITD, and being a downwind site, MRIU 
receives OA that undergone more atmospheric processing that, in turn, 
can increases its size. However, to understand the size and growth of 
primary and secondary fragments, more careful, detailed examinations 
are required, which is discussed in sections 3.2 to 3.5. “~” is used in the 
following sections of this manuscript to indicate the diameters in a 
whole number and to increase its readability. 

Fig. 3. The diurnal variation of 3-h averaged Mean Modal Diameters (MMDs) of HR species and relative humidity (RH) at (a) MRIU and (d) IITD. Fig. 3b and e 
represent the diurnal variation in the O/C, H/C ratio derived from AMS, and the gaseous concentrations at MRIU and IITD, respectively. The gaseous concentration of 
NOX and Ozone are shown in ppb, and CO is shown in ppm in the y-axis of Fig. 3b and e. Fig. 3c and f indicate the diurnal mass fractions of PMF derived factors. 

N.M. Thamban et al.                                                                                                                                                                                                                           



Atmospheric Environment 267 (2021) 118752

7

3.2. Diurnal trends of mass concentration and MMD of HR organic 
proxies 

Fig. 3 shows 3-h averaged diurnal variations of MMDs of HR ion 
proxies for HOA (C4H9

+), BBOA (C2H4O2
+), SVOOA (C2H3O+) and 

LVOOA (CO2
+), their relationship with the relative humidity (RH), 

elemental ratios, trace gas concentrations and PMF derived OA sources 
at IITD and MRIU. 

Both sampling sites have predominant MF of LVOOA that contribute 
up to ~50–60% during the photochemically active periods (Fig. 3c, f). 
Previously (Aiken et al., 2008) has reported the daytime production of 
OOA species in urban environments. This increase in the mass fractions 
of LVOOA along with the increase in O/C ratio at both the sites indicates 
the production of SOA due to local photochemistry or influx of regional 
OA during boundary layer expansion at the daytime (Lalchandani et al., 
2021; Wang et al., 2020). This daytime SOA production can be corre
lated with the increased daytime concentration of ozone (Fig. 3b) that 
produced due to photochemical reactions (Gaur et al., 2014; Holt, 
1961). The simultaneous increase of the O/C and MF of LVOOA indicate 
the SOA formation and atmospheric aging can be the key mechanism 
that determines the growth of POA at both sites. 

Fig. 3b and c and 3e-f show the diurnal variations of 3-h averaged 
trace gas concentrations, elemental ratios, RH, and PMF derived mass 
fractions of OA sources at two sites. Primary biomass burning proxy 
(C2H4O2

+) (Aiken et al., 2008) shows the daytime growth from MMD of 
~370 (21:00 LT) to ~550 nm (15:00 LT) at IITD. However, this notable 
growth pattern is absent at MRIU, where the MMD of C2H4O2

+ has only 
increased from ~430 (21:00 LT) to ~470 nm (noon). Secondary frag
ments such as C2H3O+ and CO2

+ do not show any visible diurnal pattern 
at MRIU and IITD. 

At both sites, C4H9
+ shows the lowest MMDs at peak emission pe

riods (18:00–21:00 LT). Peak emission periods increase the fresh, 
externally mixed HOA number concentration from cars and motorbikes 
(and due to decreased boundary layer heights). These freshly generated 
HOA doesn’t have enough time to grow due to condensation or coagu
lation and can result in low MMDs. The MMDs can also be affected by the 
operating velocity of vehicles at this peak traffic load period (Yang et al., 
2005). found that Asian four-stroke motorcycle emissions have a 
bimodal distribution with mode below and above Dva of ~100 nm and 
the size distributions of motorcycle emissions shifted to lower diameters 
when they were operating 15–30 km/h (Chien and Huang, 2010) and 
even up to ultrafine ranges when vehicles are operated above idle 
(Douglas Goetz et al., 2018). Similar patterns of low MMDs of C4H9

+ are 
seen at peak emission periods (18:00–21:00 LT) at both the sites. This 
peak emission periods are characterized by the increase in the number 
concentration of BC aerosols (Fig. S14a), increase in NOX concentra
tions, and increase in HOA concentrations (Fig. S1d). The shifting of 
C4H9

+ towards lower diameters can also results from the lower oper
ating velocity of vehicles (due to the increased traffic congestion due to 
peak period near the sampling sites) and the decrease in boundary layer 
heights at these sites. 

During daytime (6:00 LT-18:00 LT), C4H9
+ grows significantly to 

higher diameters such as ~950 nm at noon and ~850 nm at 15:00 LT 
(Fig. 3d) at IITD. This distinct growth pattern around 12:00–15:00 LT is 
absent at MRIU (Fig. 3a) and shows a relatively constant MMD ~410 nm 
till noon of the day that decreases to the minimum MMD at the peak 
emission period. Size distributions (Fig. S6b) at the lowest HOA con
centration period (15:00 LT, Fig. S6a) at both sites indicating that the 
size distributions are not affected by low concentration artifacts. 

Higher MF of HOA (~2.5 fold) and concentrations of NOx (~6 fold) 
at IITD than MRIU indicating that the increased MF of HOA at IITD is 
dominantly contributed from the internal combustion engines (Lanz 
et al., 2007) at the vicinity of IITD at nighttime (Fig. 3b,e). However, 
during the daytime, HOA MF showed contrasting diurnal patterns that 
increased to a maximum value of ~0.13 around noon at MRIU and 
correspondingly decreased to a minimum MF of ~0.05 at IITD that could 

result from the steep decrease in MF of SFC2 factor and the additional 
fresh vehicular emissions from the MRIU campus. The hourly diurnal 
variation in the mass concentration of HOA and NOX (in ppb) at IITD and 
MRIU are shown in the supplementary information S1d. Fig. S1d shows 
that a small morning rush hour peak between 08:00–09:00 LT and a 
sharp peak between 18:00–23:00 LT at both the sites for HOA and NOX. 
High HOA concentration at night-time could result from the lower 
boundary layer and night-time emission from the heavy-duty vehicles 
that are only allowed to enter the Delhi megacity during night-time, 
which is extensively discussed in the companion manuscript (Lalchan
dani et al., 2021). 

Similar to HOA proxy, primary BBOA proxy (C2H4O2
+) is also not 

shown the daytime growth at MRIU, which could be due to the differ
ence in source contribution, lens difference, and atmospheric in
teractions compared to IITD where C2H4O2

+ is grown from ~396 to 553 
nm. The PM2.5 lens used at IITD has an extended transmission efficiency 
towards 2.5 μm and transmits more than 50% of PM2.5 (Williams et al., 
2013) while, the PM1 lens at MRIU has a relatively narrower trans
mission efficiency range (from 70 to 600 nm) (Allan et al., 2003). These 
differences in the lenses will result in underestimating OA’s growth 
above 600 nm at MRIU. 

As discussed in earlier, it shows from Fig. S8 that the BBOA sources 
(SFCs) are interfering with the size of the HOA at both the sites in 
contrasting way and depends much on the sources and atmospheric 
processing of SFCs at these sites. 

To understand the possible origin and travel path OA sources, back- 
trajectory analysis is performed using the HYSPLIT model (v4.1, Hybrid 
Single-Particle Lagrangian Integrated Trajectory) (Draxler et al., 2016; 
Stein et al., 2015) using Global Data assimilation system (GDAS) files 
with 1◦ × 1◦ resolution. The back trajectories were weighted with OA 
sources (derived from PMF) using a concentration weighted trajectory 
(CWT) model to confine the air parcels accountable for high aerosol 
concentrations at the receptor sites. The detailed analysis and method
ology of CWT analysis can be found in Lalchandani et al., 2021. 
CWT-derived plots are shown in Fig. S10. 

CWT plots indicate that HOA is originated locally for IITD and MRIU. 
SFC-1 at both the sites are influenced by the transported air masses from 
the north-west direction and close to the sampling location. Local 
sources contribute to the high SFC-2 concentration at both the sampling 
site. For SVOOA-1, the probable source of high concentration was local 
emissions and the emissions from the north-west direction. SVOOA-2, on 
the other hand, is probably originated from the south-east direction and 
local in origin at IITD, whereas it appears to be originated from the local 
sources and north-west direction at MRIU. LVOOA appears to be origi
nated from the south-east direction and at the proximity of the sampling 
site at IITD, whereas at MRIU, it probably originates from the emission 
from close vicinity and north-west direction. The details of CWT-derived 
interpretations can be found in the companion paper (Lalchandani et al., 
2021). 

3.3. Diurnal trends of MMDs of HR-OA families, inorganics and C4H9
+

Along with the OA proxies, it is important to understand the diurnal 
variations of the MMDs of OA families and inorganic species. Fig. 4a–h 
indicates the diurnal variation in the MMDs of OA families, inorganics, 
and the mass concentrations of amines at MRIU and IITD. At both sites, 
the CH family show distinct diurnal growth pattern (4a and 4e) than 
CHO and CHOgt1 families. The growth of CH family at IITD is more 
prominent (from ~380 (21:00 LT) to ~760 nm (15:00 LT)) than that of 
MRIU (from ~370 (21:00 LT) to ~465 nm (6:00 LT)). Similarly, more 
distinct growth for the CHO family is observed at IITD (from ~400 
(21:00 LT) to ~525 nm (15:00 LT)) than that of MRIU (from ~400 
(21:00 LT) to ~480 nm (06:00 LT)). CHOgt1 family shows a lesser 
growth than CH and CHO family at both sites. Along with these CH and 
CHO families, it is interesting to see the growth of amine families (CHN 
and CHON families) at both sites. CHN family grows from ~521 (21:00 
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LT) to ~860 nm (15:00 LT) at IITD and from ~370 (21:00 LT) to ~480 
nm (noon) at MRIU. Similarly, at IITD, CHON shows a prominent growth 
from ~464 (midnight) to ~730 nm (15:00 LT) at IITD and a lesser 
distinct growth from ~400 (midnight) to ~455 nm (noon) at MRIU. 

Fig. 4d and h indicate the diurnal MMD variation of inorganic anions 

and cation for MRIU and IITD, respectively. In the case of inorganics, 
chloride has shown a prominent growth at IITD (Fig. 4h) (from ~490 
(21:00 LT) to ~950 nm (15: 00 LT)) than that of MRIU (~380 (18:00 LT) 
to ~610 nm (12:00 LT)) (Fig. 4d). Nitrate (NO3

− ), an SVOOA proxy, also 
shows a notable growth from ~400 to ~650 nm at IITD (Fig. 4h) than 

Fig. 4. Diurnal variations of MMDs of various organic families, C4H9
+, inorganics (anions and cation), and the mass concentrations of organo-nitrate families at 

MRIU and IITD. The diurnal MMDs variations of organic families, C4H9
+, and inorganics at MRIU (a,b, and e respectively) and IITD (e,f, and h respectively). 4(c) and 

(g) indicates the 3-h averaged mass concentration of organo-nitrates at MRIU and IITD, respectively. 
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that of MRIU, i.e., ~430 (21:00 LT) to ~550 nm (Fig. 4d). Other sec
ondary inorganics such as NH4

+ and SO4
2− do not show observable 

growth at both sites. It is interesting to see the growth of primary 
emitting chloride, similar to that of C4H9

+ at both the sites. The semi- 
volatile nitrate (NO3

− ) fragments also show growth from ~420 to 
550 nm and ~400–650 nm at MRIU and IITD, respectively. Regionally 
transported sulfate (SO4

2− ) shows the least variation of MMD at both 
sites. We speculate a significant fraction of ammonium (NH4

+) can be 
regionally transported as it shows least variation of MMD at both sites. 

It is seen that the diurnal growth pattern of HOA (C4H9
+) is corre

lated well with the growth pattern of the families of hydrocarbon (CH 
family, Fig. 4a and e), primary and secondary amines (CHN and CHON 
families, Fig. 4b and f) and inorganic chloride (Fig. 4d and h) at both 
sites. As seen in earlier discussions, the growth of HOA with OA families 
and inorganics are less prominent at MRIU, especially at PAP due to the 
previously discussed reasons. The similar diurnality of MMDs of CH 
family and HOA at both sites indicate that all the hydrocarbon fragments 
show a similar growth pattern despite their complex sources. The con
current increase in the MMDs of the families of CH, amines (CHN, 
CHON), chloride, and HOA indicates that species are internally mixed at 
both sites in NCR during their atmospheric evolution. 

Additionally, the sizes of OA proxies and families are compared with 
the ambient temperature to understand their interactions. At IITD, it is 
found that the sizes of HOA and OA families are positively correlated 
with the temperature. However, such a positive correlation is not seen at 
MRIU (Fig. S11). As the SOA formation can primarily cause these 
growths at IITD at noon period (which is also characterized by high 
ambient temperature), the sole effects of temperature on OA and fam
ilies size cannot be determined in the present manuscript. Additionally, 
the temperature at which 50% of the mass remains for a given OA 
component (T50) is generally high for OA (Cappa and Jimenez, 2010). 
identified at T50 value range from ~100 ◦C to ~225 ◦C for volatile 
components of OA. Another study (Huffman et al., 2009) identified the 
average T50 of 102–107 ◦C for OA, 133–154 ◦C for LVOOA, 85–94 ◦C for 
HOA, 87–92 ◦C for SVOOA. As these temperatures are well above the 
sampling temperature, a consistent correlation between the size and 
temperature cannot be achieved at the sampling sites. 

3.4. Size resolved aerosol neutralization ratio (ANR) 

Aerosol neutralization ratios (ANRs) that represent the normalized 
molar ratio of NH4

+ concentration measured to the NH4
+ concentration 

needed for the complete neutralization of anions are calculated at IITD 
and MRIU to identify the degree of stoichiometric neutralization of 
measured aerosols (Chakraborty et al., 2015; Thamban et al., 2019; Qi 
Zhang et al., 2007). This ANR indicates the extent of the acidity of 
aerosols (Qi Zhang et al., 2005a). Acidic atmospheric aerosols are more 
hygroscopic than their neutralized forms and show a positive correlation 
with the atmospheric water content (Qi Zhang et al., 2007). It is 
important to note that the analysis performed in this section is based on 
the ion ratios, which are not a direct measure of aerosol acidity. 

Size-resolved mass concentrations of ammonium (NH4
+), nitrate 

(NO3
− ), sulfate (SO4

2− ), and chloride (Chl− ) are calculated from the HR- 
PToF analysis, that further scaled to PIKA fitted MS mode mass con
centrations of these inorganic species. ANRs are calculated by assuming 
that the only cation that neutralizes the anions is NH4

+ (Chakraborty 
et al., 2015), which is formed from the gas phase ammonia (NH3) that is 
generated during agricultural activities (Weber et al., 2016) and gaso
line vehicles (Elser et al., 2018) that are regional or local. It is important 
to note that the other cations, such as magnesium, potassium, sodium, 
and calcium, can also contribute to aerosol neutralization. A previous 
offline filter-based study by (Pant et al., 2015) found metals like Cu, Zn, 
Pb, Cd, and As in the atmosphere of Delhi megacity. In a recent study 
(Rai et al., 2020), analyzed the real-time measurement of elemental 
composition during the winter period at IITD, which found that most of 
the metallic ions contribute to coarse mode PM10 particles (aerodynamic 

diameter less than 10 μm). Another study (Rai et al., 2021) has found the 
PM10 concentration at IITD is significantly higher than the cities like 
Beijing, Krakow, and London. As most of these metallic ions contribute 
to coarse mode particles, our assumption of dominant neutralization 
from ammonium is reasonable. 

Diurnal mean and standard deviations of ANRs that derived from the 
peak fitted HR-MS inorganic species show that the aerosols at MRIU are 
more neutralized than that of IITD (Fig. 5a). This neutralized pattern at 
MRIU is more dominant during photochemically active periods (PAPs, 
Fig. 5a) and observed to have a higher midnight ANR variability. This 
midnight variability could have resulted from the difference in the in
dividual inorganic species contribution towards the total PM1 mass at 
this peak hour. IITD contrarily shows an ANR less than one, indicates 
that the aerosols are not completely neutralized and are acidic, which, in 
turn, can affect the aerosol’s growth pattern there. Both MRIU and IITD 
show a relative increase in the ANR values during the daytime that 
peaked around noon that indicates the increased neutralization at this 
period (Fig. 4a). 

To understand the size-dependent contributions of aerosols towards 
these ANRs, we have calculated size-resolved ANR (Qi Zhang et al., 
2007) at these two sites (Fig. 5b and c) from a dva of ~100 nm–1200 nm. 
The ANRs at bins below MBDs of 108 and 118 nm at IITD and MRIU 
respectively and above 800 nm at both sites have not been used for the 
discussion here due to their 1) low S/N ratios in these lower bins and 2), 
to have a better comparison of ANR variations over the similar size 
range. Diurnal bin-wise increase in ANR is more distinct at IITD that 
shows a clear increase during PAP. This distinct increase of bin-wise 
ANR values during PAP is absent in the case of MRIU and show a 

Fig. 5. 3-hour averaged size-resolved aerosol ANRs at two sites using high- 
resolution data. (a) Indicates the diurnal aerosol acidity from MS data (b) 
and (c) indicate the size-resolved aerosol acidity from HR-PToF data at MRIU 
and IITD, respectively. 
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uniform bin-wise ANR values throughout the day. The lower diameter 
particles with MBD less than 177 nm are not completely neutralized and 
acidic, while the higher size particles (>177 nm) are generally 
neutralized at MRIU (Fig. 5b). It is important to note that the increase in 
ANR during 12:00–15:00 LT in the size bin with MBD of 118 nm at MRIU 
is mainly due to the low molar concentrations of chloride and nitrate, 
which is well neutralized by the high molar concentrations of ammo
nium during these afternoon periods (Fig. S14b). However, in general, 
this size-dependent variation in acidity is not present at IITD (Fig. 5c) 
that observed to have higher, uniform acidity over a broader size range 
of aerosols (Dva~200–800 nm). At IITD, high acidity in aerosols 

promotes the acid-catalyzed SOA productions (Qi Zhang et al., 2007) 
over the broader size bins. These SOA productions lead to an increase in 
the hygroscopicity of aerosols (Jimenez et al., 2009), which makes the 
IITD environment more growth-promoting than MRIU. The represen
tative size distributions of the stacked molar concentration of anions 
with the neutralizing cations (solid lines) indicating that the aerosols are 
not neutralized in midnight as well as noon at IITD (Figs. S7c and d), 
while in case of MRIU, these anions are neutralized with the counter 
cations (Figs. S7a and b). Additionally, the apparent overnight acidity 
can have interference from the 1) uncertainties and biases in relative 
ionization efficiencies (RIE) 2) organonitrates and organosulfates. 

Fig. 6. Variation in the mean modal diameters (MMDs) of organic proxies, inorganics, and organic families with respect to the increase in the mass fraction of 
secondary organic aerosols (SOA). The variation of MMDs of organic proxies, inorganics, and organic families are shown in Fig. 6a, b, and 6c for MRIU, and 6 d, 6e, 
and 6f for IITD, respectively. 
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3.5. Interactions of the sizes of OA sources, families, and inorganics with 
the mass fraction of SOA 

To understand the bin-wise growth mechanism of OA and inorganics 
better, the SOA mass fraction is plotted against the sizes of these species 
at each site (Fig. 6a–f). Sum of the MFs of secondary PMF factors 
(SVOOA-1, SVOOA-2, and LVOOA) are used to calculate the SOA mass 
fraction (MFSOA). The MMDs of HR OA proxies, families, and inorganics 
over a 0.1 increment in the MFSOA is termed as MMDSOA at each site 
(Fig. 6a–f). 3-hour averaged MFSOA is binned at a step size of 0.1 and 
arranged in ascending order at IITD (from 0.2 to 0.9) and MRIU (from 
0.1 to 0.9) and is compared with the corresponding MMDSOA of OA 
proxies, families and inorganics. To understand the growth, the MMDSOA 
of these species corresponds to an increase in MFSOA from minimum to 
maximum value are discussed in the following section. 

At both sites, the MMDSOA of the primary OA proxies such as C4H9
+

and C2H4O2
+ show an increase in size with the increase in MFSOA 

(Fig. 6a (MRIU) and d (IITD)). HOA proxy, C4H9
+, grows more distinctly 

at IITD (from an MMDSOA ~330–~990 nm) than that of MRIU (from an 
MMDSOA ~260–~370 nm), corresponds to an increase in MFSOA from 
minimum to a maximum value. Similarly, biomass proxy (C2H4O2

+) 
shows a notable growth (from ~335 to ~550 nm) at IITD than that of 
MRIU (~370–~470 nm). This positive correlation between MFSOA and 
MMDSOA is not seen in the case of secondary HR proxy fragments such as 
C2H3O+ and CO2

+, indicating that the sizes of these proxies were not 
affected by the increase in MFSOA. 

Inorganic chloride shows significant growth at both the sites 
(~330–620 nm at MRIU and ~354–900 nm at IITD) that followed by 
nitrate (~420–500 nm at MRIU and ~350–650 nm at IITD) and 
NH4

+(~380–490 nm at MRIU and ~390–470 nm at IITD), (Fig. 6b and 
e). The growth of organic families corresponds to the increase in MFSOA 
at both sites is shown in Fig. 6c, and f. All organic families show growth 
corresponds to an increase in the MFSOA from minimum to maximum. 
Among these, CH, CHO, CHN, and CHON families show more distinct 
growth than other organic families. Growth of these organic families 
corresponds to the minimum to maximum MFSOA are CH (~370–430 nm 
at MRIU and ~340–790 nm at IITD), CHO (~370–440 nm at MRIU and 
~374–540 nm at IITD), CHN (~370–460 nm at MRIU and ~420–880 
nm at IITD) and, CHON (~330–460 nm at MRIU and ~400–730 nm at 
IITD). 

Growth of the primary OA proxies, families (CH, CHO, and amines) 
and inorganic species provide new insights towards the growth of the 
primary non-refractory species in NCR. The simultaneous growth of 
HOA (C4H9

+) with CH, amines, and chloride indicate that most of these 
aerosols follow a similar evolution mechanism in the atmosphere, that 
promotes the internal mixing of these species during some phase of their 
evolution. We have tried to quantify the approximate growth rate of 
organic and inorganic species at NCR in accordance with the increase in 
MFSOA. The growth rates of species are discussed here as the growth rate 
in nm per 10 percentage increase in MFSOA and indicated as GR10. The 
GR10 for different species is discussed for MRIU and IITD, respectively, 
in the following discussion. Among various species, HOA (GR10~ 13 and 
93 nm), BBOA (GR10~ 12 and 31 nm), chloride (GR10~ 35 nm and 80 
nm), Nitrate (GR10~ 10 nm and 42 nm), CH family (GR10~ 8 nm and 64 
nm), CHO family (GR10~ 8 nm and 24 nm), CHN family (GR10~ 11 nm 
and 66 nm) and CHON family (GR10~ 16 nm and 47 nm) show distinct 
growth with MFSOA. 

The growth patterns of OA species and inorganics are correlated with 
their possible mixing state at two sites in NCR. At both NCR sites, POA 
proxies show distinctly different diameters with CO2

+ (Fig. 3a and d) at 
peak emission period (18:00–21:00 LT), indicate that the aerosols are 
externally mixed. The concurrent growth of HOA with CH and amine 
families and chloride at both sites indicate their internal mixing in NCR. 
As discussed in earlier sections, the growth-promoting factors at IITD, 
such as higher vehicular intensity and heterogeneity, acidity, RH, and 
lens diameter than that of MRIU promote the growth of aerosols 

distinctly there. The evolution of the size of the fine OA and inorganics 
show that they significantly depend on the SOA MF at IITD and MRIU. 

A major part of the growths of HOA at NCR sites can be explained by 
the considerably high condensable species concentrations in IGP sites 
such as Delhi (Kulmala et al., 2005) and Kanpur (Kanawade et al., 2014) 
when compared to the less polluted environments. Also, anthropogenic 
emissions add to the condensation sink. In IGP, this condensation sink 
from pre-existing particles is known to suppress particle nucleation 
(Kanawade et al., 2014). This indicates that the OOA condensation 
significantly determining the particle growth at MRIU than in IITD. At 
IITD, along with OOA condensation, coagulation (Gani et al., 2020) and 
the introduction of higher diameter HOA at the vicinity is contributing 
to the shifting of HOA towards the higher diameter in the daytime. 

Along with condensation, coagulation is also an important growth 
driving mechanism in Delhi megacity (Gani et al., 2020). found that the 
rapid coagulation of ultrafine particles is prominent during periods with 
high accumulation mode particle concentrations. One-hour coagulation 
scavenging removes ~10% of 100 nm diameter particles present 
initially. The coagulation sinks for ultrafine particles in Delhi is ~ 20 
times larger than a clean city like Helsinki. In polluted periods, when 
prominent concentrations of particles are in accumulation mode (which 
results in high surface area concentrations), the concentrations of ul
trafine particles are suppressed by the rapid coagulation sink (Gani 
et al., 2020). 

4. Conclusions 

NCR receives OA and inorganics from complex sources with different 
atmospheric processing. The climatological interferences of these fine 
particulate matter (PM) in NCR is significantly depending on their 
evolution in size and composition. In the present study, we have applied 
the recently reported HR-PToF analysis at two sites in NCR, to meticu
lously understand the size evolutions of fine particulate matter and the 
factors that influence it. 

Our study finds that the Primary and secondary OA proxies show 
distinct diurnal growth at both sites in NCR, and secondary OA proxies 
do not show notable variations in the MMDs. At both NCR sites, amines, 
chloride, and hydrocarbon like OA (HOA) show similar diurnal growth 
and possibilities of internal mixing. 

HOA, families of hydrocarbon (CH), and amines and chloride grow 
prominently up to a diameter of ~900 nm during the photochemically 
active period at IITD. The growth of HOA significantly depends on the 
HOA/SFC ratio at both sites. 

Sampling sites in Delhi show a significant difference in size-resolved 
acidity that contributes towards the distinct growth of species there. 
Aerosols at MRIU is more neutralized (Acid Neutralization Ratio (ANR) 
~1) than that of IITD (ANR ~0.75). Secondary OA (SOA) significantly 
promotes the growth of primary OA sources, OA families, and inorganics 
such as chloride and nitrate. For 0.1 (MF) increase in SOA, the sizes of 
HOA, chloride, primary CH family and amines (CHN family), and sec
ondary amines (CHON family) are increased by ~93, 80, 64, 66, and 47 
nm at IITD and ~14, 35, 8, 11, and 16 nm at MRIU respectively. 
Condensation of SOA can be the key growth mechanism at both sites of 
NCR. 

Our study indicates the prevailing local conditions of high vehicular 
density and heterogeneity, and the presence of growth-promoting fac
tors such as acidity and RH conditions significantly affect the growth of 
fine particulate matter there. Models need to incorporate this change in 
the growth patterns due to the prevailing local conditions for the better 
prediction of atmospheric evolution. 
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