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Delhi is one of the most polluted regions in the world, yet studies focusing simultaneously on atmospheric aerosol
particle size distribution (PSD) and chemical composition, as well as their inter-relationship, are still lacking.
Additionally, the high condensation sink (CS) in Delhi has drawn less attention to new particle formation (NPF)
and the role of chemical composition. This study explored the intricate interplay among particle size distribution,
meteorology, and chemical composition within the atmospheric environment of Delhi. Our findings reveal
pronounced seasonal variations in the particle number and mass concentration levels following variations in
atmospheric conditions and emission sources across different seasons. Furthermore, we identified condensation
sink as a primary factor governing the NPF, with no NPF event observed when daytime CS was above 0.06 s7%.
While precursors such as H,SO,4 and NHz were abundant, they did not appear to be limiting factors for NPF.
However, due to the lack of direct measurements of sub-10 nm particles and precursor gases such as H,SOy,
amines, and organic vapours, the conclusions regarding the role of chemical precursors remain speculative.
Furthermore, on days with comparable condensation sinks, the chemical composition exhibits no significant
variation between NPF and non-NPF days, with organics contributing to about 50% of the PM, s, emphasizing
the dominance of physical processes. Our observations highlight the critical influence of relative humidity on
particle formation, with higher atmospheric liquid water content inhibiting NPF. Additionally, we investigated the
simultaneous time variations in PSD and mass composition of PM,s, revealing significant mass composition
variations during the first (daytime) and second (night-time) growth. Notably, during the daytime growth of
nucleated particles, increases in sulphate and low volatile oxygenated organics suggest the involvement of
sulphuric acid and oxidized vapours in early particle growth. However, the unclear relationship between the

growth rate and chemical composition reveals the complexity of new particle formation in polluted
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Accepted 21st October 2024 environments such as Delhi. While PM, s composition offers insights into growth processes, its relevance to

nucleation-mode particles is limited. Thus, this study further emphasizes the need for sub-10 nm PSD and
DOI: 10.1035/d4ea00114a precursor gaseous measurements to seek a better understanding of NPF in a high CS environment in the Global
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Environmental significance

New Particle Formation (NPF) is typically suppressed in polluted urban environments due to the high concentrations of preexisting particles, which act as a condensation
sink (CS) for gaseous precursors. However, NPF events are still observed in places such as Delhi. In this study, we combined one year of particle number size distributions
and PM, 5 chemical composition data to explore the factors influencing NPF in Delhi. Although some studies propose that the chemical composition of particles affects the
CS by altering particle hygroscopicity and the contact angle, our findings suggest that chemical composition was not a significant factor. Instead, we found that variations
in relative humidity (RH) influenced aerosol liquid water content (ALWC), which played a crucial role in either promoting or inhibiting NPF events. This highlights the
variability among different polluted environments, where meteorological conditions, particularly RH, can significantly influence the occurrence of NPF events.
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mechanisms of pollution in Delhi, the primary focus is either
the chemical or physical aspects of source PM, 5. Numerous
studies in Delhi have focussed on the seasonal variations and
source identification of PM, 5 mass composition and how these
different components contribute to pollution levels in Delhi.'”®
A few studies have also investigated the seasonal and diel
variations of particle number size distribution (PNSD) in
Delhi.*” These studies reported significant seasonal variations
in the particle number concentration and size distribution,
following variations in PM, 5 mass concentrations, emphasizing
the effect of variations in meteorological conditions and emis-
sion sources. However, the observed variation in the particle
number and mass concentrations between different seasons
was not proportional, indicating that physical processes such as
coagulation and condensation sink influence the intricate
interplay between the particle number and mass
concentrations.

A critical gap remains in understanding the complex inter-
actions between the physical and chemical properties of
submicron particles. In particular, new particle formation
(NPF), the dominant pathway of gas-to-particle conversion, is
defined as the formation of cluster mode particles and their
subsequent growth to stable sizes in the atmosphere. New
particle formation in Delhi is less understood because NPF is
heavily influenced by the concentration of pre-existing aerosol
particles.*** High concentrations of pre-existing aerosol parti-
cles serve as a condensation sink (CS) for gaseous vapours,
potentially leaving fewer vapours available for new particle
formation. Even if clusters are formed and grow beyond the
critical size and become stable against evaporation, their
survival is still primarily determined by coagulation scavenging
by existing particles. Consequently, NPF has less significance in
contributing to pollution levels in Delhi compared to other
factors, leading to less focus and fewer studies on NPF in the
city. Despite this, NPF events have been documented in Delhi,
especially during the spring and summer, even when CS values
are theoretically too high for NPF to occur.”** This paradox
suggests that factors beyond simple condensation, such as the
physical state, morphology, and chemical composition of
particles, play a significant role in the NPF process. These
studies have investigated the variation of factors such as the
sulphuric acid concentration, CS, and meteorological parame-
ters between NPF and non-NPF days. Although there has been
progress in general knowledge, there is still a lack of certainty
regarding the extent, variability, and even the direction of the
effects of these variables. Factors such as the chemical
composition of existing particles can impact the effectiveness of
CS by altering properties such as hygroscopicity and the contact
angle for heterogeneous nucleation." A recent study in Beijing
explored the effect of chemical composition on CS and observed
a marked difference in chemical composition between NPF and
non-NPF event days for the same CS range."” Understanding the
role of meteorological and atmospheric variables and the
chemical composition of existing particles in the mechanisms
of NPF under real atmospheric conditions, particularly in urban
environments such as Delhi, remains uncertain.
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Furthermore, some studies have used simultaneous chem-
ical composition and PNSD to understand particle growth, but
these have predominantly focused on night-time or nocturnal
growth. For example, Sarangi et al'® observed night-time
particle growth during the summer, attributing it to high rela-
tive humidity (RH) and stable atmospheric conditions that
enhance the condensation of vapours. High concentrations of
trace gases such as NO, and SO, and particulates such as SO,
and NO; characterized these growth events. Mishra et al.'®
examined nocturnal particle growth during winter, finding that
low temperatures and high RH at night drive the rapid
condensation of organic vapours from biomass burning.
However, the specific species responsible for the formation and
growth of the nucleation mode of particles during the daytime
have not been investigated.

In this study, we investigated the seasonal variations in
particle number concentrations in Delhi, correlating these
changes with atmospheric conditions and emission sources.
We focused on evaluating the role of CS in NPF and the overall
behaviour of particle size distribution (10-1000 nm), identifying
CS as a primary factor influencing NPF. We examined the
availability and impact of chemical precursors, such as sulfuric
acid (estimated through proxy), ammonia, and SO,, on NPF
across different seasons, determining their significance relative
to physical processes. Furthermore, we investigated the chem-
ical composition of existing particles, analysing how variations
in chemical composition affect the CS and, consequently, NPF
processes. In tandem, we assessed the influence of RH and
atmospheric liquid water content (ALWC) on NPF, particularly
regarding the inhibitory effects of higher ALWC. Additionally,
we analysed temporal variations in particle size distribution
and the PM, s mass concentration to indirectly identify the
broader sources of vapours that may play a role during different
stages of particle growth. The enhancement in sulphate and low
volatile oxygenated organic fractions during daytime growth
suggests the probable role of sulphuric acid and oxygenated low
volatile organics in the initial daytime growth of newly formed
particles. By exploring the relationship between particle growth
rates and chemical composition, we aimed to unravel the
complexities of NPF in Delhi.

2. Materials and methodology
2.1 Instrumentation and data acquisition

The sampling was conducted inside the campus of the Indian
Institute of Technology Delhi (IITD) in the southern part of
Delhi. This site has been acknowledged as an urban back-
ground representative and utilized as a sampling location in
various previous studies.**'** More details about the sampling
site are given in S1.f The sampling period comprised two
winters: January 2022 to mid-February 2022 and December 2022
to mid-January 2023, spring: mid-February to March 2022,
summer: April to June 2022, and autumn or post-monsoon:
mid-October to November 2022. A scanning Mobility Particle
Sizer (SMPS) (GRIMM SMPS + C 5416) was deployed to measure
the submicron size distribution ranging from 10 to 1000 nm at
a 4-minute resolution. An SMPS has a neutralizer, an extended
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differential mobility analyser (DMA), and a butanol-based
condensation particle counter (CPC). The real-time measure-
ments of non-refractory (NR-PM,;) chemical components
(organics, SO4>~, NO;~, NH,*, and Cl") were obtained in situ
using an Aerosol Chemical Speciation Monitor (ACSM) at a time
resolution of 10 minutes. An aethalometer (AE33) was used to
measure refractory black carbon (BC). The details about
instrument operation and calibrations are provided in ESI
Section S2.1 The measured PM, s concentrations (comprising
NR-PM, ;5 and BC) agreed well with the mass concentrations of
PM; calculated from particle number size distributions
(PNSDs). This indicates that the instruments used for these
measurements operated reliably and consistently. More details
about the density used and mass closure are given in ESI
Section S3.t

The measurements of concentrations of PM, s and gases
such as CO, NO, NO,, SO,, NH;, and O; were sourced from the
closest CPCB station - the Pollution Control Committee (DPCC)
monitoring station situated at RK Puram approximately within
a 2-kilometre radius of the sampling site. Temperature, relative
humidity (RH), wind speed (WS), and wind direction (WD) were
measured at the sampling site.

Aerosol liquid water content (ALWC) was estimated using the
thermodynamic model ISORROPIA 11, and the details are given
in ESI Section S4.T Source apportionment of organics measured
from ACSM was performed using positive matrix factorization
and is explained in ESI Section S5.7

Additionally, planetary boundary layer height (PBLH) data
were obtained from the National Aeronautics and furthermore,
data on planetary boundary layer height (PBLH) are sourced
from the National Aeronautics and Space Administration
(NASA) meteorological reanalysis dataset, MERRA2, which is
accessible through the NASA Goddard Earth Sciences Data and
Information Services Centre (GES DISC) website (https://
gmao.gsfc.nasa.gov/reanalysis/MERRA-2/). The global
radiation data for Delhi was obtained from the European
Centre for Medium-Range Weather Forecasts ECMWEF-ERA5
reanalysis dataset. All times mentioned in this study are local
(LT) and recorded in Indian Standard Time (IST), correspond-
ing to GMT + 5:30.

2.2 Size-resolved particle concentrations

Wide-range particle size measurements have been grouped into
five modes: (a) cluster mode, (b) nucleation mode, (c) Aitken
mode, (d) accumulation mode, and (e) coarse mode. Cluster
mode represents the particles of the smallest size range (1-3
nm), which is not covered in this study due to instrument
limitations. Nucleation is the next mode, which has been
described as particles with sizes below 15 nm, 20 nm, 25 nm, or
30 nm.**** In this study, we have used the most common
classification of particle size distribution into three modes:
nucleation (10-25 nm), Aitken (25-100 nm), and accumulation
(100-1000 nm). The nucleation and Aitken modes constitute the
ultrafine mode (10-100 nm). It is important to note that the
minimum detection limit in our instrument is 10.55 nm.
Because PNSD follows a log-normal distribution, a significant
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number of nucleation mode particles below the size of 10.55 nm
are not measured in this study; the actual PN concentration of
nucleation mode will be higher than that reported.

2.3 NPF identification

We plotted the particle size distribution with time as a heatmap
plot, with D, on the y-axis, time on the x-axis, and normalized

particle concentration ( ), represented as a function of

d log Dp
colour intensity on the heatmap. To identify NPF events, we
used the following criteria given by Dal Maso et al.** and Kul-
mala et al.*®

(1) First, a sudden burst or high concentration of nucleation
mode particles (<25 nm) should be observed at any time and
persist for several hours. The time at which burst, or onset
occurs usually marks the start of the NPF event.

(2) This onset of the high concentration of nucleation mode
particles should show subsequent growth to larger sizes, and
the growth should persist for more than 2 hours.

In addition to these two features, Delhi being a polluted city
with the continuous influence of traffic and other primary
emissions, we plotted temporal variation of primary species,
such as BC, NO, and CO, to exclude primary emissions as the
source of nucleation mode of particles.”®* We also examined
the temporal variations of various PNC modes, observing that
a simultaneous variation in the concentration of all modes may
indicate shifts in meteorological conditions or emissions.
Furthermore, when the particle growth rates in an NPF event
can be accurately estimated from the temporal evolution of
PNSDs, we categorized it as a ‘“Type I’ event; otherwise, it is
categorized as a Type II event. More details are provided in ESI
Section S6.F

We acknowledge that the absence of sub-10 nm PNSD data
limits our ability to fully distinguish nucleation events from the
growth of primary emissions. Future studies should incorporate
sub-10 nm measurements and additional precursor gases to
provide a clearer distinction between these processes.

2.4 Condensation sink (CS)

Condensation sink (CS) quantifies the rate at which vapour
molecules condense onto existing aerosols. CS is calculated
using the following relationship:*®

CS = 27Dyapy_BmD,N (1)

where N and D, represent the number concentration and
diameter of the particles, respectively, and D,,, is the diffusion
coefficient of condensing vapour. We used the following rela-
tionship to determine Dy,p:***

M'irq + MV' -
Dy = 0.001 x T'7 - il

3 (2)
1
+D x,vapE

W=

P Dx,air
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for T =293 K and P = 1 atm. Dy ;"> and Dy, are the
effective sizes of the air and the vapour molecules, respectively,
and M,;, and M, are the molar masses for air and diffusing
vapours, respectively.

The Fuchs-Sutugin correction factor (8y), also known as the
transitional correction factor, is computed according to the
following formula:**

1 +K,
14+ (—40.377 | K, + —K,>
3a 3a
where K, is the Knudsen number, which is calculated as:
K, =2\n/D, (4)

where 1., is the mean free path of the vapours and « is the mass
accommodation coefficient that describes the probability that
avapor molecule or cluster will stick to a particle upon collision.

While calculating the CS, it is usually assumed that the « is
equal to one, and sulfuric acid is typically considered the
condensing vapor due to its low vapor pressure under typical
atmospheric conditions. Additionally, evaporation is often
considered negligible, making the effective condensation sink
(CSefr) equal to the CS, and the CS represents the total vapor loss
rate. Furthermore, the CS will depend on the properties of
condensing vapour, such as molecular mass. Suppose the
properties of the condensing vapor for CS calculation are
assumed to be those of sulfuric acid. In that case, the loss rate of
the vapor will be overestimated in the case of high molecular
mass organic vapours. The uncertainties arising from these
assumptions while estimating CS were discussed by Tuovinen
et al.*

2.5 Growth rate

The apparent growth rate (GR) of new particles was calculated

using the formula:

AD,
At

GR = (5)
where AD, represents the increase in the geometric mean
diameter of the nucleation mode. At is the duration for the
growth of new particles (from the start to the end of an NPF
event) (Fig. S87).

In analysing atmospheric particle size distribution, multiple
log-normal distribution functions were employed to fit the
PNSD data measurements from SMPS.** Furthermore, we only
measured particles larger than 10 nm, potentially under-
estimating nucleation mode particles. Our study lacks data on
sub-10 nm, which can lead to uncertainties in growth rates.
Including the full nucleation mode range and addressing
uncertainties in growth rates can enhance our understanding of
NPF.

2.6 Apparent (/o) and real nucleation (J; ;) rates

The critical cluster size is about 1.5 nm.***” The real nucleation
rate (/;.5) was estimated from J;, values using the method by
Kerminen and Kulmala.®®
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Jis =J _—— 6
15 10 €Xp Lﬁo dis } (6)
where the factor 7 is given by
_ ~vCS’
= GR (7)

where v is assumed constant at 0.23 m?> nm? h™' and CS' is

condensation sink in the units of m 2

. v may vary with the
shape of the initial particle size distribution, the initial size and
density of the nuclei, and the surrounding pressure and
temperature.*®

The apparent formation rate (J;,) was estimated using the
method described by Kulmala et al.>® and has been explained
in ESI Section S7.7 The estimation of nucleation rate J; 5 based
on eqn (6) has significant uncertainties. The assumption of
constant growth rates from 1.5 to 25 nm (i.e., GR = GR; 519 =
GR;y ,5) introduces uncertainties.**** The growth rate may be
more pronounced in smaller particles, while different
condensable vapours, such as organics, become relevant in
larger particles due to the Kelvin effect.® Additionally,
neglecting intermodal coagulation could lead to an underes-
timation of J; 5. The assumptions and uncertainties related to
this method were discussed in detail by Kerminen and
Kulmala.*®

2.7 H,SO, proxy

Sulphuric acid is widely recognized as the predominant nucle-
ating agent due to its low vapor pressure under typical atmo-
spheric conditions and its tendency to interact with various
crucial atmospheric compounds through hydrogen bonding.
Our study lacks direct measurements of the concentration of
sulphuric acid in air. In order to determine the atmospheric
concentration of sulphuric acid (in molecules per cm®) while its
production and loss rates are in the steady state, we employ the
following proxy relationship:**

CsS

HZSO4 proxy — _i
3

2
+ (CS) 4 189 (kyGlobRad + k,[Os]alkene])

2k; ks
(8)

GlodRad: global radiation (W m™?) correlates well with ultravi-
olet B (UVB) radiation,”* which is a good proxy for the OH
concentration.*®*” CS: condensation sink, which represents the
rate of loss of H,SO, molecules due to existing particles. k;: the
coefficient for H,SO, production from the reaction between SO,
and OH radicals during daytime. k,: the coefficient for H,SO,
production from the ozonolysis of alkenes, predominantly at
night. k;: the clustering coefficient, representing the rate of
H,SO, loss due to cluster formation. SO,: the concentration of
sulphur dioxide (molecules per cm?).

In our case, we do not have the alkene concentration, and
oxidation of SO, through OH is the dominant pathway during
daytime, so we only estimate the daytime H,SO, concentration.
Furthermore, we used the previously determined values for ;,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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k», and k; from Beijing, which are 2.0 x 1075, 1.5 x 1072, and
7.0 x 107°, respectively.*> More details and other proxies are
given in ESI Section S7.}

3. Results and discussion
3.1 Aerosol PNC characterization

3.1.1 Seasonal variation. Seasonal variation in emission
sources, meteorological conditions, and atmospheric processes
leads to subsequent variations in particle size characteristics.
This section discusses the seasonal variation of the number
concentration of total and size segregated modes (nucleation,
Aitken, and accumulation). The average number of total and
different modes in different seasons are given in Table S1, and
the descriptive analysis is shown in Fig. 1. The average total
particle number concentration during the study period was 3.48
x 10* em . The highest concentration of total particles was
observed in the winter season, with an average concentration of
4.11 x 10* em™>. In contrast, the lowest concentration was
observed in summer, with an average concentration of 2.53 x
10* ecm™>. The post-monsoon and spring seasons marked
average concentrations of 3.92 x 10* cm > and 3.57 x 10* cm >,
respectively. The variation in total PN levels across seasons
follows the seasonal variation of the PM, 5 mass concentration,
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though not in a direct proportion (Fig. S9t). For instance, while
the PN levels in winter are less than two times those in summer,
the PM, s levels in winter are more than three times the summer
levels.

The variation in the number and mass concentration across
different seasons can be attributed to the difference in emission
sources, meteorological parameters and atmospheric processes
that govern them. Fig. S101 shows the diel variation of meteo-
rological parameters during different seasons. As evident from
these plots, seasonal variations of the particle number
concentration closely follow the variations in meteorological
parameters such as PBLH, RH, T, and WS. Low PBLH, WS, and T
during winter make conditions unfavourable for the dispersion
of pollutants. The average number of concentrations reported
in this study is similar to the earlier reported observations,”
covering winter, summer, and post-monsoon (autumn) periods.
However, the average PN concentration levels reported in
a previous study® based on measurements from 2017-1018
during winter (52.5 x 10* em™), spring (49 x 10* cm™?),
summer (4.34 x 10* cm®), and autumn (3.8 x 10* cm %) were
higher. This variation can be potentially explained by the
different periods and emissions, which is also evident from the
average mass concentrations observed in their campaign. This
shows that although the PN and PM levels in Delhi are still
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Fig. 1 Seasonal variation in average particle number concentrations of (a) nucleation mode, (b) Aitken mode, (c) accumulation mode, and (d)
total, depicted using violin plots. These plots display the distribution and density of concentrations with the central white dot inside each box
indicating the median value. The data reveal that total particle number concentration peaks during colder seasons (winter and post-monsoon),
while the nucleation mode is more prevalent in warmer periods and the accumulation mode is more pronounced during colder periods.
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higher in recent years, there has been a decline in the PN and
PM mass concentrations. On comparing these observations
with other global megacities, the number concentration re-
ported in Delhi is significantly higher than that in Chinese cities
such as Beijing, which also experience a high mass concentra-
tion of particulate matter.*®

In terms of modes, the Aitken mode was the dominant
contributor across all seasons, contributing around 50% to the
total PNC. Regarding concentrations, Aitken mode was highest
during the winter season with an average concentration of 2.13
x 10* cm >, Post-monsoon also had a similar concentration to
winter, while the summer season had the lowest concentration
of Aitken mode, almost 50% lower than that in winter (1.28 x
10* em ™). Previous studies from different urban regions have
attributed vehicular emissions, especially Aitken mode, to be
the dominant source of submicron PN concentration.**** The
similar diel variations shown by Aitken mode and NO,
(Fig. S111) further suggest that traffic is a dominant source of
Aitken mode particles. Other sources contributing to the Aitken
mode include biomass burning, cooking, solid waste burning,
industrial emissions, and construction activities.***® This
shows that the traffic sector is the dominant contributor of
particles in Delhi, which has also been observed in other cities,
especially near road sites.>”*®

The concentration of nucleation mode particles was higher
in warmer periods than in colder seasons, which was also
observed in the previous studies.”* In our study, spring had the
highest particle number concentration of nucleation mode
(1.01 x 10" em ™), followed by post-monsoon and summer.
Winter had the lowest concentration of nucleation mode
particles, potentially due to the high loading of Aitken and
accumulation mode particles, which scavenge smaller nucle-
ation mode particles and condensable vapours, thereby inhib-
iting new particle formation. We observed a lower nucleation
number concentration in the summer than in the highly
polluted post-monsoon season. Still, in terms of fractions,
nucleation mode contributed 27% of the total PN concentration
during summer as compared to 20% during post-monsoon.

Although a more significant fraction of particles was in
ultrafine mode (<100 nm) throughout each season, a consider-
able portion was in accumulation mode. The winter season has
the highest concentration (1.42 x 10" em™*) of accumulation
mode particles, followed by post-monsoon (1.15 x 10* cm ™).
The lowest concentration of accumulation mode was observed
in the summer and spring seasons, with concentrations of (5.62
x 10° em™?) and (7.65 x 10° em™?), respectively. The accumu-
lation mode contributed to about 35% of the total PN concen-
tration and more than 96% of the total PM; mass concentration
during winter. In comparison, the contribution to the total PN
concentration reduced to 22% during summer, and the
contribution to the PM; mass concentration remained at 95%.
Variation of accumulation mode PN concentrations follows the
seasonal variation of PM, 5 mass concentrations, which is ex-
pected as almost all the mass of PM, 5 is contributed by this
mode. On average, the accumulation mode contributed about
28% of total PNC during the entire study period, which is
significantly higher compared to relatively less polluted
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European and Western regions but consistent with the earlier
studies in Delhi and other South Asian regions.*”*

3.1.2 Diel variations. Diel variations of PN concentrations
of total and different modes during different seasons are shown
in Fig. 2. Total and individual mode PN concentrations varied
through the day during each season, indicating that the PNSD is
influenced by the relative strength of sources, meteorological
parameters, and atmospheric processes throughout the day.

During winter, the average hourly total PN concentration
varied from 2.8 x 10° cm™® during the afternoon at around
15:00 LT to 8.0 x 10° cm* during evening hours at around
20:00 LT. The post-monsoon hourly averaged total PN concen-
tration varied from a minimum value of 2.2 x 10> cm > at 14:00
LT to 5.8 x 10° cm™> at 20:00 LT. Spring and summer diel plots
of total PN concentration also showed a similar time variation,
with minimum values at 15:00 LT and maximum values at 20:00
and 21:00 LT in the evening. The high PN concentration during
morning and evening rush hours suggests that traffic is Delhi's
dominant source of PN concentration. This is further validated
by the diel plots of NO, and CO, which also peak during these
hours (Fig. S101). During spring and summer, we also observed
small peaks in the afternoon at around 12:00 LT and 13:00 LT,
respectively. High photochemical activity and low pollution
levels during summer and spring, mainly during the daytime,
make the formation and survival of new particles feasible.

Aitken mode followed a similar diel variation to total PN
across each season, with two peaks at rush hours. This again
indicates that Aitken is the dominant mode of particles during
each season. Nucleation mode showed different diel variations
across different seasons. During winter and post-monsoon,
nucleation mode showed two peaks, one each in the morning
and evening, resembling the Aitken mode diel peaks, indicating
traffic emissions as the dominant contributor of nucleation
mode during rush hours. However, during warmer seasons,
nucleation mode showed an afternoon peak, which can be
attributed to the NPF events associated with low coagulation
and condensation sinks during these seasons.

Similar observations can be made from the seasonal heat-
map plots shown in Fig. S12.1 Nucleation mode particles typi-
cally form during the daytime, followed by subsequent growth
throughout the day or part of the day. The formation, survival,
and growth of these nucleated particles are strongly favoured by
the lower concentration of pre-existing particles that otherwise
act as sinks for smaller particles and condensable vapours.
Other factors include the concentration of sulphuric acid and
other highly oxidized and low-volatility organic vapours, which
form due to photochemical oxidation, the amount of solar
radiation, RH, T, and atmospheric mixing.*® The number
concentration of this nucleation mode decreased towards the
night hours, which can be due to the absence of nucleation
processes, condensational growth to larger particles, and
coagulation onto the existing particles.®

3.2 New particle formation

During the sampling period, we observed NPF on 50 days out of
204 days, which gives a frequency of about 25%. Most of the
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different seasons.

observed NPF events were confined to spring and summer
seasons. Among the NPF events, the days that met all the
conditions mentioned in Section 2.3 were classified as Type I
events (Fig. 3a and b), represented the typical regional scale NPF
events and had a frequency of 18%. The events that did not last
for a long time or did not show the typical banana-type pattern
were classified as Type II NPF events (Fig. 3c). The days that did
not show any feature of either nucleation or growth were
considered non-NPF events (Fig. 3d). The corresponding diel
variations of mass concentrations of NO, and number concen-
trations of different modes are given in Fig. S5 and S6.f Earlier
studies in Delhi reported different NPF frequencies (30-
53%)"*"** compared to the present observations. However, these
studies were mostly limited to shorter durations (1-3 months),
mostly confined to warmer seasons, and instruments with
different minimum cutoff sizes were used. Our study agreed
with a long-term study by Jose et al.,** which reported an NPF
frequency of 17% for well-defined NPF events, comparable to
our observation. The NPF frequency was lower than that in
other polluted urban sites globally, such as Beijing (40%).'7¢>%3
In particular, the NPF events are observed during each season at
these sites instead of being confined to warmer seasons only.
The mean GR during our study period was 5.72 nm h™" and
ranged from 3.2-10 nm h™'. The GRs observed in our study
agree with the earlier observations recorded in different urban

© 2025 The Author(s). Published by the Royal Society of Chemistry

cities of India, such as Pune (6.5 = 1.2 nm h™') and Kanpur (8.7
+ 3.2 nm h™"),* and for coastal semi-urban area Thumba (7.35
+ 2.93 nm h ). The average growth rate in our study was
similar to the earlier observed average growth rate of 5.86 +
1.44 nm h™'** in Delhi. Higher GRs of 11.6-18.1 nm h™" and
15-30 nm h™" have also been reported over Delhi.**'* However,
these high GRs were observed when pollutant/condensable
vapor concentrations were still elevated during the colder
period.

In addition to the first type of growth of these newly formed
particles during the daytime, a second type of growth was
observed starting from evening and continuing until midnight.
This second type of growth has also been reported in the
previous studies during all seasons in Delhi.”** The freshly
emitted primary particles emitted in the nucleation size range
during traffic rush hours, alongside the previously grown
particles, undergo rapid growth from evening until midnight.
Previous studies have attributed this rapid growth to either
condensation or coagulation processes which may be
happening simultaneously during these hours. Higher
concentrations of accumulation and Aitken particles resulting
from increased emissions and reduced mixed layer lead to
a higher coagulation sink of the freshly emitted particles.® This
is evident from rapid reduction in nucleation and Aitken mode
PN concentrations after the late evening hours but
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(a) and (b) Typical Type | NPF events. A nucleation mode appears at around 11 AM and undergoes condensational growth. This can also be

observed from the temporal variation of nucleation mode of particles which started to increase at 11 AM. (c) A type Il NPF event; no prolonged
growth and hence a typical banana could not be observed. (d) A non-NPF event with no feature of NPF identification observed.

accumulation and PM,s; mass concentration remaining
unchanged or showing relatively lower reduction (Fig. 2).
However, the simultaneous decrease in T and increase in RH
leads to the condensation of condensable vapours such as
emissions from biomass.">*® Changes in chemical composition
associated with the growth hours support this argument.
Furthermore, previous studies have shown that particles with
more than 50 nm size substantially impact the development of
cloud condensation nuclei (CCN), while particles larger than
100 nm are categorized as haze particles.®** Our observations
indicate that the maximum diameter of these newly formed
particles ranges between 30 and 100 nm. This implies that
Delhi, as an urban region, is likely to face more substantial
consequences from haze and climate change because of the
high concentration of vapours that promote the growth of newly
formed particles.

3.3 CS and new particle formation events

NPF is a complex process affected by various parameters such as
pollutant concentrations, meteorological parameters, types of
pollutants, etc.>”°7* To understand the factors governing NPF in
Delhi, the concentration of gaseous and particulate pollutants
is studied alongside physical (CS) and meteorological parame-
ters (RH, T, solar radiation, and WS). We can obtain clues about

32 | Environ. Sci.. Atmos., 2025, 5, 25-47

the species and factors governing NPF by comparing the
abovementioned parameters between observed NPF and non-
NPF days. Although the absence of direct measurements of
key precursor vapours along with the lack of cluster mode
particle size distribution (sub-3 nm) limits our ability to fully
understand the early stages of particle nucleation, our study
seeks to offer valuable insights into the factors that govern NPF
under Delhi's atmospheric conditions.

In polluted environments with a high condensation sink
such as Delhi, homogeneous nucleation would appear
improbable, and there is competition over whether the vapours
will condense on pre-existing particle surfaces or participate in
new particle formation.**”*’® The condensable vapours and
initially formed clusters are inclined to adhere to pre-existing
surfaces instead of initiating self-nucleation to form new
particles. High concentrations of already existing (pre-existing)
particles in the atmosphere, mainly typical in highly polluted
environments such as Delhi, act as a sink for the condensable
vapours and have been observed to hinder the NPF
processes.*>”+7377-81 Furthermore, the high concentration of
existing particles will lead to coagulation scavenging of the
newly formed clusters or initial particles before they can grow to
atmospherically relevant sizes, thereby inhibiting NPF. The
measure of this tendency of existing particles can be roughly
given by the PM, s mass concentration or, in a better way,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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estimating the condensation and coagulation sinks from PNSD.
Earlier studies conducted in Delhi have shown that NPF events
are observed during the spring and summer seasons when the
average PM, s concentrations are relatively lower.”'*%® The
study observed a consistent pattern of seasonal variation in
PM, s mass concentrations, with the lowest averages recorded
during summer and spring and higher concentrations observed
during post-monsoon and winter seasons. During our one-year
study, the hourly average mass concentration of PM, 5 varied
from 4 to 996 pg m*, with an average mass concentration of
107 pg m 3, which is consistent with the earlier reported
average PM, 5 concentration in Delhi (Table S37). As expected,
CS followed the PM, 5 and ranged from 0.004 to 0.8 s '. During
our observations, NPF occurred from 10:00 LT to 16:00 LT, so we
averaged the CS during the daytime hours (10:00-16:00 LT),
represented as CS in the following discussion. This timeframe is
known to encompass the majority of NPF occurrences and their
subsequent development. Furthermore, this approach mini-
mizes the impact of morning and evening rush hours at the
roadside sites. It focuses only on the period when the rate of
particle formation is most significant for NPF events.

Fig. 4a presents the daytime mean PM, s versus CS variation,
distinguishing between NPF and non-NPF days. Only two data
points fell below CS values of 0.01 s~ ', with a corresponding
average PM, 5 mass concentration of 10 ug m >, a level typically
seen in the upper 75th quartile in clean regions.**® This
observation highlights the persistent presence of pollutants
throughout all days analysed, emphasizing the severity of
pollution in the region. High CS appears to be a primary gov-
erning factor for the non-occurrence of frequent NPF events in
Delhi. As shown in the CS vs. PM, 5 plot (Fig. 4a), NPF occurred
in Delhi when CS was below 0.06 s™*, corresponding to PM, 5
levels of 80 ug m3. Thus, a CS of approximately 0.06 s *
appears to be the threshold for NPF occurrence in Delhi during
our observation period. Most data points above a CS of 0.06 s~
fall in the colder seasons, which align with higher PM, 5 mass
concentrations (Fig. S871). The highest CS values for which NPF
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events have been observed across different regions are
summarized in Table S4.1 In Delhi, the CS threshold for NPF is
around 0.06 s, similar to other polluted cities such as Beijing
(0.04 to 0.06 s ) and Shanghai (up to 0.1 s~ ). Cleaner regions,
such as Helsinki, have lower thresholds (0.01 to 0.03 s~ '), where
NPF is driven more by the concentration of precursor vapours
and other parameters than by CS. In remote areas such as the
Western Himalaya (0.0058 s~ ') and Arctic (0.001 to 0.002 s~ '),
the influence of CS on NPF is further minimal. Furthermore, in
less polluted and cleaner regions, the CS difference between
NPF and non-NPF event days is often less significant, with
similar CS values observed on both types of days, indicating that
CS is not the decisive factor in these regions.***” The variability
in CS thresholds across regions reflects the diverse atmospheric
conditions and the interplay between pre-existing particle
concentrations and precursor vapor availability and
composition.

NPF in polluted environments persists despite elevated CS
values, likely due to the abundant availability of precursor
vapours such as sulfuric acid, ammonia, and volatile organic
compounds that drive nucleation. The presence of strong
nucleating agents, such as amines, coupled with rapid cluster
growth, enhances the survival and growth of particles. More-
over, reduced scavenging efficiency of molecular clusters may
help reconcile the apparent discrepancy between high CS values
and observed NPF events in these environments.' However, in
our case, the lack of measurements of NPF precursors limits our
ability to explain these processes in detail.

During winter and post-monsoon seasons in Delhi, the
combination of high CS and coagulation sink poses significant
challenges for new particle formation. Additionally, the aerosols
in Delhi exhibit high hygroscopicity, as noted in previous
studies,>*** leading to enhanced growth in size and ALWC.
This amplified particle growth further increases CS beyond
estimated dry CS levels, which leads to scavenging of
condensable vapours and any newly formed clusters onto these
grown particles. Furthermore, the hygroscopic nature of
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Fig. 4 (a) Average daily variation of PM, s (ug m~>) vs. CS (s 1) marked and coloured as the function of RH and (b) average daily variation in the

H»SO, proxy concentration (molecules cm™3)

. Each data point is the average of the variable from 10:00 to 16:00 LT. No NPF event was observed

when average daytime CS was above 0.06 (s7%), most of which were observed in colder post-monsoon and winter periods. H,SO4 was also lower
during these days. The figure highlights that NPF events were absent on some days despite higher H,SO4 and lower CS values. Vertical dashed

red lines are included to delineate different CS regions.
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condensable vapours such as sulphuric acid and oxidized
organic molecules results in their uptake into the liquid water
content of aerosol particles, providing an additional sink for
these vapours. Consequently, no NPF events are observed
during these seasons. In contrast, Delhi's summer and spring
seasons are relatively cleaner, with lower CS during the daytime.
Despite this, the CS remains higher compared to other cleaner
regions globally. However, NPF events are still observed due to
Delhi's high concentration of condensable vapours.

The availability of condensable vapours, particularly sulfuric
acid, plays a pivotal role in NPF processes. Studies worldwide
have shown that sulphuric acid is the precursor of new particle
formation.»”*7>%% Sulfuric acid is widely recognized as the
predominant nucleating agent due to its tendency to maintain
a low vapor pressure under typical atmospheric
conditions.*”7>%* Moreover, it readily engages in hydrogen
bonding interactions with various crucial atmospheric
compounds such as water, basic species and organic acids.”
This capacity to establish hydrogen bonds makes sulfuric acid
exceptionally suitable for participating in nucleation processes.
Specifically, the initial clusters preceding nucleation exhibit
a distinct state separate from the liquid phase, and the primary

@) 2u10’
A
1
£
o
1%
2
3
1
s | o
E Lo
>
3 6
£ 6x10
9: day_type
2 6 Em NPF
T 4x10 IS Non-NPF
S ¢ ¢ & & ® o o
P PP PP L PE
Q° > Q° Q° ‘\
’b\z
éz
cs(s7Y)
(© ;
day_type i
go | ™ NPF e
[ Non-NPF
~ 60
s
b
['4
40
20 O i
-O- {
N I I T I T S S - SN N
o) Q' O o W N Q ) O 8 .
g’“' \9. fp». 'bg' bg. "9. o '\9. %9. Q‘bﬁ é\Q
&S ES ST
§

cs(s™Y

View Article Online

Paper

step of nucleation, namely the formation of dimers, is primarily
propelled by hydrogen bonding. This has been confirmed by the
observed positive correlation between formation rates of newly
formed particles and the sulphuric acid
concentration.?”3%72909698 However, direct measurements of
sulphuric acid concentration were unavailable in our study.
Instead, we utilized a sulfuric acid proxy to compare concen-
trations between NPF and non-NPF days, providing insight into
the role of sulfuric acid in facilitating NPF events. Fig. 4b
illustrates the variation of daytime average sulphuric acid with
CS on NPF and non-NPF days. Generally, the frequency of NPF
events decreases with increasing CS, with NPF events in higher
CS regimes associated with elevated H,SO, concentrations.
However, there is no clear distinction between NPF and non-
NPF events as a function of H,SO, concentration. This lack of
clarity may be attributed to the role of other vapours such as
amines or oxygenated organics and other predictive variables,
including relative humidity, the presence of other condensable
vapours, CS effectiveness, and prevailing meteorological
conditions, which may also play significant roles in influencing
NPF occurrences.
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Fig.5 (a) Average daily variation in the H,SO,4 proxy concentration (molecules cm™) versus CS (s7%). No new particle formation (NPF) event was
observed when the average daytime CS was above 0.06 s™%, primarily observed during colder post-monsoon and winter periods. While H,SO4
proxy concentrations were comparatively higher on NPF days, the difference does not appear statistically significant. (b) variation of NH3z vs. CS
during NPF and non-NPF days. (c) and (d) Average daytime variation of RH and ALWC (ug m™) versus CS (s73). In lower CS bins (<0.02 s™3), 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 local time (LT).
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Fig. 5a compares the average daytime concentration of
H,SO, in various CS intervals. The comparison reveals that
daytime H,SO, levels were consistently higher on NPF days than
on non-NPF days across all CS regimes. Specifically, a notable
observation is that most NPF events occur when CS values are
on the lower end (<0.03 s ), accompanied by heightened H,SO,
levels in the atmosphere. This highlights the significant role of
H,SO, and the lower CS in facilitating NPF in Delhi. However, as
CS increases, the variation between NPF and non-NPF days
diminishes, particularly in moderate CS regimes (0.03 to 0.06
s~1). This trend is further supported by the comparison of diel
variation plots of H,SO, proxy between NPF and non-NPF days
in low (<0.03 s~') and moderate (0.03 to 0.06 s~ ') CS regions, as
depicted in Fig. S13a and b7 (daytime hours variation of H,SO,),
respectively. These findings suggest that while the sulfuric acid
concentration remains an essential factor for NPF, the influence
of other vapours, whose precursors may be associated with high
particle concentrations, might also contribute to the observed
NPF events. In regions with higher CS (>0.06 s~'), we observed
either lower or nearly equivalent proxy concentrations of H,SO,.
This observation could be attributed to reduced or blocked solar
radiation or colder seasons when solar radiation is relatively
lower than that in summer and spring. However, even in high
CS regions, the concentration of gaseous sulfuric acid exceeds
10° molecules per cm®, which is deemed sufficient for NPF in
the atmosphere.””*** Furthermore, we observed higher
concentrations of SO, during higher CS (Fig. S14af), the
precursor for H,SO,, indicating a likely association between
elevated SO, levels and co-emitted particle concentration.
However, the fact that the validity of the proxy used has not
been tested under different pollution conditions and seasons
still can lead to some uncertainty. This again suggests that
sufficient sulfuric acid is consistently present in Delhi across
various CS regimes and seasons, indicating that it is not
a limiting factor for NPF in the region. However, the high
concentration of pre-existing particles acts as a significant sink
for H,SO,, thereby limiting NPF.

In addition to H,SO,, other highly oxygenated molecules
(HOMs) or extremely low-volatility organic compounds
(ELVOCs) have been found to participate in the continued
growth of the newly formed particles.’®'** Apart from these
condensable acidic gases, bases such as ammonia and amines
stabilize these critical nuclei in different ambient
environments.?” 1971 1n both laboratory and field measure-
ments, ammonia and other amines such as dimethylamine
(DMA) have been found in critical clusters along with
H,S0,.°4?>1%1% During our study, the observed apparent
particle formation rate of 10 nm particles (J;o) showed an
average value of 2.19 4+ 0.97 cm ® s~ '. The corresponding
average daytime J, 5 value ranged from 11.6 cm > s~ ' to 800
em ™ s, with an average value of 136 cm™> s~'. The weak
correlation (0.3) between J; 5 and the average daytime H,SO,
concentration suggests that sulfuric acid alone is not the
primary driver of nucleation (Fig. S15f). Furthermore, these
formation rates are several magnitudes of order higher than the
theoretical nucleation rates predicted from the binary H,SO,-
H,0 nucleation mechanism. Given the high concentrations of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ammonia over Delhi and Indo-Gangetic plains (IGPs),"* nucle-
ation mechanisms involving ammonia are expected to play
a significant role. CERN CLOUD experiments involving
ammonia and other amines such as DMA at sub ppb levels have
found the enhancement by several orders of magnitude in the
nucleation rates, with the effect more pronounced in
DMA.**>1%” However, these ammonia and DMA experiments
have not been conducted at temperatures beyond 292 K,
exceeding 300 K during our NPF days. Ammonia levels at more
than 10 ppb and DMA levels at sub ppb levels have been found
to explain the observed high formation rates (~100 cm > s~ ') in
polluted environments such as Beijing and Shanghai; however,
the observed temperatures are again significantly lower than
those in our study.'*®'* However, the fact that the saturation
ammonia concentration increases with temperature and
whether observed ambient concentrations of ammonia in the
(~30 ppb) range will be sufficient to explain the observed
nucleation rates will require further investigation. Furthermore,
upon investigating the difference in average daytime concen-
trations of ammonia between NPF and non-NPF days in
different CS regions, we observed that ammonia was higher on
non-NPF days than on NPF days (Fig. 5b), which suggests that
ammonia might not be a limiting factor. Moreover, whether
DMA is responsible for the high nucleation rates in Delhi, like
other polluted environments, needs further investigation, as
necessary measurements to confirm this have still not been
made in Delhi.

Other oxygenated organic molecules such as HOMs, formed
from the oxidation of volatile organic compounds (VOCs), have
been found to participate in the nucleation process.'**'** Their
role may be restricted as a high concentration of NO, (>30 ppb)
is likely to inhibit the formation of HOMs.""* While we observed
a notable increase in O3 concentrations during NPF event days
(Fig. S14b and S167), it is important to note that high ozone
concentrations do not necessarily correlate with high HOM
levels, as the formation of HOMs depends on the availability of
specific VOC precursors and favourable conditions.***™***
Nevertheless, the increase in Oj; still suggests the presence of
substantial condensable oxygenated organic vapours, such as
carboxylic acids,"* which may significantly impact NPF in this
region. Furthermore, whether the gas phase concentration of
other condensable vapours such as ammonia, DMA, or dicar-
boxylic acids is sufficient to play a decisive role in the nucleation
process in Delhi needs to be investigated from future field
measurements or experiments under comparable atmospheric
conditions. In highly polluted areas, one of the explanations for
NPF to take place despite the high CS is the participation of
another type of vapour, such as organics with higher molecular
mass, the primary reason being the concentration of condens-
able vapours. CS is sensitive to the molecular mass of
condensing vapours and decreases with the increasing molec-
ular mass of the vapours."®'” Further CS effectiveness
decreases with the involvement of ammonia and DMA because
alkaline compounds can decrease the saturation vapor pressure
of H,SO,, thereby enhancing the stability of these critical
clusters.
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In the moderate CS region (0.03-0.06 s~ '), there are days
with different characteristics in terms of being an NPF or non-
NPF event despite having comparable CS and H,SO, concen-
trations. The frequency of NPF decreased as CS increased in this
region, indicating that CS is still the decisive factor in whether
NPF will occur. However, in the moderate CS region, when the
CS values are comparable during NPF events and non-NPF days,
other factors such as the precursor condensable vapor
concentration, photochemical activity, RH, T, or even chemical
composition may also play an essential role in driving NPF.

3.4 Role of meteorological parameters

The relationship between meteorological factors and NPF
events demonstrates the complex interactions influencing
atmospheric chemistry. Fig. 5¢ shows that daytime RH is higher
on non-NPF days across various CS regimes. This shows that RH
negatively impacts NPF in our study. Studies have consistently
shown that RH is lower on days when NPF occurs compared to
days without NPF across both clean and polluted
environments.””*'#12° However, the relationship between RH
and NPF is not simple to interpret because of the possibility of
its impact on NPF in both direct and indirect ways. Water in the
atmosphere is crucial for forming initial clusters, whether
through binary or ternary nucleation theories."* However,
under atmospheric conditions, water can also negatively impact
the concentration of new particles. This occurs because
increased moisture can enhance the aerosol surface area, which
in turn can suppress the number of new particles formed.**®
Water condensed on aerosol particles also absorbs gaseous
precursor vapours, reducing their availability for particle
formation."® Additionally, at high RH, the hygroscopic aerosol
particles have a higher coagulation efficiency, further inhibiting
NPF."®**> Furthermore, the relationship is complex because of
the interrelationship between RH and T, CS, and solar radia-
tion. Higher RH is usually associated with lower T and can
inhibit solar radiation and photochemical reactions essential
for NPF.

Fig. S171 shows the variation in T on NPF and non-NPF days
across different CS bins. First, the average daytime T shows
a negative trend with increasing CS. This shows the positive
impact of T on NPF formation, as it is usually associated with
low RH and CS. Furthermore, in the same CS bins for CS > 0.02
s, the higher average temperature on NPF days compared to
non-NPF days also validates the positive impact of T on NPF. In
addition to the interrelationship of T with solar radiation and
RH, it also directly impacts the NPF process. Temperature can
significantly impact the chemical reaction rates of the precursor
species along with the emissions of biogenic and anthropogenic
VOCs, whose oxidation products play a crucial role in nucle-
ation and the growth of new particles.””*** However, in the
lower CS region (<0.01 s '), we observed maximum average
temperatures, yet we did not observe any NPF. Despite the
sufficient concentration of H,SO, and the low CS, which should
have facilitated NPF, no NPF was observed. Additionally, in the
CS regime of 0.01 to 0.02 s, the average temperature on NPF
days was lower compared to non-NPF days. The possible
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explanation of this might be that the higher temperatures
observed on these days might decrease the stability of newly
formed nanoclusters.”” A lower frequency of NPF on days with
higher T during the warmer seasons was also observed in a long-
term study in Hyytil4, Finland.”

Wind speed can have both beneficial and adverse effects on
the occurrence of NPF events. While it can enhance NPF events
by promoting the mixing of condensable compounds and
reducing the CS, high wind speeds may also hinder NPF events
through increased dilution. In low CS regions (CS < 0.03 s ),
wind speeds were generally lower on NPF days compared to
non-NPF days, which might have led to the dispersion of
condensable vapors needed for new particle formation
(Fig. S18at). In moderate CS regions (0.03 to 0.06 s '), wind
speeds were similar on both NPF and non-NPF days and lower
than those in low CS regions (Fig. S18bt). Higher wind speeds in
highly polluted areas help remove pre-existing particles,
creating favourable conditions for NPF. This trend is evident as
wind speeds decreased from low to high CS regimes. However,
in the moderate CS regime, no apparent impact of wind speed
on NPF can be identified due to the variability in daytime
average CS values and other influencing factors.

Furthermore, it is crucial to acknowledge that specific site
conditions influence the observed variability in wind speed.
Wind speed measurements, particularly in urban areas such as
our site, may be affected by local topography or site-specific
conditions, thus reflecting local rather than regional condi-
tions for this variable. Therefore, investigating the effect of wind
speed on NPF using measurements taken at the measurement
site is challenging, as factors beyond wind speed, such as the
origin and characteristics of air masses, are also important
factors.

3.5 Effect of chemical composition

Chemical composition is another factor that has been found to
affect the effectiveness of CS." The effectiveness of heteroge-
neous nucleation has been shown to strongly depend on the
contact angle, which can be influenced by the chemical
composition of pre-existing particles, the first step in hetero-
geneous nucleation. Furthermore, the chemical composition
governs the hygroscopic properties of pre-existing particles,
which may lead to variation in water uptake and affect the
lifetime of condensable vapours such as sulphuric acid, which
readily dissolve in water. To identify the possible effect of
chemical composition on NPF, we grouped the average
CSgay time into intervals of 0.01 and compared the daytime PM, 5
chemical composition of NPF days with those of non-NPF days
(Fig. 6a).

We observed the fraction of nitrate and organics increasing
as the CS increased, which shows the enhanced contribution of
nitrate and organics as pollution levels increased. However, the
increase in the organic fraction was more significant. The
average organic fraction increased from less than 50% to more
than 60% as the average daytime CS increased from 0.01 to 0.1
s~' (Fig. 6a). It is important to note that the absolute concen-
trations of all species increased with CS, and the increase in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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daytime H,SO4 vapour concentrations. All the daytime averages have been estimated during the time interval of 10:00 LT to 16:00 LT for each

day.

organics does not come at the decrease in concentrations of any
other species. Various types of VOCs upon oxidation form
condensable organic vapours.’*® These organic compounds
have very low volatility and are precursors to secondary organic
aerosols. An increase in the organic fraction alongside a higher
CS indicates the role of these organic condensable compounds
in new particle formation. These molecules cluster with sul-
phuric acid monomers and increase the molecular mass of
clusters which tend to have a larger contact angle, making the
heterogeneous nucleation CS less effective.'®* This may reduce
the effective condensation sink in Delhi and help explain why
NPF events occur in Delhi despite the high CS.

Nonetheless, our study lacks measurements of both H,SO,,
and other compounds associated with NPF in Delhi; conse-
quently, we do not have data on the surface tension and contact
angle of these species. Furthermore, the mass composition of
PM, s cannot be directly linked to newly formed particles or
initial clusters. However, we can hypothesize about the
compounds associated with NPF events.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Furthermore, within the CS interval, we did not observe any
significant variations in the overall daytime chemical compo-
sition between NPF and non-NPF days. Sulphate was the only
component that slightly increased in mass contribution to
PM, 5 during NPF days for CS below 0.05 s~'. However, the
increase was only less than 5% on average. This shows the
important role of sulphuric acid in new particle formation-
related processes in polluted environments such as Delhi.
Organics were the dominant fraction during both NPF and NPF
days throughout all CS intervals. This is different from the
observations made in Beijing by Du et al.'’ and moderately
polluted Po Valley (Italy) by Cai et al,*® where the chemical
composition was observed to be different between NPF and
non-NPF days, which impacted the CS effectiveness. However,
we did not find any difference in the chemical composition
between NPF and non-NPF days (Fig. 6b and c), indicating that
the chemical composition does not impact the CS effectiveness
in Delhi.
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The minimal variation in chemical composition between
NPF and non-NPF days indicates that the hygroscopicity of
particles is similar for both types of days. However, the observed
differences in RH between NPF and non-NPF days remain
crucial. The hygroscopic growth of particles due to water uptake
is an exponential function of RH. Consequently, even with the
same chemical composition, higher PM, 5 mass concentrations
can lead to significant variations in ALWC when there are any
notable differences in RH. The observed high RH on non-NPF
days compared to NPF days suggests the role of ALWC in
enhancing the CS, particularly in the dry CS range of 0.03 to 0.06
s~'. Fig. 5d indicates that aerosol liquid water content increases
with condensation sink, with non-NPF days showing higher
ALWC at moderate and higher CS values compared to NPF days.

While the hygroscopic growth of pre-existing particles can
increase both condensation and coagulation sinks, within the
RH range of 40-60%, this growth raises the condensation sink
by about 10% (Fig. S19t). This modest increase alone would not
explain significantly enhances heterogeneous condensation of
vapours based on the increase in size only. Additionally, the
increase in the coagulation sinks of nanoclusters due to higher
RH has a secondary and rather relatively minor impact on
inhibiting NPF."*® The primary factor remains the reduction in
the concentration of sulfuric acid (or any other oxygenated
condensable vapour) due to higher RH, either due to a decrease
in solar radiation with RH or enhancement in multiphase
heterogeneous reactions.

Furthermore, particles can exist in a metastable or stable
state depending on their previous RH history. This historical
RH influence can affect the CS, even if the current RH does not
differ significantly. Although the RH is still below the 40% mark
during the daytime, the overnight high RH leads to the meta-
stable state of aerosols (Fig. S17at), and aerosol particles are
still in the aqueous phase, which might enhance the uptake of
condensable vapours and CS. We also compared the diel vari-
ation of ALWC between NPF and non-NPF days in this moderate
CS regime, shown in Fig. S20c.f We observed a higher ALWC
mass concentration throughout the day on non-NPF days than
on NPF days. During the daytime, the average ALWC mass
concentration was about 1.5 times higher on NPF days than that
on non-NPF days. Furthermore, the night-time and morning RH
preceding the non-NPF events were higher, leading to higher
ALWC during those hours. This would promote heterogeneous
multiphase reactions, and it can still be in the metastable state
during the day it follows.

3.6 New particle formation and condensational growth

The investigation into the chemistry of NPF and growth involves
examining the relationship between particle size distribution
and the chemical composition of PM, 5. As noted in previous
studies,'****” lower condensable vapours, often low-volatile
organic compounds, play an increasingly significant role as
particle size increases. This suggests that understanding the
contribution of these vapours is crucial for studying the particle
growth mechanism. In our study, we utilized a Q-ACSM to
measure the mass concentration of PM, s chemical components
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over time, specifically focusing on periods of particle growth. By
comparing the simultaneous variations in particle size distri-
bution and PM, s chemical composition, we aim to identify
which species are abundant during particle growth and thus
likely responsible for the formation and growth of these parti-
cles.”® While Q-ACSM does not capture nucleation mode parti-
cles, we can infer the involvement of specific chemical species
in particle growth by observing concurrent increases in their
mass with particle growth. Additionally, the PM, s chemical
composition differs significantly from that of nucleation mode
particles and thus cannot be used to deduce the impacts of
organic precursors on NPF, as most PM,; results from
secondary formation through multiphase reactions - a mecha-
nism distinct from nucleation. Our goal is not to claim
a comprehensive understanding of the mechanisms underlying
the formation or growth of new particles. Instead, we seek to
identify the broader sources of vapours that may play a role
during different stages of particle growth. During NPF events,
where the condensation of gaseous vapours predominantly
influences the composition of submicron aerosols, analysing
the temporal changes in chemical composition allows us to
qualitatively identify the broader vapour sources contributing to
new particle growth.*+****3° By closely monitoring these
temporal changes, we can gain a qualitative understanding of
the mechanisms driving NPF and the subsequent growth of
particles, thereby enhancing our understanding of the sources
and processes contributing to atmospheric particle formation.

Most of the NPF events observed in our study occurred
during spring and summer. Also, as CS or PM levels are the
determining factors for NPF to occur in Delhi, we divided the
spring and summer seasons into polluted and non-polluted
days, with the criteria of a daily average of PM; as 50 ug m .
The selection of a daily average of 50 pg m > as a criterion for
PM; was made in relation to the PM, 5 standard of 60 ug m >, as
set by the Indian National Ambient Air Quality Standards
(NAAQS). While the choice is somewhat arbitrary, it reflects
a proportional approach based on the difference in particle
sizes between PM; and PM, 5. Since we do not have the mass
composition of PM;, we used the mass composition of PM, s,
and the comparison of mass concentration and composition is
shown in Fig. 7 and S217 for spring and summer, respectively. It
should also be noted that 50 pg m™* set as a criterion for dis-
tinguishing polluted and non-polluted is still a high value of
PM;. Still, given the pollution levels in Delhi, this looks like
a reasonable assumption since the condensation sink is
a dominant primary factor that governs the NPF in Delhi.
During the growth period from 10:00 to 16:00 LT, the PM, 5
mass concentration decreases, reaching a minimum before
increasing again towards the end. A decrease in the mass
concentrations of primary components of PM, 5, such as BC and
primary organics, highlights the impact of the boundary layer
and reduced emissions during this time of the day. However,
the chemical composition of PM,; underwent significant
changes, as shown in Fig. 7a. As illustrated in Fig. 7a, the
contributions of sulphate notably increased, increasing from
12% to 20%. This increase was observed despite the decrease in
nitrate and chloride mass fractions, which was attributed to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Diurnal variation of average composition of PM, 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.

afternoon evaporative losses. This shows that ammonium
chloride and nitrate are not involved in the initial condensa-
tional growth of newly formed particles. Among the organics,
the mass fraction of LVOOA2 (explained in ESI Section S67)
increased from about 30% to more than 50% of the total
organics. The fact that every component of PM, 5 decreased
during the daytime except sulphate and LVOOA2, which show
a slight increase or remain constant, shows that daytime
oxidation produces abundant condensable vapours of these
species, which condense on the existing particles in addition to
forming new particles simultaneously. The initiation and
further growth of the newly formed particles follow the change
in the chemical composition of PM, 5, with the contributions of
sulphate and more oxidized organics increasing. These findings
highlight the significant contribution of low-volatile organic
compounds in facilitating nucleated particle growth to climat-
ically relevant sizes, typically exceeding 50 nanometres.

Furthermore, it is essential to note that the sulphate and
secondary organic factors were also dominant fractions during
the daytime on non-NPF days. Still, the high condensation sink
on non-NPF days leads to the condensation of vapours on the
existing particles. Even if the particles are formed, they are
rapidly scavenged by these larger existing particles.

© 2025 The Author(s). Published by the Royal Society of Chemistry

We further plotted the scatter plots to investigate the rela-
tionship between the growth rate (GR) of nucleation mode
particles and the CS during NPF events, with an emphasis on
the impact of SO, and LVOOA2 ratios relative to PM, s
(Fig. S227). The data points are color-coded to represent these
ratios: SO,/PM, 5 in the left plot and LVOOA2/PM, ;5 in the right
plot.

Fig. S22at on the left shows the scatter plot of the GR
(ranging from 3 nm h™" to 10 nm h™") plotted against CS (from
0.02 s ' to 0.06 sfl), with colours indicating the SO,/PM, 5 ratio
(0.100 to 0.250). Similarly, Fig. S22bt presents the same GR and
CS values, but with colours representing the LVOOA2/PM, ;5
ratio (0.20 to 0.45). The provided scatter plots show a wide
spread of data points and no clear linear relationship between
the growth rate (GR) and condensation sink (CS). This finding
was unexpected, given the common assumption that as CS
increases, competition for condensation onto existing particles
or nucleation of new particles intensifies, leading to a decrease
in the GR. The possible explanation may be that as CS increases,
the pool of available condensable vapours may ensure that
growth rates remain unaffected or even enhanced. This
suggests that the condensation sink within the observed range
does not predominantly influence the growth rate.
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Furthermore, the color-coded representation reveals that
higher SO,/PM, 5 or LVOOA2/PM, s ratios are distributed across
the entire GR and CS value range. This lack of clustering indi-
cates that neither sulphate nor low volatility oxygenated organic
aerosols significantly dictates the growth rates of nucleation
mode particles in isolation. While SO, and LVOOA2 fractions
are at their highest during daytime NPF events and dominate
PM, s, their ratios do not singularly dictate the growth rates of
nucleation mode particles. The findings highlight the need for
a more comprehensive approach, incorporating a broader range
of variables and interactions to fully understand particle growth
mechanisms during NPF events.

While growth often occurs across a wide area through
condensation and coagulation processes, local emissions and
changes in air chemistry can significantly impact growth
patterns, especially in the evening and at night. Increased traffic
emissions and lower boundary layers can disrupt typical growth
patterns by mixing with existing particles. Fig. 8 shows the
temporal variation of chemical composition for two days, one
being a typical NPF. At the start of NPF, the mass composition of
sulphate and LVOOA2 starts to increase and dominate
throughout the first growth stage (~10:00 LT to 18:00 LT).
During this time, the mass fraction of primary components
such as BC, biomass-burning organic aerosols (BBOAs), and
hydrocarbon-like organic aerosols (HOAs), remains lowest. This
daytime growth of new particles was disrupted by the simulta-
neous increase in primary emissions in the evening hours (such
as traffic during evening rush hours), residential biomass
burning, and a simultaneous decrease in the boundary layer.
During the second type of growth, which commences at 18:00
LT, the mass fractions of BC, BBOAs, and HOAs dominate. The
nighttime contributions of different primary components to
second-type growth further varied season-wise, with BBOAs
being the dominant contributors in winter (Fig. S231) and HOAs
dominating during summer and spring seasons. The particle
growths observed during this second type of growth differ from
the daytime growth as they show higher growth rates, usually
higher than the usual 1-10 nm h™" reported worldwide.™
However, the rapid growth can be attributed to simultaneously
experiencing condensation and coagulation in the evening and
continuing until the morning of the next day. The decrease in
the particle number concentration, while the PM,; mass
concentration increases simultaneously, demonstrates the role
of coagulation scavenging. However, the change in chemical
composition also shows the role of condensation growth.
Furthermore, semi-volatile inorganics such as ammonium
nitrate and ammonium chloride condense on these particles in
the later stages. The Kelvin effect'® requires a higher vapor
pressure for condensation onto small NPs than onto larger
particles.

4. Conclusion

In our study, we investigated the intricate patterns of particle
size distribution in Delhi's atmosphere, emphasizing the
pivotal role of meteorological phenomena in shaping pollutant
dispersion and transformation. We have unveiled significant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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seasonal variations in particle and PM levels through
a comprehensive analysis of one-year-long particle size distri-
bution data alongside measurements of PM,s; chemical
composition, trace gases, and meteorological parameters. The
persistent dominance of the Aitken mode throughout the year,
primarily attributed to traffic emissions, highlights the
enduring influence of anthropogenic activities on Delhi's air
quality. Additionally, the observed nucleation during warmer
seasons, with lower PM, s mass concentrations, highlights the
importance of photochemical radiation and lower CS for
gaseous vapours in driving particle formation processes.

Furthermore, our exploration of NPF and the condensational
growth process within the context of Delhi's atmospheric
pollution has revealed a complex interplay of factors influ-
encing aerosol properties and atmospheric processes. While
chemical composition emerged as a critical determinant of NPF
and particle growth, with low volatile organic compounds and
sulphate playing pivotal roles, CS effectiveness variations were
not solely dictated by chemical composition. Factors such as RH
and ALWC emerged as crucial influencers, modulating the
availability of condensable vapours and altering CS efficacy.
Diel variations, particularly during evening and night-time
hours, presented additional complexities, with increased local
emissions disrupting conventional growth patterns. Simulta-
neous comparison with mass composition data revealed
increased sulphate and oxygenated organic factors during the
growth of new particles, indicating the complex interplay
between chemical composition and behaviour of particle size
distribution. These findings accentuate the importance of
sulfuric acid and organic vapours in driving new particle
formation.

While our dataset offers valuable insights into nucleation
mechanisms, it is important to acknowledge key limitations.
The absence of PNSD data for sub-10 nm particles, along with
the lack of direct measurements for critical precursor gases
such as H,SO,, amines, VOCs, and HOMs, limits our ability to
fully characterize the factors driving NPF in Delhi. Furthermore,
the chemical composition of PM,;, largely influenced by
secondary formation processes, differs significantly from
nucleation mode particles, complicating the assessment of
impacts of organic precursors on NPF.

Acknowledging the complexity of NPF processes, which
involve an intricate interplay of meteorological factors, chem-
ical precursors, and physical mechanisms, our study highlights
the multifaceted nature of particle nucleation and growth.
These processes are difficult to fully characterize without high-
resolution measurements of sub-10 nm (or sub-3 nm) particle
size distributions and key precursors such as H,SO,, amines,
VOCs, and HOMs. Although our study does not entirely resolve
the mechanistic intricacies of NPF, it establishes a crucial
framework for future research. Moreover, it highlights the
importance of investigating NPF at the molecular level, specif-
ically adapted to the unique atmospheric conditions of polluted
environments in the Global South. This necessitates the use of
advanced experimental methodologies to explore the process of
new particle formation, from the formation of pre-nucleation
clusters to the growth of critical nuclei and nanoparticles.
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