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H I G H L I G H T S  

• First direct observation-based estimates of sub-3 nm charged cluster formation and growth. 
• New particle formation occurrence frequency was the highest in March through May months. 
• Ions play an insignificant role in new particle formation in mountain semi-rural location.  
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A B S T R A C T   

Atmospheric new particle formation (NPF, via gas-to-particle conversion) occurs commonly in the troposphere 
which has implications for air quality, weather, and climate. Here, we comprehensively characterize NPF events 
at the High Altitude Cloud Physics Laboratory (HACPL) in a mountain semi-rural location, Mahabaleshwar using 
2.5 years of semi-continuous measurements of ion and particle number size distributions. The occurrence fre
quency of NPF events was the maximum in March through May (pre-monsoon season) (22.9%) compared to 
other seasons. Considering all seasons at HACPL, the particle growth rates in the size range from 3 to 7 nm, 7–25 
nm, and 5–25 nm varied from 0.5 to 6.9 nm h− 1, 1.3–10.2 nm h− 1, and 1.5–16.4 nm h− 1, respectively. The 
formation rate of charged clusters (J+

3 and J−3 ) are reported for the first time from India, which ranges from 3.1 to 
294.4 cm− 3 s− 1. The general absence of a positive correlation between the particle formation rate and the growth 
rate indicates that dissimilar vapors might have contributed to the formation and growth of particles. Further, the 
role of ions in particle formation was also reported for the first time in India, which indicates an insignificant 
contribution of ions to particle formation at HACPL. At higher temperatures and lower relative humidity con
ditions, the formation rates of neutral/charged particles are found to be higher. Overall, our results provide new 
insights into NPF event characterization in the Indian context which have critical importance to an improved 
process-level understanding of secondary aerosol formation processes globally.   

1. Introduction 

Atmospheric new particle formation (NPF, via molecular clusters 
formation and their subsequent growth to larger sizes) occurs frequently 
in diverse environments, from remote polar to urban locations, around 
the world (Gautam et al., 2017; Kanawade et al., 2022a; Kerminen et al., 
2018; Kulmala et al., 2004; Sellegri et al., 2019; Siingh et al., 2011; 

Wang et al., 2017; Nepolian et al., 2021). NPF events can take place over 
a spatial scale of hundreds of kilometers and a temporal scale of 1–2 days 
and are only observed when specific atmospheric conditions are met 
(Kulmala et al., 2014). Previous studies based on observations and 
modeling approaches suggest that NPF events produce about half of the 
present-day cloud condensation nuclei (CCN) (Gordon et al., 2017; 
Kerminen et al., 2012; Pierce and Adams, 2007; Sebastian et al., 2021a) 
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and thereby affecting cloud processes and radiative forcing (Sullivan 
et al., 2018). However, the fraction of newly formed particles that 
contribute to CCN formation remains poorly examined in diverse loca
tions across the globe. A recent study showed that NPF-induced CCN 
production is higher in urban locations than in mountain-background 
locations in India (Sebastian et al., 2022). 

NPF is a two-step process with the formation of small molecular 
clusters (sub-3 nm), then these clusters survive to grow to nucleation 
mode (particle diameter less than 25 nm) and Aitken mode particles 
(25–100 nm), eventually reaching CCN-active sizes (50–100 nm) under 
given atmospheric condition (Kulmala et al., 2012). Several in
vestigators consistently reported and made significant improvements in 
the classification of NPF events and their characterization (Buenrostro 
Mazon et al., 2009; Dada et al., 2018; Dal Maso et al., 2005; Kamra et al., 
2015; Kulmala et al., 2004, 2022a; Siingh et al., 2018). The combination 
of several factors is known to either favor or inhibit the NPF event in the 
atmosphere. Therefore, several aerosol nucleation predictors have been 
developed based on particle number size distribution measurements to 
examine NPF event occurrence in the atmosphere (Boy and Kulmala, 
2002; Kerminen et al., 2018). As such the chemistry driving NPF event is 
still poorly examined globally, but the role of diverse chemical species 
involved in NPF events based on laboratory and ambient measurements 
has been investigated. For instance, sulfuric acid plays an important role 
in the initial part of the formation (clustering), and low-volatile organic 
compounds contribute most of the particle growth (Bianchi et al., 2016; 
Donahue et al., 2013; Ehn et al., 2014; Roldin et al., 2019; Smith et al., 
2010; Zhao et al., 2020). The highly oxygenated molecules (HOMs) with 
extremely low volatility organic compounds (ELVOC), ammonia, 
amines, and ions (Bianchi et al., 2016; Kürten et al., 2016; Lehtipalo 
et al., 2018; Rose et al., 2018; Wagner et al., 2017) are also potential 
drivers of the NPF process. The recent novel 2019 Coronavirus 
(COVID-19) lockdown has provided us with a unique opportunity to 
detect, quantify and attribute the impacts of anthropogenic activities on 
the occurrence of NPF. While, the studies in Pune and Delhi (urban sites) 
found an increased occurrence of NPF under the reduced anthropogenic 
activities (Kamra et al., 2022; Yadav et al., 2021), Kanawade et al. 
(2022a) showed that NPF event occurrence was three-fold lower in 
Hyderabad (urban) during COVID-19 lockdown than in 
business-as-usual time periods. While the occurrence of NPF events was 
lower in Chennai during the COVID-19 lockdown, the rapid growth and 
high hygroscopicity of newly formed particles indicated high 
cloud-forming potential under the influence of sulfur plume (Singh 
et al., 2023). This suggests that the NPF phenomena are a non-linear 
dynamic process, with the timing of the NPF event in the atmosphere 
determined by the interplay of pre-existing particles, transported air 
masses, meteorological and dynamical conditions, and the source 
strength of condensable vapors. 

In this study, we used atmospheric ions (in the diameter range of 
0.36–47.1 nm) and particle number size distributions (5 nm–615 nm) 
from January 2015 to April 2017. Our main aim is to address the 
following known unknowns in the Indian context: 1) what is the fre
quency of occurrence of the regional NPF events at the mountain semi- 
rural site and its association with long-range transported air masses, 2) 
Do atmospheric ions play a role in the new particle formation event at 
our site? 3) What are the characteristics of NPF events such as the for
mation and growth rates of charged and neutral clusters? 

2. Observation site and instrumentation 

Ambient aerosol measurements were conducted at a High-Altitude 
Cloud Physics Laboratory (HACPL), Mahabaleshwar (17.92◦ N, 73.65◦

E, ~1378 m above mean sea level, hereafter referred to as HACPL). 
HACPL site experiences heavy rainfall (annual average rainfall ~5760 
mm). The average annual temperature is 20 ◦C at the site. The station 
height remains above the mixed layer height (99–485 m above the 
ground) throughout the year (Aslam et al., 2021). Mahabaleshwar is 

situated at the hilltop of the Western Ghats Mountain ranges and is a 
tourist attraction town consisting of mixed deciduous forests, residential 
houses, hotels, and a rural market. Mahabaleshwar has a population of 
nearly 60,000 inhabitants and is located about 110 km to the south of 
Pune city. The site experiences local emissions from vehicular exhaust, 
biomass burning, and long-range transport from both continental 
polluted and marine air. The combination of complex sources which are 
active during the different times of the year (Buchunde et al., 2019; 
Mukherjee et al., 2018) and regional photochemistry make the site the 
best test-bed for studying aerosol aging and cloud formation processes 
(Mukherjee et al., 2020). Additionally, details of the site can be found in 
Mukherjee et al. (2018) and Leena et al. (2017). Here, the entire data is 
categorized into three seasons; pre-monsoon (March–May, MAM), 
post-monsoon (October–November, ON), and winter (December–Feb
ruary, DJF). There were no measurements during the Monsoon 
(June–September) due to persistently moderate to heavy rains and/or 
the site is mostly within the low shallow clouds during monsoon. 

2.1. Neutral cluster and air ion spectrometer (NAIS) 

NAIS measures ions of both polarities in the mobility range of 
3.16–0.00133 cm2 V− 1 s− 1 (diameter range 0.36–47.1 nm, 28 size bins), 
the method of diameter conversion from mobility has been adopted from 
Tammet (1995) and Horrak et al. (2000) (Table 1). Detailed information 
about the NAIS and the software can be found on the website: http:// 
airel.ee and in Mirme and Mirme (2013). The uncertainty in the air 
ion concentration measurements is <10% (Wagner et al., 2016). Based 
on 200-s sample air and 100-s offset-level measurements, the average 
mobility of positive and negative ions is determined every 5 min. There 
are two basic categories, (i) charged clusters (mobility >0.5 cm2 V− 1 

s− 1; diameter <1.6 nm) and (ii) charged nanoparticles (mobility <0.5 
cm2 V− 1 s− 1; diameter >1.6 nm), that make up the total mobility dis
tribution of atmospheric ions (Hõrrak et al., 2003). To estimate the 
formation rate of the neutral particles and sinks, particle concentrations 
in the size ranges of 3 nm–47.1 nm were also used. The instrument is 
deployed on the second floor at the height of 6 m in the three store 
buildings and the inlet is well exposed to the fresh wind circulation and 
guarded against the vertical electric field by the extended slab/floor. 
The complete details of the instrumentation can be found elsewhere 
(Mirme et al., 2007). 

2.2. Wide range aerosol spectrometer (WRAS) 

Particle number size distributions in the diameter range from 5 nm to 
32 μm (72 size bins) were measured using a wide-range aerosol spec
trometer (WRAS) with a time resolution of 5 min. Here, we used particle 
number size distribution measurements in the size range from 5 nm to 
1000 nm (53 size bins). WRAS, manufactured by GRIMM, Germany. The 
WRAS system consists of a scanning mobility particle sizer (SMPS) with 
a condensation particle counter (SMPS + C; CPC model 5.4) and a light 
scattering optical particle size spectrometer (Opt. Spect.; GRIMM EDM 
180). The SMPS + C consisting of a differential mobility analyzer (DMA) 
measures the particle size distribution in the electrical mobility size 

Table 1 
Classification of different events considered in this study.  

NPF An abrupt increase in sub-3 nm ions and nucleation mode particles 
(sub-25 nm) with evidence of steady growth in the ion and particle size, 
thus appearing as conventional banana-shaped ion and aerosol growth. 
Ion and particle mode diameter is lesser than 3 nm and 25 nm, 
respectively, so that the growth rate and formation rate of ions and 
particles can be calculated. 

Non-event No increase in sub-3nm ions and nucleation mode particles (sub-25nm) 
and ion and particle mode diameter (absence of growth) during the day 

Undefined All the remaining valid observation days which doesn’t satisfy either of 
the above two criteria,  
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range of 5–350 nm in 45 channels by stepwise changing the DMA 
voltage. An optical spectrometer works on the basic principle of the 
light-scattering of a single particle. A PIN-diode is used to detect the 
scattered light, and the signals are then amplified and divided into 31 
size channels in the 250 nm to 32 μm optical diameter range, they are 
automatically synchronized by the software. This device is well- 
protected for room-temperature operation under the air conditioning 
system. We used a Nafion dryer to lower the relative humidity of the air 
sample to 40%. 

2.3. Meteorological parameters and air mass history 

Meteorological parameters such as temperature and relative hu
midity (RH) were obtained using an automatic weather station (AWS) at 
a temporal resolution of 1 min. The measurement site experiences north- 
westerly winds in pre-monsoon, and south-easterly winds in the post- 
monsoon and winter seasons (Mukherjee et al., 2020). We have also 
performed airmass backward trajectory calculations using the National 
Oceanic and Atmospheric Administration (NOAA) Hybrid Single Parti
cle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and 
Rolph, 2014), to examine the influence of airmass history on new par
ticle formations. 

3. Analysis methods 

3.1. Classification of the events 

An NPF event is generally identified by the visual inspection of the 
shape characteristic of particle number size distributions and charac
teristic properties such as formation rate and growth rate of particles 
(Dal Maso et al., 2005; Hirsikko et al., 2007). Here, we classified events 
into three different types: NPF, non-events, and undefined (Table 1). The 
time evolution of particle number size distribution shows the temporal 
change in concentrations throughout the observation time period from 
January 2, 2015 to April 30, 2017 (Fig. S1). 

3.2. Ion and particle formation and growth rates 

The particle growth rates (GR) of the newly formed ions or particles 
can be determined from the measured ion or particle number size dis
tributions (Hirsikko et al., 2007; Kulmala et al., 2012). GRs were ob
tained by a linear least-square fit through the temporal variation of 
particle mode diameter of the measured particle number size distribu
tions. The particle diameter corresponding to the maximum number 
concentration of particles is referred to as the particle mode diameter 
(Figs. S5 and S6) through which a first-order polynomial fitted to 
calculate particle growth rate. GRs were calculated for the particle size 
ranges 3–7 nm, 7–25 nm from NAIS and 5–25 nm from WRAS 
measurements. 

The formation rate of 3 nm particles was calculated using the 
following equation: 

J3 =
dN3− 7

dt
+ CoagS3− 7 . N3− 7 +

1
1nm

GR3− 7N3− 7 (1)  

where N3− 7 is the negative particle concentration between 3 and 7 nm 
from NAIS, CoagS3-7 is the coagulation sink of 3–7 nm particles and GR3- 

7 is the particle growth rate in the size range of 3–7 nm (Kulmala et al., 
2007). 

The formation rate of charged particles (both positive and negative) 
of 3 nm were calculated using the following equation, 

J±
3 =

dN±
3− 7

dt
+ CoagS3− 7 . N±

3− 7 +
1

1nm
GR3− 7N±

3− 7 + α .N±
3− 7 N∓

<7

− β .N3− 7 N±
<7 (2)  

where N±
3− 7 refers to the 3–7 nm charged particle concentration, N∓

<7 the 

sub-7 nm charged particle concentration of the opposite polarity. Here, 
the ion-ion recombination coefficient was taken as 1.6 × 10− 6 cm3 s− 1 

(Israel, 1971), and the ion-neutral attachment coefficient was taken as 
0.01 × 10− 6 cm3 s− 1 (Hoppel, 1985). 

The formation rate of particles of size 5 nm was calculated using the 
following equation: 

J5 =
dN5− 25

dt
+ CoagS5 . N5− 25 +

1
20nm

GR5− 25N5− 25 (3)  

where N5− 25 is the particle concentration between 5 and 25 nm, CoagS5 
is the coagulation sink of 5 nm particles and GR5-25 is the particle growth 
rate in the size range of 5–25 nm. 

3.3. Contribution of ions to particle formation 

The total nucleation rate (J) can be expressed as the sum of neutral 
and ion-induced nucleation rates (Manninen et al., 2009). Following the 
Manninen et al. (2010) methodology, the ion-ion recombination was 
omitted from the neutral particle formation rate. Therefore, it is the 
ion-induced fraction and not the ion-mediated nucleation fraction. The 
contribution of ions to particle formation is thus calculated as given 
below; 

IIN =
(
J+

3 + J−
3

)/
J3

(4)  

4. Results and discussion 

4.1. Frequency of occurrence of NPF events 

Fig. 1 shows the percentage occurrence of the event days per season 
at HACPL in Mahabaleshwar. Overall, out of 540 valid observation days, 
NPF events occurred on 79 days (14.6%) and non-events were observed 
on 353 days (65.4%) at HACPL (monthly frequency of NPF event clas
sifications is given in Fig. S3). A total of 108 undefined days (20%) were 
categorized as the days that could not be classified as NPF event or non- 
events days due to mixed features such as broken banana-shaped aerosol 
growth, ion/particle bursts without evidence for growth (volcano/ 
apple), or Aitken mode growth or tail events (Buenrostro Mazon et al., 
2009; Kanawade et al., 2014b). A recent study in India showed that 
more than half of events days with particle bursts (volcano/apple) in the 
sub-3nm size range did not show banana-shaped aerosol size growth 
during summer (March through May) (Sebastian et al., 2021b). The 
frequency of occurrence of NPF events was the highest in MAM months 

Fig. 1. The percentage of occurrence of different types of events during each 
season. DJF→ December, January, February; MAM→ March, April, May; ON→ 
October, November. 
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(22.9%), mainly due to the high solar radiation (typically higher 
oxidation extent of the atmosphere enhancing the production of low 
volatile organic compounds responsible for particle growth) and rela
tively low pollution loading close to the surface (owing to dilution effect 
from elevated boundary layer resulting lower condensation sink for 
condensable vapors, Fig. 3e). While, in the Indian context, the frequency 
of occurrence of NPF events is the lowest during the monsoon due to 
efficient wet scavenging of aerosol precursor gas concentration and 
weak gas-phase oxidation chemistry under diminished solar radiation 
on persistently cloud days (Kanawade et al., 2014b, 2022a), the lowest 
frequency of occurrence of NPF events was observed in winter (16.9%). 
Overall, the seasonal variation in the occurrence of NPF events is similar 
to other sites in India and globally (Kerminen et al., 2018; Kulmala et al., 
2004; Sebastian et al., 2022; Wang et al., 2013). It should be noted that 
there are a few exceptions when researchers observed the highest NPF 
event frequency in winter (Xiao et al., 2015; Zhu et al., 2017). 

Fig. 2 shows the average of all the observed NPF events, non-events, 
and undefined events based on measured particle number size distri
butions from WRAS and NAIS. On NPF event days (Fig. 2a), the particle 
bursts followed by sustained growth in particle size are evident during 
the day. After sunrise, the atmospheric dilution effect reduces the 
condensation sink sufficiently for the NPF event to trigger. The increase 

in neutral cluster and nucleation mode particles is evident and the NPF 
event continued beyond midnight till the next day morning at 10:00 a.m. 
local time (not shown in the Figure). Such regional NPF events occur 
over a spatial scale of 100’s kilometers and a temporal scale of 1–2 days 
(Kerminen et al., 2018; Kulmala et al., 2012, 2013). On non-event days, 
no significant changes are evident in particle number size distributions 
and particle mode diameter during the course of the day, indicative of 
non-event days (Fig. 2b). Lastly, the day which was not able to classify 
either NPF event or non-event was referred to as an undefined event day 
(Fig. 2c). The particle number size distributions showed irregularities 
and the Aitken mode growth was evident in the late afternoon and 
evening hours. The exact reason for such irregularities is not known but 
it could be due to the mixing of different air masses (inhomogeneity) or 
sudden changes in environmental conditions (temperature, relative 
humidity, wind, precursor gas, or background aerosol concentration). 

4.2. Characteristics of event types 

To illustrate the characteristics of different event types, the size- 
segregated particle number concentrations, condensation sink, and 
coagulation sink were derived from WRAS particle number size distri
bution data (Fig. 3). Nucleation mode particles (N5–25nm) are mainly 

Fig. 2. Time evolution of averaged particle number size distributions in the size range from 5 to 680 nm from WRAS (top panel) and negative particle number size 
distribution in the size range 1–47 nm from NAIS (bottom panel) for observed (a) NPF events (79 days) (b) non-events (353 days), and (c) undefined events (108 
days). The solid black line indicates the particle mode diameter. 
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derived from the atmospheric NPF, while Aitken mode particles 
(N25–100nm) are derived from either direct primary anthropogenic 
emissions or secondary aerosol formation and growth processes or both. 
The accumulation mode particles (N100–615nm) are mainly derived from 
direct primary anthropogenic emissions or growth of Aitken mode 
particles (both primary and secondary). The condensation sink (CSTOT) 
indicates the vapor loss due to condensation on to pre-existing particles 
while the coagulation sink (CoagSTOT) indicates particle loss by particle- 
particle coagulation. Fig. 3 shows the averaged diurnal variation of size- 
segregated particle number concentrations, total condensation sink, and 
total coagulation sink on the observed NPF event, non-event, and 

undefined event days during different seasons. The N5–25nm on NPF 
event days were significantly higher than non-event and undefined days 
in all seasons considered in this study (Fig. 3a) indicating that NPF is a 
significant source of aerosol numbers to the atmosphere. While 
N25–100nm did not show any differences between event types, N100–615nm 
were the lowest during NPF events indicating that NPF does not 
contribute significantly to accumulation mode particles and therefore to 
the total aerosol mass. The CSTOT on NPF event days was lower than that 
of non-event and undefined days indicating that NPF is favored at lower 
pre-existing particle concentration. Most studies showed that NPF is 
often associated with lower condensation sink (Dal Maso et al., 2005; 

Fig. 3. Median diurnal variation of (a–d) size-segregated particle number concentrations, (e) total coagulation sink (CSTOT), and (f) total coagulation sink (CoagSTOT) 
for observed NPF events (blue), non-events (red), and undefined events (green). 
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Zhang et al., 2010, Kulmala et al., 2004, Kerminen et al., 2018), while 
urban locations in developing countries report the highest formation 
and growth rates at higher condensation sink (Kanawade et al., 2022b; 
Kulmala et al., 2021; Yu et al., 2016). The CoagSTOT on NPF was also 
lower than that of non-event and undefined days. Considering all sea
sons, N5–25nm ranged from 1.2 to 3.7 × 103 cm− 3, with a mean and 
standard deviation of (1.1 ± 1.5) × 103 cm− 3. N5–615nm ranged from 0.1 
× 103 to 103.3 × 103 cm− 3, with a mean and standard deviation of (5.2 
± 5.1) × 103 cm− 3. 

4.3. Formation and growth rates of ions and particles 

The strength of an NPF event is quantified by calculating the for
mation rate and growth rate of particles for a size range of interest. Fig. 4 
shows size-segregated (3–7 nm, 7–25 nm, and 5–25 nm) growth rates of 
particles for different seasons. The growth rates for the first two size 
ranges (i.e., 3–7 nm, and 7–25 nm) were obtained from NAIS negative 
particle data while the growth rate in the size range from 5 to 25 nm was 
obtained from WRAS particle data. The median growth rates of particles 
in the size range of 3–7 nm, 7–25 nm, and 5–25 nm when averaged over 
all seasons were 2.9, 4.6, and 4.5 nm h− 1, respectively. The size- 
segregated growth rates of particles in all size ranges were the highest 
during MAM as compared with DJF and ON. The size-dependency of the 
particle growth rates is also consistent with earlier observations from 
SMEAR II station Hyytiälä, Finland (Manninen et al., 2009), Tumbar
umba in Australia (Suni et al., 2008), K-puszta (Yli-Juuti et al., 2009) 
and Granada, Spain (Casquero-Vera et al., 2020). The increasing growth 
rate with increasing size range suggests the variable degree of contri
bution of chemical vapors to the growth (Guo et al., 2014). The growth 
rates observed at HACPL are significantly lower than those observed in 
heavily polluted environments such as Mexico City (15–40 nm h− 1; Iida 
et al. (2008) or South Africa (3–21 nm h− 1; Laakso et al. (2008) and 
Beijing (7.8 nm h− 1; Zhou et al. (2021)) to moderate or semi-urban 
environments (mountain or high-altitude stations) such as Beijing 
(6.5 nm h− 1; Zhou et al., 2021). The pattern of decreasing growth rate 
from urban to rural indicates the reduced strength of precursors loading 
required for particle growth in the rural environment (Wang et al., 
2013). Similar to the observed variation in the frequency of occurrence 
of NPF events at HACPL, the particle growth rates were slightly higher in 
MAM months (summer/pre-monsoon) than in other months. The sea
sonal cycle in particle growth rates is consistent with that observed 
previously in Mahabaleshwar (Sebastian et al., 2022) and elsewhere (e. 
g. Baalbaki et al., 2021; Chu et al., 2019). The size-segregated growth 
rate of particles is well within the wide range of values seen in diverse 
environments around the world (e.g., Kanawade et al., 2022b; Kerminen 
et al., 2018; Kulmala et al., 2004; Manninen et al., 2010; Wang et al., 
2013). 

Fig. 5 shows the median diurnal variation of particle formation rate 
of 3 nm (charged and neutral) and 5 nm particles. The charged and 
neutral particle formation rates start increasing in the early morning 
(04:00–06:00 LT) peaking at noontime (11:00–13:00 LT), and then 

gradually decreasing as the day passed. While the steady increasing 
pattern of charged and neutral particle formation rates indicates the 
survival of newly formed cluster ions or particles against their coagu
lational loss to pre-existing particles, the steady decreasing pattern of 
charged and neutral particle formation rates indicates that the 
condensational growth outweighs the formation rate later during the 
day. The magnitude and the seasonal pattern of the formation rate of 5 
nm particles were comparable with that previously observed in Maha
baleshwar (Sebastian et al., 2022) and elsewhere globally (Chu et al., 
2019; Kerminen et al., 2018). In Beijing, J showed a clear seasonal 
variation with maxima in winter and minima in summer, while the 
observed GR did not show a clear seasonal pattern (Deng et al., 2020). 
The ambient temperature was found to be a governing factor for driving 
seasonal patterns in J in Beijing. In Mahabaleshwar, J did not show a 
clear seasonal pattern while FR showed a distinct seasonal pattern with 
maxima in summer and minima in winter. It seems to us that the rela
tively higher ambient temperature (20–25 ◦C) in Mahabaleshwar when 
compared to Beijing might be a governing factor for driving seasonal 
patterns in GR in Mahabaleshwar, providing more low-volatility 
oxygenated vapors for condensational growth. Compared to other 
high-altitude sites globally (Cai et al., 2021; Lv et al., 2018; Shang et al., 
2018; Tröstl et al., 2016; Yue et al., 2013), the formation rate of 3 nm 
neutral particles (J3) is higher by two orders of magnitude at Mahaba
leshwar (47 - 1901 cm− 3 s− 1). Further, the formation rate at 3 nm 
neutral particles varied within the same order of magnitude between 
different seasons, peaking during ON season. 

Table 2 summarizes the seasonal median size-segregated growth 
rates, the formation rate of 3 nm charged clusters of both polarities and 
neutral, the formation rate of 5 nm particles, and the contribution of ion- 
induced nucleation to the total particle formation rate of 3 nm particles 
for the observed NPF events at HACPL in Mahabaleshwar. The median 
size-segregated growth rates are the highest in the pre-monsoon while 
the median formation rates of ions and particles are the maximum in the 
winter season. The GR5–25nm (7.9 ± 3.5 nm h− 1) in MAM at HACPL was 
also comparable to that in urban locations such as Pune (7.8 ± 1.7 nm 
h− 1) (Siingh et al., 2013) and Kanpur (8.7 ± 3.2 nm h− 1) (Kanawade 
et al., 2014b). Considering all seasons at HACPL, Mahabaleshwar, 
GR3–7nm, GR7–25nm, and GR5–25nm varied from 0.5 to 6.9 nm h− 1, 
1.3–10.2 nm h− 1, and 1.5–16.4 nm h− 1 respectively. Throughout all 
seasons, the formation rate of 3 nm particles ranged from 47 to 1901 
cm− 3 s− 1, the formation rate of 3 nm positive (negative) ions ranged 
from 3.1 to 81 cm− 3 s− 1 (3.6–294 cm− 3 s− 1), and the formation rate of 5 
nm particles ranged from 0.45 to 3.5 cm− 3 s− 1. Further, the calculated 
IIN fraction ranged from 0.07 to 0.39, suggesting that the contribution of 
ions to particle formation was insignificant at our site, analogous to that 
observed at other sites (Kulmala et al., 2007). Table 2 also summarizes 
seasonally averaged NPF event characteristics from the low altitude 
semi-rural and high-altitude mountain locations across the globe. 
Overall NPF event characteristics at HACPL are comparable to similar 
locations across the globe. 

Fig. 6 shows the scatter plot of the growth rate of 3–7 nm particles 

Fig. 4. Box–whisker plot of size-segregated growth rates of particles (3–7 nm, 7–25 nm, and 5–25 nm) for (a) DJF, (b) MAM), and (c) ON. The solid square indicates 
the mean, the horizontal line indicates the median, the top and bottom of the box indicate the 25th and 75th percentile values and the top and bottom whiskers 
indicate the 10th and 90th percentile values. DJF→ December, January, February; MAM→ March, April, May; ON→ October, November. Note that GR3–7nm and 
GR7–25nm were derived from NAIS negative particle data while GR5–25nm was derived from WRAS particle data. 
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versus the particle formation rate of 3 nm particles and the growth rate 
of 5–25 nm particles versus the particle formation rate of 5 nm particles. 
The general absence of a good positive correlation between the particle 

growth rates and the particle formation rates for both size ranges (3–7 
nm and 5–25 nm) indicates the role of the different vapor sources 
involved in particle formation and growth (Birmili et al., 2003). This 
corroborates the finding above showing different seasonal patterns in 
particle growth rate and the formation rate. Sulfuric acid cluster for
mation in the atmosphere follows its stabilization by the presence of 
bases like amines/ammonia (Kuang et al., 2008; Paasonen et al., 2010) 
or highly oxygenated molecules (Schobesberger et al., 2013), a recent 
study showed that oxidation of aromatic compounds forming highly 
oxygenated molecules plays a minimal role in particle formation (Xiao 
et al., 2021). A recent study in India showed that sulfuric acid plays an 
important role in the sub-3 nm neutral cluster formation, and hypoth
esized that volatile organic compounds might have contributed signifi
cantly in the particle growth as sulfuric acid could explain only 5–25% of 
the observed total particle growth (Sebastian et al., 2021b). Kulmala 
et al. (2022b) further demonstrated that highly oxygenated molecules 
and sulfuric acid together could not explain the observed growth and 
therefore the more complex multi-phase chemistry is involved in parti
cle formation and growth, particularly in polluted environments. 

Fig. 5. Diurnal variation in median J3, J−3 , J+3 and J5 for (a) DJF, (b) MAM, and (c) ON months. DJF→ December, January, February; MAM→ March, April, May; 
ON→ October, November. 

Table 2 
Summary of median (8:00 a.m. to 4:00 p.m. local time) GR3–7nm, GR7–25nm, GR5–25nm, J3, J−3 , J+3 , J5 and the observed fraction of ion-induced nucleation (IIN) on the 
observed NPF events at HAPCL site and other selected similar locations across the globe. “±” indicates the standard deviation. “-” indicates no data.  

Location Site type Season  GR3–7nm GR7–25nm GR5–25nm J3 J−3 J+3 J5 IIN 
(fraction) 

Reference 

(nm h− 1) (cm− 3 s− 1) 

Mahabaleshwar, 
India 

Mountain 
semi-rural 

DJF Range 0.5–5.0 2.6–6.5 2.1–10.1 70–1901 7.7–80 4.9–81 0.44–3.5 0.08–0.23 This study 
Mean 2.7 ±

1.3 
4.4 ±
1.3 

4.7 ± 2.2 419 ±
459 

28 ± 22 19 ±
19 

1.0 ±
0.63 

0.10 ±
0.04 

Median 2.8 4.3 4.1 272 20 13 0.77 0.13 
MAM Range 1.3–6.9 2.9–10.2 3.4–16.4 47–449 3.6–102 3.1–18 0.45–1.70 0.07–0.39 

Mean 3.9 ±
1.6 

6.3 ±
2.0 

7.9 ± 3.5 130 ± 89 14 ± 20 6.8 ±
3.7 

0.80 ±
025 

0.20 ±
0.07 

Median 3.9 6 7.5 107 6.2 6.1 0.77 0.14 
ON Range 1.2–4.5 1.3–5.0 1.5–9.8 143–1259 22–294 5.6–60 0.45–2.1 0.13–0.38 

Mean 2.4 ±
0.9 

3.5 ±
1.0 

3.7 ± 2.5 478 ±
325 

88 ± 77 18 ±
15 

1.0 ±
0.47 

0.20 ±
0.06 

Median 2.5 3.6 2.5 378 67 10 0.97 0.19 
Mahabaleshwar, 

India 
Mountain 
semi-rural 

Annual Mean – – 4.7 ± 3.0 – – – 0.04 ±
0.02 

– Sebastian 
et al. 
(2022) 

Mt. Yulong, China Mountain 
background 

MA Mean 3.22a – – 1.18 – – – – Shang et al. 
(2018) 

Mt. Tai, China Mountain JASON Mean 1.98b – – 7.10 – – – – Lv et al. 
(2018) 

Jungfraujoch, 
Switzerland 

Mountain 
background 

Annual Mean – – 4.0c 1.8d – – – – Tröstl et al. 
(2016) 

Pearl River Delta, 
China 

Rural site July Range – – 4.0–22.7 2.4–4.0 – – – – Yue et al. 
(2013) 

Wudang, China Mountain 
background 

June Range – – 0.3–11.4e 0.6–6.9 – – – – Cai et al. 
(2021)  

a GR3–25nm. 
b GR3–20nm. 
c GR5–15nm. 
d J3.2. 
e GR3-30. 

Fig. 6. Scatter plot between particle growth rates and formation rates for each 
season, (a) GR3–7nm and J3 and (b) GR5–25nm and J5. DJF→ December, January, 
February; MAM→ March, April, May; ON→ October, November. 
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Indeed, the formation of secondary aerosols is a strong function of 
temperature, humidity, wind speed as well as gas-phase chemicals and 
particles in the atmosphere, in light of this, the chemistry underlying 
NPF event is dynamically complex and varies depending on the type of 
place (Guo et al., 2014; Kulmala, 2015). As such, in the Indian context, 
very little is known about the physio-chemical processes driving new 
particle formation in diverse environments (Kanawade et al., 2022b). 

4.4. Influence of meteorological parameters and air mass history on NPF 

NPF is strongly influenced by given atmospheric conditions such as 
temperature (or solar radiation), relative humidity, and wind speed 
(Hakala et al., 2022; Kerminen et al., 2018; Kulmala et al., 2004). A 
recent study showed that the formation of sulfuric acid-base clusters 
favors at low temperatures (Xiao et al., 2021) while most previous 
studies showed that NPF rates are higher at higher temperatures or solar 
radiation (Kanawade et al., 2014a; Kulmala et al., 2004; Shen et al., 
2011; Siingh et al., 2018; Stanier et al., 2004). Generally, we observed 
the largest NPF rates at higher temperatures and lower relative humidity 
analogous to previous studies (Fig. 7). At higher altitude stations, the 
mean temperature is usually lower than at low altitudes, which leads to 
less evaporation and more condensational growth of the particles. NPF is 

usually not favored at high relative humidity conditions due to the hy
groscopic growth of pre-existing particles and/or weak gas-phase 
oxidation rates under cloudy conditions. Kulmala et al. (2002) re
ported that higher (lower) relative humidity intrigues the negative 
(positive) feedback on the solar radiation intensity and hence gas-phase 
photochemical chemistry, which can hinder (promote) the formation of 
particles. Rose et al. (2015) confirmed from the measurement at Cha
caltaya, Bolivia (5.2 km amsl) finding higher NPF frequency occurred 
during the dry season (less RH). However, some of the exceptions (no 
significant relation with RH) were also reported at Maido station (2.1 km 
amsl) and high-altitude station, Beijing (2.5 km amsl), (Casquero-Vera 
et al., 2020; Foucart et al., 2018). In addition, high RH was also found to 
be associated with more clouds, resulting in less solar radiation (Dada 
et al., 2018) and hence photochemical activity (Zhou et al., 2021). The 
increased surface temperature enhances gas-phase oxidation and air 
dilution increasing boundary layer mixing height which results in lower 
condensation sink near the surface, thus providing favorable conditions 
for the particle formation (Kulmala et al., 2002). The temperature, along 
with other parameters and their feedback, determines whether particle 
formation will occur, but it also determines if the NPF event will proceed 
in the atmosphere. The strong and obvious negative correlation between 
temperature and relative humidity with high NPF rates at high 

Fig. 7. Contour plot of temperature versus relative humidity as a function of the particle formation rate (a) J5, (b) J3, (c) J−3 , and (d) J+3 ) for DJF (left column), MAM 
(middle column), and ON months. DJF→ December, January, February; MAM→ March, April, May; ON→ October, November. 
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temperatures and lower relative humidity is observed at HACPL. While 
high concentrations of volatile organic compounds are thought to 
enhance NPF rates at high temperatures, the co-emission of NOX can 
suppress nucleation, particularly in polluted environments (Xiao et al., 
2021). This suggests that the interplay between gas-phase chemistry and 
atmospheric conditions may be entirely different for NPF processes be
tween clean and polluted environments. 

Further, several investigators showed that NPF event is also strongly 
driven by the air mass history and its modification (Asmi et al., 2011; 
Hamed et al., 2007; Kanawade et al., 2012; Nieminen et al., 2014). Fig. 8 
shows a 3-day air mass backward trajectory starting at 500 m above the 
ground level at 6 UTC (11:30 a.m. local time) at the HACPL site calcu
lated from the HYSPLIT model. The HACPL site experiences air masses 
from north-east and east during ON and DJF months while from 
south-west and west during MAM months. Interestingly, air mass origin 
between NPF and non-event days appears to be the same mostly, except 
for about 15% of days when air mass origin was different on non-events 
days than on NPF event days. This suggests that the source region of the 
air mass is not the critical factor for the occurrence of the NPF event at 
this site. It seems to us that the modification of the air mass as it travels 
in the atmosphere decides whether an NPF event will trigger or inhibit 
within the given air mass. Tunved et al. (2006) showed that pristine air 
entering a boreal forest zone triggers NPF event as air mass traveled over 
the forest (possibly triggered by biogenic volatile organic compounds 
such as monoterpenes in the presence of ozone or other oxidants) and 
then maintained over the forested area until the high pre-existing 
aerosols finally terminate it. Later Foucart et al. (2018) reported that 
the amount of clean/polluted air present in the transported airmass 
decides the intensity of NPF event rather than its frequency. In addition 
to supporting the development of NPF events by clean air mass associ
ated with low-condensation sinks at high-altitude sites, vertical motions 
of air masses from lower altitudes also affect particle formation (Zhou 
et al., 2021). Another recent study by Petäjä et al. (2022) showed that 
the intrusion of marine air masses into the SMEAR II station, in Finland 

promoted the NPF process over the forest environment, which further 
concluded that a small change in precursor gas emission (either natural 
or anthropogenic) may lead to the significant impact on cloud and 
radiative properties. 

5. Conclusions 

Here, we comprehensively characterized the atmospheric new par
ticle formation at the HACPL site in Mahabaleshwar to provide new 
insights into the frequency of occurrence of NPF events, the formation 
and growth rates of charged and neutral clusters and particles, the role 
of ions in particle formation, and meteorological influence on NPF 
events. 

At HACPL in Mahabaleshwar, the frequency of occurrence of NPF 
events was the highest in MAM months (22.9%) and the lowest in DJF 
months (16.9%), which is analogous to previous studies in India and 
globally except in a few locations wherein NPF event frequently 
occurred in DJF months. On average, about 20% of days were catego
rized as undefined event days showing irregularities in particle number 
size distributions possibly associated with the abrupt mixing of different 
air masses or the rapid change in meteorological conditions. We then 
quantified the strength of the observed NPF event days by calculating 
the formation and growth rates of clusters and particles. The median 
growth rates of particles in the size range of 3–7 nm, 7–25 nm, and 5–25 
nm when averaged over all seasons were 2.9, 4.6, and 4.5 nm h− 1, 
respectively. The size-segregated growth rates of particles were the 
higher during MAM months as compared with ON and DJF months, 
replicating the observed seasonal variation in the NPF event frequency. 
While the particle formation rates of sub-3nm neutral clusters and 
higher sizes of neutral particles have been widely reported in India, the 
particle formation rates of 3 nm charged clusters are reported here for 
the first time in India. The formation rates of positive and negative 
charged clusters (J+3 and J−3 ) at HACPL varied from 3.1 to 294.4 cm− 3 

s− 1. The formation rate of 3 nm neutral clusters varied within the same 

Fig. 8. Three-day air mass backward trajectories starting at 500 m above ground at 6 UTC at the HAPCL site during (a) winter, (b) pre-monsoon, and (d) post- 
monsoon for NPF events (blue) and non-events events (red) respectively. The measurement site HACPL, Mahabaleshwar is shown by the asterisk sign (*). 
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order of magnitude between different seasons We further report, for the 
first time in India, the contribution of ions to particle formation and 
found that ions play an insignificant role in particle formation at our site 
analogous to that observed at other sites globally. Further, the general 
absence of a good positive correlation between the particle growth rates 
and the particle formation rates, as opposed to most sites globally, in
dicates the different vapor sources involved in particle formation and 
growth. This further underlines the existing strong spatiotemporal 
variability in aerosol and its precursor sources in India. At HACPL in 
Mahabaleshwar, NPF events generally occurred at higher temperatures 
and lower relative humidity in all seasons, but the interplay between 
gas-phase chemistry and atmospheric conditions decides when the NPF 
event will trigger in the atmosphere. This is corroborated by air mass 
backward trajectory calculations showing that air mass origin was 
typically the same between NPF events and non-event days. 
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Atmospheric new particle formation in China. Atmos. Chem. Phys. 19, 115–138. 
https://doi.org/10.5194/acp-19-115-2019. 

Casquero-Vera, J.A., Lyamani, H., Dada, L., Hakala, S., Paasonen, P., Román, R., 
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Kulmala, M., Petäjä, T., Nieminen, T., Sipilä, M., Manninen, H.E., Lehtipalo, K., Dal 
Maso, M., Aalto, P.P., Junninen, H., Paasonen, P., Riipinen, I., Lehtinen, K.E.J., 
Laaksonen, A., Kerminen, V.M., 2012. Measurement of the nucleation of atmospheric 
aerosol particles. Nat. Protoc. 7, 1651–1667. https://doi.org/10.1038/ 
nprot.2012.091. 

Kulmala, M., Kontkanen, J., Junninen, H., Lehtipalo, K., Manninen, H.E., Nieminen, T., 
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Wagner, P.E., Wimmer, D., Ye, P., Baltensperger, U., Carslaw, K., Kulmala, M., 
Curtius, J., 2016. Experimental particle formation rates spanning tropospheric 
sulfuric acid and ammonia abundances, ion production rates, and temperatures. 
J. Geophys. Res. 121 (12) https://doi.org/10.1002/2015JD023908, 377-12,400.  

Laakso, L., Laakso, H., Aalto, P.P., Keronen, P., Petëjä, T., Nieminen, T., Pohja, T., 
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Kulmala, M., Kerminen, V.M., 2022. Influence of biogenic emissions from boreal 
forests on aerosol–cloud interactions. Nat. Geosci. 15, 42–47. https://doi.org/ 
10.1038/s41561-021-00876-0. 

Pierce, J.R., Adams, P.J., 2007. Efficiency of cloud condensation nuclei formation from 
ultrafine particles. Atmos. Chem. Phys. 7, 1367–1379. https://doi.org/10.5194/acp- 
7-1367-2007. 

Roldin, P., Ehn, M., Kurtén, T., Olenius, T., Rissanen, M.P., Sarnela, N., Elm, J., 
Rantala, P., Hao, L., Hyttinen, N., Heikkinen, L., Worsnop, D.R., Pichelstorfer, L., 
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