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Abstract: New particle formation (NPF) events identified using scanning mobility particle sizer
(SMPS) measurements, their subsequent growth and other characteristics over Dibrugarh, a semi-
urban location in the eastern Himalayan foothills (EHF), during November–December 2016 are
presented. The mean total number concentration of ultrafine aerosols was found to be high during
morning and evening rush hours. The NPF occurrence frequency was found to be 14%. The temporal
evolution of the hourly average aerosol number size distribution revealed that the nucleation burst
occurred at a lower size spectrum, supporting the existence of NPF burst events. It continued to grow
through coagulation loss and condensation sink with an average growth rate of 17.16 ± 12.29 nm/hr.
The satellite-based observations showed a high concentration of the NPF precursors NO2, SO2, and
HCHO during the NPF days. The backward air mass trajectories confirmed that the sources of
emissions were confined within an area of radius ~100 km surrounding the observation site. These
locally generated precursors and their associated photochemistry could be a probable reason for NPF
occurrence at the study site.

Keywords: ultrafine aerosols; eastern Himalayan foothills; new particle formation; geometric mean
diameter; coagulation loss; condensation sink; growth; precursors

1. Introduction

In the past few decades, the focus on aerosol research has shifted to the characterisation
of ultrafine particles as they enhance the total global aerosol burden [1,2]. About 10–60%
of aerosols in the atmosphere are constituted by newly formed particles, depending on
the observation site [3–9]. Global modelling simulations revealed that 50% of newly
formed particles activate as cloud condensation nuclei (CCN) in the troposphere [10–13].
The new particle formation (NPF) events are crucial to understanding the atmospheric
burden of secondary aerosols, which are produced from gaseous vapour through gas-
to-particle (GTP) conversion processes. Based on the thermodynamically stable cluster
(diameter < 3 nm) from a multi-component system (e.g., nucleation of sulphuric acid
(H2SO4) assisted by organic compounds), NPF starts growing to a detectable size [14].
NPF frequently occurs within the continental boundary layer with a spatial scale of a few
hundred kilometres and a temporal scale of 1–2 days [15]. These freshly formed particles
first grow to nucleation mode followed by Aitken mode [16]. These then participate
in cloud formation through condensational growth and coagulation scavenging. High
condensation growth leads to the large increment of a fraction of nucleation-mode particles
accumulated over the initially formed stable clusters and pre-existing aerosols [17–19].
Coagulation is mainly attributed to the size enhancement by the collision and coalescence

Atmosphere 2023, 14, 795. https://doi.org/10.3390/atmos14050795 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos14050795
https://doi.org/10.3390/atmos14050795
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://doi.org/10.3390/atmos14050795
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos14050795?type=check_update&version=1


Atmosphere 2023, 14, 795 2 of 17

of aerosols present in the atmosphere. Further, they have direct effects by scattering light
once they grow to a size above 100 nm [20]. Several physicochemical mechanisms, such as
the heterogeneous nucleation of insoluble organic vapours and chemical reactions, may
initiate the growth of the nucleated particles. For example, H2SO4 is a primary vapour
responsible for NPF and the formation of a stable cluster, while ammonia (NH3) [21] and
amines [22] also play an important role in the NPF growth process. The type and amount
of precursor vapours, the concentration of already-existing particles, meteorological factors,
and the current atmospheric conditions can simultaneously affect the NPF dynamics [23].
Moreover, charged ions clusters, organic acids, and low-volatility compounds can initiate
NPF [24]. The discovery of secondary organic aerosol (SOA) formation by the oxidation of
isoprene (C5H8) revealed that following sufficient oxidation, even small organic molecules
can become organic aerosol precursors [25] whereby formaldehyde (HCHO) is mostly
produced from C5H8 and CH4 by OH radicals [26] and later may contribute to NPF
chemistry. According to Kanawade et al. (2020b), enhancing hydrocarbon-like organic
aerosols and nitrogen-containing organic compounds might play an important role in NPF
events [27]. Furthermore, the oxidation products of anthropogenic gaseous emissions such
as SO2, NOx, and VOCs play an important role in NPF events, particularly in polluted
marine environments [28,29]. The distribution and fraction of secondary aerosols in the
total aerosol mass are highly uncertain; hence, understanding these aerosols’ effects on
climate and health becomes more complex.

Several studies have been conducted on short- and long-term time scales to investigate
NPF events and their subsequent growth across the Indian region [27,30–41]. Moreover,
several field campaigns such as INDOEX [42], ISRO-GBP [43,44], and ICARB [35,45,46] have
been carried out to measure the sub-micron particle number size distribution. However,
according to Sebastian et al. (2022), no uniform pattern exists in the occurrence of NPF
events among six different sites considered in their study, but NPF events exhibit seasonality
and are responsible for the modulation of CCN concentrations in India [41]. However, the
participation of numerous processes, such as primary emission and secondary generation,
as well as boundary layer dynamics and feedback, complicates the study of NPF.

Northeast India in the eastern Himalayan foothills (EHF), within northeastern South
Asia, has been extensively explored for atmospheric gases and aerosols in the last two
decades [47–54]. These studies included ground-based observations, field campaigns,
satellite data processing, and efficient model simulations. These studies revealed that the
region hosts natural pollutants, especially volatile organic compounds (VOCs) from large
vegetation, anthropogenic pollutants from biomass burning associated with Jhum (shifting)
and other cultivation practices, and fossil fuel generated from anthropogenic activities.
Further, the region serves as a sink to remote aerosols such as dust advected from the
Indian deserts through westerlies, anthropogenic pollutants from the Indo-Gangetic plains
(IGP), and marine pollutants from the Bay of Bengal [54]. Moreover, WRF-Chem model
simulations revealed that NEI shows a highly elevated VOC level next to the western coast
and IGP due to its high vegetation index that plays a dominant role in forming VOCs
such as formaldehyde and glyoxal in winter [55]. Earlier studies of Dibrugarh revealed
the abundance of fine-mode aerosols [50], especially contributed from the local small-
scale burnings taking place during November–March along with other anthropogenic
sources and fine dust particles from the nearby river Brahmaputra [47]. The surface
concentrations of NOx, CO, and BC were found to be high during winter [53], with a
dominance of the urban/industrial and biomass-burning aerosols [49], and the region falls
under NOx-saturated (VOC-sensitive) regime in terms of O3 chemistry [51]. Dibrugarh
experiences a high SO2 mixing ratio during dry winter [48,53] due to a lower temperature,
wind speed, and the shallow boundary layer, which is favourable for atmospheric SO2
oxidation, producing H2SO4. However, the occurrence of NPF events has not been explored
in this region. Therefore, observations carried out during the dry months of November
and December were chosen to study NPF events for the first time in the semi-urban
location of Dibrugarh using a combination of ground- and space-based observations. Here,
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the results are presented in Section 3 starting from the average diurnal variation of the
number concentration and geometric mean diameter (Section 3.1), the identification of NPF
(Section 3.2), the characterisation of one of the NPF events (Section 3.3) and NPF precursor
dynamics (Section 3.4). The main conclusions are presented in Section 4.

2. Methodology
2.1. Observation Site

Particle size measurement was carried out at Dibrugarh University (27.26◦ N, 94.53◦ E,
and 111 m AMSL), Dibrugarh (Figure 1a), and a semi-urban location in the EHF from
15 November 2016 to 30 December 2016. The site is located close to the northeastern
boundary of India and is trapped by the Himalayan range and Tibetan plateau to the
north, Garo-Khasi and Naga Hills to the south, Yanan Mountains to the east, and open to
the west. The sampling location, Dibrugarh University, situated on the southern bank of
river Brahmaputra, is very close to the urban city centre, but is mostly vegetated in nature
surrounded by brick kilns, and tea and other industries are also in its vicinity. Coal and
oil fields are scattered within a 100 km diameter from Dibrugarh University. Moreover,
national highway 37 (NH-37) passes through the university campus with the usual heavier
long-distance vehicular traffic in the early morning and evening hours. Apart from that,
residential apartments are very close to the study location. Thus, the site has mixed sources
of these local anthropogenic emissions and local natural emissions from large vegetation
and transported aerosols from remote locations [52,56].
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Figure 1. (a) Elevation map of northeast India (colour scale) and the detailed map of land use near the
sampling site, Dibrugarh University (cyan symbol). The blue symbol indicates the river Brahmaputra,
green symbols designate the tea factories surrounded by tea gardens, and yellow symbols are the
nearby brick kilns. The pink line is the national highway 37, passing very close to the sampling site,
the red line encloses the urban centre, and the green line area encompasses a rainforest. (b) Time
series of meteorological parameters: temperature (T in ◦C), relative humidity (RH in %) and wind
speed (WS in m/s) during the study period.
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Winter receives the minimum rainfall across the region while the maximum occurs dur-
ing monsoon season. The region experiences a tropical monsoon climate influenced by the
interaction between large-scale circulation and local topography. The year is divided into
four distinct seasons: winter (December–February), pre-monsoon (March–May), monsoon
(June–September) and post-monsoon (October and November). Winter and post-monsoon
are dry, and calm local winds prevail. The pre-monsoon season experiences significant
rain with a hot and humid climate. Monsoon is hot and humid, and the synoptic wind
carries a large amount of moisture from the Bay of Bengal (BoB) resulting in cloudiness and
heavy precipitation. The time series of prevailing meteorological parameters was obtained
from the automatic weather station (AWS) installed at the study location (Figure 1b). The
minimum temperature value was ~8.1 ◦C during the late night and early morning hours,
accompanied by a high-humidity condition of around 98%. The temperature increased as
the day progressed and reached its maximum value at around 14:00 hrs (local time), when
the RH values showed minimum values around 31%. The wind speed was a minimum
around 0.5 to 4 m/s, with slight fluctuations throughout the day (±0.5 m/s).

2.2. Instrumentation and Data

The particle number size distribution (PNSD) in the size range of 10.2 nm to 333.8 nm
in 97 size channels/bins was measured with a scanning mobility particle sizer (SMPS)
placed in a laboratory at a height of ~6 m from the ground. The SMPS consisted of an
electrostatic classifier (TSI model 3082), kr-85 neutraliser along with a differential mobility
analyser (DMA, TSI model 3081), and condensation particle counter (CPC, TSI model 3788).
It was operated at a sample flow rate of 0.8 L/min and a sheath flow rate of 8 L/min.
Particles are typically classified based on the particle diameter (Dp) as nucleation mode
(Nnuc, Dp < 25 nm), Aitken mode (Nait, 25 ≤ Dp < 100 nm), which are together referred to
as ultrafine particles (Dp ≤ 100 nm), and accumulation mode (Nacc, Dp ≥ 100 nm), which
is also termed as fine-mode particles [30,35], and the sum of all the modes gives the total
aerosol number concentration (Ntotal). A 0.7432 cm impactor was used with a tube length
and diameter of 25.4 cm and 0.48 cm, respectively. The scanning cycle of the SMPS was
360 s.

2.3. Satellite Data

NASA Earth Orbiting System (EOS) remote sensors Ozone Monitoring Instrument
(OMI) and Moderate Resolution Imaging Spectroradiometer (MODIS) were used to study
the dynamics of NPF precursors and active fire counts, respectively. The daily variation of
NPF precursors, such as tropospheric NO2, total column SO2, and total column HCHO at
1◦ × 1◦ along with the spatial distribution of tropospheric NO2 from the OMI data, were
utilised. Moreover, active fire counts from MODIS (1 km × 1 km resolution) and air mass
trajectories (NOAA HYSPLIT trajectory model) were also performed to understand the
possible sources of the air mass transported to the study site.

2.4. Estimation of Coagulation Loss (Fcoag), Condensation Sink (CondS), and Particle Growth
Rate (GR)

The characterisation of NPF events was based on evaluating several controlling pro-
cesses. In this study, NPF events were identified by following the criteria set by Dal Maso
and Kulmala [57], where a distinct new mode appears in the nucleation range and it pre-
vails for hours with a sign-of-growth event. This method of NPF event identification has
been used extensively around the world [32–36].

The log-normal size distribution for the observation of PNSD is of the following
form [25,31]:

dN
d ln Dp

= ∑n
i=1

Ni√
2πlnσm,i

exp

[(
ln Dp − ln Dm,p,i

)2

2ln σm,i

]
(1)
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where Dp is the particle diameter, n is the total number of modes where Dm,p,i is the mode
diameter in the ith mode, σm,i is the geometric standard deviation of the modes, and Ni
is the number concentration of particles in the ith mode. The geometric mean diameter
(GMD) for different particle modes can be evaluated by using [58]

GMD = exp
(

1
N ∑ ni × ln Di

)
(2)

where Di is the diameter of the ith size bin.
The coagulation loss in the size range of 10–25 nm can be understood by using

the formula
Fcoag = N10−25 CoagS10−25 (3)

where CoagS10−25 = ∑ kijNj is the coagulation sink, which describes how rapidly the
aerosols are being removed in the nucleation mode size range; kij is the coagulation
coefficient between sizes i and j and can be expressed by the following equation [25,59]:

Kij = 2π
(
di + dj

)
(Di + Dj)βFij

(4)

where d is the diffusion constant and D is the diameter of the particles of i and j sizes, and
βFij

is the Fuchs correction factor of the particles. The diffusion constant can be evaluated
by [58]

d =
kTCc

3πηDp
(5)

where k =1.38 × 10−23 is the Boltzmann constant, T stands for temperature (25 ◦C),
η = 1.81× 10−5, Dp is the particle diameter, and Cc is the Cunnigham slip factor, given by

Cc = 1 +
λ

D

[
2.34 + 1.05e(−0.39 D

λ )
]

(6)

where λ is the mean free path.
CondS shows how rapidly vapour molecules condense on pre-existing particles, which

depends on molecular diffusivity (d), the diameter of the particles D, and size distribution
functions βm,j, and was calculated as follows [60]:

CondS = 2πdj ∑βm,jDjNj (7)

where the size-dependent transition correction factor βmj can be expressed as [61]

βmj =
1 + knj

1 + 0.337knj +
4knj
3α +

4knj
2

3α

(8)

where d is the diffusion coefficient for H2SO4 (0.1014 cm2/s), α is the mass accumulation co-
efficient (taken as unity), and λv is the mean free path of H2SO4 molecules

(
6.7× 10−6 cm)

at 1 atm, 298 K and Knj, which is given by knj = 2λ/Dp. The Knudsen number is the
ratio of the two length scales between the effective mean path (λ) and the diameter (Dp)
characterising the particle.

The GR in the nucleation mode range (Dp ~10–25 nm) can be calculated by the first-
order polynomial fit over the GMD during the event period as follows [62]:

GR10−25 =
d(GMD)

dt
(9)

Similarly, the GR of different mode regimes, such as Aitken (25 ≤ Dp < 100 nm)
and accumulation (Dp ≥ 100 nm), can also be estimated. However, the total GR can be
calculated by taking into account the entire size bin during the sampling measurement.
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3. Results and Discussion
3.1. Average Diurnal Variation of Number Concentration and Geometric Mean Diameter (GMD)

The particle number concentration in the ultrafine range provides useful information
about aerosol sources, transformation, and removal mechanisms. We investigated the
aerosol concentrations over three mode regimes: nucleation (Nnuc), Aitken (Nait) and
accumulation (Nacc) as well as for composite (Ntotal) during November–December 2016.

The temporal evolution of the total number concentration, Ntotal, of aerosols in the
size range 10.2 nm to 333.8 nm and the corresponding GMD values during the study period
was examined (Figure 2). In general, the Ntotal of ultrafine and fine particles possessed dual
diurnal peaks between 07:00–08:30 hrs (IST) and 18:30–22:30 hrs, corresponding to morning
rush hour and the shrinking of the boundary layer in the evening, thereby trapping the
species near the surface and undergoing aggregation (Figure 2a). The concentration was
lowest during the daytime due to the dilution of aerosols via mixing, with the uplifting
of the boundary layer. A similar diurnal variation in the near-surface concentrations of
black carbon (BC) aerosols and trace gases such as carbon monoxide (CO) and NOx has
previously been reported from the same study location [47,50,51]. Ntotal varied between
1.84 × 104 to 5.03 × 104 particles/cm3 (Figure 2a) and the GMD ranged from 30 to 118 nm.
These Ntotal values are high in comparison with other semi-urban, semi-rural, and coastal
locations such as Sholapur [36], Trivandrum [31,41], and Gadanki [32]. The present study
site was influenced by diverse sources of emissions from anthropogenic activities, including
the traffic on nearby NH-37, residential and biomass-burning emissions, and natural VOCs
from surrounding vegetation. NPF events have been observed in low-aerosol-loading
environments [18] and in highly polluted areas with high aerosol loading [63]. As such,
being semi-urban in nature, the present study location was expected to be favourable for
NPF occurrences. The GMD of the particles (Figure 2b) was also evaluated to confirm
ultrafine particle bursts. The GMD exhibited a prominent dip during the burst because it is
inversely related to particle number. The peak in the GMD values was synchronous with
the duration of the lower boundary layer dynamics (Figure 2b).
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Figure 2. (a) Average diurnal variation of total particle number concentration (Ntotal), and (b) the
geometric mean diameter (GMD) during November−December 2016. The vertical lines represent the
standard deviation from the mean.

3.2. Identification of NPF Events

We identified three NPF events during our study period based on aerosol PNSD
(dN/dlnDp; Figure 3). The nucleation mode was used to identify the particle burst event
where a distinct new mode appears at the lower size ranges. There were distinct temporal
variations of dN/dlnDp before NPF (Figure 3a,d,g), after NPF (Figure 3c,f,i), and during the
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NPF period (Figure 3b,e,h). Usually, the number–size spectrum exhibits peaks in the larger
size regime, but during the NPF events, an “open mode” began to appear at the lower end
of the size ranges (nucleation mode), which later disappeared and/or shifted to a higher
size range through coagulation loss or condensation sink, designated as subsequent growth.
Only those instances when the size of the ultrafine aerosols continues to grow at a rate of a
few nanometres per hour for a few hours at a time are classified as NPF events [57,64], as
discussed in a successive section.
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Figure 3. Temporal evolution of PNSD with a diameter ranging from 10.2 nm to 333.8 nm, on NPF
days ((a−c) 2 December 2016, (d−f) 3 December 2016, (g−i) 16 December 2016). Here, (a,d,g) are the
variations of PNSD before the NPF, (b,e,h) are the variations of PNSD during the NPF, and (c,e,i) are
the variations of PNSD after the NPF period.

3.3. Characterisation of One of the NPF Events
3.3.1. Variation of Number Concentration (Ntotal) with a Geometric Mean Diameter (GMD)

The day of 3 December 2016 was considered representative of NPF occurrence when
the nucleation burst was observed at 06:30 hrs, with a rapid increase in Ntotal (highest,
3.96 × 104 cm−3; Figure 4a) and a simultaneous dip in the GMD (lowest, ~48.05 nm;
Figure 4b). Later, the GMD value continued to increase with decreasing number con-
centration. It may be noted that another NPF event was triggered earlier around 04:00
hrs but did not develop into a full-grown event. Further, the temporal evolution of the
GMD under different mode regimes on same NPF and on non-NPF days is presented in
Figure 5. During an NPF event, the peaks occurred in all regimes, but the initial burst
was seen in the nucleation mode, which later grew from nucleation to Aitken and then
to accumulation mode. A large GMD dip occurred in Aitken mode simultaneously with
the nucleation burst in nucleation mode (Figure 5a), which further supported the NPF
burst. Moreover, during the NPF period, the contribution of Nnuc to Ntotal was signifi-
cantly high (~40–45%; Figure S9), whereas the contribution during a non-NPF day was
only 5–10%. For reference and more clarity, we also included the details of the other NPF
events in the supplementary files (Figures S1–S4, 2 December 2016, and Figures S5–S8, 16
December 2016). However, no simultaneous nucleation burst and GMD growth with a
prominent peak and dip, respectively, was observed on non-NPF days (e.g., 23 December
2016, Figures 4d and 5b).
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3.3.2. Variation of Coagulation Loss (Fcoag), Condensation Sink (CondS) in Different Mode
Regimes and Growth Rate (GR)

During the coagulation process, the small particles kept colliding with each other
due to their relative motion; the diameter increased, and as a result, Nnuc decreased
after the NPF burst [58]. Fcoag and CondS were calculated for the nucleation, Aitken, and
accumulation modes. During the NPF events (Figure 6a), the average Fcoag in the nucleation,
Aitken and accumulation modes was 0.023 ± 0.038 cm−3 s−1, 0.024 ± 0.031 cm−3 s−1, and
0.012 ± 0.007 cm−3 s−1, respectively, meaning that ~ 0.023 ± 0.038, ~ 0.024 ± 0.031, and
~ 0.012 ± 0.007 particles were lost per second per unit volume in nucleation, Aitken, and
accumulation modes, respectively (Figure 6). The average CondS in the nucleation, Aitken,
and accumulation modes was around (2.27 ± 3.73) × 10−6 cm−3, 0.008 ± 0.007 cm−3, and
0.002 ± 0.0013 cm−3, respectively. Thus, Fcoag being dominant in the nucleation and Aitken
modes during the NPF period suggests the presence of pre-existing ultrafine particles and
high relative particle motion. However, in accumulation mode, CondS was quite high,
suggesting that large particles were lost through condensation only. However, on the
non-NPF day, Fcoag and CondS were sufficiently weak because of the availability of lesser
nucleated particles in the atmosphere (Figure 6b).
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After the burst in nucleation mode, as discussed earlier, if the ultrafine aerosols keep
on growing at a rate of a few nanometres per hour for more than an hour, then and only
then is the event classified as an NPF event [57]. Thus, we calculated the growth rate
(GR) of the newly formed particles from the slope of the first-order polynomial fit of the
geometric mean diameter (GMD) over time for the event days as well for a non-event
day (Figure 7a,b). The average GR on 3 December 2016 was 31 nm/hr during the event
period. Before the event, there was a large fluctuation in the GMD, which became weaker
after the event period (Figure 7a). However, on the non-NPF day, no such variation was
observed (Figure 7b). The GR on the other two event days, 2 December 2016 and 16
December 2016, were found to be 13 nm/hr and 7.5 nm/hr, respectively (Table 1). A GR
in the range 0.1–30 nm/hr has been reported over diverse environments across the globe
using different types of instruments in recent decades (Table 2). Over India, an average
GR of 0.3 to 30 nm/hr has been reported [27,30–34], and event-wise, a GR of 30 nm/hr has
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been observed over New Delhi, a polluted location [65], which is comparable to the value
reported on 3 December 2016. The higher GR values over this location may be associated
with high levels of existing precursors, which are in line with the observation that the study
region is the second highest in aerosol loading over South Asia next to the Indo-Gangetic
Plains [53]. Although the region is semi-urban, its topography serves as a sink for several
remote aerosols, as noted earlier. The CondS varied from 5.4–170 × 10−3 s−1 (Table 2).
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Table 1. Summary of various calculated parameters during the NPF events in December 2016.

Date
(2016)

Ntotal
(104 cm−3)

GMD
(nm)

CoagStotal
(10−4 s−1)

CondStotal
(10−3 s−1)

Fcoagtotal
(cm−3 s−1) GR (nm/hr)

2 December 2.09 ± 1.29 60.72 ± 18.59 2.28 ± 1.40 8.20 ± 1.18 6.58 ± 7.55 13
3 December 1.30 ± 0.63 88.56 ± 16.32 1.42 ± 0.69 3.20 ± 2.12 2.29 ± 2.85 31
16 December 1.88 ± 1.60 81.20 ± 23.71 2.06 ± 1.75 10.2 ± 13.1 6.69 ± 9.89 7.5

3.3.3. Statistical Interpretation of NPF Parameters

Figure 8a shows the box–whisker plot of the number concentration (N), CondS, CoagS,
and Fcoag at different size modes. The positive standard deviation (SD) of N from its
average value was significantly high in the nucleation and Aitken modes, which depicts
the ultrafine particle burst (rapid fluctuation) in a lower size regime. Similarly, the SDs
of CoagS and Fcoag in the lower size regime were significantly higher, implying that the
particle loss was more rapid than in the lower size regime (nucleation, Aitken). However,
contrasting behaviour was observed in CondS, where the SD was more significant in a
higher size regime (accumulation), implying that particles were lost via condensation in a
higher mode. Moreover, it was observed that the mean value was greater than the median
value (Table S1). Thus, the particles grew to higher size ranges through coagulation and
condensation, giving rise to a longer tail after the mode known as a positive skew or a
right-skewed distribution. This right-skewed distribution in number concentration in all
the modes revealed some significantly higher values associated with the nucleation burst
and subsequent growth to the Aitken and accumulation modes. On the non-NPF day, the
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N, CondS, CoagS, and Fcoag values were comparatively low with less fluctuation than on
the NPF day. However, the positive skewness was weaker in the nucleation mode and was
absent in the Aitken and accumulation modes, as particle-burst-related growth through
Fcoag and CondS was absent on that day (Figure 8b).
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Table 2. Summary of calculated parameters of NPF events in different global locations.

Location Location
Type

Measurement
Period Instrument Size Range

(nm)
CondS

(10−3 s−1)
GR

(nm/hr) Ref

Lanzhou,
China Suburban June–July

2006 DMA 10–500 9.0–24.0 1.4–16.9 [66]

Vavihill,
Sweden Rural

February–
May

2001–2004
DMPS 3–900 5.4 2.5 [67]

Egbert,
Canada Rural June–July

2007 FMPS + SMPS 14–1000 07 ± 0.5 5.1 [62]

Hyytiala,
Finland Forest rural

October
2010–

September
2011

DMPS + PSM
+ CPCB +

NAIS + AIS +
BSMA

0.9–1000, ND 1.4 [15]

Shanghai,
China Urban

November
2013–

January
2014

nCNC + SMPS 1.34–3,
14–615 27.0 2.3 [68]

India (Delhi,
New delhi
Pune,
Hyerabad)

Urban

November–
December
2011, 1–7

November
2016

March–May
2012,

April–June
2019

SMPS,
DMPS,

NAIS + SMPS,
nCNC + SMPS

9–245,
10–800,

3.85–47.8,
1–514

60.0,
60–170

6.6 ± 1.5,
17 ± 16.5

3.9,
1.6–30

7.4 ± 1.4,
2.2 ± 1.7

[36],
[65],
[69],
[39]
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Table 2. Cont.

Location Location
Type

Measurement
Period Instrument Size Range

(nm)
CondS

(10−3 s−1)
GR

(nm/hr) Ref

India
(Solapur,
Gadanki)

Semi-urban/
Semi-rural

August
2018–

January
2019,

May–July
2012

SMPS,
WRAS

15–700,
5–32

16.4 ± 6,
7.1 ± 4.6

1.2–13.8, 4.1
±2.0

[36],
[32]

India (Maha-
baleshwar,
Mukteshwar,
Ranichauri,
Hanle)

Mountain

October–
November

2014,
November

2005–
January

2010,
December

2016–
September

2018,
August 2010

WRAS,
DMPS,
DMPS,
SMPS

5–32,
10–800,
10–800,
16–1364

15.4 ± 2.6,
7.4 ± 4.3,
8.6 ± 5.8,

-

1.4 ± 0.4,
2.4,

6.7 ± 3.8, 0.1
±20.0

[70],
[71],
[72],
[31]

India
(ICARB-
2018)

Cruise
January–
February

2018
SMPS 10–414 19.8 ± 55.0 14.4 ± 13.1 [35]

India
(Dibrugarh) Semi-urban

November–
December

2016
SMPS 10.2–333.8 7.2 ± 3.6 17.16± 12.29 present

Study

Here, DMPS—differential mobility particle sizer; FMPS—fast mobility particle sizer; SMPS—scanning mobility
particle sizer; BSMA—balanced scanning mobility analyser; IGMA—inclined grid mobility analyser; AIS—air ion
spectrometer; nCNC—nano-condensation nucleus counter; NAIS—neutral air–ion spectrometer, WRAS—wide-
range aerosol spectrometer; ND—not defined.

3.4. NPF Precursor Dynamics

To understand the behaviour of the NPF precursors over the measurement site, the
variation of tropospheric NO2, SO2, and HCHO using level-three gridded OMI satellite
data, as well as fire counts detected by MODIS during 15 November–16 December 2016,
were examined. We observed that the concentration of tropospheric NO2 and fire counts
in adjoining areas of the study location were significantly high (Figure 9). Moreover, to
understand the possible flow path and source of the transportation of air mass to the site,
48-hour backward trajectories (100 m, 500 m AGL) during the NPF period were performed.
This revealed the confinement of the plumes within an area of radius ~100 km and reaching
the observation site from the east and southeast directions, where maximum local fire
events were also detected.

The average concentrations of NO2, SO2, and HCHO during the study period were
(9.76 ± 3.93) × 1015, (4.97 ± 5.35) × 1015, and (3.90 ± 2.91) × 1015 molecules cm−2, respec-
tively. During the NPF event days, the precursor concentration level was higher than that
of non-NPF days (Figure 10). However, the in situ observation of these precursors will
give a more accurate behaviour of these NPF precursors’ dynamics and chemistry. The
concentration of various species such as BC, CO, PM, etc. over the present study location
is higher than in many other locations of India and has been well documented [47,50,51].
Additionally, this location has recently experienced an increase in anthropogenic aerosols
such as sulphates and organics due to growth in population and industrialisation [73].
NO2, SO2, and HCHO, when advected from distant places to the study site, can participate
in photochemical reactions to form new particles through the GTP mechanism during the
daytime. Further, the transported nanocluster particles may contribute to NPF bursts at the
study site. However, a more critical and in-depth study is required to confirm the same.
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4. Conclusions

The diurnal variation of ultrafine and fine particles along with various parameters was
studied to investigate NPF events at a semi-urban location in Dibrugarh in the EHF. Out of
22 days of measurements from November–December 2016, the NPF occurrence frequency
was found to be ~14%. The NPF events were identified from the hourly mean distribution
of the number–size spectrum, where an “open mode” began to appear at the lower size
spectrum (nucleation and Aitken modes), which sustained for at least an hour followed by
an indication of growth. A peak in the number concentration with a simultaneous abrupt
drop in the GMD further supported an NPF burst with an abundance of ultrafine particles.
The contribution of Nnuc to the Ntotal during the NPF period was up to 40–45%, but was
only 5–10% on non-NPF days. Fcoag dominated in the lower size spectrum, i.e., nucleation
and Aitken modes, whereas condensation was predominant in the higher size spectrum,
i.e., accumulation mode. We found the average growth rate to be 17.16 ± 12.29 nm/hr
in the present study, consistent with the reported values from the Indian region. The
concentration of the NPF precursors NO2, SO2, and HCHO was comparatively higher on
NPF days. Moreover, 48 h backward air mass trajectories at different AGLs revealed that
the plumes were locally confined, which might have influenced the NPF bursts through
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photochemistry during daytime and the air mass contribution of nanocluster aerosols both
during day and night times. The long-term systematic observation of ultrafine aerosols and
precursor gases is required to understand the detailed NPF chemistry, seasonality, and its
contribution to total aerosol loading concerning fog, haze, and cloud formation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos14050795/s1, Figure S1: Representative observation of
NPF event on 2 December 2016 (a) Contour plot of number concentration showing the formation
and growth of new particles between 12:42–14:12 hrs and, (b) Variation of Ntotal, and GMD from
10:30 hrs to 21:00 hrs, where the shaded portion is the event period; Figure S2: Variation of number
concentration and GMD of nucleation-(top), Aitken-(middle) and accumulation-mode (bottom)
particles on 2 December 2016 from 10:30 hrs to 21:00 hrs; Figure S3: Variation of Fcoag and CondS for
nucleation-(top), Aitken-(middle) and accumulation-mode (bottom) particles on 2 December 2016;
Figure S4: Scatter plot between the GMD versus local time. The solid line is the regression fit through
GMD data points during the NPF growth period on 2 December 2016; Figure S5: Representative
observation of NPF event on 16 December 2016 (a) Contour plot of number concentration showing the
formation and growth of new particles between 16:00–21:48 hrs and, (b) Variation of Ntotal, and GMD
from midnight hrs to 22:00 hrs, where the shaded portion is the event period; Figure S6: Variation
of number concentration and GMD of nucleation (top), Aitken (middle) and accumulation-mode
(bottom) particles on 16 December 2016 from midnight to 22:00 hrs; Figure S7: Variation of Fcoag
and CondS for nucleation-(top), Aitken-(middle) and accumulation-mode(bottom) particles on 16
December 2016; Figure S8: Scatter plot between the GMD versus local time. The solid line is the
regression fit through GMD data points during the NPF growth period on 16 December 2016; Figure
S9: Contribution of Nnuc and Nait to the Ntotal on 3 December 2016; Table S1: Summary statistics of
calculated parameters in different size regime on 3 December 2016.
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