
Atmos. Chem. Phys., 26, 14917–14938, 2026
https://doi.org/10.5194/acp-26-14917-2026
© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

Ion and particle size distribution measurements in the
Indo-Gangetic Plain: seasonal insights and challenges

in new particle formation event characterization

Gaurav Kumar Srivastav1,2, Aasif Ahmad Wagay1, Janne Lampilahti3, Jaswant Rathore1,
Ravi Kumar Kunchala1, Dilip Ganguly1, Markku Kulmala3, Tuukka Petäjä3, Pauli Paasonen3,

Roseline C. Thakur3, and Shahzad Gani1,3

1Centre for Atmospheric Sciences, Indian Institute of Technology Delhi, New Delhi, India
2India Meteorological Department, Ministry of Earth Sciences, Government of India, New Delhi, India

3Institute for Atmospheric and Earth System Research/Physics, University of Helsinki, Helsinki, Finland

Correspondence: Roseline C. Thakur (roseline.thakur@helsinki.fi) and Shahzad Gani
(shahzadgani@iitd.ac.in)

Received: 17 April 2026 – Discussion started: 15 June 2026
Revised: 24 September 2026 – Accepted: 2 October 2026 – Published: 23 October 2026

Abstract. New particle formation (NPF) is a major source of atmospheric aerosols and cloud condensation
nuclei, influencing climate and air quality. In highly polluted regions such as the Indo-Gangetic Plain (IGP),
where precursor concentrations and condensation sinks are among the highest globally, NPF remains poorly
constrained due to limited observations of particles and ions in the sub–10 nm size range.

Here, we investigated the occurrence and growth of NPF at a suburban IGP site (CAS-AO, Sonipat, Haryana),
during May–December 2023 using ion (0.8–42 nm) and particle (2.5–42 nm) measurements together with mete-
orological data. NPF events were frequent during summer, occurring on 30 of 35 valid days in May–June (86 %),
and were much less frequent during the winter/post-monsoon period, with 20 out of 73 valid days (28 %). The
weak seasonal variability of ion concentrations relative to nucleation-mode particles suggests that particle sur-
vival and growth were strongly modulated by condensation sink, meteorology, and air-mass heterogeneity. The
median daily condensation sink during 06:00–12:00 LT was lower on event days than on non-event days (0.0095
vs. 0.0292 s−1). Particle growth rates increased with size, from 14.7 nmh−1 in the 3–7 nm range to 19.0 nmh−1

in the 7–20 nm range, indicating size-dependent growth.
In this high-background setting, pollution plumes and meteorological variability intermittently mask or distort

NPF signals, limiting the direct applicability of both visual and automated classification methods and growth
rate estimation methods. Our observations highlight that careful application and improvement of data analy-
sis methods, along with precursor gas measurements, are required to better constrain nucleation processes by
avoiding methodological sensitivity due to the complexity of aerosol dynamic processes in multi-source, high-
condensation-sink environments, such as IGP.
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1 Introduction

Aerosols affect the global radiation balance by scattering
sunlight and altering cloud properties. They originate from
natural (e.g., volcanoes, sea spray) and human sources (e.g.,
industry, transport) and occur as primary (directly emitted)
or secondary (formed via atmospheric reactions) particles
(Hinds and Zhu, 2022). Aerosol sizes range from sub–2 nm
atmospheric clusters (particles) and small ions, to coarse
particles reaching hundreds of micrometres (Kulmala et al.,
2024; Tomasi and Lupi, 2017).

New particle formation (NPF) is the atmospheric process
by which low-volatility vapours form molecular clusters that
can grow into detectable aerosol particles. Freshly formed
particles typically appear first at diameters of about 1.5–2 nm
and may subsequently grow into the nucleation and Aitken
modes if condensable vapours are sufficient and losses to pre-
existing particles are limited. Charged sub–10 nm particles
and ions influence atmospheric electrical properties and can
provide early information on cluster formation and growth.

Atmospheric observations and model studies show that
NPF followed by growth can contribute substantially to at-
mospheric particle number concentrations, while its con-
tribution to cloud condensation nuclei (CCN) depends on
whether newly formed particles grow to CCN-relevant sizes
(Gordon et al., 2017; Kerminen et al., 2018). Both contri-
butions vary strongly among sites, seasons, and background
aerosol conditions. During an NPF event, the observed con-
centration in a fixed nucleation-mode size interval can in-
crease as the growing mode passes through that interval, even
though the total number in a growing particle population may
decrease because of coagulation and dilution.

The Indo-Gangetic Plain (IGP), spanning parts of India,
Pakistan, Bangladesh, and Nepal, supports intensive agricul-
ture through its fertile alluvial soil and major river systems.
It is a densely populated region characterised by complex
meteorological factors, and faces pressing challenges related
to rapid urbanisation and industrial growth, resulting in sig-
nificant air pollution levels. The region not only witnesses
extreme levels of air pollution in winters but also experi-
ences anomalies in precipitation, alternating weather during
the Indian summer monsoon period and periodic impact of
western disturbances. IGP, characterised by a rich mix of in-
dustrial and anthropogenic activities, presents a diverse array
of aerosol sources. Increasing aerosol loading, along with a
prominent role of precursors such as NH3 (primarily from
agricultural emissions), and discernible upward trend in SO2
and NOx are likely to enhance the potential for secondary
aerosol formation and further complicate atmospheric pro-
cesses (Chutia et al., 2022; Gani et al., 2019; Pawar et al.,
2023; Singh et al., 2023; Wang et al., 2020).

However, current knowledge of these processes in the IGP
remains limited because previous studies have largely relied
on the Scanning Mobility Particle Sizer (SMPS) and similar
instruments optimised for larger particle diameter (typically

above 10 nm), which often miss the dynamics of particles
and ions in the 3–10 nm size range (Kanawade et al., 2022).
Furthermore, many existing observations are conducted over
short time durations, making it difficult to fully understand
the seasonal variability of NPF and sub-10 nm particle dy-
namics in the IGP. These factors stress the need to study the
nuances of secondary particles and NPF events particular to
this region (Gani et al., 2019; Kanawade et al., 2022; Laakso
et al., 2006; Sebastian et al., 2022).

Several mechanisms have been proposed to explain at-
mospheric NPF. Classical pathways include binary water–
sulfuric acid nucleation, ternary water–sulfuric acid–
ammonia nucleation, and ion-induced nucleation (Kirkby
et al., 2016; Kulmala et al., 2004; Kulmala and Laakso-
nen, 1990; Seinfeld and Pandis, 2016). More recent studies
show that the atmospheric mechanism is often more com-
plex and can involve additional stabilising vapours, includ-
ing amines, highly oxygenated organic molecules, and other
low-volatility compounds, with their relative importance de-
pending on temperature, emissions, and background aerosol
loading (Kulmala et al., 2024). In warm and polluted environ-
ments such as the IGP, pure sulfuric-acid–ammonia pathways
are therefore unlikely to provide a complete explanation,
and stronger bases, organic vapours, and high pre-existing
aerosol sinks may all influence whether newly formed clus-
ters survive and grow.

In this study, we investigate the temporal variability of
size-resolved atmospheric ions and NAIS-measured particle
concentrations at the IGP site and examine their relation-
ships with concurrent meteorological parameters. From the
available observations, we identify NPF event days using
complementary classification methods and determine their
frequency, growth rates, and formation-rate case-study esti-
mates. Derived quantities that require larger particle sizes,
including condensation sink, coagulation sink, and forma-
tion rate, are restricted to periods with concurrent NAIS and
SMPS measurements.

2 Material and methods

2.1 Observation site

We analyse the temporal variability of size-resolved ions
and NAIS-measured particle concentrations using instru-
mental facilities established at the Atmospheric Observa-
tory – Centre for Atmospheric Sciences (CAS-AO) (Rathore
et al., 2025). The site is in Sonipat district, Haryana, In-
dia (28.99° N, 77.01° E; ∼ 125 ma.s.l.). It is a suburban
site located ∼ 65 km from the IIT Delhi main campus and
∼ 10 km northwest of the northern boundary of Delhi. Agri-
cultural land surrounds the site, while National Highways
44 and 34 intersect approximately 500 m from the sam-
pling inlet. These highways represent the dominant nearby
source of traffic-related emissions, in addition to advected
regional sources. Industrial chimneys are also located be-
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yond the intersecting highways. Residential areas lie approx-
imately 300–400 m from the site and may contribute diesel-
generator and household emissions. Small water bodies, in-
cluding ponds and fish farms, are present nearby, and the Ya-
muna River flows within approximately 10 km of the site,
potentially influencing local humidity and vapour precursors
for particle formation and growth.

Figure 1 illustrates the measurement site’s geographical
context from Google Maps, including a zoomed-in view
highlighting nearby roads and infrastructure (left), and a
broader view showing its position within India (right). From
a meteorological perspective, the CAS-AO acts as a recep-
tor for air masses originating from upwind regions, including
parts of the Middle East, Pakistan, and northern India. Its lo-
cation, combined with proximity to major highways, agricul-
tural activity, industrial sources, and residential areas, makes
it well suited for investigating the interplay between local
emissions, regional transport, and atmospheric processing of
aerosols under subtropical conditions. The dataset used for
the present paper is from May 2023 to December 2023.

2.2 Instrumentation

In this study, we used a Neutral Cluster and Air Ion Spec-
trometer (NAIS) and a Scanning Mobility Particle Sizer
(SMPS). We operated the instruments on two indepen-
dent sampling lines. We measured meteorological parame-
ters using an Automatic Weather Station (AWS) installed
on the rooftop of the same building (I-Tech Park building
IIT Delhi’s Sonipat campus). Unless otherwise specified, all
diameters referenced in this study refer to mobility diame-
ters. A brief description of the instruments is as follows:

2.2.1 Neutral Cluster Air Ion Spectrometer (NAIS)

The Neutral Cluster and Air Ion Spectrometer (NAIS) mea-
sures particle number size distributions (PNSDs) of total
particles (2–42 nm) and charged particles/ions (0.8–42 nm),
making it particularly suitable for studying atmospheric ions
and particles (Mirme and Mirme, 2013). It employs paral-
lel differential mobility analysis using two identical cylin-
drical DMAs, with one channel for positive ions and the
other for negative ions together with a pre-conditioning unit
that charges particles via unipolar ionization (corona dis-
charge) before they enter the DMAs. This allows the instru-
ment to resolve both naturally charged ions and neutral par-
ticles within its size range. Measurements of neutral clus-
ters below ∼ 2 nm carry significant uncertainty due to elec-
trometer noise, corona-charging artefacts, and enhanced dif-
fusional losses, particularly under high particle loadings dur-
ing winter, which may affect absolute number concentrations
(Kulmala et al., 2007, 2012). Above 2 nm size range, its sen-
sitivity is constrained by the electrometers’ detection limits
and the corona charger, which restricts the smallest measur-
able concentrations and particle sizes (Manninen et al., 2011;

Wagner et al., 2016). As such, we did not incorporate sub–
2.5 nm total particle data in our analysis.

The NAIS spectra were inverted by the NAIS/Airel in-
strument software (spectops) using the instrument-specific
inverter v14.1-hrnd-elm25-chv. The measurement sequence
consisted of 30 s offset, 30 s particle-mode, and 30 s ion-
mode measurements, with 1 and 10 min averages saved
by the instrument. The exported spectra were then post-
processed by converting ion mobility distributions to
diameter-based PNSDs, applying inlet-loss correction based
on the Gormley–Kennedy tube-loss formulation (Gormley
and Kennedy, 1949), and applying ion-mode correction fol-
lowing (Wagner et al., 2016). The final processed NAIS data
were averaged to 5 min time resolution.

NAIS PNSD measurement uncertainties are size- and
mode-dependent, and intercomparison studies have shown
that air-ion spectrometer concentrations can vary between in-
struments and operating conditions (Gagné et al., 2011; Wag-
ner et al., 2016). For ion-mode measurements, Wagner et al.
(2016) reported that uncorrected NAIS number concentra-
tions were underestimated by about 15 %–30 % below 5 nm,
whereas concentrations at diameters of 19.6 nm and larger
were overestimated by up to 8 %. After the Wagner et al.
correction, ion concentration uncertainty can be reduced to
below 10 %. In particle mode, the largest uncertainty occurs
near the lower size limit because corona-generated charger
ions overlap with the smallest particle sizes; particles below
about 2–3 nm cannot be reliably distinguished from charger
ions, and the lower detectable size can vary with environmen-
tal conditions (Manninen et al., 2011, 2016). Therefore, sub–
2.5 nm NAIS total-particle data were excluded from quanti-
tative particle analysis.

NAIS offers several advantages: it measures both charged
and neutral particles, provides high time resolution for cap-
turing rapid changes in particle concentrations, and is rela-
tively portable, enabling use in field campaigns. At the CAS-
AO, the NAIS inlet consists of a 100 cm copper tube (3 cm di-
ameter) mounted through a laboratory wall at ∼ 5 m above
ground level. Oriented downward without sharp bends, the
downward inlet minimises interference from raindrops. Un-
less stated separately, “total particles” refers to the NAIS
particle-mode measurement (i.e., the number size distribu-
tion of all particles regardless of natural charge state, follow-
ing unipolar charging), reported over the 2.5–42 nm range
used in this study; “ions” refers separately to the NAIS ion-
mode measurement of naturally charged particles over 0.8–
42 nm. The two channels are reported separately throughout
this study unless explicitly stated as combined.

2.2.2 Scanning Mobility Particle Sizer (SMPS)

The SMPS was used to measure PNSDs at larger particle
diameters (Aalto et al., 2001). The larger-diameter part of
the PNSD was used, together with NAIS data where avail-
able, to calculate the condensation sink. SMPS consists of an
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Figure 1. Map showing the location of the CAS-AO, including local surroundings (left) and its position within India (right). Base map from
© Google Maps (Maps data © 2024 Google, retrieved 15 January 2024).

electrostatic classifier (TSI model 3082), a differential mo-
bility analyser (DMA; TSI model 3081), an X-ray aerosol
neutralizer (TSI model 3088), and a condensation particle
counter (CPC; TSI model 3750). The SMPS operates on the
monotonic relationship between electrical mobility and parti-
cle size for singly charged particles. The neutralizer provides
a stable charge distribution by bipolar charging. Then the
classifier separates out particles of targeted diameter range
(bins) by varying the voltage where monotonic relationship
between electrical mobility and particle size of single-charge
particles is used (Stolzenburg and McMurry, 2018; Tammet,
1995). The classified sample via differential mobility anal-
yser is further sent to CPC and the size distribution is de-
termined (Kangasluoma et al., 2020; Stolzenburg and Mc-
Murry, 2018). Typical SMPS uncertainties arise from as-
sumptions in the bipolar charge distribution (∼ 5 %–10 % for
particles in the 20–100 nm range), finite DMA transfer func-
tion width and inversion-related effects (resulting in a sizing
uncertainty of ∼ 5 %–10 %), flow rate calibration (± 2 %–
5 %), and CPC counting efficiency (> 95 % above the lower
detection limit, with reduced efficiency close to the cutoff di-
ameter). The combined relative uncertainty in PNSD is typ-
ically on the order of 10 %–20 % across the 12–570 nm size
range, increasing toward the lower and upper size extremes
(Johnson et al., 2020; Kangasluoma et al., 2020; Leppä et al.,
2017). The raw SMPS scans were inverted using TSI Aerosol
Instrument Manager software (AIM version 11.03.00). The
exported PNSD covered approximately 12–570 nm, with 128
channels per decade, a 120 s scan time, and a 4 s retrace time.

During concurrent operation, the NAIS and SMPS were
compared in their overlapping size range of approximately
12–42 nm. The instruments captured similar temporal vari-

ability, but absolute concentrations differed because of differ-
ences in sampling lines, charging and inversion assumptions,
detection principles, and particle losses near the lower SMPS
and upper NAIS overlap region. For analyses requiring a
continuous NAIS–SMPS PNSD, day-specific multiplicative
scale factors were derived from the median concentration ra-
tio in the overlapping size range and applied before merging.
The NAIS-based event classification was not affected by this
scaling.

2.2.3 Automatic Weather Station (AWS)

The AWS provides real-time measurements of meteorolog-
ical parameters at 5 min resolution (CIMO Guide No. 8,
WMO, 2014). The station integrates sensors connected to a
digital logger. Measured parameters include air temperature,
wind speed, wind direction, relative humidity, and solar radi-
ation. The sensor-parameter pairs are: thermometer for tem-
perature, anemometer for wind speed, wind vane for wind di-
rection, capacitive sensor for relative humidity, barometer for
atmospheric pressure, and pyranometer for solar radiation.

2.3 Methodology, conventions and data processing

In this study, the seasons are demarcated according to
specific time frames. Winter spans December–February,
spring March–April, summer May–June, monsoon July–
September, and autumn October–November, following the
seasonal grouping used in previous Delhi aerosol analyses
(Gani et al., 2020). We divide the diurnal cycle into two time
periods: day (06:00–18:00 LT) and night (18:00–06:00 LT).
All temporal references throughout this study are expressed
in local time (LT), specifically in Indian Standard Time (IST;

Atmos. Chem. Phys., 26, 14917–14938, 2026 https://doi.org/10.5194/acp-26-14917-2026



G. K. Srivastav et al.: Ion and particle size distribution measurements in the Indo-Gangetic Plain 14921

GMT+05:30). This structured approach to seasonal and tem-
poral divisions facilitates a more comprehensive understand-
ing of the data and enables us to draw meaningful compar-
isons across different time frames. We have used the ions and
total particles data from NAIS negative channel.

Data coverage for the different instruments and derived
quantities is summarised in Fig. S1 in the Supplement. Al-
though the overall measurement period extended from May
to December 2023, the number of valid days available for
individual analyses differed because of instrument interrup-
tions, missing data periods, precipitation-affected ion mea-
surements, and gaps during the daytime growth window used
for event classification. The NAIS-based NPF classification
was performed using 108 valid NAIS days. SMPS measure-
ments usable for the concurrent NAIS-SMPS analysis were
available for a limited subset of the campaign (26 d), mainly
during August–November 2023.

Data observed from AWS is presented in Fig. S2 which
shows the typical seasonal diurnal variability of key mete-
orological parameters with significant variations in temper-
ature (T ), relative humidity (RH), wind speeds, and wind
direction throughout the year. Winter (December–February)
is characterised by low temperatures (∼ 2–18 °C), high rela-
tive humidity (∼ 35 %–95 %), and low wind speeds (∼ 1.5–
4 ms−1). During winter, the site frequently experiences shal-
low atmospheric boundary layers (depth< 100 m), particu-
larly at night and in the morning. In contrast, the summer
months (April to June) are marked by intense heat (T ∼ 25
to 40 °C) and dry conditions (RH∼ 30 %–70 %). The mon-
soon season, spanning from July to mid-September, brings
episodic heavy rainfall to the majority of the IGP. This pe-
riod is characterised by slightly lower temperatures (T ∼ 20
to 35 °C) compared to the summer. There may be some oc-
currence of relatively high temperatures, but mostly these are
infrequent. Notably, the winds predominantly come from the
northwest throughout most of the year, but during the sum-
mer and monsoon, they shift to south during the nighttime.
Conditions unfavourable for atmospheric dispersion, such as
low wind speeds, shallow boundary-layer heights, and stag-
nant high-pressure periods, often enhance pollutant accumu-
lation, leading to exceptionally high PM2.5 concentrations
(Guttikunda and Gurjar, 2012; Trivedi et al., 2014).

Researchers have proposed different classification frame-
works in the literature to classify the observed particle num-
ber size distribution (PNSD) and identify the NPF events.
Classification of PNSD is essential because it helps under-
stand the frequency and characteristics of NPF events and
enables quantification of particle formation and growth rates.
However, the interpretation of NPF frequency is not solely a
property of the atmospheric conditions but also depends on
the choice of detection methodology, instrumentation sensi-
tivity, and the specific classification logic applied.

One of the earliest systematic and widely adopted ap-
proaches for classifying NPF events was introduced by
Dal Maso et al. (2005). This scheme is based on visual in-

spection of daily PSD and identifies an event when a dis-
tinct nucleation mode appears, persists for more than 1 h, and
shows continuous growth toward larger diameters. Events are
further categorised according to whether growth and forma-
tion rates can be reliably quantified: Class Ia denotes well-
defined events, Class Ib denotes events that are visible but
less clear than Class Ia, and Class II denotes less distinct
events with weaker growth signatures. Days without such
features are classified as non-events. This classification in-
volves visual interpretation and is therefore inherently sub-
jective and time intensive, but it remains a useful first-step di-
agnostic approach because it provides a structured and phys-
ically consistent way to separate event from non-event days
in long-term aerosol datasets.

In the present study, we adopted the Dal Maso et al. (2005)
classification framework with minor adjustments suited to
our dataset. Distinguishing between subcategories Class Ia
and Class Ib was not feasible, as most event-days exhib-
ited an early and sharp burst of particles that obscured a
clear separation between very strong and moderately strong
events. Therefore, we grouped all clearly observable and
well-developed growth events into Class I, while days show-
ing NPF signatures under background influence or with less
distinct growth were classified as Class II. Days without
identifiable nucleation and growth were categorised as non-
events. Days containing data gaps longer than 30 min were
excluded. Days with even 30 min missing data during the
critical daytime growth period were also discarded to avoid
biased classification.

Another classification method, Dada et al. (2018) detects
initial cluster formation signals by searching periods with el-
evated 2–4 nm ion concentrations and investigates NPF sig-
nals using periods with elevated 7–25 nm particle concentra-
tions. Based on daily PNSD, the method classifies days into
four categories: Regional Events: Elevated period observed
in 2–4 nm ions and subsequently in 7–25 nm particles (lo-
cal formation with growth), Ion Bursts: 2–4 nm ions present
but no elevated concentration observed in larger particles,
Transported events: 7–25 nm particles present without local
ion formation (carried from elsewhere), and the Non-Events:
Neither sufficient ion nor particle elevated concentration pe-
riods detected. This automated method identifies exact start,
peak, and end times of events while excluding precipitation
periods that interfere with ion measurements.

We applied this classification to observations from CAS-
AO in a slightly modified way. Using monthly mean particle
number concentrations above 12 nm, we observed a substan-
tial contribution from background aerosol loading and instru-
ment noise, particularly during the winter months, making
it difficult to isolate the NPF growth signal in the full 7–
25 nm range prescribed by Dada et al. (2018). Therefore, we
restricted the particle-growth criterion to the 7–12 nm range.
This site-specific adaptation improves robustness for the
present high-background dataset, but it also means that the
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resulting classes are not directly equivalent to studies apply-
ing the standard 7–25 nm Dada et al. (2018) bounds.

An alternative and recently developed technique for
analysing NPF events is the nanoparticle ranking analysis
method proposed by Aliaga et al. (2023). This approach of-
fers a quantitative and objective framework to evaluate the
likelihood and strength of NPF events by examining daily
changes in particle number concentrations within the 2.5–
5 nm size range (1N2.5–5). This parameter is calculated from
smoothed time series by contrasting background (night-time)
and active (daytime) periods, yielding a single metric for
each day that reflects the intensity of potential NPF. The days
are then ranked according to this parameter and grouped into
percentile classes or Gaussian modes of log(1N2.5–5) which
allows the probability and strength of NPF to be examined
continuously rather than via a binary event/non-event classi-
fication. This method produces a continuous variable that fa-
cilitates the probabilistic assessment of both strong and weak
NPF occurrences.

In this study, we applied the nanoparticle ranking analy-
sis following the framework of (Aliaga et al., 2023) to char-
acterise NPF behaviour at CAS-AO. The ranking parameter
was derived from the 3–5 nm particle number concentration
(the lowest reliable size bin of our instrument), calculated
as the difference between the daytime maximum concentra-
tion (06:00–18:00 LT) and the nighttime median background
concentration (21:00–06:00 LT). This size range avoids con-
tamination from the continuous molecular cluster mode at the
lower end and reduces influence from primary anthropogenic
emission sources, including traffic, at the upper end. A 2 h
rolling median smoothing was applied prior to the calculation
to reduce short-term variability. The resulting 1N3–5 values
were ranked across the full observational period and grouped
into 5 % percentile intervals.

Growth rate (GR) is defined as the temporal rate of change
of particle diameter (dDp/dt), expressed in nmh−1, repre-
senting the speed at which newly formed particles increase
in size during growth events. In this study, GR was esti-
mated using two independent approaches: maximum concen-
tration method (using Gaussian function fitting) and appear-
ance time method (using sigmoid function) (Kulmala et al.,
2012). We have used particle number concentrations with
size ranges (3–7, and 7–20 nm). Particle number concentra-
tion has been smoothed using a rolling median filter to avoid
noisy signals and temporary fluctuations. For the maximum
concentration approach, the temporal evolution of each size
bin concentration was fitted using a least-squares Gaussian
function to determine the peak time. The growth rate was
then calculated by performing a linear regression between
peak times and corresponding particle diameters, expressed
in nmh−1. For the appearance method, the rising portion of
each size-bin concentration curve was fitted with a sigmoid
function to determine the 50 % appearance time (t50). Growth
rates were derived by regressing t50 values against particle
diameter. The resulting growth rates distributions were visu-

alised using box-and-strip plots to represent central tendency,
spread, and event-to-event variability while preserving indi-
vidual data points. Before fitting, we examined the distribu-
tion’s evolution over time to identify the window that rep-
resents the growth. Each fit and its peak-specific diameter
range (in both categories) were reviewed to confirm that a
representative time was reliably detected.

For GR estimation, the modified Dal Maso et al. (2005)
classification was used to identify candidate event days.
Class I and Class II days were considered because both
categories can contain visually traceable growth features.
Each candidate event day was then inspected individually.
The nominal 3–7 and 7–20 nm intervals were used as ini-
tial search ranges, but the full interval was not imposed if
part of the range was affected by noise, weak mode sepa-
ration, plume-like variability, or discontinuous concentration
enhancements. Instead, different contiguous sub-ranges and
fitting windows within the nominal intervals were tested, and
GR was calculated only for the portion that showed a co-
herent diameter–time growth pattern representative of NPF.
Days or size intervals dominated by short-lived bursts or
pseudo-growth signals were excluded from the GR statistics.
This procedure yielded 17 NAIS event days suitable for at
least one GR estimate.

The condensation sink (CS) was calculated from the
aerosol PNSD following the diameter-based formulation
described by Ezhova et al. (2018); Pirjola et al. (1999):
CS= 2πD

∑
β(Dp)DpN (Dp), where D is the vapour dif-

fusion coefficient, Dp is particle diameter, β(Dp) is the
transition-regime correction factor, and N (Dp) is the particle
number concentration in each size bin. The PNSD were ob-
tained by combining NAIS measurements below 20 nm with
SMPS measurements above 20 nm, resulting in a continu-
ous size spectrum spanning the nucleation and accumulation
modes for concurrent-instrument days.

For the event/non-event CS comparison, daily CS values
were summarised as the median CS during 06:00–12:00 LT.
This morning window was selected to represent the pre-
onset, onset, and early-growth period of NPF while avoiding
later afternoon boundary-layer accumulation and local emis-
sion effects. Of the 26 concurrent NAIS-SMPS days, 11 were
NAIS event days and 15 were NAIS non-event days; 2 of the
event days (6 September and 16 October 2023) were treated
as disagreement/ambiguous cases because the SMPS parti-
cle size distribution did not support a clean event-day inter-
pretation, leaving 9 event days and 15 non-event days for
the condensation-sink comparison. Condensation sinks were
therefore calculated only from these 9 event days and 15 non-
event days, because particles outside the NAIS size range
contribute substantially to these sinks. For CS calculations,
NAIS particle data were used up to 20 nm and SMPS data
above 20 nm, producing a merged PNSD of approximately
2.5–570 nm for concurrent-instrument days.

The particle formation rate (J ) represents the rate at which
new particles are formed at a given size and is expressed

Atmos. Chem. Phys., 26, 14917–14938, 2026 https://doi.org/10.5194/acp-26-14917-2026



G. K. Srivastav et al.: Ion and particle size distribution measurements in the Indo-Gangetic Plain 14923

Table 1. Particle formation rates at 3 nm (J3) and 7 nm (J7), growth rates, and condensation sink for NPF days at CAS-AO. Growth rates
(GR3–7 and GR7–20) are derived for the 3–7 and 7–20 nm size ranges, respectively. For the J7 the growth rate has been calculated for the
sub size range between 7 and 20 nm accordingly where it was reliably possible to calculate it. For the J7, particle number concentration
between 7 to 12 nm is used to avoid instrument artifact and possible other emission sources.

Date J3 J7 GR3–7 GR7–20 CS
(cm−3 s−1) (cm−3 s−1) (nmh−1) (nmh−1) (s−1)

17 Aug 2023 – 50.0 – 27.3 0.0120
18 Aug 2023 80.8 53.5 26.7 19.0 0.0095
7 Oct 2023 – 59.2 – 15.9 0.0093

in cm−3 s−1. Formation rates were determined for both 3 nm
(J3) and 7 nm (J7), with the J3 equation shown as the rep-
resentative formulation. These calculations were performed
only for three case-study event days with concurrent NAIS
and SMPS data and sufficient data quality for dN/dt , CoagS,
and the growth-out-of-range term. For these days, the SMPS
was available and a usable GR could be estimated, so Co-
agS and J were calculated from the merged NAIS+SMPS
PNSD rather than from a truncated NAIS-only distribution.
These values are therefore presented as case-study estimates
rather than seasonal or campaign-wide averages.

The formation rate was calculated as:

J3 =
dN3–7

dt
+CoagS ·N3–7+

GR
1Dp

·N3–7 (1)

where N3–7 is the particle number concentration in the 3–
7 nm size range, dN3–7

dt is the temporal change in concentra-
tion, CoagS is the coagulation sink representing losses due
to coagulation with pre-existing particles, GR is the particle
growth rate (nmh−1), and 1Dp is the width of the size inter-
val (nm).

The first term represents the net increase in particle con-
centration, the second term accounts for losses due to co-
agulation, and the third term corrects for particles growing
out of the size range. The coagulation sink was calculated
using standard coagulation theory for interactions between
newly formed particles and the background aerosol popula-
tion (Kulmala et al., 2012; Lehtinen et al., 2007). For the
three Table 1 case-study days, this term used the combined
NAIS+SMPS PNSD, covering the available particle sizes
from the NAIS lower particle range to the upper SMPS range
(∼ 2.5–570 nm). To reduce the influence of short-term fluc-
tuations and measurement noise, particle number concentra-
tions were smoothed before calculating dN/dt . For J3, par-
ticle sizes between 3 and 7 nm were used; for J7, particle
sizes between 7 and 20 nm were used. Formation rates were
therefore calculated only for the smaller case-study subset
of event days for which all required terms (CS from SMPS-
NAIS data, GR from NAIS data) could be determined reli-
ably.

3 Results and discussion

3.1 Particle and ion number concentrations

Particle and ion number concentrations measured by the
NAIS at CAS-AO exhibit pronounced diurnal and seasonal
variability (Fig. 2). NAIS-measured particle concentrations
in Fig. 2a show clear daytime enhancements during May–
June, while these features become more episodic and delayed
during August–September. In contrast, October–December
exhibits weak and poorly structured diurnal variability, with
no clearly defined growth patterns.

In May–June, particle growth typically begins early in the
day (around 06:00 LT), while in August–September the on-
set appears somewhat later and more variable. This seasonal
contrast is consistent with stronger photochemical activity
and more favourable dilution conditions during the warmer
months, whereas colder months are more often affected by
high background aerosol loading and weaker boundary-layer
mixing.

Ion number concentrations in Fig. 2b display broadly
similar but generally more subdued features. Distinct mid-
day enhancements are primarily observed during May and
June, while distributions become progressively more uni-
form toward winter. Overall, the warmer months show
clearer and more continuous growth signatures, indicating
a strong seasonal modulation of NPF-related processes at
the site. The smallest diameter ranges (below ∼ 3 nm for to-
tal particles and ∼ 2 nm for ions) are influenced by corona-
generated charger ions and instrumental noise. Concentra-
tions above 12 nm are dominated by pre-existing Aitken
mode particles and background aerosol loading, making it
difficult to isolate NPF signals at larger sizes. Horizontal
dashed lines indicate the diameter ranges selected for sub-
sequent analysis (3–12 nm for total particles and 2–4 nm
for ions). These demarcated windows capture the size range
where NPF signatures are most reliably observed and help
refine the diameter thresholds used in standard NPF classifi-
cation approaches.

Building on the size–time evolution shown in Fig. 2, the
monthly statistical distributions of number concentrations
within the selected diameter ranges are presented in Fig. 3.
The figure shows total particles (7–12 and 3–5 nm) and ions
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Figure 2. Heatmap showing size-resolved monthly mean variations of (a) particle-mode PNSD (ions+ neutral particles) and (b) ions PNSD
for May, June, August, September, October, November, and December 2023 at CAS-AO. Horizontal dashed lines indicate the diameter bins
used in further analysis (2 and 4 nm for ions; 3 and 12 nm for particles).

(2–4 nm) as paired daytime and nighttime violin plots repre-
senting kernel density estimates. Within each violin, a box
plot indicates the monthly median (central line), interquartile
range (box), and 5 %–95 % percentiles (whiskers) for day-
time (06:00–18:00 LT) and nighttime (18:00–06:00 LT) con-
centrations. Within the retained 3–12 nm range identified in
Fig. 2, Fig. 3 presents two narrower sub-windows, 3–5 and
7–12 nm. The 3–5 nm window isolates particles closest to the
NAIS lower detection limit, capturing the earliest stage of a
growing mode while limiting the contribution of larger, lo-
cally influenced particles, including traffic emissions, that in-
creasingly populate the distribution above about 5 nm in this
urban-influenced setting.

The 7–12 nm window remains conservatively below the
approximately 12 nm threshold beyond which background
Aitken-mode aerosol dominates the signal, as established in
Fig. 2. Across the 7–12 nm size range in Fig. 3a, particle
concentrations show a seasonal and diurnal contrast. During
summer (May–June), daytime median concentrations reach
on the order of 3–5× 103 cm−3, approximately two to three
times higher than nighttime levels (∼ 1–2× 103 cm−3). The
distributions are also substantially broader during the day,
with upper percentiles extending well above 8× 103 cm−3,

indicating episodic but intense production events rather than
uniform background enhancement. In contrast, August and
September exhibit more moderate daytime increases (median
∼ 1–2× 103 cm−3) with reduced day–night contrast, while
October–December show comparatively compact distribu-
tions and, in some cases (November–December), slightly
higher nighttime medians, suggesting suppressed NPF and
a stronger influence of background accumulation.

A similar pattern is observed for the 3–5 nm size range
in Fig. 3b, which represents freshly formed particles (rel-
atively). In May and June, daytime medians approach
∼ 3× 103 cm−3 and exceed nighttime values by a factor of
∼ 3–3.5, consistent with frequent and strong NPF activity.
The enhancement weakens progressively toward late mon-
soon and post-monsoon months, with September and Octo-
ber showing only marginal day–night differences (∼ 1.0–1.1
ratio). By November and December, nighttime concentra-
tions become comparable to or slightly higher than daytime
levels, reflecting the absence of sustained nucleation bursts
and more stable aerosol conditions. In contrast, ion concen-
trations in the 2–4 nm range in Fig. 3c remain much lower
in absolute magnitude (generally 5–12 cm−3), with moderate
daytime enhancement during May–August (day / night ratios
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Figure 3. Monthly distributions of daytime (06:00–18:00 LT) and nighttime (18:00–06:00 LT) number concentrations, during May–
December 2023, for (a) particles in the 7–12 nm size range, (b) particles in the 3–5 nm size range, and (c) ions in the 2–4 nm size range.
Violin plots illustrate the full probability distribution of concentrations, while embedded box elements indicate the monthly median (central
line), interquartile range (box), and 5 %–95 % percentiles (whiskers) of daytime (06:00–18:00 LT) and nighttime (18:00–06:00 LT) number
concentrations. Daytime and nighttime periods are distinguished by solid and dashed outlines, respectively.

∼ 1.5–2.5). However, unlike particles, ions display weaker
seasonal variability and in late autumn–winter (October–
December) occasionally exhibit higher nighttime medians,
suggesting that ion abundance alone does not scale directly
with the intensity of particle growth. Together, these distribu-
tional analyses quantitatively confirm the seasonal and diur-
nal patterns inferred from the heatmaps: strong and sustained
daytime particle production during warmer months, a grad-
ual weakening through the monsoon transition, and compar-
atively stable, background-dominated conditions in winter.

3.2 New particle formation at a suburban site upwind of
Delhi

New particle formation (NPF) events were identified across
the observational period (May–December 2023) at CAS-AO,
Sonipat, representing a suburban site located approximately
50 km upwind of Delhi in the IGP (Rathore et al., 2025). The
site experiences substantial seasonal variability in meteoro-
logical conditions and aerosol loading (Sect. 3.1), both of
which modulate the frequency and intensity of NPF. Given
that the IGP is characterised by elevated background aerosol
concentrations and high condensation sinks, the detection
and classification of NPF events is non-trivial and depends
significantly on the choice of methodology. To address this,

we applied three complementary classification frameworks
of increasing complexity and objectivity, as described in the
methodology section, and the results are presented below.

3.2.1 NPF event classification using different
frameworks

Using the Dal Maso et al. (2005) method, we identify a total
of 10 Class I events (9 % of valid NAIS days), 40 Class II
events (37 % of valid NAIS days), and the remaining 58 non-
event days (54 % of valid NAIS days) over the 108 d study
period. A seasonal modulation in NPF occurrence is evident.
During May and June, the majority of days fall into Class I or
Class II (11 out of 12 in May and 19 out of 23 in June), indi-
cating frequent and well-developed particle formation. The
corresponding absolute monthly Dal Maso class counts are
provided in Fig. S3.

To complement this traditional visual classification and to
reduce subjectivity, we further applied an automated event
detection approach proposed by Dada et al. (2018). This
framework combines ion and particle number concentra-
tions (7–25 nm size range for particles and 2–4 nm ion con-
centrations). This enables a more process-based distinction
between local particle formation, transported event signa-
tures, and ion burst events based on the concurrent be-
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haviour of cluster-sized ions and larger particles. As de-
tailed in methodology section, we restricted the elevated
particle concentration criterion to 7–12 nm to account for
site-specific noise characteristics. Using this methodology,
warmer months (May–June) show the highest occurrence of
regional NPF events (66 % and 86 % of total available days,
respectively). This indicates favourable conditions for local
particle formation and growth. August, September and Octo-
ber have relatively fewer combined regional and transported
event-days. Winter months (November, December) predom-
inantly experience non-event days (88 % and 87 %, respec-
tively). Ion Bursts are relatively rare throughout the year, and
none were observed in our dataset.

Results are summarised in Fig. 4, which presents the
monthly distribution of event categories from both classi-
fication schemes as stacked bar charts normalised to high-
light seasonal contrasts. The stacked bar chart from this
scheme demonstrates distinct seasonal patterns in NPF event
occurrences. This seasonal transition may be attributed to
favourable photochemical and dynamical conditions for nu-
cleation during the warmer months. Winter conditions appear
less conducive to sustained particle formation and growth.
This can be possibly associated with reduced photochemi-
cal activity, effect of low wind speeds, usually high-pressure
zone persistence and shallower boundary layer height typi-
cally observed during winter at this site.

Comparing the two schemes directly (Fig. 4), there is
broad seasonal agreement: both identify May and June as the
most active months and November–December as predomi-
nantly non-event. However, the Dada et al. (2018) classifica-
tion consistently assigns a higher fraction of days to active
categories than Dal Maso et al. (2005). For example, in Au-
gust, Dal Maso identifies 50 % non-events whereas Dada as-
signs 60 % of days as regional or transported Events. This di-
vergence is expected, as the Dada framework captures trans-
ported and partially developed events that the visual scheme
places in Class II or non-event. The fraction of transported
events (TE) is notably elevated in August–October, suggest-
ing advection of particles or precursors rather than local for-
mation during this transitional period. The corresponding ab-
solute Dada class counts are provided in Fig. S4.

Dada et al. (2018) can be regarded as an updated exten-
sion of the Dal Maso et al. (2005) classification, with consid-
eration on lower size-range number concentrations and ion
contribution to NPF events. This approach allows ion burst
events and transported events to come into the picture. How-
ever, the distinction between regional and transported events
is often subtle. The occurrence of transported Events sug-
gests that particles formed in surrounding regions are being
advected to the CAS-AO site. Usually, the days with high
winds can efficiently transport the precursors as well as some
fraction of particles. It is also possible that some transported
Event classifications reflect anthropogenic emission signa-
tures in the sub–12 nm size range rather than true NPF ad-
vection. Ion signals in the lower size range can be masked by

external influences such as enhanced condensation sinks, lo-
cal emissions, or meteorological conditions, which may ob-
scure their detection by the instrument.

To make the classification picture clearer, we next ap-
plied the scheme proposed by Aliaga et al. (2023). Figure 5
presents the median diurnal PNSD for each 5 % percentile
group using Aliaga et al. (2023). The heatmaps span diam-
eters from approximately 2–42 nm, enabling visualisation of
both nucleation-mode particles and their subsequent growth.
Guiding horizontal lines at 3 and 5 nm are drawn to indi-
cate the size range used for the 1N ranking parameter. A
systematic transition in NPF intensity is evident across the
percentile ranks. The lowest percentile groups (0 %–40 %)
show very weak or negligible formation activity, with rela-
tively stable concentrations across sizes. Intermediate groups
(40 %–65 %) begin to exhibit modest enhancement, suggest-
ing partial or weak NPF activity. The highest percentile in-
tervals (65 %–100 %) display clear burst and growth patterns
initiating in the morning hours and extending toward larger
diameters later in the day, indicative of sustained new particle
formation and growth.

Figure 6 presents a comprehensive analysis of NPF events
using Aliaga et al. (2023)’s percentile ranking approach over-
laid with event classification from Dada et al. (2018). NPF
events identified by Dada et al. (2018) (regional and trans-
ported Events) cluster predominantly in the higher percentile
groups (60 %–100 %), with very few events in percentiles be-
low the 30th percentile. Within the high-percentile groups,
May and June contribute the largest fraction of events, con-
sistent with the seasonal patterns identified in both preceding
classification schemes.

The combined application of the classification approach of
Dada et al. (2018), rooted in the framework of Dal Maso et al.
(2005), and the nanoparticle ranking analysis of Aliaga et al.
(2023) offers complementary perspectives on NPF. The Dada
et al. 2018 methodology focuses on the temporal evolution of
ion and PNSD within individual days, categorising events ac-
cording to their developmental characteristics (e.g. regional
formation, transported influence, or weaker ion-related ac-
tivity), and thereby emphasises process-level interpretation
based on daily growth signatures. In contrast, the Aliaga et al.
(2023) ranking method evaluates NPF intensity using a sta-
tistical metric derived from longer-term variability in a se-
lected size range (3–5 nm in this study) placing each day
within a broader context of event strength over the full data
set.

When applied together, the two approaches show general
consistency. Days categorised as clear formation events in
the Dada et al. (2018) framework tend to fall within the
higher 1N percentiles in the ranking analysis. At the same
time, the agreement is not exact for some days, which is
expected given the different conceptual bases of the meth-
ods. The Dada classification may identify transported bursts
based on their temporal development, whereas the percentile-
based approach quantifies the magnitude of concentration en-
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Figure 4. Monthly fraction of days at CAS-AO (May–December 2023) classified following the modified scheme of Dal Maso et al. (2005)
left bars and Dada et al. (2018) right bars. Days are categorised as Non-event, Class II, and Class I (for Dal Maso et al. 2005) and non-event,
regional event, and transport event (for Dada et al. 2018). Numbers inside bars are percentage of days with total number of days in each
category for each month, and at top of each bar “n” denotes the total number of days per month.

Figure 5. Daily median particle number size distributions grouped in 5 % intervals based on 1N2.5–5 ranks. Each panel shows the diurnal
evolution of particle number size distributions for a specific percentile interval., with colour indicating particle number concentration (cm−3).
Horizontal guiding lines are drawn at 3 and 5 nm to help in visualizing the ranking parameter.
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Figure 6. Seasonal distribution of Dada et al. (2018) event categories, grouped by1N2.5–5 percentile intervals. The x-axis displays percentile
groups based on 1N3–5 particle concentration rankings (from 0 %–5 % to 90 %–95 %), while the y-axis shows the number of events. Each
bar is color-coded by month and differentiated by pattern for regional events (forward hatched), transported events (backwards hatched) and
non-events (solid). Total event-days observed in the analysis period for each percentile are marked at top of the bars.

hancement without explicitly distinguishing its physical ori-
gin. In both cases, possibly local anthropogenic sources, par-
ticularly traffic emissions given the site’s suburban location
upwind of Delhi, may influence the elevated particle concen-
trations whether from regional NPF, transported growth, and
so the classification outcome. Therefore, neither framework
alone can fully resolve the underlying mechanisms without
additional supporting analyses.

Class-composite mean and median PNSD for the classi-
fication schemes are provided in Fig. S5. Each of the three
classification frameworks carries inherent limitations that are
particularly relevant in the suburban context of CAS-AO. The
Dal Maso et al. (2005) method, despite its physical intuition,
depends on manual visual inspection, introducing observer
subjectivity and limiting reproducibility; the high fraction of
Class II events in this dataset (37 %) reflects the difficulty of
unambiguously resolving nucleation modes against the ele-
vated background aerosol typical of an environment down-
wind of a megacity. The Dada et al. (2018) method reduces
this subjectivity through automation, but its reliance on 2–
4 nm ion signals make it vulnerable to masking by the high
condensation sinks and anthropogenic aerosol loading char-
acteristic of this site. The Aliaga et al. (2023) ranking ap-
proach avoids categorical ambiguity by assigning a continu-
ous intensity metric to every day, but 1N3–5 is not source-
specific: elevated sub–5 nm concentrations can arise from
traffic emissions or other primary sources rather than NPF,
a concern that is amplified at a site located upwind of Delhi
where anthropogenic precursor and primary particle loads
are substantial. All three methods are additionally sensitive
to the pre-existing aerosol loading, a high condensation sink
suppresses the observable nucleation signal regardless of the
actual nucleation rate, meaning that genuine NPF events may

be systematically underestimated or misclassified under the
polluted conditions frequently encountered at this site. These
limitations reinforce that the three methods should be treated
as complementary rather than independently sufficient diag-
nostics, and that confident mechanistic attribution requires
supporting data on precursor gas concentrations, air mass ori-
gin, and boundary layer dynamics.

3.2.2 NPF parameters: growth rates, condensation sink
and formation rates

Figure 7 presents the distribution of particle growth rates
(GR) for size ranges 3–7 and 7–20 nm, derived using the
Gaussian/mode-peak and appearance-time methods. For the
nominal 3–7 nm range, the appearance-time method yielded
6 successful fits with a median GR of 10.6 nmh−1 and IQR
of 7.9–15.9 nmh−1, while the Gaussian/mode-peak method
yielded 5 successful fits with a median GR of 14.7 nmh−1

and IQR of 10.2–18.0 nmh−1. For the nominal 7–20 nm
range, the appearance-time method yielded 12 successful
fits with a median GR of 16.8 nmh−1 and IQR of 13.9–
26.6 nmh−1, while the Gaussian/mode-peak method yielded
15 successful fits with a median GR of 19.0 nmh−1 and IQR
of 16.4–20.4 nmh−1.

The growth rate values should be interpreted as fitted
values within the nominal 3–7 and 7–20 nm ranges rather
than unconditional full-window averages. In several cases,
only a contiguous sub-range could be fitted because parts
of the nominal interval were affected by weak mode sepa-
ration, plume-like variability, or missing data. The contigu-
ous sub-ranges were chosen by visual inspection so that
the change in appearance or maximum-concentration times
across NAIS channels followed the investigated growing
mode without being heavily affected by these variabilities.
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Figure 7. Distribution of particle growth rates (GR) in size ranges 3–7 and 7–20 nm derived using the Maximum concentration method
(using Gaussian fitting) and appearance time methods (using sigmoid function). Boxplots show the median and interquartile range, with
whiskers representing the range excluding outliers. Individual markers denote event-wise GR values.

Most commonly, the fitted feature was affected either by the
mode appearing or disappearing abruptly across a wide di-
ameter range while otherwise growing steadily, or by high-
concentration plumes during the event, which made the max-
imum concentration of the growing mode and its occurrence
time impossible to determine reliably from channel-wise fit-
ting.

The measurement period included episodic pollution
plumes in which particle number concentrations occasionally
rose abruptly or produced enhancements comparable in mag-
nitude and timing to NPF growth signals. Wind-driven vari-
ability further introduced choppiness in size-bin time series.
Growth rates reported here were derived after careful man-
ual screening to minimise such contamination, and event-
wise diagnostic heatmaps are presented in Fig. S6. How-
ever, residual influence cannot be entirely excluded. Event-
wise fitting diagnostics for the retained GR cases are pro-
vided in Fig. S7, showing the fitted appearance-time and
Gaussian/mode-peak points used in the GR calculations to-
gether with the corresponding PNSD.

Figure 8 presents a global comparison of particle GR in
the 3–7 and 7–20 nm size ranges across diverse atmospheric
environments, including remote, high-altitude/background,
marine/coastal, rural, polluted regional, and urban locations.
Literature-reported median GR values are compiled from
long-term and multi-site analyses (e.g., Iida et al., 2008;
Manninen et al., 2010; Yli-Juuti et al., 2011; Herrmann et al.,
2014; Kontkanen et al., 2016; Kulmala et al., 2017; Kermi-
nen et al., 2018; Sellegri et al., 2019; Yu et al., 2020; Stolzen-
burg et al., 2023; Lampilahti et al., 2025) and are shown as

circles with horizontal whiskers indicating the reported vari-
ability range (min–max where available). The values from
the present study conducted in the IGP, Sonipat CAS-AO,
derived using max conc. and appearance time methods, are
highlighted with star symbols. For consistency, entries with
closely matching upper bounds (e.g., 7–15 or 7–25 nm) are
included in the 7–20 nm panel for comparative purposes. In
the 3–7 nm size range, the GR values from the present study
fall within the upper range of urban and polluted regional en-
vironments, exceeding most background and remote site val-
ues. In the 7–20 nm range, the max conc. derived values re-
main closer to the central tendency of urban literature reports,
whereas the appearance time method highlights episodes of
enhanced growth that shift the site toward the upper enve-
lope of reported values. The comparison suggests that the
particle growth in the IGP is elevated compared to cleaner
environments, particularly at larger particle sizes consistent
with elevated condensable vapour concentrations expected in
the anthropogenically influenced IGP boundary layer.

Figure 9a presents the composite diurnal behaviour of
PNSD and Fig. 9b presents the condensation sink for event
and non-event days. Because comparison of CS between
event and non-event days requires the combined NAIS-
SMPS PNSD, Fig. 9 is based only on the concurrent-
instrument subset (9 event days and 15 non-event days). The
left panels show median PNSD as a function of time of
day for event and non-event days. For this 06:00–12:00 LT
window, the event-day median CS was 0.0095 s−1 (IQR:
0.0074–0.0147 s−1; n= 9), compared with 0.0292 s−1 (IQR:
0.0171–0.0413 s−1; n= 15) on non-event days. This dif-
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Figure 8. Global comparison of particle growth rates (GR) in the (a) 3–7 nm and (b) 7–20 nm size ranges across diverse atmospheric envi-
ronments. Circles represent reported median GR values from literature studies, with horizontal whiskers indicating the reported variability
range (min–max where available). Colours denote environment type (high-altitude/background, marine/coastal, rural, and urban). Star sym-
bols highlight values from the present study conducted in the (CAS-AO) Indo-Gangetic Plain (IGP), Sonipat, derived using Gaussian peak
fitting and appearance time methods. Growth rates are expressed in nmh−1. Entries with slightly different upper size bounds (e.g., 7–15 or
7–25 nm) are included in the 7–20 nm panel for comparison and are noted in the corresponding references. (1: Iida et al., 2008; 2: Manninen
et al., 2010; 3: Yli-Juuti et al., 2011; 4: Herrmann et al., 2014; 5: Kontkanen et al., 2016; 6: Kulmala et al., 2017; 7: Sellegri et al., 2019;
8: Yu et al., 2020; 9: Stolzenburg et al., 2023; 10: Lampilahti et al., 2025; 11: This Study).

ference is statistically significant (exact two-sided Mann–
Whitney U test on the 24 independent daily medians, U =
21, p= 0.00435; rank-biserial r ≈ 0.69). Because this com-
parison is restricted to the concurrent-instrument subset, the
CS results are presented as a limited concurrent-data analysis
rather than a seasonal or campaign-wide average.

During the typical nucleation window (∼ 06:00–
12:00 LT), event days consistently maintain lower CS values,
particularly during late morning to early afternoon, when
particle formation and growth are most active. The re-
duced CS during these periods implies a weaker scavenging
environment, allowing newly formed clusters to grow to
detectable sizes. Previous observations in Delhi show that
NPF events are typically observed when CS remains below
∼ 0.06 s−1, despite a wider observed CS range, indicating
that sufficiently reduced sink conditions are needed for

particle formation and sustained growth (Ali et al., 2025).
Studies in Beijing have also found that NPF events typically
occur when CS remains below ∼ 0.03 s−1, while higher
values suppress cluster survival (Deng et al., 2021). In con-
trast, much lower condensation sinks (∼ 10−3–10−2 s−1) are
typical of cleaner environments such as boreal forest sites,
highlighting the strong influence of background aerosol
loading on NPF occurrence across atmospheric regimes.

Studying NPF in polluted environments presents substan-
tially greater challenges compared to relatively clean con-
ditions. In our measurements, several days exhibited visu-
ally identifiable NPF-like signatures; however, these were
frequently obscured by irregular and non-systematic contri-
butions from multiple emission sources. These sources in-
troduced additional modes in the PNSD, often overlapping
with or masking the growing nucleation mode. In some cases,
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Figure 9. (a) Diurnal composite aerosol particle number size distributions and (b) condensation sink during new particle formation (NPF)
event and non-event days. Left panel (a) shows the median particle number size distribution as a function of time of day for event-days
(left) and non-event days (right), combining NAIS (sub–20 nm) and SMPS (> 20 nm) measurements. The colour scale represents particle
number concentration (cm−3), and the y-axis is shown in logarithmic diameter scale. The right panel (b) shows the diurnal variation of the
condensation sink (CS) for event-days (black) and non-event days (red), with shaded regions indicating the interquartile range (25 %–75 %).
The shaded vertical band highlights the typical nucleation time window (06:00–12:00 LT).

the pollution-related modes dominated the signal, completely
suppressing the visibility of NPF, whereas in other cases, the
growth appeared only as a shoulder adjacent to a broader pol-
lution plume. In such environments, traditional manual ap-
proaches relying on visual inspection become less reliable,
and fully automated methods often fail to capture the com-
plexity of the data.

Further complications arise from instrumental noise and
meteorological variability. Wind fluctuations and precipita-
tion intermittently dilute or distort the particle concentra-
tions, leading to fragmented or discontinuous signatures.
While rainfall is less frequent during summer and winter, ele-
vated wind speeds during these periods can still significantly
perturb the observed distributions. Together, these factors in-
troduce substantial variability that complicates the identifica-
tion and interpretation of NPF events.

The classification of NPF events under such conditions in-
herently carries uncertainty. The widely used visual frame-
work like Dal Maso et al. (2005) classification scheme re-
lies on visual interpretation and investigator judgment. Vari-
ations in color scale, plotting choices, and subjective inter-
pretation can lead to inconsistencies. While such discrep-
ancies are minimal in cleaner environments, polluted con-
ditions introduce substantial ambiguity, resulting in lower
inter- and intra-observer agreement. Semi-automated and au-
tomated approaches, such as those proposed by Dada et al.
(2018) method and Aliaga et al. (2023) method, offer promis-
ing alternatives. However, these methods typically rely on
detectable enhancements in particle number concentrations
within specific size ranges. In polluted environments, such
enhancements are often masked, fragmented, or confounded
by overlapping sources, limiting the effectiveness of these
techniques. Consequently, careful day-by-day inspection re-
mains necessary to identify genuine NPF signals.

Despite these methodological challenges, consistent pat-
terns emerge from the combined classification and concen-
tration analyses, providing insight into the processes gov-
erning NPF at this site. All methods indicate that summer
is more conducive to NPF events, whereas winter periods
are generally less favourable for sustained particle forma-
tion. This seasonal variability is apparent in particle number
concentration, but ion concentrations show weaker seasonal
variability. This suggests that ion availability is not the pri-
mary constraint on particle formation in this region. The ob-
served decoupling between ion and nucleation-mode particle
dynamics indicates that precursor vapour abundance and the
condensation sink play more important roles in controlling
particle survival and growth. This interpretation is further
supported by the presence of transported events and the ab-
sence of clear ion bursts in some particle-growth cases. Fur-
ther chemical characterisation of precursor vapours would be
required to confirm these pathways.

The estimation of particle GR is similarly affected. Most
existing studies e.g., (Kulmala et al., 2012; Lehtipalo et al.,
2014; Paasonen et al., 2018) focus on relatively clean con-
ditions characterised by distinct lognormal modes. In con-
trast, our dataset frequently exhibits multiple overlapping
modes with varying intensities, requiring manual interven-
tion in the fitting process. Due to these non-ideal conditions,
it is not always possible to estimate GR over a consistent size
range across all days. In several cases, the growing mode is
only weakly visible or appears as a shoulder of a dominant
pollution-related mode.

Figure 10 shows two representative days influenced by
pollution-source spikes. In the left panel, the NPF-related
particle-number increase is stronger and more continuous
than the pollution spikes, so a growth rate could be calcu-
lated. In the right panel, nucleation and partial growth signa-
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tures are visible, but wind shifts and pollution spikes distort
the size distribution, and a reliable growth rate could not be
obtained.

3.3 Role of condensation sink and meteorological
conditions on NPF occurrence:

During the post-monsoon and winter transition period over
the Indo-Gangetic Plain, aerosol loadings are typically ele-
vated and dominated by accumulation-mode particles, lead-
ing to enhanced condensation and coagulation sinks. Con-
sequently, clear and sustained NPF events are generally less
frequent during this season which has been demonstrated by
the classification results in Sect. 3.2. Nevertheless, intermit-
tent NPF events are occasionally observed under favourable
combinations of reduced sink strength and supportive me-
teorological conditions. To illustrate the processes enabling
NPF under such otherwise unfavourable background condi-
tions, we examine in detail the period from 5–10 October
2023, which includes a well-defined NPF event on 7 October
2023.

Figure 11 illustrates the time-diameter evolution of par-
ticle number concentrations and sink parameters during 5–
10 October 2023, encompassing both NPF and non-event
days. The figure combines size-resolved measurements from
(a) SMPS, (b) NAIS negative-ion channel, and the corre-
sponding (c) condensation sinks. The SMPS and NAIS spec-
trograms illustrate the temporal evolution of particle pop-
ulations across the nucleation, Aitken, and accumulation
modes. Dashed horizontal lines mark reference diameters
at 2 and 25 nm. All panels share a common time axis, en-
abling direct comparison between PNSD and sink dynamics
over the same period.

Figure 11d–f summarises the synoptic and local meteoro-
logical conditions during the same period encompassing the
NPF event on 7 October 2023. Wind speeds exhibit moderate
variability throughout the period, with the event-day charac-
terised by predominantly north-westerly flow and moderate
wind speeds, conditions associated with enhanced ventila-
tion and lower background aerosol accumulation. Wind di-
rection shows intermittent variability on non-event days, sug-
gesting changing air mass influences that may contribute to
fluctuating aerosol loadings. Concurrent low relative humid-
ity (∼ 35 %) and elevated temperature (∼ 30 °C) on 7 Octo-
ber 2023 further support favourable nucleation conditions.
Similar meteorological features may also occur on non-
event days; however, NPF occurrence reflects the combined
influence of favourable meteorology, precursor availabil-
ity, and sufficiently reduced sink conditions, no single fac-
tor being independently sufficient. On 7 October, the daily
median CS was 0.0158 s−1 (IQR: 0.0078–0.0199 s−1), and
during 06:00–12:00 LT it was 0.0093 s−1 (IQR: 0.0056–
0.0185 s−1). Thus, the event occurred during a low-CS morn-
ing period relative to surrounding polluted conditions.

The combined PNSD from NAIS and SMPS, together with
sink parameters, show a temporal correspondence between
particle population dynamics and sink strength. Periods with
enhanced nucleation-mode particle number concentrations in
the NAIS spectrogram consistently coincide with reduced
CS values. In contrast, days with persistently elevated sink
values show no corresponding clear event-specific growth
features in the nucleation-mode range, indicating conditions
unfavourable for particle formation and early growth.

To place observations from the CAS-AO in a broader ur-
ban pollution context, the CS values obtained in this study
are interpreted alongside reported environmental ranges
and process-based thresholds governing NPF. As estab-
lished in Sect. 3.2, event-day CS values during 06:00–
12:00 LT (∼ 0.0095 s−1) were lower than non-event values
(∼ 0.0292 s−1), indicating a reduction in vapour scavenging
during periods of particle formation. This reduction enhances
the survival probability of freshly nucleated clusters by in-
creasing vapour lifetime and reducing coagulation losses.

Reported values from polluted urban environments, such
as those presented by Gani et al. (2020); Laakso et al.
(2006), span a wide range depending on pollution level and
time of day, with CS values reaching ∼ 0.14–0.17 s−1 un-
der highly polluted winter evening conditions, ∼ 0.035 s−1

during relatively cleaner spring daytime periods, and as
low as ∼ 0.004 s−1 during monsoon afternoons. In this
framework, the CAS-AO site represents an intermediate
regime: event-day CS values (∼ 0.0095 s−1) are comparable
to cleaner urban daytime conditions, while non-event values
(∼ 0.0292 s−1) approach moderately polluted regimes.

Further observations from Delhi show that NPF events
are typically observed when CS remains below ∼ 0.06 s−1,
despite an overall range of ∼ 0.004–0.8 s−1, indicating that
only periods with sufficiently reduced sink conditions allow
particle formation and sustained growth (Ali et al., 2025).
The event-day CS values in this study fall well within this
favourable regime, whereas non-event conditions approach
this threshold, indicating a transition between conditions that
permit and inhibit NPF.

Importantly, the growth rates in this study exhibit a clear
size dependence. The event-wise dataset gives median val-
ues of 10.6 and 14.7 nmh−1 in the nominal 3–7 nm range
using the appearance-time and Gaussian/mode-peak meth-
ods, respectively, and 16.8 and 19.0 nmh−1 in the nominal
7–20 nm range. These values are comparable to the range of
5.7–30 nmh−1 reported for Delhi in previous studies under
highly polluted conditions (Aliaga et al., 2023; Mönkkönen
et al., 2004; Sarangi et al., 2015).

The reported CS and growth rate values at CAS-AO sug-
gest that there exist sufficient sources of vapours that can
form clusters and enable rapid growth, maintaining a suffi-
ciently high survival probability despite the polluted back-
ground. Variable wind fields, radiation, and sink strength can
disrupt the balance between vapour production and particle
losses, leading to fragmented or suppressed nucleation sig-
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Figure 10. Time–diameter evolution of particle number size distributions for selected days (17 August and 15 October 2023) at CAS-AO,
obtained from merged NAIS (≤ 30 nm) and SMPS (> 30 nm) measurements. The colour scale represents particle number concentration
(cm−3) on a logarithmic scale.

natures. While nucleation may still occur intermittently, the
combined effect of rapid vapour removal and efficient parti-
cle scavenging strongly limits particle survival and growth.
In contrast, the comparatively lower sink environment at
Sonipat permits temporal windows favourable for particle
survival and intermittent growth under suitable meteorologi-
cal conditions.

4 Conclusion

This study presents the first systematic characterisation of
size-resolved atmospheric ions and sub-10 nm particles at a
suburban Indo-Gangetic Plain site (CAS-AO, Sonipat), com-
bining NAIS and limited concurrent SMPS measurements
with meteorological observations over May–December 2023
to examine the occurrence, formation, and growth of new
particle formation (NPF) in a high-pollution continental en-
vironment.

NPF events occurred predominantly during summer, ex-
ceeding 85 % of valid NAIS days in May and June, while
non-event conditions dominated in November and Decem-
ber (> 85 % of valid NAIS days). Atmospheric ions in the 2–
4 nm range showed modest diurnal enhancement (day / night
ratio ∼ 1.5–2.5), substantially weaker than the robust day-
time increase in 3–5 nm particles (day / night ratio ∼ 3–3.5
during summer). The presence of transported event days and
this number-concentration decoupling indicate that precursor
vapour availability and condensation sink both influence par-
ticle survival and growth.

Within the concurrent NAIS-SMPS subset, the event-day
condensation sink at CAS-AO (0.0095 s−1) was lower than
the non-event median (0.0292 s−1). These values fall be-
tween suppression thresholds reported for polluted envi-

ronments such as Delhi and Beijing and the much lower
values typical of clean environments such as boreal for-
est sites (∼ 10−3–10−2 s−1). This positions CAS-AO as an
intermediate-pollution environment where NPF can occur
near the upper boundary of conditions permissive for clus-
ter survival.

In this environment, however, pollution plumes, boundary
layer variability, wind fluctuations, and precipitation inter-
mittently mask or distort NPF signals introducing additional
particle modes that overlap with or completely suppress the
growing nucleation mode. As a result, both traditional vi-
sual classification methods and automated approaches, which
were developed for cleaner environments with distinct log-
normal size distributions, cannot be directly applied without
careful adaptation. Growth rate estimation methods similarly
assume steady-state, size-independent growth and distinct
modes assumptions frequently violated here. Preprocessing
and smoothing procedures, while necessary to reduce noise,
risk attenuating genuine atmospheric features or retaining
artefacts where signal-to-noise ratios are low. Careful day-
by-day screening remained necessary even when automated
frameworks were applied, and quantitative parameters such
as J and GR carry increased uncertainty relative to cleaner-
site applications. These methodological limitations must be
explicitly acknowledged in any interpretation of NPF char-
acteristics in such environments.

Despite these limitations, the results demonstrate frequent
NPF occurrence and rapid growth in the IGP during periods
with favourable conditions. The high growth rates may in-
crease particle survival probability and can contribute to par-
ticle volume and mass if growing modes reach larger diam-
eters; however, robust quantification of the NPF contribution
to particle mass or CCN requires longer concurrent NAIS-
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Figure 11. Time series of different variables during NPF observation period (5–10 October 2023). (a) Time–diameter spectrograms of
particle number concentration measured by SMPS, (b) NAIS negative channel particle number size distribution, (c) condensation sink (CS)
with the dashed horizontal line indicating the CS= 0.015 s−1 for reference. (d) Wind speed during the period with wind direction shown
as wind roses for each 6 h, (e) air temperature and relative humidity, (f) global, diffuse, and direct solar radiation measured at the CAS-AO.
The shaded region highlights the NPF event-day (7 October 2023). For (a) and (b) the colour indicates number concentration (cm−3) on a
logarithmic scale. Horizontal dashed lines mark 2 and 25 nm particle diameters.

SMPS measurements and supporting precursor-gas observa-
tions, together with a rigorous assessment of whether the
observed growth rates remain representative over the time
needed for particles to reach CCN-relevant sizes.

Code and data availability. The NAIS ion and particle number
size distributions, SMPS particle number size distributions and au-
tomatic weather station data from the CAS-AO atmospheric ob-
servatory used in this study are publicly available on Zenodo at
https://doi.org/10.5281/zenodo.23209496 (Srivastav et al., 2026).
The analysis made use of the aerosol-functions Python package
(version 0.1.16, https://doi.org/10.5281/zenodo.23387493, Lampi-
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the corresponding authors upon request.
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