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Atmospheric new particle formation (NPF) has been observed to take place in practice all
around the world. In continental locations, typically about 10–40% of the days are so-
called NPF event days characterized by a clear particle formation and growth that continue
for several hours, occurring mostly during daytime. The other days are either non-event
days, or days for which it is difficult to decide whether NPF had occurred or not. Using
measurement data from several locations (Hyytiälä, Järvselja, and near-city background
and city center of Budapest), we were able to show that NPF tends to occur also on the
days traditionally characterized as non-event days. One explanation is the instrument
sensitivity towards low number concentrations in the sub-10 nm range, which usually limits
our capability to detect such NPF events. We found that during such days, particle
formation rates at 6 nm were about 2–20% of those observed during the traditional NPF
event days. Growth rates of the newly formed particles were very similar between the
traditional NPF event and non-event days. This previously overlooked phenomenon,
termed as quiet NPF, contributes significantly to the production of secondary particles
in the atmosphere.

Keywords: classification of NPF events, long-term observations, instrument sensitivity, aerosol production,
clustering, NPF events

INTRODUCTION

Changing climate and problems in air quality are globally crucial for both the humankind and the
environment (e.g. Fiore et al., 2012; Boucher et al., 2013; Apte et al., 2015; IPCC, 2021).
Understanding the complex interlinks between air quality and climate requires detailed
information on atmospheric aerosol particles, including their concentrations, size distribution
and chemical composition, as well as non-linear processes in their dynamics (e.g. Pöschl, 2005;
Arneth et al., 2009; Samset, 2018; Rose et al., 2021). In the global atmosphere, the majority of the
aerosol particle number load is due to atmospheric new particle formation (Spracklen et al., 2006; Yu
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and Luo, 2009; Gordon et al., 2017) and the population-weighted
fine particle matter (PM2.5) load is largely, if not dominantly, due
to gas-to-particle conversion (GTP) taking place in the
atmosphere (Philip et al., 2014; Weagle et al., 2018). By
producing new aerosol particles and secondary particulate
matter, atmospheric NPF and GTP modify the number
concentration, size distribution, chemical composition, and
mass loading of atmospheric aerosol particle populations,
thereby having close associations with both air quality and
climate. NPF and GTP are, therefore, key phenomena for our
understanding of aerosol source processes, interactions,
transformation, effects and feedbacks in the atmosphere.

Atmospheric NPF has been observed to take place practically
all over the world (Kulmala et al., 2004a; Kulmala and Kerminen,
2008; Wang et al., 2017; Kerminen et al., 2018; Nieminen et al.,
2018; Chu et al., 2019; Bousiotis et al., 2021). The prevailing view
is that this phenomenon is dominated by regional-scale NPF
events that tend to occur during daytime and last for a few hours
(Hussein et al., 2009; Dai et al., 2017; Kerminen et al., 2018;
Németh et al., 2018; Kalkavouras et al., 2021). During such events,
newly formed aerosol particles appear at diameters smaller than a
few nm, after which these particles grow in size, often reaching
the Aitken mode (25–100 nm) during the same day. The days
characterized by NPF events, called NPF event days, have
frequencies ranging from a few % up to 90% in the
continental atmosphere, with typical NPF frequencies being
between 10 and 40% (Kerminen et al., 2018; Nieminen et al.,
2018; Chu et al., 2019; Bousiotis et al., 2021). However, there are
also days showing a presence of sub-10 nm particles without any
apparent particle growth (e.g. Buenrostro Mazon et al., 2009;
Dada et al., 2018), originally termed as undefined days (Dal Maso
et al., 2005). Lastly, a large fraction of days does not show any
indications of particle formation or growth, and such days have
traditionally been called as non-event days (e.g. Dal Maso et al.,
2005; Kulmala et al., 2012; Dada et al., 2018).

New particle formation is initiated by molecular clustering,
and this phenomenon appears to take place practically
everywhere and all the time in the atmosphere (Kulmala
et al., 2013; Kontkanen et al., 2017; Deng et al., 2021;
Kulmala et al., 2022a). Several reasons have been identified
why the continuous atmospheric clustering will lead to the
substantially less frequent occurrence of NPF events. First,
there are strong indications that the vapors governing cluster
formation do not usually produce growing nanoparticles, but
rather that a second group of vapors is needed to
heterogeneously nucleate on small clusters or start to
contribute to the growth via nano-Köhler type processes
(Kulmala et al., 2004b; Tröstl et al., 2016). Second,
molecular clusters growing in size need to survive their
coagulation scavenging by larger, pre-existing aerosol
particles to be able to form a particle population
characteristic of observed NPF events (McMurry and
Friedlander, 1979; Kerminen et al., 2001; Pierce and Adams,
2007). Kulmala et al. (2017) investigated theoretically the
survival of growing molecular clusters and nanoparticles in
different environments, and concluded that, contrary to
observations, NPF events should not be possible in highly

polluted conditions. The only explanation for this discrepancy
is our incomplete understanding of the dynamics of sub-5 nm
clusters/particles, including their real growth rate and the
efficiency by which they are scavenged by larger particles
(Kulmala et al., 2017; Tuovinen et al., 2020).

The findings that NPF events can take place under
conditions usually thought to be highly unfavorable for the
survival of the growing molecular clusters raises two important
questions not investigated previously: 1) is it more generally
applicable that atmospheric NPF occurs more frequently than
believed, including the days traditionally characterized as non-
event days? and 2) in case NPF does occur on such days, how
much this “quiet NPF” will contribute to particle numbers
present in the atmosphere? In this paper, we aim to provide
plausible answers to these questions by investigating how
intensively nanoparticles are being produced during days
characterized as non-event days using current classification
criteria. Our analysis is based on long-term measurements
made at four continental sites. We start by discussing the
detection of particle formation on days with no visible NPF
using the current instruments and methods, after which we
compare particle formation and growth rates associated with
the “quiet NPF” to those observed on traditional NPF event
days. We focus on particles larger than 6 nm in diameter in this
comparison, partly because of the scarcity of measurement
data from smaller sizes, and partly because of the above-
mentioned deficiencies in our understanding of the
dynamics of smaller particles.

METHODS

Measurement Sites and Instrumentation
In our analyses, we evaluate the data from two rural sites (the
SMEAR II station in Hyytiälä, Finland, Hari and Kulmala,
2005), and the SMEAR Estonia station in Järvselja, Estonia,
Noe et al., 2015), and from both near-city background site and
city center in Budapest, Hungary (Salma et al., 2016a; Salma
et al., 2016b). These four sites were selected because they have
continuous measurement data covering a minimum of one
year. At all the sites, identification and classification of
regional NPF events and non-events were performed using
daily particle number size distribution surface plots, as
suggested by Dal Maso et al. (2005) and refined by
Kulmala et al. (2012).

The SMEAR II station (Station for Measuring
Ecosystem–Atmosphere Relations) is located in Hyytiälä (61.1°

N, 24.17° E; 181 m above mean see level, a.s.l.; Hari and Kulmala,
2005), southern Finland. The site represents a semi-pristine
boreal forest environment. Here we used two measurement
data sets, the first one covering the years 2010–2020, and the
second one covering the years 1997–2007. For the later period, we
compared the very clear and uninterrupted (classified as type Ia
events according to Dal Maso et al., 2005) NPF event days (N =
21) with non-event days (N = 1361). In analyzing the earlier
period, we used all the classified events, including 973 NPF event
days and 1184 non-event days. The particle number size
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distribution data used in this study from the Hyytiälä site were
measured from 3 to 1000 nm by a laboratory-built differential
mobility particle sizer (DMPS, Aalto et al., 2001).

The SMEAR-Estonia measurement station (58°16′N, 27°16′
E, 36 m a.s.l.; Noe et al., 2011, 2015) is located near Järvselja, a
village with fewer than 50 inhabitants, in Estonia. The site is
situated in the hemi-boreal forest zone with a moderately cool
and moist climate by continental air masses from Siberian
plains and Northern Fennoscandia, or by maritime influence
from the Baltic Sea and the Lake Peipus. The site is surrounded
by a mixed forest and wetland. The particle number size
distributions (in a diameter range from 0.8 to 42 nm
according to Millikan formula) were measured using a
Neutral cluster and Air Ion Spectrometer (NAIS; Mirme
et al., 2007; Manninen et al., 2009; Mirme and Mirme,
2013) and Electrical Aerosol Spectrometer (in a diameter
range from 3 to 10000 nm, EAS; Tammet et al., 2002)
during 2016–2020. NAIS and EAS both uses positive corona
charger for charging particles for detection and negative
precharger to neutralize them before charging. NAIS also
allows to measure naturally charged particles, called air
ions, when chargers are switched off. We investigated NAIS
air ion size distribution data to calculate growth rates (GRs) for
newly formed particles (Supplementary Figure S9), since it
enables to see the evolution of newly formed particles also
below 3 nm and the fact that air ions contribute to NPF,
especially in the early stages (Iida et al., 2006; Kerminen
et al., 2007). A total of 38 type Ia NPF event days and
749 non-event days were used in the analysis.

Budapest has 2.3 million inhabitants in the metropolitan
area and has a central geographical location in the plain part of
the Carpathian Basin. The measurements were performed at
two distinct urban sites. The near-city background site is
located at the north-western border of Budapest in a
wooded area of the Konkoly Astronomical Observatory (47°

30′ 00″N, 18° 57′ 47″ E., 478 m a.s.l., Salma et al., 2016b) of the
Hungarian Academy of Sciences. The site is characterized by
air masses that enter the city, as the prevailing wind direction
in the area is north-westerly. The measurement data covers
one full year from 19 January 2012 to 18 January 2013. The
total number of type Ia NPF events was 43 and there were
231 non-event days involved in the analysis. Measurements in
the city center site were accomplished at the Budapest platform
for Aerosol Research and Training (BpART) Laboratory (N 47°

28′ 30″ N, 19° 3′ 45″ E, 115 m a.s.l., Salma et al., 2016a) of the
Eötvös Loránd University. The site represents a well-mixed
average atmospheric environment for the overall city center.
The measurement data cover over 7 years: from 3 November
2008 to 2 November 2009, from 13 November 2013 to 12
November 2016, and from 28 January 2017 to 27 January 2020.
The data with similar diameter bins were included in the
analysis, and they involved 290 NPF event days and
1412 non-event days. The measurements in Budapest were
realized by a flow-switching-type DMPS in a diameter range
from 6 to 1000 nm in 27 size channels in the dry state
(RH<30%) of particles with a time resolution of 8 min.
Further details of the measuring system were described

earlier (e.g. Salma and Németh, 2019). The measurements
were conducted according to the international technical
standard (Wiedensohler et al., 2012).

Detection of the Quiet Particle Formation
and Subsequent Particle Growth
Atmospheric NPF events are described as sudden bursts of
nucleation mode particles, typically around 3‒5 nm in diameter,
and their subsequent growth to the Aitken mode. Usually, the burst
of new particles increases the concentration of nucleation mode
particles from 1–10 cm−3 to a range of 102–105 cm−3 within a few
hours. These events are easily detected by aerosol sizing instruments
such as the DMPS and NAIS (Aalto et al., 2001; Mirme et al., 2007;
Manninen et al., 2009). The detection of the growth nanometer-size
particles by gravimetric methods is not suitable as the collectable
mass increment during the few-hour period in these particles in the
atmosphere is negligible. Instead, the particles can be detected and
measured by methods based on electric principles. Electrical
detection, however, includes considerable losses due to sampling
and low charging efficiency of particles. The detection limit of
nanoparticles, in terms of dN/dlogDp (where N is the count of
particles in a size channel and Dp is the particle diameter) ranges
between 10 and 1000 cm−3 around 2 nm depending on the used
instrumentation (Kangasluoma et al., 2020). One way to increase the
signal-to-noise ratio and thereby the detection efficiency, is to
increase the sampling time (Stolzenburg et al., 2017; Cai et al., 2019).

The longest continuous time series of particle number size
distribution measurements is available from the SMEAR II
station in Hyytiälä. Since January 1996, about 15–30% and
25–50% of all days were NPF event days and non-event days,
respectively on an annual scale (Nieminen et al., 2014; Nieminen
et al., 2018), whereas the remaining fraction of the days could not
be clearly classified to either of these two categories. NPF events
can also be common in large cities and even megacities (Kulmala
et al., 2017; Kerminen et al., 2018; Chu et al., 2019; Kulmala et al.,
2021; Salma et al., 2021; Kulmala et al., 2022b). For example, the
mean annual frequency of NPF events in Budapest was (21 ± 4)%
for 10 years (Salma et al., 2021). In addition, it was shown that for
this city and its region, the Carpathian Basin, the observed NPF
events usually take place over a larger territory (Németh and
Salma, 2014), forming a spatially coherent regional atmospheric
phenomenon (Salma et al., 2016b). Local, small-scale NPF events
are sometimes superimposed onto a regional NPF event in
Budapest, which results in growth curves with multiple or
broad onsets. The dynamic and timing properties of the two
types of the NPF events show, however, considerable differences
(Salma et al., 2016b; Salma and Németh, 2019). In such complex
cases, the regional (large-scale) NPF events were retained in the
analyses conducted here, since the occurrence frequency of the
local NPF events was much smaller (ca. 4% of all events), and
since their dynamic properties represent only constrained spatial
and time scales (Salma et al., 2016a).

Since the formation of atmospheric aerosol particles is
strongly dependent on solar radiation (Dada et al., 2017;
Kerminen et al., 2018), the strength of this phenomenon tends
to have a strong diurnal behavior. However, the sensitivity
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towards small number concentrations with an individual
instrument on a single day is often limited due to high
diffusional losses, low detection efficiencies and temporally
and spatially variable number concentrations, especially in the
crucial sub-10 nm size-range. One way to increase the sampling
time and to improve the signal-to-noise ratio is to average the
signal over multiple days. We did this procedure separately for
NPF event days and non-event days, and thereby obtained an
average time evolution of the particle number size distribution for
both types of the days.

An “average” NPF event day from the SMEAR II station in
Hyytiälä is shown in Supplementary Figure S1. The time
evolution of the particle number size distribution during such
a day displays a similar growth pattern for newly formed particles
as is common for individual NPF event days. The “average” non-
event day (Supplementary Figure S2) shows no sign of particle
growth, as expected. However, the situation changes after
normalizing the data. When looking separately at each aerosol
size bin, we may notice clearly enhanced concentrations during
the daytime. We then normalize each size bin into the range of
0–1, so that only the shape of the particle number size distribution
at any time of the daymatters. By combining these scaled size bins
into a surface plot, we can notice that the maxima of larger-
diameter size bins appear later during the day compared with
smaller-diameter size bins. For an “average”NPF event day scaled
in this way, we can directly identify a particle formation and
growth behavior similar to those on individual NPF event days
(Supplementary Figure S3). For an “average” non-event day
scaled this way, we can identify a growth pattern that is similar to
that on individual NPF event days (Supplementary Figure S4).

Supplementary Figures S3, S4 make it possible to determine
“average” particle growth rates on both NPF event and non-event
days. However, we can also look at the temporal behavior of particle
number concentration maxima in individual size bins
(Supplementary Figure S5), and by that way define the growth
rate (Supplementary Figure S6). By normalization, we get rid of the
fact that on non-event days the signal is very low in the smallest size
channels, often below the detection limit on a single day. Only the
normalization enables us to detect the banana plot and to identify the
particle growth.However, it is important to note that whenwe use the
maximum concentration or appearance time (Hirsikko et al., 2005;
Lehtipalo et al., 2014; Dada et al., 2020) for growth analysis we also
investigate the signal of an individual size class and its time evolution.
Therefore, the growth rate shown in Supplementary Figure S6 is
obtained exactly in the same manner as using the maximum
concentration method (or appearance time method) applied to
normal NPF event days.

The formation rates of 6-nm particles were calculated using
the balance equation proposed by Kulmala et al. (2012) for
particles in the size range of 6–25 nm:

J6 � dN6−25
dt

+ CoagS × N6−25 + GR
Δdp

× N6−25. (1)

Here, CoagS is the coagulation sink term calculated from the
size-dependent pre-existing particle population, GR is the particle
growth rate in the diameter range of 6–25 nm, and Δdp is the

difference in diameters between the upper and lower end of the
size bin, here 6 and 25 nm, respectively. For consistency, the
quantities in Eq. 1 are acquired from the averaged NPF event and
non-event days for the locations.

RESULTS AND DISCUSSION

The previously overlooked phenomenon investigated here,
termed “quiet NPF”, is taking place outside periods of
traditional, regional NPF events. This can be seen either by
analyzing long measurement time series where several years of
data can be averaged, or by focusing on situations where the
boundary layer is extremely stable, like at wetland sites at night
(Junninen et al., 2022). Such quiet NPF is not easy to detect
but, due to its apparently frequent occurrence, it might
produce significant number concentrations of new aerosol
particles in comparison with the traditional, regional NPF
events.

General Behavior of Quiet NPF
We started our analysis using measurement data from the
SMEAR II station in Hyytiälä (Figure 1). The results show
that, after normalizing particle number size distributions and
averaging them over a large number of days (Detection of the
Quiet Particle Formation and Subsequent Particle Growth
Section), we were able to identify a relatively similar “banana”
type particle growth behavior for both NPF event and non-event
days (Figures 1A,C). Interestingly, the average growth rate of
6–25 nm particles was only slightly lower on non-event days
compared with NPF event days (Table 1). Particle formation
rates at 3 and 6 nm, J3 and J6, showed larger differences between
the NPF event and non-event days (Figures 1B,D). First, while
the daytime particle formation rates have a relatively clear
maximum at around noon on NPF event days, they seem to
be flatter with a later afternoon maximum on non-event days.
Second, as expected, the absolute values of particle formation
rates are clearly lower for non-event days, especially during
daytime. In order to test our algorithm further, we utilize an
additional data set, including the data from 1997–2007, and event
types Ia, Ib and II. Here, we first interpolate all the measured
particle number size-distributions to 20 size bins logarithmically
equally in diameter space, and then average the data to 1-h time
resolution using median filtering. These datasets are averaged
separately for NPF event and non-event days, and the daily
averaged size-distributions are finally normalized
(Supplementary Figures S3, S4). We find that the results
from either method are quite similar in terms of GR and J
(Table 1).

The diurnal evolution of normalized particle number size
distributions during the “average” NPF event and non-event
days in Budapest and Järvselja (Supplementary Figures
S7–S9) were qualitatively similar to those in Hyytiälä, all
displaying the “banana”-type growth behavior. In both
Budapest and Järvselja, the average particle growth rates in
non-event days were comparable to or slightly lower than
those on NPF event days (Table 1), and the average particle
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formation rates at 6 nm peaked at around noon on NPF event
days. These features are similar to those observed in Hyytiälä. On
the “average” non-event day, the formation rate of 6 nm particles
peaked after the noon in Järveselja and Budapest near-city
backgound, qualitatively similar to Hyytiälä, whereas in

Budapest city center a more complicated pattern emerges.
There, the particle formation rate is relatively high during
most of the day, with somewhat higher values during the rush
hours, suggesting that traffic emissions might contribute to quiet
NPF at that site.

FIGURE 1 | Diurnal evolution of the particle number size distributions (A,C) and particle formation rates at formation rates at 3 and 6 nm (B,D) at the SMEAR II
station in Hyytiälä, Finland. In particle number size distributions, each size bin was scaled individually between 0 and 1, and then averaged (A) over strong (Type Ia) NPF
event days (21 days) and (C) over non-event days (1361 days). The signal of daytime NPF followed by new particle growth to larger sizes can be seen not only for NPF
event days, but also for non-event days.
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We then investigated the diurnal evolution of the average ratio
in the particle formation rate between the non-event days and
NPF event days at all the sites. In Hyytiälä, this ratio was mostly
above 0.1 during nighttime for both J3 and J6, and in the range of
about 0.02–0.2 during daytime (Figure 2). In Järvselja, the
corresponding ratios were somewhat higher than those in
Hyytiälä, being mostly above 0.3 during the nighttime and
between about 0.03 and 0.3 during daytime (Figure 3). In
Budapest, this ratio for J6 was even higher than those in either
Hyytiälä or Järvselja, fluctuating around unity from late afternoon
until early morning, and being larger than about 0.05 (near-city
background) or 0.2 (city center) during most of the daytime
(Figure 4).

Overall, our observations show surprisingly small variability in
average growth rates of nucleation mode particles between the
NPF even and non-event days, as well as between the different
sites, ranging from 3.9 (or 2.9 based on the maximum
concentration method) nm h−1 (Hyytiälä non-event days) to
10.4 nm h−1 (Budapest city center, NPF event days). This is in
line with our recent observations of generally limited variation in
particle growth rates across different locations and conditions
(Kulmala et al., 2022a; Stolzenburg et al., 2022). The differences in
particle formation rates at 6 nm between the NPF event and non-
event days were the largest in Hyytiälä, where biogenic sources

TABLE 1 | Ratios in the maximum (first column) and daily (second column) formation rates of 6 nm particles (J6) between the traditional NPF event days (EV) and quiet NPF
event (traditional non-event) days (non-EV), and growth rates (GR, nm h−1) of 6–25 nm particles (third column) for both types of days, in the four atmospheric
environments. The second data set of growth rates calculated with the maximum concentration method are given for Hyytiälä.

Sites Ratio in Maximum
J6 Between EV
and Non-EV

Ratio in Daily
J6 Between EV
and Non-EV

GR (nm h−1) for
EV/For Non-EV

Hyytiälä 45 14.3 4.5/3.9 (4.3/2.9)
Järvselja 21 6.0 4.4/3.8
Budabest near-city background 13 3.6 7.4/6.1
Budapest city center 5 2.0 10.4/5.1

FIGURE 2 | The ratio in the formation rate of 3 nm (A) and 6 nm (B)
particles between the quiet NPF (traditional non-event) days and traditional
NPF event days at the SMEAR II station in Hyytiälä, Finland.

FIGURE 3 | The ratio in the formation rate of 3 nm (A) and 6 nm (B)
particles between the quiet NPF (traditional non-event) days and traditional
NPF event days at the SMEAR Estonia station in Järvselja, Estonia.
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are known to give an important contribution to NPF and
subsequent growth of newly formed particles (e.g. Lehtipalo
et al., 2018; Petäjä et al., 2022). The corresponding differences
were the lowest in the Budapest city center, the site with the
largest influence of anthropogenic pollution of the four sites
considered here (Salma et al., 2017).

Importance of Quiet NPF as a Source for
Particle Numbers
In order to estimate the relative importance of quiet and
traditional NPF events as sources of new particles at our
measurement sites, we calculated the daily production rate of
6 nm particles by integrating J6 over the full diurnal cycle for both
traditional NPF event days and quite NPF event days, and then
taking into account the relative occurrence frequency of NPF
event days and non-event days at each site (Table 2).

We estimated that the production rate of 6 nm particles per
day varies from about 300 cm−3 (Hyytiälä, non-event days) to
70,000 cm−3 (Budapest city center, NPF event days; Table 2).
Using the values from Table 2 and assuming that 25% of days are
NPF event days, we can see that in the conditions occurring in
Hyytiälä on NPF event days produces about 4 times more
particles than the other days in absolute terms. On the other
hand, in Budapest, the quiet NPF event days seem to produce
even more particles than the traditional NPF event days. The

contribution of non-event days to all relevant days in the city
center was 74%, whereas the occurrence frequency for NPF event
days was 21%, and the remaining 5% were undefined days. The
corresponding frequencies for the near-city background were 67,
28 and 5%. Since the daily particle production rate in Budapest
city is around twice in event than in non-event days and there are
3.5 times more non-event days, the quiet nucleation produces
almost twice as many particles during a year than the identified
NPF event days. The number concentration of 6 nm particles
produced during a day (Table 2) exceeds the median
concentration of 6–25 nm at every site for both average NPF
event and non-event day (Supplementary Figure S10). This
provides further support for the atmospheric importance of
traditional and quiet NPF in maintaining the sub-25 nm
particle population, noting the typical lifetimes of these
particles of the order of a few hours (Kwon et al., 2020).

Summarizing the calculations made above, we can state that
the quiet NPF associated with traditional non-event days has a
significant contribution to the total source strength of new 6 nm
particles at our measurement sites, even approaching the values
produced by the traditional NPF events under polluted
conditions. The subsequent fate of these particles, and thereby
their climatic and potential health effects, depends essentially on
whether they can survive from coagulation scavenging into the
pre-existing particle population during their growth to larger
sizes. Although this survival probability is expected to be much
higher than that of molecular clusters or sub-6 nm particles, it
may be influential under polluted conditions or at low particle
growth rates (Kerminen et al., 2001; Pierce and Adams, 2007;
Kulmala et al., 2017; Kulmala et al., 2022b).

SUMMARY AND CONCLUSIONS

We have investigated a previously overlooked phenomenon: the
formation of new aerosol particles during days when regional
NPF (Mäkelä et al., 1997; Kerminen et al., 2018) seem not to
occur, traditionally called non-event days. Already Tammet et al.
(2013) and Tammet et al. (2014) investigated this phenomenon
and suggested that it is called quiet NPF.

So far, NPF events are typically classified visually, based on the
appearance of the nucleation mode. Therefore, if we cannot see
the mode by eye in a figure representing the daily evolution of the
particle number size distribution, the investigated day is classified
as a non-event day. This feature is largely due to the used color
scale in figures, and practically this color scale cannot be adjusted

FIGURE 4 | The ratio in the formation rate of 6 nm particles between the
quiet NPF (traditional non-event) days and traditional NPF event days at the
near-city background site (A) and city center (B) of Budapest, Hungary.

TABLE 2 |Daily production rates (cm−3 d−1) of 6–25 nm particles during traditional
NPF event days and quiet NPF event (tradional non-event) days in the four
atmospheric environments.

Sites NPF Events Non-events

Hyytiälä 4086 286
Järvselja 11109 1915
Budapest near-city background 18460 5080
Budapest city center 69800 35200
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to capture concentrations smaller than 10 particles cm−3 in the
nucleation mode and simultaneously include the accumulation
and cluster modes. When we normalize the particle number
concentration in each size bin, we are can visually see the
event (particle formation and subsequent growth), because the
maximum concentration per size bin will appear even at particle
number concentration well below 1 particles cm−3 in the
nucleation mode. However, we need to integrate over several
days in order to get rid of the noise, which is on top of the very low
signal at the small sizes during non-event days.

We started our analysis using long-term continuous
observations from the SMEAR II station in Hyytiälä, Finland,
and tested the same method in Järvselja (Estonia) and Budapest
(Hungary) where relatively long time series are also available. We
found that a banana-type particle growth similar to NPF event
days can be seen at all the sites after averaging over a number of
traditional non-event days. Furthermore, we found that the
average formation rates at 6 nm during daytime on quiet NPF
events varied between about 2% and >50% of the corresponding
formation rates on traditional NPF event days (Figures 2–4;
Table 1), the percentage being higher in more polluted
environments. We estimated that the daily production rate of
6 nm particles is 2–15 times higher on traditional NPF event days
compared with quiet NPF event days, depending on the sites
(Tables 2). Since this quiet NPF occurs more frequently than
traditional NPF, there are potentially several regions or cities on
the Earth—such as Budapest—where the quiet NPF seems to be a
more important source of new particles than the traditional NPF.
In very clean atmospheric environments such as Hyytiälä and
Järvselja, in which biogenic sources for the precursors of NPF are
crucial, the traditional regional NPF events are probably still
dominating atmospheric new particle production. With an
increasing anthropogenic influence, the quiet NPF (i.e.
traditional non-event) days seem to give a significant
contribution to atmospheric aerosol production.

If we look at GTP from a clustering point of view, we can say
that the clustering occurs—in practice—every day and night
(Kulmala et al., 2013; Kontkanen et al., 2017). Here we
observed that the growth rate of newly formed particles is
relatively similar between the traditional NPF event and quiet
NPF event days at each site, while earlier observations have
shown surprisingly small variability in GR during NPF events
observed around the world (e.g. Kulmala et al., 2022b). The
fact that the GR is relatively invariable indicates that in
atmospheric NPF, the most crucial step is the activation of
existing clusters for subsequent growth, determining the
particle formation rate at a few nm. Therefore, the key
question for further studies is: which mechanisms cause the
activation of existing clusters?

Besides cluster activation, there are other priorites for future
work related to quiet NPF. First, one should explore what
instrumental and analytical developments or refinements are
needed to investigate this phenomenon quantitative in
different environments. Second, the work conducted here
should be expanded to other environments, especially polluted
megacities and other kinds of rural or remote areas. Third, one
should investigate whether the clustering and cluster activation

mechanisms of quiet NPF are similar or different to those during
traditional NPF events. An issue related to this topic is, for
example, the role of ion-induced NPF. Finally, further studies
are needed on the climate and air quality importance of quiet NPF
in comparison with traditional NPF, especially when it comes to
the further growth of particles from a few nm to CCN and haze
particle sizes both regionally and on the global scale.
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Supplementary Figure S1 | Time evolution of the particle number size distribution
averaged over NPF event days during a 10-year period (1997‒2007) at the SMEAR II
station in Hyytiälä, Finland. The data includes 973 NPF event days. The color
indicates the particle number concentration (dN/dlogDp).
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Supplementary Figure S2 | Time evolution of the particle number size distribution
averaged over non-event days during a 10-year period (1997‒2007) at the SMEAR II
station in Hyytiälä, Finland. The data includes 1184 non-event days. The color
indicates the particle number concentration (dN/dlogDp).

Supplementary Figure S3 | Averaged NPF event days, so that each size bin has
been scaled individually between 0 and 1. Data is from a 10-year period (1997‒
2007) at the SMEAR II station in Hyytiälä, Finland. This shows that maximum
concentration of each size bin is shifting to later hours during the day, and this
corresponds to growth of particles over the course of an average day. The color
indicates the normalized number concentration in each size bin (like in Figure 1).

Supplementary Figure S4 | Averaged non-event, each size bin scaled individually
between 0 and 1. Data is from a 10-year period (1997‒2007) at the SMEAR II station
in Hyytiälä, Finland. This shows that maximum concentration for particles smaller
than 30 nm is shifting to later hours during the day, and this corresponds to growth
for particles over the course of an average non-event day. The color indicates the
normalized number concentration in each size bin (like in Figure 1).

Supplementary Figure S5 | Time for the maxima of the normalized particle number
concentration (normalized signal) in individual size bins occur later during the day for
larger-diameter size bins, providing direct indication of particle growth. Due to low
particle formation rates, we cannot detect this effect for a single non-NPF day, but
only when averaged over long time (hundreds of individual non-NPF days). Data is
from a 10-year period (1997‒2007) at the SMEAR II station in Hyytiälä, Finland.

Supplementary Figure S6 | Time of maximum concentrations in the size bins
averaged over non-event days shown in Supplementary Figure S5. A linear fit to
the data gives a growth rate of 2.9 nm h‒1.

Supplementary Figure S7 | Normalized NPF events (left panels) and traditional
non-events (quiet NPF events, right panels) in Budapest city center during
2008–2020.

Supplementary Figure S8 | Normalized NPF events (left panels) and traditional
non-events (quiet NPF events, right panels) in Budapest near-city background
during 2012‒2013.

Supplementary Figure S9 | Normalized air ion number concentration distribution
plots and intermediate ion (diameter 2‒8 nm) concentrations (red line = positive ions,
blue line = negative ions) in Järvselja during 2016‒2020. The plots were used to
calculate the average GR of newly formed particles on NPF event days of type Ia (top
panel, 38 days, GR6-25 = 4.4 nm h–1) and non-event (bottom panel, 749 days, GR6-

25 = 3.8 nm h–1).

Supplementary Figure S10 | Atmospheric concentrations of 6‒25 nm particles at
each measurement site calculated for the same periods as in Figures 2‒4. The red
line represents the median of the data and the lower and upper edges of the box
represent 25th and 75th percentiles of the data, respectively. The length of the
whiskers represents 1.5 × the interquartile range which includes 99.3% of the data.
Data outside the whiskers are considered outliers and are marked with red crosses.
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