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New particle formation (NPF) is an important atmospheric process where secondary aerosol particles
are formed from gas phase precursors. We analyzed the NPF events that were observed in 2016-2018
at three boreal forest stations: the Fonovaya station in Siberia, Russia; the SMEAR II station in Cen-
tral Finland; and the SMEAR Estonia station in Estonia. NPF events were found to occur less often
in Siberia as compared with the European sites. In general, NPF occurred more frequently during
daytime under clear sky conditions or in the presence of optically thin clouds, while NPF events were
rather rare when the incoming solar radiation was low. Another factor influencing NPF in Siberia is
linked to the availability of low-volatility vapors and their precursors. Particularly, a larger number
of NPF events was detected under high SO, concentrations, indicating the importance of sulfuric acid
formed from SO,. The concentration of SO, at the Siberian station is about an order of magnitude
higher compared with the two other measurement sites. The concentration of NO, is also higher at
Fonovaya station. During the NPF event days at Fonovaya, the wind was mostly from south-south-
west (SSW) and south — the directions associated with the large industrial city Novosibirsk and
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industrial areas of eastern Kazakhstan. These areas are presumably the main source of anthropogenic
trace gases measured at the Fonovaya station. In contrast to the European sites, relative humidity at
Fonovaya did not differ significantly between the NPF and non-event days. The condensation sink
was higher on non-event days at the European measurement sites but not always at Fonovaya. Air
mass back trajectories showed that, oppositely to the European sites, there are no particular sectors
around the Siberian site favoring NPF. Our results suggest that solar radiation and subsequent atmo-
spheric chemistry govern the NPF processes in Siberia.

Introduction

Atmospheric new particle formation (NPF) is
a phenomenon in which aerosol particles are
formed via gas-to-particle conversion (e.g., Kul-
mala et al. 2014). Previous studies have shown
that NPF impacts the atmospheric aerosol popu-
lations, clouds and potentially climate when the
growing fresh particles reach sizes where they
can act as cloud condensation nuclei (CCN)
(Merikanto et al., 2009; Kazil et al., 2010;
Kerminen et al. 2012, Gordon et al., 2017,
Kalivitis et al. 2019). Through aerosol-cloud
interactions, aerosol particles may modify many
cloud properties, such as their albedo, lifetime,
and their impacts on precipitation (e.g., Fan et
al., 2016; Rosenfeld et al., 2019; Quaas et al.,
2020). NPF occurs in different environments,
such as forests, urban areas, polar and coastal
regions (Kerminen et al. 2018, Chu et al. 2019).
The boreal forest environment is important for
NPF research because NPF is often linked with
the emissions of volatile organic compounds
(VOCs) from the biosphere (Bick et al. 2012,
Tunved et al. 2006, Miki et al., 2019). These
VOCs subsequently oxidize into extremely low
volatile and low volatility vapors (Kulmala et
al. 2013, Ehn et al. 2014) — precursors of sec-
ondary aerosol particles. Boreal forests cover
a large area in the Northern Hemisphere, and
a dominant fraction of aerosol particles in this
environment has been thought to originate from
atmospheric NPF during the growing season
(Tunved et al., 2006). For observations of
atmosphere-biosphere interactions, the network
of SMEAR (Station for Measuring Ecosystem—
Atmosphere Relations) stations was established
initially in boreal forests (Hari and Kulmala,
2005) and more recently in Chinese megacities
(Kulmala, 2018).

The frequency of NPF has a considerable
spatial and temporal variability across the boreal
forest region. As summarized by Kerminen et
al. (2018) and Artaxo et al. (2022), annual NPF
event frequencies are typically between 10-30%,
with the lowest observed numbers at the north-
ern edge and Siberian part of the boreal forest
zone. An exceptionally low NPF frequency was
observed at Zotino Tall Tower Facility in central
Siberia (Wiedensohler et al. 2019), whereas a
very high frequency was reported for two sites
in western Canada during the summer (Andreae
et al., 2022). The frequency of NPF tends to
have a spring maximum over boreal forests,
sometimes another maximum in late summer
or autumn, and a clear winter minimum. Of the
sites observed in this paper, the average NPF
frequency was reported to be about 26% at the
SMEAR 1I station (Dal Maso et al., 2005, Vana
et al. 2016, Nieminen ef al. 2018) and about 21%
at the SMEAR Estonia station (Vana et al. 2016).
The Siberian part of the boreal forest zone is still
very poorly characterized in terms of NPF event
frequencies.

In general, NPF is controlled by different
chemical and physical processes. NPF events
are commonly observed in spring and autumn
in the boreal forest and have been connected
to the forests' biological activity and air mass
patterns (Heintzenberg et al., 2011, Nieminen
et al., 2018). Winter usually has a clear mini-
mum in NPF events. According to the long-term
analyses of the data sets from the SMEAR 1 and
SMEAR 1I stations, NPF frequency has a con-
siderable interannual variability (Nieminen et
al., 2014, Kyr6 et al., 2014). At SMEAR 11, this
variability is connected to air mass transport pat-
terns. At SMEAR 1, a decreasing trend of NPF
frequency is associated with decreasing sulfur
dioxide emissions from the Kola peninsula. Sul-
furic acid concentrations, just like organic com-
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pounds, play an essential role in the occurrence
of NPF (Paasonen et al., 2010; Kulmala ef al.,
2013).

Although NPF taking place in boreal for-
ests has been studied extensively, many ques-
tions remain unanswered. For instance, it is still
unclear whether NPF frequencies are generally
low in the overall Siberian forests and whether
the available studies are representative of the
whole region. Furthermore, the drivers and
inhibitors behind NPF in Siberia, such as trace
gas concentrations, meteorological variables,
or air mass transport patterns, have not been
studied. Another important question is whether
the same precursor vapours, such as sulfuric
acid and organic compounds, influence the NPF
occurrence in Siberia as in Finland and Estonia.
Finally, we need to determine the year-to-year
variability of NPF in Siberia and how large-scale
effect that is, and whether variability is the same
as, for example, at the SMEAR II station.

In order to bridge the knowledge gap out-
lined above, we performed a comprehensive
analysis of the Fonovaya station, similar to the
SMEAR II and SMEAR Estonia stations. First,
we examined whether NPF in Siberia occurs less
often than at the Finnish and Estonian sites. Also,
in this analysis, we investigated the connection
of NPF with the trace gases O,, SO,, and NO_
and with other potentially important parameters,
such as the condensation sink (CS), relative
humidity (RH), and temperature. Sulfur diox-
ide is the main source of sulfuric acid vapour,
whereas high amounts of NO, can suppress NPF
(Wildt ef al., 2014). Ozone is an oxidant that
contributes to the production of oxidized organic
compounds needed for the growth of newly
formed particles (Ehn et al., 2014). Condensa-
tion sink describes how rapidly small particles
and vapours are scavenged by pre-existing larger
particles, so high values of CS decrease the
probability of NPF (Kulmala and Kerminen,
2008). Moreover, meteorological variables such
as wind speed can also affect NPF. For exam-
ple, high wind speed can, on the one hand,
increase the mixing of condensable compounds
and decrease CS promoting NPF or, on the other
hand, increase dilution, thus suppressing NPF.
Both NPF dynamics have been observed at dif-
ferent sites (Bousiotis et al., 2021). In addition,

wind turbulence can enhance NPF via increasing
nucleation probability of organic vapors (Kul-
mala et al., 2023).

In this study, we focus on NPF events at the
Fonovaya station located near Tomsk, Russia,
and compare our results to those from Finland
and Estonia. The main aims are: 1) to test the
hypothesis, based on the previous studies, that
NPF event frequency is lower in Siberia than at
other measurement sites; 2) to characterize NPF
observed at the Fonovaya station; and 3) to iden-
tify the similarities and differences in the NPF
characteristics between these sites. In addition,
we aim to understand what research should be
performed in the future to identify the reasons
behind the rare NPF occurrence in Siberia.

The paper is structured as follows: Materi-
als and methods, description of measurement
sites, and instruments used in the experiments
are given in the next section. This section is fol-
lowed by the Results and Discussion section,
which contains the classification of NPF events,
the effect of solar radiation and trace gases on
NPF, and the influence of condensation sink,
temperature, and relative humidity on NPF. In
addition, the analysis of wind roses and air mass
back trajectories is done for the Fonovaya sta-
tion. Finally, the study’s main results are sum-
marized in the last section.

Material and methods
Measurement sites

In this study, we used data sets collected at
three stations: the Fonovaya station in West
Siberia, located in the Tomsk region, Russia; the
SMEAR II station in Hyytiéld, Finland (Hari and
Kulmala, 2005); and the SMEAR Estonia station
(Noe et al., 2015) in Jarvselja, Estonia. The loca-
tion of the stations is shown in Fig. 1.

The Fonovaya station (56257, 84°04") is
located in the boreal forest in West Siberia
(Antonovich et al., 2018). The closest city is
Tomsk (about 600 000 inhabitants), located
60 km East of the station. Another big city
located 170 km SSW from the station is Novo-
sibirsk (1 200 000 inhabitants). The station is
located on the river Ob and is surrounded by
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Fig. 1. Location of the three stations.

a mixed forest containing 55-year-old Scots
pines (Pinus sylvestris L.), 50-year-old birches
(Betula verrucose), and 32-year-old aspens
(Populus tremula). The average tree height is 30
m, ranging from about 25 m for the birches to
40 m for the pines. The station monitors mete-
orological parameters, hourly concentrations of
greenhouse and other trace gases and aerosol
particles. The observations can be found online
at http://lop.iao.ru/EN/.

The SMEAR I station (61°50°, 24°17") is
located in Hyytidld, southern Finland (Hari and
Kulmala, 2005). The closest city is Tampere
(around 200 000 inhabitants), based 60 km SW
from the station. It is surrounded by a 60-year
Scots pine (Pinus sylvestris L.) forest, and
the average tree height is 18 m. Also, there
are several lakes and wetlands around the
site. Measurements at the SMEAR II station
started in 1996 (e.g., Hari and Kulmala, 2005).
More than 1000 parameters are monitored at
the SMEAR 1I station, including meteorologi-
cal parameters, trace gas concentrations, aerosol
characteristics, etc. The data can be found at
https://smear.avaa.csc.fi.

The SMEAR Estonia station (58°16°, 27°18")
is established in South East Estonia at the
Jarvselja Experimental Forestry station (Noe
et al., 2015). The closest cities are Tartu
(95 000 inhabitants), located 35 km NWW from
the station, and Pskov (200 000 inhabitants),
located 80 km SE from the station. Mixed for-
ests, lakes, peatlands, and arable lands surround
the station. The forest is hemi-boreal and con-
sists of Scots pines (Pinus sylvestris L.), Norway
spruces (Picea abies L.), silver birches (Betula
pendula) and downy birches (Betula pubescens).
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The stand age is 70 years, on average, ranging
from 48-year-old larch stands to 125-year-old
pine stands. The average ages are 107 years for
the pine, 84 years for the spruce, and 73 years
for the birch. The tree height is variable: 22 m on
average, varying between 10 and 30 m (Ezhova
et al, 2018). At this station, concentrations
and fluxes of different parameters in the atmo-
sphere-biosphere system are measured.

At all stations, extensive measurements of
aerosol characteristics, greenhouse gases, and
trace gases, meteorological parameters are per-
formed. We used the data sets from January 2016
to December 2018; the parameters, correspond-
ing instruments and data availability are summa-
rized in Table 1. The following section discusses
the instruments for aerosol measurements in
more detail.

Instrumentation

Due to the focus of this study on NPF, here
we shortly describe the instruments used for
measurements of aerosol particle number size
distributions. The number size distributions of
particles with diameters from 3 nm to 0.2 ym
at the Fonovaya station were measured using a
Diffusional Particle Sizer (DPS). The DPS con-
sists of a Novosibirsk-type eight-stage screen
diffusion battery (Reischl et al., 1991; Ankilov et
al., 2002) connected to the Grimm Condensation
Particle Counter (CPC; Model 5.403, GRIMM
Acerosol Technik, Germany). The DPS data were
inverted to particle size distributions using the
algorithm developed by Eremenko and Ankilov
(1995), which TSI Inc. chose as the basis for
their DPS software (Knutson, 1999). The count-
ing efficiency of ultrafine particles of the CPC
mentioned above was considered when calculat-
ing size spectra. The distribution of particles in
size range from 0.3 ym to 20 um (15 size bins)
was measured by means of the Grimm aerosol
spectrometer Model 1.108 (OPC). It was used as
a reference instrument during inter-comparison
experiments carried out with other optical par-
ticle counters (Peters et al., 2006; Sousan ef al.,
2016; Crilley et al., 2018). For 2016, 80% of
data from DPS is available; for 2017 — 81.6%
of data, and for 2018 — 94.2%.
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At the SMEAR 1I station, aerosol particle
number size distribution was measured by a
custom-built twin Differential Mobility Particle
Sizer system (twin-DMPS, University of Hel-
sinki, Finland) consisting of two Hauke-type dif-
ferential mobility analyzers (DMA) with closed-
loop sheath flow arrangement and two Conden-
sation Particle Counters (CPCs). The first DMPS
classifies the particles between 3 and 10 nm and
consists of a 10.9-cm-long DMA with a 2mCi
Krypton-85 aerosol neutralizer and TSI CPC,
model 3025. The second DMPS classifies par-
ticles between 10 and 500 nm and consists of a
28-cm-long DMA with a Krypton-85 neutralizer
and TSI CPC, model 3010. In total, the twin-
DMPS gives a size range from 3 to 500 nm. This
DMPS system was described in detail by Aalto
etal. (2001).

At the SMEAR Estonia station, aerosol par-
ticle number size distributions were measured
by a Neutral cluster and Air Ion Spectrometer
(NAIS, Airel Ltd, Estonia) (Manninen et al.,
2009; Mirme and Mirme, 2013.). It contains two
DMAs, one of which measures air ions of posi-
tive polarity, and the second one measures nega-
tive polarity ions. The electric mobility range is
from 3.2-0.001 cm? V's!. Also, the NAIS uses
unipolar corona chargers for charging neutral
particles to provide measurements of aerosol
particles in size range from 2 to 40 nm.

An Electrical Aerosol Spectrometer (EAS,
Airel Ltd., Estonia) was also used for measur-
ing the particle number size distribution from
3 nm to 10 um at SMEAR Estonia. This instru-
ment consists of two multichannel DMAs with
32 measuring channels. For particle charging,
unipolar corona chargers are used. It uses differ-
ent charging mechanisms, such as a weak field
ion diffusion mechanism (diffusion charging)
and a strong field ion impact mechanism (field
charging). Those mechanisms make it possi-
ble to detect particles in a wide size range.
The instrument was described by Tammet et al.
(2002) in more detail.

Data analysis

For all data sets, we used the time interval from
11:00 to 16:00 (local time) because the NPF
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events usually occur in the daytime (Vehka-
miki ef al., 2004). We focused on spring data
because NPF in boreal forests tends to be most
frequent in springtime (Kerminen et al., 2018).
However, we also investigated the seasonality
of NPF. For the trace gases, condensation sink,
temperature, relative humidity, and wind speed
data sets, we calculated the median values of
the spring data for each month separately and
compared them between the three stations.

Spatial and temporal variability of the NPF
frequency

The classification of NPF events was using the
algorithm by Dal Maso et al. (2005). Accord-
ing to this classification, NPF event days are
defined as those during which a particle burst
showing signs of growth is observed. On some
days, an apparent and strong particle formation
and growth are observed, and these days are
identified as Class la events. On other days, we
observed particle formation with a less clear
particle growth; these are classified as Class
Ib events. Additionally, there are some days,
during which we can identify an NPF event,
but the calculation of formation and growth
rates (Kulmala et al., 2004) is impossible.
Those are classified as Class Il events. Events
Classes Ia, Ib, II are defined as NPF events in
this study. On non-event days, neither forma-
tion nor growth of particles nor any nucleation
bursts are observed. All other types of events,
including "tail", "apple", and "bump" (Buen-
rostro Mazon et al., 2009; Yli-Juuti et al.,
2009), are considered undefined events at all
three stations.

We used particle number-size distribution
data sets for each station to do classifica-
tion. Thus, we used DPS data for Fonovaya,
DMPS data for SMEAR 11, and NAIS data for
SMEAR Estonia. The NPF frequency is pre-
sented as a fraction of days in a month (NPF
days/(NPF days + undefined days + non-event
days)). The classification was performed for
months with at least 80% of available quali-
ty-checked data. Months with a larger amount
of bad or missing data were excluded from
further analyses.
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Sky clearness index

The sky clearness index, P, is a parameter char-
acterizing the incoming shortwave solar radia-
tion. It is equal to the ratio of measured global
radiation (R__ ) to the theoretical radiation on
the top of atmosphere (R ,) (Dada et al., 2017):

TOA-

pP= Rmeas / RTOA' (1)

Theoretical solar radiation at the top of the
atmosphere (R_,) can be calculated by using the
following equation:

R .= 1,c0os(SZA), 2)

where SZA is solar zenith angle, and / is extra-
terrestrial solar radiation given by

I,=TSI(r,/ ry 3)

Here TSI = 1366 W m™ is total solar irradi-
ance, r is the current Earth-Sun distance, and 7,
is the annual mean distance. /;is always within
the range of 1321-1415 W m™. If the clearness
index P is close to 1, the sky is clear or covered
by optically thin clouds, whereas P approaching
0 corresponds to overcast conditions and opti-
cally thick clouds. According to Ylivinkka et al.
(2020), P < 0.3 corresponds to stratocumulus,
stratus or nimbostratus clouds, whereas P > 0.7
corresponds to a clear sky, cirrus or shallow
cumulus clouds. We considered how the NPF
frequency depends on the clearness index using
events classification and global radiation.

Condensation sink, meteorological
parameters and trace gases

We looked at the dependences of NPF events on
meteorological parameters (temperature, rela-
tive humidity, wind speed), condensation sink,
and trace gases (SO,, NO, NO, and O,). For
this, we calculated the median values of all
parameters and compared them for: 1) events
and non-events at each station; and 2) events
between the stations. To compare the median
values, we used Wilcoxon rank sum test.
Parameter p < 0.05 means that there is a statisti-

cally significant difference between the median
values of the two samples.

We studied the NPF event probability
dependence on T and CS for the three stations.
For this, we split the temperature and the CS
data to bins and for each temperature-CS bin
we calculated the NPF event probability as
the fraction of NPF event day out of the total
number of days in that bin. For those calcula-
tions, we took only the data which corresponds
to certain clearness index values: P > 0.76
for Fonovaya, P > 0.7 for SMEAR II and
P > 0.42 for SMEAR Estonia. The clearness
index thresholds were chosen in the way that
each plot had approximately 150 data points in
total.

Part of the Fonovaya data set was detrended
and gapfilled. The raw SO, data has an increas-
ing linear trend of the base concentration from
2016 to 2018 related to the instrument cal-
ibration. Therefore, we calculated the trend
line's slope and removed this trend from the
data. For calculating CS at the Fonovaya sta-
tion, we used combined particle number size
distribution from DPS and OPC. In this data
set, a 200300 nm size bin was gap-filled by
adding one point with average particle num-
ber-size distribution between two neighbouring
points (Ezhova et al., 2018). For the SMEAR
II station, we used data from DMPS, while
for SMEAR Estonia, we used EAS data. The
samples are dried at all the sites. In this study,
calculated values of the condensation sink were
not corrected for particle hygroscopic growth.

Formation and growth rates

The growth rates (GR) of particles during NPF
events were calculated for the Fonovaya sta-
tion. GR is a parameter which describes how
fast the particle diameter dp increases in time
during the

GR:%:A_‘%:%_‘{N 4)
d At -t

where d and d , are representative particle
diameters at times ¢, and ¢, respectively (Kul-
mala et al., 2012).
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Among several methods for calculating the
GRs described by Kulmala ef al. (2012), the
mode fitting method was chosen as the most
suitable one. In this method, a log-normal dis-
tribution function is fitted with the least square
method to the size distribution at each time step.
The diameter is then determined as the mode of
the log-normal distribution and plotted as a func-
tion of time. The resulting GR is the value of the
slope of a linear fit to these data points. Here we
calculated GRs from 5 to 30 nm.

Particle formation rates (J) during NPF
events were calculated for the Fonovaya station.
The evolution of particle number concentration
dN can be described as:

dN / dt = production — losses = J — losses. (5)

The production term, J, is a parameter that
characterizes how fast certain size particles are
formed. J can be estimated using the equation
(Kulmala et al., 2012):

Ny, +CoagSxdN,, LSRN o (©
dt Adp
where Coags is the coagulation sink. This quan-
tity characterizes the removal rate of particles
of a specific size due to their collisions with any
other larger particles (Dal Maso et al., 2002).
The coagulation sink of particles of a diameter,
d is strongly related to CS (Kulmala et al.,
2812), and it can be calculated using the follow-
ing equation (Kulmala et al., 2012):

J:

d, "
CoagS, =CSx 071 (7

where d,, is given in nm, and the exponent m is
about —F.7 (Lehtinen et al, 2007). In this study,
we calculated J using the size range, dN dp’ of
5 to 30 nm, d, refers to the lower limit of the
size range, ancF Ad, — to the size range. For the
Coags, the reference size is 5 nm.

Wind roses and air mass back trajectories
We considered the wind speed at the 40-m height

for both NPF event days and non-event days to
complement the analysis of the data set from
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Fonovaya station. Since SO, is a precursor for
NPF (Lehtipalo et al., 2018, Kulmala et al.,
2004, Dada et al., 2020), wind roses were plot-
ted for the SO, concentration and wind speed.
The wind rose is a way of visualization, which
shows how the wind speed or other parameters,
in our case SO, concentration, depend on the
wind direction. Air mass back trajectories were
analyzed to study the effects of air mass his-
tory on NPF for the Fonovaya station. For this
study, we took 96-hour-long back trajectories
for spring NPF event days. Each trajectory line
represents an air mass that arrived at the sta-
tion at noon (12:00) at 100 m above the ground
level for each NPF event and non-event day
during 2016-2018. For this analysis, we used the
HYSPLIT (Hybrid Single-Particle Lagrangian
Integrated Trajectories) model v.5 with GDASI1
meteorology (Stein ef al., 2015). The HYSPLIT
model was developed by The National Oce-
anic and Atmospheric Administration (NOAA)
Air Resources Laboratory (ARL). The template
Natural Earth I with Shaded Relief, Water, and
Drainages  (https://www.naturalearthdata.com)
was used for data visualization on a map.

Results and Discussion

First, in this section, we present the frequency
of the NPF and its interannual variation within
the years 20162018 at the SMEAR 1I, SMEAR
Estonia and Fonovaya stations. Second, we
examine the differences in meteorological
parameters and trace gas concentrations between
NPF event and non-event days. Then, we shift
the main focus onto the Fonovaya station and
discuss how wind direction and air mass origin
could influence NPF at this site.

Spatial and temporal variability of NPF
frequency, formation and growth rates

The seasonal pattern of the frequency of NPF
events observed at the SMEAR II station is
shown in Fig. 2a. The fraction of both NPF and
undefined days was high: 17.2% of all days
contained NPF events (see also Table 2), and
36.5% of all days were recognized as undefined
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Fig. 2. Monthly fraction of days classified as NPF
events, non-events and undefined days for the (a)
SMEAR lI; (b) SMEAR Estonia; and (¢) Fonovaya sta-
tions.

ones. In different years, the percentage of NPF
event days changed from 10% in 2016 to 23%
in 2018. Based on the data set from 1996-2012,
NPF events occurred on average 24% of all
days at SMEAR II (Nieminen et al., 2018); in
2016-2018, this fraction was somewhat lower
due to the seemingly exceptional year 2016,
when NPF frequency was only 10% — the
lowest number since the beginning of observa-
tions.

The frequency of NPF events, non-events,
and undefined days at the SMEAR Estonia sta-
tion is presented in Fig. 2b. NPF events occurred

on 13.6% of the days, whereas 21% of the
days are classified as undefined days and 65.4%
as non-event days. The fraction of NPF and
undefined days was lower compared with
the SMEAR 1I station, while the number of
non-events was almost 50% higher. A similar
research was undertaken by Vana et al. (2016)
for the data set from 2013-2014. They compared
the NPF characteristics at three SMEAR sta-
tions: SMEAR II, SMEAR Estonia, and SMEAR
I in Vérrio, northern Finland. They found that
at SMEAR II, NPF events occur on 25% of the
days and at SMEAR Estonia — on 20% of the
days. In our case, the NPF frequencies were
lower by 7-8 percentage points but, similar to
the study by Vana ef al. (2016), the fraction of
NPF days was higher at SMEAR II compared
with SMEAR Estonia (Table 2). Later, Nieminen
et al. (2018) reported an average annual NPF
frequency of 18% for 2012-2016. The differ-
ence in NPF frequencies between the studies
can be ascribed either to interannual variability
or data availability, which was at 80% both in
this study and in Nieminen et al. (2018), and
72% in the study by Vana ef al. (2016). In our
case, 20% of missing data lead to the estimate
of NPF frequency range of 11-15% (see Sup-
plementary Information), and a similar range

Table 2. Yearly percentage of days, which contain NPF
events, non-events and undefined events.

SMEAR I
2016 2017 2018 Total
Events 10.0 18.8 22.8 17.2
Undefined 421 30.5 36.8 36.5
Non-events 47.9 50.5 40.4 46.3
SMEAR Estonia
2016 2017 2018 Total
Events 12.2 16.4 12.2 13.6
Undefined 25.2 15.5 22.3 21.0
Non-events 62.6 68.0 65.5 65.4
Fonovaya
2016 2017 2018 Total
Events 10.6 9.3 9.5 9.8
Undefined 18.6 18.1 26.5 21.1
Non-events 70.7 72.5 64.0 69.0
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based on Nieminen ef al. (2018) study would be
14.4-19.4%.

According to Vana et al. (2016), at SMEAR
II and SMEAR Estonia, the fraction of non-
event days was similar, about 35% of all the
measurement days. Note, however, that a large
number of missing days for SMEAR Estonia
in that study (30%) could raise the fraction of
non-events to 58%, if all these days were non-
events. In our study, the fractions of non-event
days were 46.3% for SMEAR II and 65.4% for
SMEAR Estonia, so our results do not agree
with Vana ef al. (2016) in this respect either
due to data issues or a different year range. The
seasonal cycle of NPF was studied by Vana et al.
(2016) who found that the number of NPF event
days reaches a maximum in March and a mini-
mum in December—January, with a secondary
peak observed in autumn (September—October)
at SMEAR Estonia and SMEAR II. Our study
produced similar results.
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The seasonal pattern of the NPF frequency
observed at the Fonovaya station is shown in
Fig. 2c. The maximum number of NPF event
days was observed in March with comparable
values to those at the SMEAR II and SMEAR
Estonia stations, but the overall NPF frequency
was clearly the lowest (9.8%) among the three
stations (Table 2). Undefined days had two
maxima, one in spring and another in autumn.
Their fraction was 21.1% of all analyzed data,
similar to SMEAR Estonia and lower than the
corresponding value at SMEAR II. Few NPF
events were observed in winter at all three sta-
tions.

Figure 3a shows the time series of NPF
event days per month for the three stations. The
number of event days at the SMEAR 1II and
SMEAR Estonia stations was higher in 2017 and
2018 and lower in 2016. In contrast, the oppo-
site behavior was seen at Fonovaya: the highest
number of NPF days was observed in 2016,
while in 2017 and 2018, it was lower. However,
the amount of missing data (see Table 1) was
high at the Fonovaya station in 2017, which
could influence this result.

Figure 3b shows the correlation of NPF days
per month between the SMEAR II and Fono-
vaya stations and between the SMEAR II and
SMEAR Estonia stations. The pattern of NPF
events at the two SMEAR stations closely fol-
lowed each other, which was confirmed by the
high correlation in the number of NPF days per
month between these stations (R = 0.86). Based
on Dal Maso et al. (2007), four stations in Fin-
land and Sweden showed similar year-to-year
patterns in NPF event frequencies from 2000 to
2004. Our results for the years 2016-2018 sug-
gest that such similarities extend from Nordic
areas to Estonia based on the strong correlation
between the SMEAR II and SMEAR Estonia
data. On the other hand, the correlation between
the number of NPF days at the SMEAR II and
Fonovaya stations was lower (R = 0.51).

Contrasting different boreal environments,
NPF events in Siberia were less frequent than
in the boreal forests of Finland and Estonia,
confirming the findings reported in earlier stud-
ies. According to Wiedensohler et al. (2019),
only 3% of the days displayed an NPF event at
the ZOTTO station. Earlier work by Dal Maso
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Fig. 4. Growth rate (GR) and formation rate (J) at 5-30
nm diameters. Each bar represents the value of GR for
a single day when it was possible to calculate (a) GR
and (b) J. The dotted line represents the median value
for the whole period of measurements. The plots are
color-coded seasonally.

et al. (2008) based on one-year data on particle
size distributions measured at two stations in
Siberia (TOR station in Tomsk and Listvy-
anka) showed that at both stations, NPF events
were observed on 10-12% of the days. This is
higher than the results reported for ZOTTO,
and agrees with our present results for the
Fonovaya station.

To sum up our results on the seasonality of
NPF, at all the stations, NPF events were the
most frequent in spring, especially in March.
This might be connected with the early veg-
etation period when the plants develop leaves
or needles and emit large amounts of VOCs.
The overall frequency of NPF event days was
the lowest (9.8%) in Siberia, whereas in Fin-
land it was the highest (17.2%) among these
three stations. The second maximum of NPF
events in August for Finland and Estonia can
be connected with senescent plants' emissions
(Vermeuel et al., 2022, Hakola et al., 2003).
In Estonia and Siberia, there were mostly non-
event days in winter, whereas in Finland there
were a lot of undefined events in winter.

To characterize NPF events at the Fonovaya
station, we calculated the growth rates (GR) of
5-30 nm particles. In Fig. 4a, each bar represents
the value of GR for one NPF event day and the
color code depicts the seasons. Fig. 4a shows
only those days for which it was possible to
calculate GRs. More than 70% of the days when
the value of GR could be calculated took place in
spring. The median GR during the given period
of measurements was equal to 2.0 nm h™'. For
comparison, the median GRs at the SMEAR 11
and SMEAR Estonia stations were reported to be
equal to 2.1 and 4.6 nm h™!, respectively (Vana et
al., 2016). Thus, the typical values of GR seem
to be similar between the Fonovaya and SMEAR
II stations, whereas at the SMEAR Estonia sta-
tion they are larger. However, this comparison
should be taken with caution due to different
years and data from different instruments. This
analysis can be continued in future studies.

Particle formation rates (J) were also calcu-
lated for the Fonovaya station for the NPF days
when this calculation was possible (Fig. 4b).
The median value of J (essentially J,, as the
size range used for calculations was 5-30 nm)
during the measurement period (dotted line in
Fig. 4b) was equal to 0.75 cm™ s (quartiles
0.24-1.26 cm™ s7'). Vana et al. (2016) calcu-
lated J, for the SMEAR II and SMEAR Esto-
nia stations and reported the values of 0.56
and 0.81 cm™ s, respectively. Nieminen et
al. (2018) report formation and growth rates
for 10-25 nm size range. Among the events
suitable for calculations of J and GR, spring
data prevails (Fig. 4), we therefore use their
spring data for comparison: J,; = 1 cm” s and
GR,, ,,= 2.6 nm h'. These results are reason-
ably close to ours. A comparison of the particle
formation rates at the same size using the data
from the same instruments can be done in future
studies.

Factors influencing the occurrence of
NPF

Effect of solar radiation on NPF

Solar radiation has been found to be perhaps the
most important factor for the occurrence of NPF
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(Kerminen et al., 2018). NPF events are more
frequent when the clearness index is higher as
solar radiation stimulates photochemical pro-
cesses (Seinfeld and Pandis, 1998; Dada ef al.,
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2017). Figure 5 shows that the frequency of NPF
increases with an increasing clearness index P
at both SMEAR II and Fonovaya stations. At
SMEAR II, NPF events occur on 1% of the days
at P < 0.3 and 55% at P > (.7 (Table 3; Fig. 5a).
The fraction of NPF events at the Fonovaya sta-
tion (Fig. 5c) was generally lower (19% of all
days at P > 0.7), but, similarly to SMEAR 11, it
increased with an increasing clearness index. At
SMEAR Estonia, instead, the fraction of unde-
fined days grew from 12% at P < 0.3 to 47% at
P > 0.7, and the fraction of NPF event days did
not show any dependence on the clearness index
within the range of P = 0.4-0.7 (Fig. 5b). Even
under high insolation, the fraction of non-event
days was high in Siberia: 56% of the days were
non-events in comparison to 9% at SMEAR 11
and 29% at SMEAR Estonia.

To sum up, during the days with optically
thick clouds, at P < 0.3, NPF events were rarely
observed: only about 1-3% of such days con-
tained NPF. Under a clear sky and optically thin
clouds, at P > 0.7, NPF occurred on 19-55% of
the days. These numbers for SMEAR 1I are sim-
ilar to the previous analysis of the long-term data
set (Dada et al, 2017). Non-event frequency
decreased at all three stations with an increasing
clearness index. At the same time, simultaneous
increases were observed for the NPF event days
at SMEAR II and Fonovaya, and the undefined
event days at SMEAR Estonia.

Connection of NPF with condensation sink
and meteorological parameters

Next, we considered the link between NPF and
the following variables: condensation sink (CS),
temperature, relative humidity and wind speed.
The monthly median values of these parameters
are listed in Table 5. Based on our analysis,

Table 3. Percentage of days with events, non-events and undefined events with different values of clearness index.

SMEAR Il SMEAR Estonia Fonovaya
P<0.3 P>0.7 P<0.3 P>0.7 P<0.3 P>0.7
Events 1% 55% 3% 24% 3% 19%
Undefined 44% 35% 12% 47% 21% 25%
Non-events 53% 9% 85% 29% 76% 56%
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the condensation sink (Fig. 6a, Table 5, and
Table S1 in the Supplementary Information) was
higher during non-events at all three stations,
except in May at the Fonovaya station. How-
ever, the difference was statistically significant
only at SMEAR stations, and not at Fonovaya
(hereafter, all the p-values confirming a statisti-
cally significant difference between two median
values or its absence are reported in Table S1 in
the Supplementary Information). In March, the
difference in the median CS values between the
NPF event and non-event days was a factor of
two-three at SMEAR II and SMEAR Estonia,
and only 1.12 at Fonovaya. Non-event median
values of CS at SMEAR stations are close to
those at Fonovaya. Since the highest number
of events occurred in March, we can conclude
that NPF at Fonovaya generally occurs at larger
values of CS as compared with the two SMEAR
stations. Furthermore, Kulmala and Kerminen
(2008) pointed out that the NPF probability
decreases with an increasing CS. In March, CS

at Fonovaya on NPF days was 2-3 times higher
than at two SMEAR stations, which could be the
factor contributing to the lower NPF frequency.

According to our observations, tempera-
ture (Fig. 6b) does not influence NPF. At the
SMEAR II station, the temperature was almost
the same during the NPF event and non-event
days (see Table 5). At SMEAR Estonia, the air
was somewhat warmer during the NPF events in
March (but the temperature difference was not
statistically significant) but significantly colder
during the NPF events in May. At Fonovaya,
the air was warmer during the NPF events in
March but colder in April (significant differ-
ence). Interestingly, median temperatures during
NPF events were similar at SMEAR II and at
Fonovaya in March and April, only in May it
became warmer at SMEAR 1I.

Based on the literature (Kerminen et al.,
2018), a lower relative humidity (RH) accom-
panies NPF events at most measurement sites
in both clean and polluted environments. In
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our data, RH (Fig. 6¢c, Table 5) was signifi-
cantly higher during the non-event days at both
SMEAR II and SMEAR Estonia. Oppositely,
RH did not change much between event and
non-event days at Fonovaya (Fig. 6¢), likely due
to the continental position of the station.

The wind speed was significantly higher
during event days in March at SMEAR Estonia
but not in other month at any of the stations
(Fig. 6d). Thus, wind can be an important factor
for NPF at SMEAR Estonia, suggesting that
local processes govern atmospheric phenomena
on non-event days. In April and May, median
winds are approximately 1.5 times stronger
at Fonovaya on NPF days as compared with
SMEAR stations.

Finally, Fig. 7a, 7b, and 7c show the prob-
ability of having a NPF event at the Fonovaya,
SMEAR II and SMEAR Estonia stations, respec-
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tively, as a function of CS and temperature at
11:00 (temperature representing the intensity of
BVOC emissions). At the SMEAR 1I station,
the NPF probability is generally higher, and
this conclusion agrees with our previous results
(see Spatial and temporal variability of NPF
frequency, formation and growth rates section).
The lowest NPF probability was observed at
Fonovaya. The NPF probability at SMEAR 11 is
higher for low values of CS. At other stations,
this difference is not so obvious. At Fonovaya,
the temperature range is wider, and the higher
event probability is observed for lower tempera-
tures. For SMEAR Estonia, there is an exponen-
tial dependence of CS on temperature, which is
also observed at other stations above 0°C.

Influence of trace gases on NPF events

Here we analyze the link between NPF events and
concentrations of different trace gases (SO,, NO,
NO,, NO,, O,). Similarly to the previous section,
we considered their concentrations on NPF event
and non-event days (Fig. 8).

For all three stations, the median concentra-
tions of SO, were higher on the NPF event days
(statistically significant at SMEAR Estonia and
Fonovaya, see Table S1 in the Supplementary
Information). At the Fonovaya station, the median
SO, concentration was high: 1.34 ppb during the

Table 4. Median values of concentrations (in ppb) of
different trace gases during the NPF event and non-
event days in spring (March, April, May) during daytime
from 11:00-16:00.

SMEAR I
8O, NO, NO O,
Events 0.06 0.21 0.04 42.88
Non-events 0.05 0.475 0.06 40.58
SMEAR Estonia

Events 0.210 0.522 0.051 44.086
Non-events 0.181 0.683 0.059 40.925

Fonovaya
Events 1.344 1.889 0.163 24.967
Non-events 0.861 1.460 0.084 23.855




BOREAL ENV. RES. Vol. 28 « NPF in Siberia, Finland and Estonia 161

505 concentration 03 concentration

102 102 =
9 (a) — events 2 %’
£ 10! non-events =3 %@
[= = [:]
k=l o
g 10° B 10!
€ =
§ 107* é@ g — events
S S non-events
02 109
Fonovaya SMEAR Il SMEAR Fonovaya SMEAR II SMEAR
Estonia Estonia
102 NO, concentration 101 NO concentration
) —— events = (d) —— events
2 10! non-events & non-events
c < 10°
e
EI
E E 10—1
[T @
£ e g e
S G
© o
0-2 10—2
Fonovaya SMEARII SMEAR Fonovaya SMEAR I SMEAR
Estonia

Estonia
Fig. 8. Concentrations of gases during event and non-event days in spring (March, April, May) for (a) SO, (b) O,
(¢) NO,, and (d) NO. For the description of box plots, see the caption to Fig. 6.

Table 5. Monthly median values of condensation sink, temperature, relative humidity and wind speed in spring
(March, April, May) during daytime from 11:00—16:00

Site Month CS (s™) Temperature (C)
events non-events events non-events
Fonovaya March 2.71x10°3 3.03x102 0.83 -3.57
April 2.03x10° 3.34x10°8 4.63 8.22
May 2.23x107° 1.26x1072 9.34 8.74
SMEAR I March 1.19x1073 2.90x10°2 0.44 1.10
April 2.47x107° 2.96x10° 6.13 5.58
May 2.90x107° 5.37x107 14.84 15.17
SMEAR Estonia March 1.02x1072 2.08x10° 4.33 3.00
April 1.44x1073 2.65x107 8.20 8.93
May 2.81x10° 4.79x10° 12.00 18.08
Site Month RH (%) Wind speed (m/s)
events non-events events non-events
Fonovaya March 54.27 58.92 4.25 3.87
April 56.90 47.66 4.53 4.56
May 49.14 46.82 4.02 4.81
SMEAR Il March 47.66 68.42 3.53 3.42
April 42.13 65.70 3.00 3.32
May 36.25 50.98 3.01 3.24
SMEAR Estonia March 48.63 75.10 3.37 2.21
April 42.95 57.45 3.05 2.70

May 37.30 41.55 3.29 2.40
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Fig. 9. Wind roses in the spring period (March, April,
May) 2017-2019 for the Fonovaya station. Figures
show: (a) SO, concentration during NPF events, (b)
wind speed during NPF events, (¢) SO, concentration
during non-events, and (d) wind speed during non-
events. The circular format shows the direction of the
wind, and the length of each spoke is how often the
wind or other parameter occurred from that direction.

NPF event days, while at SMEAR Estonia this
concentration was almost an order of magnitude
lower, 0.21 ppb, and at SMEAR 1I it was even
lower at 0.06 ppb (the difference between all sta-
tions is statistically significant, see Table S1 in the
Supplementary Information).

Our results suggest that the concentration of
SO, is not a determining factor for NPF events in
the boreal forest area: it is highest at Fonovaya, but
the NPF frequency is lowest there. This contrasts
with findings in more polluted environments.
Hamed et al. (2010) analysed the dependencies
of NPF frequencies at the research station Mel-
pitz, Germany, between two vastly separated time
periods: during the 1990s when the SO, concentra-
tions were high, and during 2003-2006 when the
ambient levels of SO, decreased by a factor of ten
as a result of social and economic changes. This
analysis showed a significant decrease in NPF
event frequencies between the two observation
periods (—45%). The same result has been shown
for polluted environments in both Europe and the
USA (Masiol et al., 2018; Saha et al., 2018).

Median concentrations of NO _at the Fonovaya
station were higher than at the two SMEAR sta-
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Fig. 10. Air mass back trajectories arriving at Fonovaya

during spring at 12:00 (local time) on NPF event and

non-event days.

tions (Table 4). The concentrations of NO,and NO
at the Fonovaya station were higher during the
NPF event days in comparison to the non-event
days (the difference is statistically significant,
see Table S1 in the Supplementary Information).
This, and similar SO, results, indicate that NPF
events here are likely associated with anthropo-
genic influences. In the next section, we analyzed
possible sources of trace gases associated with
NPF at the Fonovaya station and concluded that
the highest concentrations of SO, were associated
with wind directions from the city of Novosibirsk
and Kazakhstan.

At the same time, the median ozone (O,) con-
centration at the Fonovaya station was lower than
at the SMEAR stations (statistically significant
result, see Table S1 in the Supplementary Infor-
mation), which could be related to higher NOx
concentrations there. During the days with NPF
events, the median concentrations of ozone were
similar at 42.88 ppb and 44.09 ppb for SMEAR II
and SMEAR Estonia, respectively, while for Fon-
ovaya, it was 24.97 ppb. Low ozone concentration
agrees with the previous studies analyzing ozone
mixing ratios in Siberia (Engvall Stjernberg et al.,
2012).

Influence of wind direction and air mass
transport on NPF at the Fonovaya station

As can be seen from Fig. 8a, the concentra-
tion of SO, was higher at Fonovaya during the
NPF event days. To identify the sources of SO,
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measured at the Fonovaya station, we used wind
roses. They illustrate the frequency of cases with
different SO, concentrations associated with each
direction (Fig. 9a, 9c¢), as well as the wind speed
associated with each direction (Fig. 9b, 9d).

Figure 9a and 9¢ show SO, concentration and
wind speed for the NPF event days. During these
days, the wind blows predominantly from SSW,
and the second significant sector is south. To
SSW from the Fonovaya station, there is a large
industrial city (Novosibirsk), and further to the
south an industrial zone of eastern Kazakhstan
can be the source of high SO, concentrations.
The wind speed from the south is higher during
the NPF event days in comparison to the non-
event days. During the non-event days (Fig. 9c,
9d) the wind is from any direction except the
East sector. Usually, the air mass transfer in the
region is from the west to the east, in agreement
with these wind roses.

To identify the sources of SO,, we tried to
analyze air mass back trajectories using the
HYSPLIT model. All 96-hour-long trajectories
during the NPF event and non-event days are
shown in Fig. 10. It can be seen that the air
masses can come from all directions except
the SE sector. However, we cannot clearly dis-
tinguish sectors associated with NPF event or
non-event days, thus it is difficult to conclude
what air masses favor NPF processes. This is in
contrast to the two SMEAR stations (Vana et al.,
2016), where most NPF days are associated with
trajectories from the clean northwest sector.

Summary and Conclusions

In this study, we compared characteristics of
NPF events observed at three stations: the Fono-
vaya station in Siberia, Russia; the SMEAR 11
station in Hyytiédld, Finland; and the SMEAR
Estonia station in Jarvselja, Estonia, during
2016-2018. Our main aim was to find the dif-
ferences of NPF characteristics and the factors
affecting the occurrence and frequency at the
abovementioned stations.

Our results showed that NPF at the Fono-
vaya station is less frequent than at two other
measurement sites in boreal forest environ-
ments. Less than 10% of all days at the Fono-

vaya station contained NPF events, while for
SMEAR 1I this number was 17.2%. At the
Fonovaya station, the number of non-event days
was the highest at almost 70% of all days. NPF
events at all the stations were most frequent in
spring, specifically in March, and the second
maximum occurred in autumn. Winter was a
period of non-event days at both Fonovaya and
SMEAR Estonia, whereas at the SMEAR 1II
station many undefined events took place. The
particle formation and growth rates at Fonovaya
are similar to those obtained by Nieminen et
al. (2018) and they are similar between the sta-
tions.

We investigated the effect of solar radiation
on NPF. At both SMEAR II and Fonovaya, the
frequency of NPF increased with an increasing
clearness index, whereas at the SMEAR Estonia
station, the fraction of undefined days increased
with an increasing clearness index. At all the
measurement sites, NPF events rarely occurred
when the clearness index was low (< 0.3) and
more often under clear skies or light clouds.
Of other meteorological variables, temperature
and wind did not obviously affect NPF. The
relative humidity and condensation sink were
consistently higher during the non-event days
at the SMEAR stations, but not at the Fonovaya
station.

Further, we investigated the connection of
trace gases with NPF in spring. At the Fono-
vaya station, the median SO, concentration was
about an order of magnitude higher than at
the two SMEAR stations. The median NO_
concentrations were also much higher at Fono-
vaya in comparison to the SMEAR II and
SMEAR Estonia stations. This means that the
Fonovaya station is more polluted than the
two other measurement sites. The analysis of
wind roses showed that during NPF events, the
wind blew predominantly from south and south-
south-west. The nearest pollution source in that
direction is Novosibirsk, which is located 170
km from the station. It can be a source of high
SO, concentrations at the Fonovaya station. The
analysis of air mass back trajectories, however,
shows that air masses come from all directions,
except south-east, on both NPF event and non-
event days. Thus, we did not identify any spe-
cific sectors associated with NPF.
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Summarizing the results obtained in this
study, the frequency of NPF events is the lowest
in Siberia and the highest in Finland. The clear-
ness index and concentration of trace gases,
especially SO,, have the largest impact on the
Siberian NPF process in spring, less so conden-
sation sink. The relative humidity, temperature
and wind speed do not differ between the NPF
event and non-event days within the months,
but in general, NPF tends to happen at nega-
tive or low temperature. In contrast to SMEAR
stations, NPF is not related to any clean sector
but is associated with elevated levels of SO,
and NO,, i.e., anthropogenic pollution. We will
continue to investigate the processes influenc-
ing NPF in Siberia using the data sets from the
new measurement campaign at Fonovaya. For
future research, instruments with lower detection
limits and higher resolutions are needed. Also, to
understand the nature of NPF events in Siberia
chemical composition of aerosol particles needs
to be measured.
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