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Abstract
Siberia is covered by 6 million km2 of forest, which moderates climate as a carbon sink and a source
of aerosol particles causing negative radiative effect. Aerosol particles in boreal forests frequently
form via gas-to-particle conversion, known as new particle formation (NPF). Compared to boreal
sites at similar latitudes, NPF was reported to occur less often in the Siberian forest. However,
factors controlling NPF in Siberia remain unknown. Our results suggest that the combination of
biogenic and anthropogenic contributions caused unexpectedly high monthly NPF frequency
(50%) at the observatory Fonovaya in the West Siberian taiga during the Siberian 2020 heatwave.
High frequency was due to early spring photosynthetic recovery, which boosted biogenic emissions
into polluted air masses carrying SO2. After mid-April, high temperatures and cleaner air masses
led to less frequent (15%) and less intense NPF despite the increased emissions of natural organic
vapors and ammonia. Furthermore, the contrast between the two spring periods was seen in
cluster composition, particle-forming vapors (two times difference in sulfuric acid concentration),
particle formation (J3, 2.2 and 0.4 cm−3 s−1) and growth rates (GR2−3, 1.7 and 0.6 nm h−1). Given
the strong warming trend, our results suggest that within 25−30 years, the monthly NPF frequency
during early spring in the West Siberian taiga can reach 40%–60%, as in the European boreal sites.

1. Introduction

The boreal forest is a well-known source of atmo-
spheric aerosol particles [1, 2], especially in terms of
the particle number concentration and their contri-
bution to cloud condensation nuclei [3, 4]. Trees typ-
ical of boreal forests emit volatile organic compounds
(VOCs), mainly monoterpenes, to the atmosphere.
VOCs then undergo oxidation reactions and form
low-volatility vapors, which include recently dis-
covered highly oxygenated organicmolecules (HOM)
[5, 6]. They are able to condense onto tiny aerosol
particles as well as directly participate in molecular
clustering, thus making an important contribution to
new particle formation (NPF) [5, 7].

Previous comprehensive studies [2, 8] reported
the occurrence of frequent NPF in the European
boreal forest environment, except for the northern
edge of the area. Especially in spring, 40%–60% of
days display NPF, and in many cases, these NPF
events are influenced by the abundance of sulfuric
acid and oxygenated organics [2, 9]. In contrast, the
few studies focusing on Siberian boreal forests indic-
ate a lower frequency of NPF events [10–13] (20%–
25%West Siberia, 4%–15%Central Siberia in spring)
due to unknown reasons. Determining the physical
and chemical characteristics ofNPF in different envir-
onments is crucial for understanding how various
biogenic and anthropogenic processes affect the pro-
duction of cloud condensation nuclei. In that regard,

© 2024 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1748-9326/ad10d5
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/ad10d5&domain=pdf&date_stamp=2024-1-4
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-9675-3271
https://orcid.org/0000-0003-2770-9143
https://orcid.org/0000-0002-4599-8287
https://orcid.org/0000-0001-9361-4885
https://orcid.org/0000-0001-6781-4568
https://orcid.org/0000-0002-4480-2107
https://orcid.org/0000-0002-5700-7209
https://orcid.org/0000-0003-2996-3604
https://orcid.org/0000-0002-0706-669X
https://orcid.org/0000-0002-1881-9044
https://orcid.org/0000-0003-3464-7825
mailto:olga.garmash@helsinki.fi
mailto:ekaterina.ezhova@helsinki.fi
http://doi.org/10.1088/1748-9326/ad10d5


Environ. Res. Lett. 19 (2024) 014047 O Garmash & E Ezhova et al

the vast Siberian forest environment remains one of
the most understudied regions.

To uncover the factors controlling the NPF fre-
quency in the Siberian boreal forest, we investigated
NPF event characteristics during spring 2020 at the
Fonovaya continental background observatory. The
station is surrounded by mixed forests, with agricul-
tural and industrial centers of Russia and Kazakhstan
to the south and vast wetlands and forests to the
north (supplementary, figures S1(a)–(d)). The closest
city of Tomsk is 60 km away. At the station, we
deployed state-of-the-art instrumentation to determ-
ine the dynamics of charged and neutral clusters and
particles starting from 1 nm in diameter and the
composition of naturally charged molecular clusters.
These measurements were supplemented by a dataset
of meteorological parameters and trace gases avail-
able at the station. We analyzed clear NPF event days
with in-situ cluster formation and particle growth,
and non-event days when no change in nucleation-
mode particle concentration was observed.

2. Methods

The measurements were conducted in spring 2020
(March–May) at the Fonovaya observatory, loc-
ated at 56◦25′ N 84◦04′ E in the southeast of the
West Siberian plain (supplementary, figure S1). The
detailed description of the site, its climate and atmo-
spheric circulation patterns is given in supplement-
ary: S1.1.

The composition of charged molecules and
clusters was measured using atmospheric pressure
interface time-of-flight mass spectrometer, APi-TOF
[14]. Particle number size distribution was derived
from nano condensation nucleus counter (nCNC,
1.6–2.7 nm) [15], neutral air ion spectrometer (NAIS,
2–40 nm) [16], differential mobility particle sizer
(DMPS, 6–800 nm) [17], diffusional particle sizer
(DPS, 3–200 nm) [18], and optical particle counter
(OPC, 0.3–20 µm) [19]. The size distribution of
charged particles within 0.8–40 nm was also mon-
itored with NAIS. The detailed description of the
instrument operation as well as methods for calcula-
tion of particle formation rates (J), growth rates (GR),
condensation sink (CS) and survival probability can
be found in supplementary: S1 Methods.

NPF events were classified based on the particle
and ion size distributions measured by NAIS and
confirmed by nCNC data, see supplementary: S1.3.1.
Only events with apparent particle growth, i.e., class
I events [20], were taken into account. The time that
separated early and late spring was defined based on
the abundance of the sulfuric acid–ammonia clusters
versus the abundance of clusters containing organics
on NPF days as measured by APi-TOF. Early spring
roughly covered a period from the onset of above-
zero daily mean temperatures (beginning ofMarch in

2020) to snowmelt; late spring—aperiod from snow-
melt to the end of May. Sulfuric acid proxy was con-
structed as in [21] based on the measurements con-
ducted at the same site with the chemical ionization
APi-TOF (supplementary: S1.3.8).

Air mass back trajectories spanning 96 h and
arriving at 100 m a.g.l. were calculated using
HYSPLITmodel [22] with 1 h resolution. We divided
air mass back trajectories into ones passing over the
clean sector to the north and ones passing over the
dirty sector to the south of the observatory (supple-
mentary: S1.4.2, figure S1e). Photosynthetic acclima-
tion parameter S200 was calculated as in [23] (supple-
mentary: S1.4.4).

All figures display local times, which is UTC+ 07
all year. The amount of datapoints used for calculat-
ing medians in the figures is shown in tables S1 and
S6. Details about the measurement site, instrument-
ation and calculation of different parameters can be
found in supplementary material along with discus-
sion onAPi-TOFdata interpretation and temperature
dynamics as well as supplementary figures and tables
that are referenced in the main text.

3. Results and discussion

3.1. Frequency of NPF
We were surprised to observe that NPF at the obser-
vatory Fonovaya in the spring 2020 occurred more
frequently than reported in the literature [12, 13]. The
onset of the NPF season was the beginning of March,
similar to the other years and the other Northern
Hemisphere sites [2]. Before March, we detected only
one NPF event in January and one in February. In
March and April, NPF events occurred on 50% and
35% of days, respectively (figure 1(a) and S2). This
is about two times higher than the NPF frequency
duringMarch–April 2016–2018 at the same site when
also weaker NPF events were accounted for [24].
Between 20 and 30 April 2020, no NPF was detec-
ted and the air was affected by particle emissions from
wild and agricultural fires as close as 5–10 km to the
measurement site. In May, after the fires, we detec-
ted a lower NPF frequency of about 15% of all days,
comparable to theMay-June NPF statistics of the pre-
vious years [24]. Overall, during the spring 2020, NPF
events were observed on 31 days. Thus, the frequency
of NPF was unusually high, in contrast to the hypo-
thesis that NPF in Siberia is rare.

3.2. Insights into particle precursor vapors
As revealed by an APi-TOF mass spectrometer, the
charged molecular cluster composition indicated a
simultaneous presence of sulfuric acid, ammonia, and
oxidized organics at the onset of NPF. However, the
clusters’ exact composition and distribution differed
between periods before and after mid-April. Based on
this, we separated spring 2020 into two periods: early
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Figure 1. Chemical composition of negative ions and clusters. (a) Classification of the campaign period into NPF events,
non-events and undefined days. The boundary between early spring NPF events (blue) and late spring events (green) was
determined based on negative ion and molecular cluster composition as measured by APi-TOF. The days with available APi-TOF
data are shown in grey. Panels (b) and (d) show mass defect as a function of mass-to-charge ratio of characteristic charged ions
and molecular clusters on NPF event days during early (27 March 2020, 9:00–12:00) and late (18 April 2020, 9:00–12:00) spring,
respectively. Each circle represents an ion with unique chemical composition. The size of the circles represents linearly scaled
fraction of the total signal. The fraction of sulfuric acid dimer at 195 Th is approximately 10%. Note, sulfuric acid tetramer cluster
is marked as sulfuric acid-ammonia cluster (see supplementary: S1 Methods). The arrow in panel (b) shows the slope of addition
of 1 ammonia and 1 sulfuric acid molecule, for reference. Panels (c) and (e) depict the median contribution of different
compound classes to the total signal for early ((c), n= 11) and late ((e), n= 6) spring NPF events. For panels (b)–(e), common
legend is shown in a box, while other legend points are unique to either (b)/(d) or (c)/(e) panels. In comparison to panels (b) and
(d), panels (c) and (e) do not show some of the compound groups due to their small fractions (see tables S2 and S3 for details),
while highly oxygenated organic molecules (HOM) are more generally presented as a sum of ions in different mass-to-charge bins.

and late spring (figure 1(a)). The mass defect plots
in figures 1(b) and (c) depict a snapshot of cluster
composition at the onset of NPF on two specific days,
while figures 1(d) and (e) show the median diel evol-
ution of the signal for each cluster group during the
early and late spring, respectively. In the early spring,
a large fraction of the signal was due to sulfuric acid,
sulfuric acid–ammonia, and other sulfur-containing
clusters (figure 1(b)). In contrast, in late spring, we
observed abundant clusters containing HOM, while
the contribution of clusters containing sulfuric acid
and ammonia was lower (figure 1(c)).

In early spring, the influence of anthropogenic
emissions on NPF was evident. The sulfur dioxide
(SO2) concentration on the NPF days reached as high
as 10 ppbv with a median daytime peak of 1.5 ppbv,
higher than 0.8 ppbv on non-event days (figures S2
and S3). Using airmass trajectories, we traced the SO2

sources to the cities and industrial areas south and
southwest of the station (figures S1(c) and (d); sup-
plementary: S1 Methods). SO2 emissions from local
or nearby sources like heating or biomass burning
were also likely, though not resolved in the analysis.

Higher SO2 concentrations resulted in higher con-
centrations of sulfuric acid, H2SO4 (figure S3), which
is known to initiate NPF. As sulfuric acid alone can-
not efficiently form clusters at typical near-ground
concentrations and temperatures, the participation of
other vapors is required.

The abundance of clusters containing both sul-
furic acid and ammonia on NPF days in the early
spring (10% of the signal, figure 1(c)) suggested that
ammonia likely contributed to molecular clustering
at this site. Similar clusters were found during sulfuric
acid–ammonia initiated NPF in chamber studies, in
the Finnish boreal forest, over mountains, and in
polar regions [25–27]. At Fonovaya, we could follow
these clusters’ sequential growth from a single sulfuric
acid molecule to a cluster containing 11 sulfuric acid
and 10 ammonia molecules (figures 1(b) and S4) fur-
ther supporting that initial clustering involves these
vapors. On non-event days, sulfuric acid–ammonia
clusters were smaller and constituted less than 1%
of the signal (figure S7(a)). The ammonia concen-
tration during early spring was about 10–100 ppt
(figure S5), which was enough to stabilize otherwise
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unstable sulfuric acid clusters at atmospheric concen-
trations of H2SO4 [28]. Sources of ammonia during
the early spring when the ground is covered by snow
are unclear but could include nearby animal farms
[29] or industrial emissions [30].

In addition, in early spring, we observed sulfuric
acid clustered with other sulfur species, nitric acid,
dimethylamine, iodic acid, and organics (figure 1(b),
see table S2 for the exact composition). Some of
these molecules are known to participate in NPF [31,
32]. Among organics, we could identify nitrophen-
ols, which are common markers for biomass burning
[33] and small organic acids (mainly carboxylic),
which are not expected to participate in first steps of
NPF due to their semi-volatile nature. Furthermore,
we observed clusters within 200 and 500 mass-to-
charge (m/z) ratios and mass defect of−0.05 and 0.1
(figure 1(b)). The ions detected within these ranges
in the boreal forest correspond to HOM clusters [9].
Especially ions larger than 300 m/z can be usually
classified as oxidation products of biogenic VOCs
(though some small contribution of aromatic HOM
to that range cannot be excluded) and are known
to participate directly in molecular clustering and
growth [7, 9]. Despite low signals of these clusters,
we could identify few clusters as HOM, with com-
position consistent with the oxidation product of nat-
urally emitted monoterpenes. These results demon-
strate the influence of diverse anthropogenic and
biogenic sources of vapors on NPF at Fonovaya
station.

Compared to early spring, in late spring, an
increase of clusters with organic material during the
day is consistent with the expected increase in bio-
genic VOC emissions as the temperature and solar
radiation increased [34–36]. During NPF events in
late spring, we could identify a larger set of HOM
clustered with charged sulfuric and nitric acids, sim-
ilar to those observed in the Finnish boreal forest
[37, 38]. In contrast, the decrease in many sulfur-
containing clusters (figure 1(d) and (e)) was due to
the decreases in SO2 and sulfuric acid concentrations
(figure S3). However, pure sulfuric acid clusters were
still abundant, and the median sulfuric acid concen-
tration during NPF exceeded 2 × 106 cm−3 (figure
S3). At the same time, the fraction of the signal attrib-
uted to sulfuric acid–ammonia clusters was less than
1% compared to 10% in early spring, despite a dra-
matic increase in ammonia concentration after the
snowmelt [39], reaching 10−30 ppb in May (figure
S5). The difference between the two spring periods is
likely because HOM compete with ammonia for clus-
tering with sulfuric acid, while higher temperatures
make sulfuric acid–ammonia clusters less stable and
prone to easier evaporation [40]. The clusters con-
taining oxidized organics were larger in late spring,
which can be seen from the increase in the fraction of

the signal attributed to ions within the 300−600 m/z
range (figures 1(d) and (e)). Of these clusters, the
300−400m/z range, similarly to early spring, could be
explained by HOM monomers formed in monoter-
pene oxidation [5, 37, 38]. The 400−500 m/z and
500−600 m/z ranges were likely due to oxidation
products of sesquiterpenes (another class of naturally
emitted organics) and monoterpene HOM dimers
(figure S6). Monoterpene-derived HOM dimers have
very low volatility and are able to directly particip-
ate in NPF in the system containing sulfuric acid and
ammonia [9]. The higher temperature in late spring
promoted formation of HOM due to increased VOC
emissions and rates of relevant reactions [41], but also
likely caused an increase in HOM volatility making
them less efficient at forming clusters and particles
than in early spring.

Based on existing knowledge of NPF in boreal
forest [9], it is plausible to hypothesize that at obser-
vatory Fonovaya, all three components (sulfuric acid,
ammonia and biogenic HOM) play important role in
NPF during both spring periods. The relative import-
ance of each component, however, is controlled by
temperature and availability of vapor molecules. It is
important to note that without additional measure-
ments, we cannot fully exclude that other vapors, such
as amines, participate in clustering.

3.3. Particle formation and growth rates
In early spring, NPF events were usually strong and
intensive but in late spring, they were weak with
intermittent particles’ growth (figure S2). This was
reflected both in number concentrations of 3−30 nm
particles measured by the NAIS and in the sub-
3 nm cluster and particle concentrations derived from
the nCNC (figure 2(a)). Clear peaks in the number
concentrations were observed in all the size bins in
the 1.3−30 nm diameter range on the NPF event
days. Oppositely, the corresponding concentrations
on non-event days were flat and low (figure S7). The
peak number concentrations in the 3−30 nm range
were 5−10 times higher during the median early
spring NPF event compared to the median late spring
NPF event. At the same time, during NPF events in
late spring (figure 2(b)), the number concentrations
of clusters and particles in the size bins of 1.3−1.6 nm,
1.6−2.1 nmand 3−6 nmcloselymatched thosemeas-
ured at the Finnish station SMEAR II [42, 43]. Thus,
the median Siberian NPF event in early spring was
stronger than the median one at SMEAR II as 5−10
times more particles were formed.

In agreement with cluster and particle num-
ber concentrations, the median total particle form-
ation rates of 3-nm particles (J3 tot) were higher in
early spring than in late spring (table S1), 2.2 and
0.4 cm−3 s−1, respectively. In addition, the growth
rates of 2−3 nmparticleswere also higher: 1.7 nmh−1
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Figure 2.Median particle number concentrations and growth rates. Median particle number concentrations in different size bins
measured on NPF days during (a) early spring (n= 22) and (b) late spring (n= 7). Particles within 1.3−2.7 nm are measured by
nCNC (pink) and particles 3−30 nm are measured by NAIS in neutral particle mode (green). Solid lines are medians with 25th to
75th percentiles represented as shaded areas. (c) Particle growth rates (GR) in different size bins for early and late spring. Median
values are marked in black solid line, box edges represent 25th and 75th percentiles, whiskers show±2.7σ, and outliers are shown
as plus markers (for n, see table S1). The difference between the median values of growth rates in early and late spring is
statistically significant only for GR2−3 (p= 0.04, Wilcoxon rank sum test).

Figure 3. Sulfuric acid, temperature, and particle formation
rates. Median diel evolution of sulfuric acid (n= 19 and 7)
(a), temperature (n= 22 and 7) (b) and particle formation
rates at 1.6 nm J1.6 (n= 20 and 7) (c). Solid lines show
medians with shaded areas representing 25th to 75th
percentiles. Panel (d) depicts J1.6 as a function of sulfuric
acid concentration. Early spring is characterized by higher
sulfuric acid concentration and lower temperature resulting
in higher particle formation rates than in late spring.

in early spring in comparison to 0.6 nm h−1 in late
spring (figure 2(c)). Oppositely, the median growth
rates of bigger particles were higher in late spring
(2.7 vs. 3.5 nm h−1 and 3.2 vs. 5.8 nm h−1 for
particles in size ranges of 3−7 nm and 7−20 nm,
respectively); however, the difference was not statist-
ically significant. The larger growth rates of 2−3 nm
particles during early spring are consistent with
the higher concentrations of non-volatile sulfuric
acid and lower temperatures during that period
(figures 3(a), (b) and S3).

The neutral pathway dominated particle forma-
tion during both early and late spring events. This
is confirmed by the larger number concentration of
neutral particles within 2–3 nm as compared to that
of ions, about 1–2 orders of magnitude (figure S8). In
addition, similarly tomany other sites [45], formation
rates of charged particles at 2 nm (J2 ion) were much
lower than the corresponding total particle formation
rate J1.6 tot during both periods, withmedian values of
0.02–0.04 cm−3 s−1 in comparison to 1–2 cm−3 s−1

(table S1). J1.6 tot and J3 tot in late spring were around a
factor of 3–4 smaller in comparison to the early spring
(figure 3(c), table S1). The variability in J in the atmo-
sphere is typically a function of precursor concen-
tration, condensation sink, and temperature: J1.6 tot

exhibited a positive relationship with the calculated
sulfuric acid concentration (figure 3(d)). Higher tem-
perature which decreases cluster stability and lowers
sulfuric acid concentrations (figures 3(a) and (b))
could explain lower values of J1.6 tot in late spring.
When comparing to laboratory parameterizations of
formation rates, J1.6 at Fonovaya were higher than
those predicted for the system that includes only sul-
furic acid, ammonia and water [28] during the whole
spring, suggesting there is a contribution of other
vapors, likely HOM, to clustering and NPF.

Overall, in early spring, we saw higher formation
and growth rate of small particles, in line with the
higher observed NPF frequency. The formation rate
of 1.6 nm particles (figures 3(c) and (d)) is similar or
somewhat higher than at other boreal forest sites [9,
42, 46]. However, larger values of condensation sink
and relatively low growth rate of 2−3nmparticles res-
ult in a low survival probability of particles against
coagulation scavenging in this Siberian site (figure
S3). For the early and late spring, survival probabil-
ities of particles from 2 to 3 nm were 0.26 and 0.08,
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Figure 4. Temperature and airmass history during 2020. (a) Climatological normal of monthly-mean temperatures measured at
the meteorological station Tomsk, 60 km to north-east from Fonovaya (www.meteo.ru, last access 5 January 2022). Solid line
shows monthly mean values while shadow depicts±1σ. Round symbols show monthly-mean temperatures calculated from the
current data set for Fonovaya observatory for 2020. Approximately one-month shift to warmer temperatures can be seen for
winter—spring 2020 as compared to the normal. (b) Time series of air temperature (gray) and S200 (black)—the parameter
characterizing the state of photosynthetic acclimation (supplementary: S1 methods). The rectangular area marks the period when
the photosynthetic efficiency increases from 0% to 50% of its summer maximum (−4 ◦C< S200 < 6 ◦C) [44] and when
monoterpene emissions bursts were observed in a boreal forest in Finland [23]. NPF days are shown by symbols: blue—early
spring NPF days, green—late spring NPF days, black—unclassified NPF (figure 1(a)). The bar plot shows the median fraction of
daytime when an air mass trajectory was in the clean (light blue) or dirty (dark red) sector (within the mixed layer).

respectively, compared to 0.83 in the Finnish boreal
forest [47]. The importance of particle survival from
2 to 3 nm for NPF is also evident from figure S7:
on non-event days, especially in late spring, concen-
trations of the smallest particles (1.3−1.6 nm and
1.6−2.1 nm) remain relatively high at a few hun-
dred cm−3, whereas concentrations of 2.1−2.7 nm
particles are low at few tens cm−3.

3.4. The effect of meteorology on NPF
To understand the onset of frequent NPF in the early
spring and the change in NPF characteristics in mid-
April, we looked inmore detail atmeteorological con-
ditions. Siberia experienced a heatwave that lasted
almost half a year inwinter-spring 2020 ([48], supple-
mentary: S2.2). A comparison with typical monthly
mean temperatures shows that the spring came about
one month earlier (figure 4(a)) and the start of pho-
tosynthesis in March (figure 4(b)) coincided with the
series of intense NPF events. This finding and the
almost complete absence of NPF in winter suggest
that organic compounds emitted from forests play an
essential role in NPF even when sulfuric acid and sul-
furic acid–ammonia clusters dominate the charged
cluster composition. Even though observed HOM
clusters were less abundant in early than late spring,
lower temperature could explain the observed particle
formation rates (figure 3 and supplementary: S1.3.9).

The air mass transfer at the station is dominated
by a semi-permanent large-scale anticyclone — the
Siberian high (supplementary: S1 Methods) and fol-
lows the same pattern from year to year. It devel-
ops in October and persists approximately till the
end of April. In winter, the Siberian high induces
a south-westerly airflow, but after its dissipation in
April, the predominant direction of an atmospheric
flow becomes north-westerly. In agreement with this

description, a large fraction of air masses during early
spring came from industrial and agricultural sources
south and southwest, bringing anthropogenic SO2

and possibly ammonia. Particularly on the NPF days,
the median time spent by the trajectories in the clean
northern sector was zero (see bar plot in figures 4(b)
and S9(a)). In late spring, air masses often arrived
from the clean north-northwest (figures 4(b) and
S9(b)) although duringNPF events, they always spent
some time over the pollution sources (figure S9(b))
and were likely enriched with SO2. The low temper-
atures in early spring (figure 3(b)) promoted the sta-
bility of newly formed clusters. Thus, the early onset
of photosynthesis and simultaneous air mass transfer
from the polluted sector likely triggered strongNPF in
March–April over this Siberian forest. This is in con-
trast to the European stations, where strong NPF are
typically observed in connectionwith airmasses from
the clean sector [46, 49].

In agreement with our hypothesis above, during
the last five years a warmer March had two times as
many NPF events as a mean or cold March (figure
S10(b)). NPF frequency in a warmer March was sim-
ilar to that at SMEAR II in Finland (40%–60%).
The detailed trends of monthly mean temperatures
(figures S10(c)–(f)) showed that February andMarch
are warming faster than other months, at the rate of
1 ◦C/decade. With this warming rate and a current
monthly mean March temperature of −5 ◦C (figure
S10(c)), the temperature of −2.5…−2 ◦C favoring a
higher NPF frequency (figure S10(b)) will be reached
already within the next 25−30 years.

4. Conclusion

Our results suggest that interactions between anthro-
pogenic and biogenic vapors drive NPF at the forest
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site in West Siberia, and the same is likely seen along
the southern forest edge of the region. For the first
time, we show themeasurements of particle precursor
vapors in Siberia. Sulfuric acid, ammonia, and bio-
genic organic vapors play a role in both early and
late spring NPF events, but with different contri-
butions. As temperature increases towards summer,
there aremore organics that undergo oxidation faster.
However, at the same time, clusters are less stable, and
vapors aremore volatile, causingNPF to be weaker. In
agreement with this, in late spring the probability of
particle survival during their growth from 2 to 3 nm is
below 10% due to low growth rate and relatively high
condensation sink.

We hypothesize that early spring with warmer
temperatures triggered biogenic activity, which
caused a high NPF frequency in air masses from pol-
luted areas. Thus, in a warmer climate, West Siberian
forests have the potential to become at least two times
stronger aerosol sources in early spring compared
with the present, with NPF frequencies observed cur-
rently in the Finnish boreal forest. However, in the
long-term perspective, variability of atmospheric cir-
culation patterns should be considered. Based on the
suggested link between meteorological processes and
NPF frequency, we identify future research directions
of Siberian NPF with a focus on anthropogenic and
biogenic VOC measurements. Moreover, our data set
opens new possibilities for benchmarking of atmo-
spheric and chemical transfer models. Verified mod-
els can then be used to study NPF dynamics in time
and space, and further advance our understanding of
the impact of Siberian NPF on climate.

It is important to note that in Siberian taiga
we observe frequent NPF in anthropogenically influ-
enced, ‘dirty’ air masses in contrast to the Finnish
boreal forest where NPF occurs in the air masses from
the clean sector. While the chemical mechanisms of
NPF in boreal forest is consistent across measured
locations so far, the combination of external para-
meters that provide favorable conditions for NPF dif-
fer. We, therefore, emphasize the heterogeneity of
the boreal forest environment and call for long term
measurements of aerosol particles and their precurs-
ors in other locations around the world.
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