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We investigated the role of atmospheric new particle formation (NPF) in the Continental
Biosphere-Atmosphere-Cloud-Climate (COBACC) feedback mechanism, particularly the
influences of NPF on condensation sink and particle number and cloud condensation nuclei
(CCN) concentrations. Using atmospheric observations at the SMEAR 1I station in Hyyt-
idld, Finland, we showed that the growth rates of particles originating from NPF are rela-
tively constant, depending only weakly on low-volatility vapor concentrations and having
no apparent connection with the strength of NPF or the level of background pollution. We
then constrained aerosol dynamic model simulations with these observations. We showed
that under conditions typical for the boreal forest atmosphere, even the weakest NPF with
a relatively low particle formation rate of 0.01 cm™ s at 5 nm (J,) is capable of enhancing
the condensation sink (CS) to values larger than 0.001 s' after two days of particle growth.
When J, lies in a typical NPF range between about 0.1 and 0.5 cm™ s™' at SMEAR 1I, the
growing-mode particles originating from NPF tend to dominate the total CS at this station.
Increases in CS associated with NPF further increase the ratio of diffuse radiation to global
radiation under clear sky by factors between about 1.5 and 2 at SMEAR II, which boosts
the forest gross primary production and enhances forest carbon sink. Furthermore, when
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J, is larger than about 0.1 cm™ s™', NPF frequently produces particle number concentra-
tions larger than 1000 cm™ into the size range relevant for cloud droplet activation. We
conclude that outside the late autumn and winter periods when the frequency of NPF is
low at SMEAR 11, NPF followed by subsequent particle growth is able to give a dominant
contribution to both CS and CCN concentration — the two most relevant aerosol-related
quantities in the COBACC feedback mechanism. With some reservation, the same conclu-
sion is likely to hold over large regions in the boreal forest zone.

Introduction

Atmospheric aerosol particles associated with
emissions from the nature are central players
in several potentially large climate feedbacks
that operate in the Earth system, as demon-
strated with help of global-scale model experi-
ments (e.g. Scott et al. 2018, Sporre et al. 2019,
Fung et al. 2022, Zhou et al. 2022). In the ter-
restrial biosphere, an important framework for
such feedbacks is the Continental Biosphere-
Atmosphere-Cloud-Climate (COBACC) feed-
back mechanism outlined by Kulmala et al
(2014). It describes the response of the terrestrial
biosphere to increased CO, concentrations and
ambient temperatures, and the consequent chain
of processes leading to an increased carbon
uptake by the biosphere and various radiative
effects that tend to cool the overlaying atmos-
phere. As such, the COBACC feedback mecha-
nism can be considered as negative feedback in
the climate system.

In the process level, higher temperatures
cause increased emissions of biogenic volatile
organic compounds (BVOCs) from the bio-
sphere to the atmosphere (e.g. Tingey et al.
1980, Lappalainen et al. 2009, Laothawornkitkul
et al. 2009). Atmospheric oxidation of BVOCs
produces low-volatility compounds that contrib-
ute to the formation and growth of atmospheric
aerosol particles (Ehn et al., 2014, Bianchi et
al., 2016, Heinritzi et al. 2020). An increased
atmospheric aerosol loading originating from
BVOCs has two major effects, resulting in two
separate loops in the overall feedback mech-
anism. First, it increases the diffuse fraction
of solar radiation entering the Earth’s surface,
or canopies in the terrestrial biosphere, which
enhances ecosystem photosynthesis (e.g. Gu et
al. 2002, Ezhova et al. 2018, Zhou et al. 2021),
i.e., carbon uptake by the terrestrial biosphere.

Second, it causes a larger fraction of incoming
solar radiation to be scattered back to space
via aerosol-cloud interactions tied with the sub-
population of aerosol particles able to act as
cloud condensation nuclei (CCN), as well as via
aerosol-radiation interactions (e.g. Lihavainen
et al. 2009, Paasonen et al. 2013, Yli-Juuti et al.
2021). Kulmala et al. (2020) estimated that influ-
ences of forests on aerosols, clouds and carbon
uptake (CarbonSink+) may outweigh the warm-
ing effect of forest albedo compared with e.g.
grass lands (Betts 2000), at least over Northern
Europe and the European parts of Russia.

The COBACC feedback mechanism, or some
parts of it, have been studied using both atmo-
spheric observations (Paasonen ef al. 2013; Kul-
mala et al. 2014, Ezhova et al. 2018, Yli-Juuti
et al. 2021, Petdjd et al. 2022) and large-scale
model simulations (Rap et al. 2018, Sporre et al.
2019). A crucial component of both loops of the
COBACC feedback is atmospheric new particle
formation (NPF) and subsequent growth of the
newly formed particles to larger sizes, leading
to increased aerosol particle number (N) and
CCN concentrations as well as increased values
of condensation sink (CS). Here, we investigate
how the characteristics of NPF influences the
COBACC feedback based on aerosol dynamic
modeling and data analysis. We hypothesize that
NPF plays a dominant role in forming the aerosol
population relevant to the COBACC feedback in
a boreal forest environment, excluding most of
the wintertime when this ecosystem shows little
biogenic activity. To test our hypothesis, we first
use a model to quantify how sensitive N and CS
are to the characteristics of NPF and pre-existing
background particle population. We then inves-
tigate consequences of these sensitivities to the
observed diffuse fraction and carbon uptake of
the forest on one hand, and to the observed CCN
and cloud droplet populations on the other hand,
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at one representative boreal forest site — the
SMEAR 1I station in Hyytiéld, Finland. Finally,
we briefly discuss the implications of our finding
to the COBACC feedback over the whole boreal
forest environment.

Methods

Particle number size distributions have been
continuously measured at the SMEAR II station
in Hyytidld, Finland, since 1996 (Hari and Kul-
mala 2005).

Instrumentation

Particle number size distributions in a wide
size range of particle diameters (2.5-1000 nm)
were measured using a Neutral cluster and
Air Ton Spectrometer (NAIS, 2.5-42 nm; Airel
Ltd., Mirme and Mirme 2013, Manninen et al.
2016) and a custom-built Differential Mobility
Particle Sizer (DMPS, 6-1000 nm, Keady et
al. 1983, Aalto ef al. 2001). The DMPS data
from years 1996-2020 was downloaded from
SmartSMEAR database (https://smear.avaa.csc.
fi/, last access: 14 September 2022).

The concentrations of condensable vapors,
i.e.,, sulfuric acid and highly oxygenated
organic molecules (HOMs, see Bianchi et al.
2019) were measured using a nitrate-based
Chemical Ionization Atmospheric Pressure
interface Time-of-Flight mass spectrometer
(CI-APi-ToF, Aerodyne Research Inc.). The
configuration of this instrument was described
in detail in our previous studies (Yan et al.
2016, Bianchi et al. 2017, Zha et al. 2018).
The direct calibration of sulfuric acid used
the same method as in Kiirten et al. (2012),
where known amounts of gaseous sulfuric acid
were produced via SO, oxidation by OH radi-
cal. We used in total 50 months of data on the
concentrations of condensable vapors from the
years 2013-2020. The total concentration of
condensable vapours was obtained by sum-
ming up the concentration of sulfuric acid and
highly oxygenated organic molecule monomers
and dimers (using unit mass resolution data of
m/z 290-620 Th).

For solar radiation, we used data measured
at the SMEAR 1I station from 2008-2010. This
period was selected, following Ezhova et al.
(2018) because it provides enough points for
statistical analysis and covers the range of CS
typical for SMEAR 11, from a little less than
0.001 s! to a little more than 0.01 s'. A Ree-
mann TP-3 pyranometer with a shading ring
was used for the measurements of diffuse radi-
ation and Middleton SKO8 pyranometer — for
the measurements of global radiation from
2008-2009 (SMEAR II data, https://smear.avaa.
csc.fi/). In 2010, a Delta-T BF3/BF5 sunshine
sensor was used for the measurement of diffuse
photosynthetically active radiation (PAR), and a
Li-Cor Li-190SZ quantum sensor was used for
the measurements of PAR.

Data analysis

Particle growth rates (GR) in size bins 3—7 nm
and 7-15 nm were calculated using the maxi-
mum concentration method based on NAIS
and DMPS data (Kulmala et al. 2012). In this
method, the time of the concentration maxi-
mum in each bin of the measured size dis-
tribution is determined, and the value of GR
is obtained from the slope of the linear fit of
particle sizes as a function of these times. The
value of condensation sink (CS) was calculated
from the DMPS data assuming H,SO, as the
condensing vapor, as illustrated by Kulmala et
al. (2005).

The ratio between the diffuse radiation and
global radiation depends on the aerosol popula-
tion represented here by CS. We did not con-
sider aerosol-cloud interactions and thus con-
centrated on clear-sky days. Similar to Ezhova
et al. (2018), we used the data measured at
18 m above the ground level at the SMEAR 11
in 2008-2010, i.e., we work with the broad-
band radiation in the spectral range between
0.3 and 4.8 pm in 2008-2009 and PAR in the
spectral range between 0.3 and 0.7 pm in 2010,
which was recalculated to the diffuse frac-
tion of broadband radiation as demonstrated
in Ezhova et al. (2018). The data are from the
maximum growing season (June-August), aver-
aged over half an hour.



We compared measured and modelled radia-
tion to find clear-sky data. Modelling was per-
formed with clear-sky model Solis (Ineichen
2008). Following Ezhova et al. (2018), we used
the following criteria to find clear-sky data:

R R
LI >10.9;0.8 < 1 <12, ()
Rg,mod Rd‘mod
Here, R . is the measured global radiation,

R, oq 18 the modeled global radiation, R, is
the measured diffuse radiation, and R 1s the
modeled diffuse radiation.

Model description

A box model was used to investigate how atmos-
pheric NPF affects the COBACC feedback loop.
We mainly focus on the number concentration,
condensation sink, and particulate mass con-
tributed by NPF after subsequent growth as
responses to particle formation and growth rates.
To minimize the uncertainties in the particle
survival probability, especially for new parti-
cles close to the cluster size (Kulmala ef al.
2017), the initial size of new particles in most
parts of this study was taken as 5 nm. The total
number concentration of newly formed particles
was computed using the integration of J, with
respect to time. During the growth, particles
are scavenged by coagulation to a background
particle population. These background particles
were assumed to have an initial diameter of
100 nm and to grow with a rate of 2.08 nm/h to,
reaching 200 nm after 48 h of model simulation,
consistent with typical geometric diameters of
accumulation mode particles at the SMEAR 11
station (Mékela ef al. 2000). The size-dependent
coagulation sink (CoagS) is calculated from the
condensation sink (CS) for sulfuric acid using a
power-law size dependency of CoagS on particle
diameter with exponent value of —1.7, which is
typical for the boreal forest environment (Ker-
minen and Kulmala, 2002; Lehtinen et al. 2007).
The self-coagulation of newly formed particles
is also accounted for, which may contribute to
the total CS at high formation rates. Particle
losses due to deposition are neglected. Using .J,
CS, and GR, we numerically solve the number
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concentration of new particles as a function of
the growing particle size by tracking the growth
trajectory of these new particles.

The number concentration of new parti-
cles was converted to the corresponding mass
concentration and the contribution to CS, with
the mass and CS mean diameters computed
using the Hatch-Choate equation (Hatch and
Choate 1929):

d,,, =d,exp{(m+0.5)In(c, )T}, (2)
where the growing mode is assumed to follow
a lognormal distribution and ¢__ is the mode
mean diameter. The value of m is 3 for mass and
it is a certain value as a function of al]D ranging
between 1 and 2 for CoagS. o, is the geometric
standard deviation of the growmg mode. g, is
assumed to be 1.4 for the most parts in this study.
We also compared the results with 0o values of
1.2, 1.4, and 1.7 to see how sensitive our simu-
lations are to O, IN this way, we account for the
influences of the dispersity of new particles on
CS. More details of this box model can be found
in Kulmala et al. (2022a).

Results and Discussion

We start our analysis by constraining the growth
rate, GR, of newly formed particles for our
model simulations based on long-term observa-
tions. The value of GR is an essential parameter
for our purposes, since it dictates the survival
probability of particles formed by atmospheric
NPF (McMurry and Friedlander 1979, Ker-
minen and Kulmala 2002, Pierce and Adams
2007) and thereby determines the fraction of
a newly formed particle population that con-
tributes to either secondary particle loading or
cloud condensation nuclei (CCN) concentration.
When combining data from multiple NPF events
together (Figs. 1 and 2), we can see that the
value of GR increases slightly with an increas-
ing particle size, has practically no dependence
on the strength of a NPF event (Fig. 1), has a
relatively weak dependence on the concentra-
tion of the potential condensable vapors H SO,
and HOMs (Fig. 2), and depends only weakly on
the level of background pollution as measured
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Fig. 1. Growth rates of 3-7 nm (left panel) and 7—25 nm (right panel) particles as a function of the total particle
number concentration in the corresponding size ranges, color-coded by condensation sink (CS). The daily particle
concentration and CS are average values from 08:00 to 16:00, since this is time window in which the formation of
new particles and their subsequent growth typically takes place in the SMEAR || station.
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Fig. 2. Growth rates of (a) 3-7 nm and (b) 7-25 nm particles as a function of the sulfuric acid + total HOM con-
centration, and (c) growth rates of 3-7 nm particles as a function of the sulfuric acid + HOM dimer concentration,
color-coded by condensation sink (CS). The daily concentrations of condensable vapors and CS are average
values from 08:00 to 16:00.
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Fig. 3. Histograms of the growth rates of 3—7 nm (left panel) and 7-25 nm (right panel) particles corresponding to
the data presented in Fig. 1.




by the condensation sink. These features, and
especially the relatively small variability of GR
(Fig. 3, Table 1), are surprisingly similar to what
we observed in a megacity like Beijing, which is
a completely different atmospheric environment
(Deng et al. 2021, Kulmala ef al. 2022a,).
Earlier studies made at the SMEAR 1I station
show that the increase of GR with an increasing
particle size (Fig. 1) is strongest for the smallest
particles (< a few nm in diameter), and that this
feature is most prominent during periods with
large biogenic aerosol precursor emissions, espe-
cially monoterpenes, to the measured air masses
(Hirsikko et al. 2005, Yli-Juuti et al 2011,
Paasonen et al. 2018). Mohr et al. (2019) could
explain spring-time growth by the measurement
of gas-phase organics, but they also found a very
limited variability in the growth rates. Our data-
set including data from all seasons demonstrates
that there is overall a weak dependence of GR on
the concentration of H,SO, and HOMs. While
at smaller sizes (3—7 nm, Fig. 2a) the expected
GR from measured vapor concentrations might
be overestimated as not all HOM might be of
low enough volatility at all temperatures to over-
come the enhanced Kelvin-barrier (Stolzenburg
et al. 2018), at larger sizes (7-25 nm) all HOMs
should be condensable, but again we do not find
a strong correlation between vapor concentra-
tions and the observed GR (Fig. 2b). This also
holds if we constrain the low volatility vapors
to only include H,SO, and HOM dimers (with
number of carbon atoms > 10), which should be
condensable onto > 3 nm particles under almost
all conditions (Fig. 2¢). This indicates that the
growth of newly formed particles to larger sizes
is very unlikely to be solely driven by conden-
sation of the low-volatility vapors considered
here. Multiphase reactions involving more vola-
tile vapors or rate-limiting effects in conden-
sational growth of low-volatility vapors might
be important to the growth process. For a more
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detailed discussion on this topic, see Kulmala et
al. (2022a).

We may conclude that although there seems
to be strong association between GR and bio-
genic aerosol precursor vapors, we do not have a
clear understanding on how the behavior of GR
depends on concentrations of vapors of different
volatility at our site. With a lack of proper tools
to link GR with aerosol precursor vapors, we
decided to use a fixed value of GR in our model
simulations. To minimize errors resulting from
this approximation, especially due to the appar-
ent size dependency of GR, we will start all the
simulations from a point when newly formed
particles have already reached 5 nm in diameter.
This choice has the additional advantage that
we can initiate simulations using the observed
formation rate of 5 nm particles, J,, which is a
much better-constrained quantity than J, derived
from an observed formation rate of 1-2 nm clus-
ters accompanied by simulated growth of these
clusters to 5 nm.

Figure 4 shows an example case of the con-
ducted simulations, with the selected initial con-
ditions being representative of those observed
during typical NPF events at SMEAR II (Niem-
inen et al. 2014, 2018, Dada et al. 2017, Table 1).
In this case, particles formed originally by NPF
reach CCN sizes (> 50-100 nm in diameter, Ker-
minen et al. 2012) after about 20 to 40 hours of
their growth, consistent with direct CCN meas-
urements following NPF at this site (Sihto et al.
2011) and reported evolution of particle number
size distributions based on a time-over-land anal-
ysis made for air masses entering the site (Petéja
et al. 2022). The total particle number concentra-
tion of the growing mode reaches a few thousand
cm and decreases by a factor of 2-3 during the
2-day simulation due to coagulation of these
particles with the pre-existing larger particles.
For this background particle population (initial
CS =0.001 s and GR = 2.08 nm/h), the

background

Table 1. Statistical values of the aerosol particle growth rates (GR) in Fig. 1.

Size range GR (nm/h) Correlation parameters
Median 25% 75% 10% 90% r p
3-7 nm 2.7 1.9 4.3 1.4 6.8 0.0168 0.63531
7-25 nm 5.6 4.0 8.3 3.2 13.4 0.0255 0.45909
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Fig. 4. Simulated growth of newly formed particles. Panel A shows different diameters of the growing mode during
the model experiment, and panel B shows the corresponding total particle number concentration (N) and condensa-
tion sink (CS). The model inputs are: J; = 0.5 cm= s, duration of NPF = 5 h, GR = 4 nm/h for the growing mode
and GR = 2.08 nm/h for background particles, geometric standard deviation (o,,,) of the growing mode = 1.4,
CS = 0.001 s~ for the background aerosol population, and CS/GR = 0.9 nm~'.

growing mode starts to dominate the total CS
already after about 10 h of simulation time, and
the total value of CS exceeds 0.01 s before the
end of the simulation. These results depend only
moderately on the assumed width of the grow-
ing mode (Table 2), so the simulations presented
later in this paper were all conducted by assum-
ing 0= 1.4

We next investigate the sensitivity of the
simulation result to the key variables affecting
the dynamics of this system. Figure 5 shows that
for initial CSlmkgroun .= 0.001 s™', NPF contributes
little to the total particle number concentra-
tion or to the total CS during the 48-h simula-
tion unless the formation rate of 5 nm particles
exceeds 0.01 cm™ s!. With increasing values of
J,, these contributions increase rapidly so that
for J, larger than 0.1 cm™ s, the number con-
centration of particles in the growing mode ()
becomes larger than 1000 cm™ and the growing
mode gives a dominant contribution to the total
CS. Figure 6 demonstrates that the growth rate of
newly formed particles has the largest effects on
N and CS when GR is small. This is because the
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Fig. 5. Total particle number concentration (N) and con-
densation sink (CS) of the growing mode, along with
total CS, after 48 h of simulation tie as function of the
formation rate of 5-nm particles, J,. The other model
inputs are the same as in Fig. 4.

survival probability of growing particles against
coagulation scavenging decreases rapidly with
their decreasing growth rate, the limiting value
of GR being about 3—4 nm/h under the condi-
tions assumed in Fig. 6. For very low values of
GR, newly formed clusters will not survive from
coagulation scavenging at all, so that NPF will
not contribute to either N or CS.

Table 2. N and total CS after 48 h for different values of the geometric standard deviation (o _ ) of the growing

geo:

mode. Similar to the simulations in Fig. 4, J, = 0.5 cm™ s, duration of NPF =5 h, GR =4 nm/h, CS = 0.001 s' and

CS/GR =0.9 nm.
Oyeo = 1.2 Opeo = 1.4 Opeo = 1.7
N (cm3) 4100 3700 2800
CS (s™) 0.015 0.016 0.019
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Similar to low values of GR, high levels of
background particle pollution tend to suppress
atmospheric NPF (e.g. Kulmala et al. 2017,
Deng et al. 2021). Figure 7 shows how N and CS
behave as a function of the background aerosol
pollution as measured by CS,etgroma We may
see that for both typical (J, = 0.5 cm™ s') and
weak (J, = 0.1 cm™ s7') NPF events observed at
SMEAR 1I (for the variability of J, see Niem-
inen et al. 2014, 2018, Dada et al. 2017), the
contribution of NPF to CS (and N) after the
48-h simulation remain large for CS_ . up
to about 0.005-0.01 s'. This is very close to the
limiting value range of CS above which NPF has
not been observed to take place at SMEAR II
(Dada et al. 2017). Kulmala et al. (2022b) identi-
fied recently so-called "quiet NPF", i.e., cluster-
ing and subsequent growth of these clusters to
larger sizes that occur during the days tradition-
ally classified as non-event days (no NPF taking
place). In Fig. 7, such quiet NPF corresponds to
the case with J, = 0.01 cm” s™'. We may see that
although the particle number concentration of
the growing mode remains rather low following
quiet NPF, this phenomenon gives a significant
contribution to CS for CS,pekgroma UP 10 about
0.001 s,

The simulations performed above demon-
strate that atmospheric NPF followed by particle
growth is capable of giving a dominant contribu-
tion to the total condensation sink of the aerosol
population observed at SMEAR 1II under a vari-
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other model inputs are the same as in Fig. 4.

ety of atmospheric conditions. A typical value
range of CS resulting from atmospheric NPF lies
between about 0.001 and 0.01 s after 2 days of
particle growth, even though also values up to
about 0.02 s appear possible. Figure 8 shows
the ratio between the diffuse and global radia-
tion under clear sky, R/R,, as a function of
CS as observed using direct measurements at
SMEAR II. We may see that for the CS value
range expected to result from atmospheric NPF
(0.001-0.02 s'), the value of R /R, increases
from approximately 0.10 corresponding to low
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aerosol loadings up to about 0.25-0.3 for the
highest values of CS. According to Ezhova et al.
(2018), such an increase in R /R, leads to a 6%
increase in the gross primary production (GPP)
at SMEAR I (i.e. the impact of increasing light
use efficiency on GPP overrules the impact of
decreasing global radiation on GPP). In some
coniferous forests at high latitudes and mixed
forests at middle latitudes, the increase in GPP
caused by such an increase in R /R has been
shown to be even higher (Ezhova et al 2018).
Finally, we have a look at what implications
our simulation results have on the other loop of
the COBACC feedback that involves CCN and
droplet number concentrations. Figure 9 sum-
marizes the combined effects of J and CS,
on the total particle number concentration of
the growing mode after 48 h of the simulation
time. We can see that N remains below 100 cm™®
when J, is smaller than about 0.01 cm” s,
corresponding to quiet NPF (Kulmala ez al
2022b), or when CS, . is larger than about
0.01 s' so that the particles in the growing
mode will be efficiently scavenged by coagula-
tion. On the other hand, when J, is larger than
0.1 cm™ s!' and CS remains smaller than about
0.002-0.003 s7!, N exceeds 1000 cm>. Long-
term measurements at SMEAR 1I indicate that
the monthly-median particle number concentra-
tion varies between about 200 and 600 cm*
in the accumulation mode and between about
400 and 1100 cm™ in the Aitken mode, while
the monthly-median CS varies between about
0.002 and 0.004 s (Neefjes et al. 2022). The

10*
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3
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-1
Csbackground (S )

=

10°
107 10 10" 10° 10’
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Fig. 9. Particle number concentrations in the growing
mode after 48 h of simulations as function of CS,__, ..,
and J;. CS,_,,ouna IS @ssumed to be constant over time.
The other model inputs are the same as in Fig. 4.

median CS diameter of the particle population at
SMEAR II was reported to be 100 nm (Dal Maso
et al. 2008), comparable to that reached in our
simulations (Fig. 4). When looking at originally
clean air masses entering the boreal forest zone
and then transported to SMEAR II for about two
days, measured CCN concentrations were found
to be between about 200 and 300 cm™ at the
0.2% supersaturation and between about 600 and
1000 cm™ at the 1.0% supersaturation, whereas
retrieved cloud droplet number concentrations
were between about 500 and 700 cm™ (Petdja
et al. 2022). These observations suggest that,
consistent with in situ observations of clouds at
another boreal forest site (Komppula et al. 2005),
activation of accumulation mode and some frac-
tion of the Aitken mode particles constitute the
cloud droplet population above SMEAR II. Our
simulation results in Figs. 4 and 8 suggest that
when occurring, NPF followed by two days
of particle growth can fully explain observed
CCN and cloud droplet number concentrations
in observed at SMEAR 1.

Conclusions

We investigated how the characteristics of NPF
influences the COBACC feedback based on aer-
osol dynamic modeling and analysis of atmos-
pheric observations. Using long-term observa-
tions made at the SMEAR II station in Hyytidla,
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Finland, we showed that the growth rates of
particles originating from NPF are relatively
constant, depending only weakly on the major
low-volatility vapors, H,SO, and HOMs, and
having no apparent connection with the strength
of NPF or the level of background pollution.

Our model simulations demonstrate that
typical NPF events observed at the SMEAR 11
station in Hyytidld, Finland, followed by two
days of particle growth, are capable of produc-
ing the dominant fractions of both the CS and
CCN population at this site. Since the CS and
CCN concentrations are the most relevant aero-
sol-related variables in the COBACC feedback
mechanism (Kulmala et al. 2014, Ezhova et al.
2018), this means that the role of NPF in the
COBACC feedback depends essentially on how
the frequency of NPF compares with the typi-
cal atmospheric lifetime of the sub-population
of aerosol particles determining CS and CCN
concentration. Furthermore, the formation rate
of 5 nm particles defines how important the con-
tribution of NPF to CCN and CS production is.
At SMEAR I, the monthly-median NPF event
frequency varies between about 15% and 40%
from March until about October, i.e. outside the
late autumn and winter period (Neefjes ef al.
2022). Estimated lifetimes of aerosol particles
at sizes most relevant for CS and CCN range
from a couple of days up to about a week in
atmospheric boundary layers (e.g. Williams et
al. 2002, Feichter and Leisner 2009), so we
may conclude that NPF followed by subsequent
growth of the newly formed particles is able to
give a significant contribution to both CS and
CCN concentration at this site outside the late
autumn and winter period.

Kerminen et al. (2018) summarized the basic
characteristics of NPF in the boreal forest zone
based on investigations made at 12 different sites
in this region. The median particle formation
and growth rates for these sites were equal to
0.4 cm™ s and 2.7 nm/h, respectively, compa-
rable with the values used in our model simula-
tions. Taken the typical lifetimes of particles at
sizes most relevant for CS and CCN, NPF fol-
lowed by growth could thereby give a dominant
contribution to these quantities over the regions
with NPF event frequencies exceeding about
20-30%. Typical NPF event frequencies vary
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between about 10% and 30% in the boreal forest
zone, the lowest frequencies being observed at
the northern edge and Siberian part (frequencies
down to a few %) of it (Asmi ef al. 2011, Kyro
et al. 2014, Kerminen et al. 2018, Wieden-
sohler et al. 2019). This means that conclusions
made here for SMEAR II probably hold over
large areas in the boreal forest zone. In regions
with the lowest NPF frequencies, it might be
worth investigating the role of "quiet NPF" that
appears as a persistent phenomenon outside peri-
ods coved by traditional NPF events (Kulmala et
al. 2022b).
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