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We analyzed nanoparticle growth during new-particle-formation events based on ten years
of measurements carried out at a boreal forest site in Hyytiéld, Finland, concentrating on the
sub-3 nm particles and the role of sulfuric acid in their growth. Growth rates of 1.5-3 nm
diameter particles were determined from ion spectrometer measurements and compared
with parameterized sulfuric acid concentration and other atmospheric parameters. The cal-
culated growth rates from sulfuric acid condensation were on average 7.4% of the observed
growth rates and the two did not correlate. These suggest that neither sulfuric acid monomer
condensation nor coagulation of small sulfuric acid clusters was the primary growth mech-
anism in these atmospheric conditions. Also no clear sign of organic condensation being
the single main growth mechanism was seen. These observations are consistent with the
hypothesis that several factors have comparative roles in the sub-3 nm growth.

Introduction

Atmospheric aerosol particles affect climate
directly by scattering and absorbing radiation
(Lesins et al. 2002), and indirectly by acting as
cloud condensation nuclei (CCN) and affecting
properties and lifetimes of clouds (Lohmann
and Feichter 2005). Regional new-particle-for-
mation (NPF) events, i.e. formation of nano-
meter sized particles by gas-to-particle conver-
sion from atmospheric trace gases followed by
particle growth, are frequently observed in the
atmosphere in a wide range of environments
(Kulmala et al. 2004). Regional NPF events pro-
duce typically high number of small nucleation
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mode particles and, thus, increase significantly
the total number concentration of aerosol par-
ticles (Merikanto et al. 2009). However, these
particles can have an effect on the CCN number
concentration only if they grow tens of nanome-
ters in diameter (Dusek er al. 2006). While the
particles are growing, the number concentration
of nucleation mode particles is decreasing due
to coagulation scavenging. Therefore, the longer
the growth to the CCN sizes takes the larger is
the fraction of the nucleation mode particles that
is lost by the coagulation (Kerminen and Kul-
mala 2002, Kuang et al. 2009). Especially the
growth rate in the smallest particle sizes has a
great effect on the survival of the newly-formed
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particles to the CCN sizes due to the strong size
dependence of the coagulation loss rate.

Several studies have found strong connection
between atmospheric NPF and gas-phase sulfu-
ric acid, and the first step of NPF is widely con-
sidered to be nucleation starting with clustering
of sulfuric acid molecules and bases, ammonia
or amines, as neutralizing compounds (Weber et
al. 1995, Kuang et al. 2008, Kurtén et al. 2008,
Ortega et al. 2008, Sipild et al. 2010, Almeida
et al. 2013, Kulmala et al. 2006, 2013). The
growth of the particles, on the other hand, can be
explained in most environments only partly by
the condensation of sulfuric acid (Weber et al.
1997, Birmili et al. 2003, Kulmala et al. 2004,
Boy et al. 2005, Fieldler et al. 2005, Stolzen-
burg et al. 2005, Riipinen et al. 2011, Kuang
et al. 2010, 2012), exception being environ-
ments with elevated sulfuric acid concentrations
such as polluted urban environments (Birmili
et al. 2003, Stolzenburg et al. 2005, Yue et al.
2010). There is strong evidence that in many
cases organics make a major contribution to the
nanoparticle growth at least after the first few
nanometers of diameter growth (Kulmala ez al.
1998, O’Dowd et al. 2002, Smith et al. 2008,
2010, Riipinen et al. 2009, Laitinen et al. 2011,
Riipinen et al. 2012, Bzdek et al. 2013, Pen-
nington et al. 2013). Already in 1998 Kulmala
et al. (1998) predicted that low volatile organics
are responsible for the condensational growth
of the atmospheric newly born aerosol particles.
Recent studies have shown that organic com-
pounds may be involved already in the first steps
of new-particle formation, even at atmospheric
concentrations (Metzger et al. 2010, Riccobono
et al. 2014). Furthermore, extremely low vola-
tile organic compounds (ELVOC) were recently
detected in the atmosphere (Ehn et al. 2014). In
the light of these new results, it is reasonable to
expect that organic compounds could contribute
significantly also to the growth of sub-3 nm
particles, even though previous studies had not
found clear evidence of this (Hirsikko et al.
2005, Yli-Juuti et al. 2011). On the other hand,
studies analyzing contribution of sulfuric acid
to the nanoparticle growth typically consider
sulfuric acid monomer condensation neglecting
the effect of sulfuric acid containing clusters. It
has been hypothesized that the coagulation of
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sulfuric acid containing clusters with the grow-
ing nanoparticles could affect the nanoparticle
growth (Weber et al. 1997). In fact, recent results
from the experiments in the CLOUD chamber
suggest that the contribution of sulfuric acid on
the growth might be underestimated when only
condensation of sulfuric acid monomers is taken
into account without considering the sulfuric
acid clusters, and such hidden sulfuric acid may
increase the nanoparticle growth rate drastically
(Lehtipalo et al. 2016). Also field observations
at a South African site suggest that sulfuric acid
may account for a larger fraction of the nanopar-
ticle growth than expected based on gas phase
sulfuric acid monomer concentration (Vakkari et
al.2015).

In this paper, we analyze atmospheric
nanoparticle growth at the SMEAR II mea-
surement station in Hyytidld with the focus on
the first steps of the growth, the sub-3 nm size
range, and the connection to sulfuric acid. Pre-
vious studies comparing sulfuric acid gas phase
concentration and nanoparticle growth rates at
Hyytidld have reported that, based on its gas
phase concentrations, sulfuric acid condensation
can explain typically from few percents to few
tens of percents of the observed growth rate (Boy
et al. 2005, Riipinen et al. 2011, Nieminen et al.
2014). Previous studies have concentrated on
the growth of particles larger than 3 nm. While
it is concluded that organic trace gases play a
major role in the growth of the larger nucleation
mode particles at Hyytiéld, the observations for
sub-3 nm growth have been inconclusive (Yli-
Juuti et al. 2011). Due to the recent observation
of the role of sulfuric acid in sub-3 nm growth
in the laboratory environment and the role of
organics in nucleation, re-examination of atmo-
spheric observations with extended data set is
justified. The aim of this study was to investigate
using an extended atmospheric data set whether
sulfuric acid can explain a major fraction of the
sub-3 nm particle growth in a boreal forest envi-
ronment.

Methods

Measurements were carried out at the SMEAR 11
site in Hyytiild, southern Finland (Hari and Kul-
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mala 2005). Hyytiidlid is a rural measurement site
at the boreal forest region. In this study, we use
atmospheric data collected between April 2003
and June 2013.

Calculation of growth rate from
measurements

Particle size distributions down to 0.8 nm were
measured using an Air Ion Spectrometer (AIS;
manufactured by Airel Ltd., Estonia; detailed
description in Mirme et al. 2007) and Balanced
Scanning Mobility Analyzer (BSMA; manufac-
tured by Airel Ltd., Estonia; detailed description
in Tammet 2006). Measurements with BSMA
were carried out throughout the study years
whereas there was a long measurement break
with AIS between July 2007 and January 2010.
The detection ranges of these ion spectrometers
(0.8-40 nm for AIS and 0.8-7 nm for BSMA)
enable the study of sub-3 nm particle growth.
However, both instruments detect only natural-
ly-charged particles. All diameters are reported
as mobility-equivalent Millikan-Fuchs diameter
(Mikeld et al. 1996).

The diameter growth rate (GR) of particles
was calculated using the maximum concentra-
tion method (Lehtinen et al. 2003, Hirsikko et
al. 2005, Yli-Juuti ef al. 2011), in which first the
moment of maximum concentration during the
NPF event is determined for each size bin within
the size range of interest, and then a straight
line is fitted to these time and diameter data
pairs giving the GR as the slope of the line. The
sub-3 nm particle GR (GR |, ,) was obtained by
fitting to the size range from 1.5 nm to 3 nm. The
GR values from the two instruments based on
negatively and positively charged particles were
averaged for each NPF event in order to have one
representative value for GRI_H. Therefore, the
value of GR  , for each NPF event is based on
one to four growth rate values depending on from
which instrument and polarity it was possible
to determine GR. The uncertainty in the GR | ,
values calculated with this method is estimated to
be on average 25%, and the negatively-charged
particle distribution gives lower values than the
positively-charged particle distribution (Yli-Juuti
et al.2011). The GR was calculated based on size
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distributions of charged particles and, therefore,
the calculated values of GR may differ from the
GR of neutral particles. However, Kulmala et al.
(2013) indicated that GR is similar for neutral
and charged particles in Hyytidld, since there
neutral particles and clusters dominate the total
particle number concentration.

In the studied period, there were 281
new-particle-formation events for which the cal-
culation of GR  , was successful, and during
259 of these cases also the other data used in this
study were available.

Sulfuric acid concentration

The sulfuric acid concentration ([H,SO,]) was
calculated using the parameterization presented
by Petiji et al. (2009), which is based on the gas
phase concentration of sulfur dioxide ([SO,]),
UVB radiation intensity (UVB) and conden-
sation sink of sulfuric acid on aerosol particles
(CS):

[SO,|x UVB
cs

where k = 8.4 x 107 x UVB?%® m? W' s7! is an
empirically-derived scaling factor.

The above parameterization of the sulfuric
acid concentration has been obtained by fitting
to measured concentration data by Chemical
Ionization Mass Spectrometer (CIMS) from the
spring measurement campaign in March—June
2007. The calculated sulfuric acid concentra-
tion might, therefore, have a greater uncertainty
under atmospheric conditions other than those
during that spring campaign (Mikkonen et al.
2011).

[H,S0,]=k ey

Organic concentration
The monoterpene concentration ([MT]_ ) was
calculated according to a parameterization based

on the daily-average temperature (Lappalainen
et al. 2009):

[MT], ., = aexp(bD), @

where 7 is the ambient temperature and the fitted
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parameters have the values of @ =0.062 ppb_and
b=0.078 °C".

The concentration of oxidized organic gas
phase compounds ([OxMT]) was calculated
as the sum of the concentrations of first-order
OH" and O,-oxidation products of monoterpenes

according to
[OXMT] — kOH [OH]model[MT]model
CS

+ kO‘[OB][MT]

'model , (3)

where k  and k. are the reaction rate coeffi-
cients between monoterpenes and OH and O,,
respectively, [OH] __ ., is the OH concentration
calculated based on Petijé et al. (2009) and [O,]
is the measured O, concentration. The condensa-
tion sink of the organics was approximated with
that of sulfuric acid. The average monoterpene
composition at Hyytidld was used for estimat-
ing the reaction rate coefficients: k , = 7.5 X
10" cm® molecules™ s™' and k,, = 1.4 x 107"
cm?® molecules™ s7!' (Hakola et al. 2003, Yli-Juuti
etal.2011).

Growth rate from sulfuric acid
condensation

The theoretical growth rate from sulfuric acid
condensation, GRH2504, was calculated based on
the mass flux equations presented by Lehtinen
and Kulmala (2003) (see also Nieminen et al.
2010) by assuming the equilibrium vapor pres-
sure of sulfuric acid to be negligible, providing
the kinetic limit of sulfuric acid condensation.
A particle diameter of 2 nm was used for the
calculation of GR, 504" GRHzSO4 was calculated
for each NPF event based on the data measured
during the time of the particle growth from 1.5 to
3 nm. This period was defined to start one hour
before and end one hour after the time during
which the GR . , was determined from the size
distribution measurements.

The theoretical growth rate was also calcu-
lated by assuming sulfuric acid to be neutralized
in the particle phase by ammonia or dimethyl-
amine (DMA) with base:acid molar ratio of 2:1.
In these cases, two DMA or ammonia molecules
were assumed to condense onto the particles for
each condensing sulfuric acid molecule. This
approximation was used to obtain the upper limit
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of the growth rate explained by the combined
condensation of sulfuric acid and basic com-
pounds. However, theoretically the contribution
of bases on the growth is expected to depend on
the gas phase concentrations of the bases (Yli-
Juuti et al. 2013).

The effect of particle-phase water on the
growth rate was tested by calculating the equilib-
rium water content of sulfuric acid aqueous solu-
tion particles using the Extended Aerosol Inor-
ganics Model (E-AIM; Clegg et al. 1992, 1998,
Wexler and Clegg 2002; available at http://www.
aim.env.uea.ac.uk/aim/aim.php). The gas-liquid
equilibrium calculations were corrected for the
surface curvature effect using the surface ten-
sion of the solution from E-AIM and pure liquid
water density of 1000 kg m~. The water content
was calculated for each NPF event based on
the measured relative humidity and assuming
a temperature of 283.15 K. These calculations
are approximative because the bulk thermody-
namics-based E-AIM may not fully capture the
hydration effect of the smallest particles (Hen-
schel et al. 2014). The calculated water to sul-
furic acid molar ratio was used as an estimate of
how many water molecules are condensing per
each sulfuric acid molecule. The resulting water
to sulfuric acid ratio varied from 2.8 to 5.1 with
a median of 3.8. Therefore, the theoretically-cal-
culated GR from sulfuric acid and water con-
densation (at maximum about 5 water molecules
per each sulfuric acid molecule) were lower or
similar to the growth rates from condensation
of sulfuric acid and DMA (2 DMA molecules
per each sulfuric acid molecule) and thus the
growth rate calculated with DMA is presented in
the figures as the upper limit of the sulfuric acid
condensation-driven GR.

The fraction of GR explained by sulfuric acid
condensation was calculated by dividing the the-
oretical value of GRH2SO4 by the observed value
of GR .. This ratio is similar to the inverse of
the growth enhancement factor used in some
other studies (e.g. Kuang et al. 2010). However,
the assumptions made in calculating GRH2SO4
cause some variability to its value depending
on whether the diffusivity of the particle and the
dimensions of the vapor molecule are taken into
account and how the sulfuric acid diffusivity is
calculated.
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2013.

Results and discussion

Seasonal variation of GR, , ,, GR, ., and
fraction of the growth explained by
sulfuric acid

The monthly-median values of the measured
growth rates of 1.5-3 nm particles (GR ) aver-
aged over the 10 years of data were rather simi-
lar between different months (Fig. 1). The only
month deviating from the overall pattern was
July when the monthly-median value of GR, _ .
was smaller (0.8 nm h™') as compared with the
values for the other months (1.5-2.5 nm h™).

The calculated growth rate due to sulfuric
acid condensation (GRH2504) depended mainly on
the gas phase concentration of sulfuric acid and
followed its seasonal pattern, with the highest
values observed in winter and lowest values in
summer (Fig. 1). Interestingly, also the GRHzSO4
had its lowest monthly-median value in July.

The seasonal variation of the fraction of
growth rate explained by sulfuric acid condensa-
tion (GRH2504/GR1_573) followed to a large extent
the variation of sulfuric acid concentration, since
there was no clear seasonal variation in GR | ,
(Fig. 1). On the monthly-average basis, sulfuric
acid condensation could explain 2%-20% of the
observed nanoparticle growth rate.

Jan Feb Mar Apr May Jun Jul

Aug Sep Oct Nov Dec
— GRy,50,/CRi53

GR, . , and sulfuric acid concentration
The measured values of GR ., were in most
cases higher than what can be explained by
condensation of sulfuric acid, or by sulfuric acid
together with neutralizing amine or ammonia
(Fig. 2). The few exceptions when the theoretical
growth rate reached or exceeded the measured
value were mostly on cold days when the sulfu-
ric acid concentration was elevated. The values
of GR, ,, showed no clear increase with an
increasing sulfuric acid concentration (Fig. 2), so
it is highly unlikely that sulfuric acid would be
the only key compound in the sub-3 nm particle
growth even if the absolute values of sulfuric
acid were higher than estimated as a result of
the hidden sulfuric acid in the molecular clusters
(Lehtipalo et al. 2016). The correlation coeffi-
cient between GR | ; and sulfuric acid concen-
tration was r = 0.14 (p = 0.02). Pearson’s linear
correlation coefficients were calculated based on
the logarithms of the variables (concentrations
and growth rate related parameters), and all of
these variables were approximately log-normally
distributed.

There was some increase in the values of
GR,,, with an increasing sulfuric acid con-
centration when the measurement points were
binned according to sulfuric acid concentration
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and ambient temperature
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15 the kinetic limits (= no

evaporation) of growth
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dashed line) or DMA (red

_15 dotted line). The mea-
sured data points were
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O  Measurements
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(squares in Fig. 2). This is reasonable because
some of the growth is expected to be due to sul-
furic acid condensation albeit other factors are
also affecting the growth.

Fraction of GR, ; , explained by sulfuric
acid

The fraction of sub-3 nm growth that can be
explained by sulfuric acid condensation
increased with increasing sulfuric acid concen-
tration (Fig. 3). When sulfuric acid concentra-
tion was lower than 10° cm™, condensation of
sulfuric acid could explain at the most 8.0%
of the growth (median for the 67 cases was
2.3%). When sulfuric acid concentration was
higher than 107 cm™, condensation of sulfuric
acid could explain at least 19.3% of the growth
(median for the 17 cases was 40.9%). As noted
earlier, the variation in the fraction of GR | , that
can be explained by sulfuric acid is to a large
extent controlled by the variation in the sulfuric
acid concentration because the measured values
of GR, _ , values did not vary greatly. The clear

10* 10° 108 107

Kinetic limit of condensation, pure H,SO,
Kinetic limit of condensation, NH;:H,SO,4 = 2:1
------ Kinetic limit of condensation, DMA:H,SO,, = 2:1

divided based on sulfuric
10° acid concentration into ten
bins with an equal number
of data points. The medi-
ans (squares) and the
10th/90th  percentiles
(error bars) of GR in each
bin are also presented.

increase in the fraction of growth that can be
explained by sulfuric acid condensation with an
increasing sulfuric acid concentration indicates
that the variability in GR , , between different
days was controlled by factors other than the
sulfuric acid condensation. On average, pure
sulfuric acid condensation could explain 7.4%
(median) of the observed growth.

The fraction of growth that can be explained
by sulfuric acid did not show a clear connec-
tion with the parameter describing the oxidized
organic concentration (Fig. 3). The ratio GR , . /

GR |  , increased with an increasing sulfuricHazlscciﬁ
concentration for a fixed oxidized organic con-
centration but did not vary systematically with
the oxidized organic concentration for a fixed
sulfuric acid concentration. The correlation coef-
ficient between the oxidized organic concentra-
tion and fraction of growth that can be explained
by sulfuric acid was r = -0.46 (p << 0.001).
This negative correlation results likely from the
positive correlation between the sulfuric acid
concentration and fraction of growth that can
be explained by sulfuric acid condensation (r =
0.85, p << 0.001), combined with the negative
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correlation between sulfuric acid and oxidized
organic concentrations (r = —0.57, p << 0.001)
due to their different annual cycles. The former
of these correlations is a consequence of the
calculated GRH2504 depending linearly on the
sulfuric acid concentration and the variation in
the ratio GRH2504/GR1_573, thus, being strongly
controlled by the sulfuric acid concentration.
The difference between the observed growth

rate (GR ,,) and growth rate calculated from

107 108 10°

[OXMT], calculated (cm™3)

the sulfuric acid condensation (GRH2504) did not
tend to increase with an increasing calculated
concentration of the oxidized organic compounds
(Fig. 4). However, this does not mean that
organic compounds could not explain the remain-
ing growth. In previous studies, indications of
oxidized organics playing a major role in the
growth of particles larger than 3 nm in Hyytidld
has been found. Dal Maso et al. (2005) reported
a seasonal variation of growth rates with a max-



294

imum in summer, indicating an important role
of organics in the growth. Yli-Juuti et al. (2011)
suggested that the concentrations of the volatile
organic precursor gases may be limiting the parti-
cle growth. Perikyld et al. (2014) suggested that
the growth rate was linked to the monoterpene
oxidation by ozone during the preceding night.
There are several possible reasons why the con-
nection between the growth rate and organic
compounds remains hidden in this analysis of
the smallest particles. Numerous organic com-
pounds with different properties, e.g. saturation
vapor pressures, could be condensing with vary-
ing contributions distorting the linear correlation
between gas phase concentration and growth rate.
The very small size of the particles emphasizes
the effect of saturation vapor pressures. The vari-
ous compounds could also interact in the particle
phase which could affect the growth (Riipinen
et al. 2012). Furthermore, the parameterization
of the oxidized organic concentrations used in
this study is a simplification and may not capture
the concentrations exactly. However, such sim-
plified approach was necessary to have a large
enough data set for the analysis. The parametri-
zation for the oxidized organic compounds was
based on the first-generation oxidation products
of monoterpenes. This may cause an overestima-
tion of the oxidized organic concentration, since
not all of the oxidation products are low enough
in volatility to condense onto nanoparticles or
go through fast subsequent oxidation reactions
which would lower their volatility. The factor by
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which the condensable organic concentration is
overestimated may also vary with ambient condi-
tions. Finally, it is worth noting that experimen-
tally-determined growth rates of ambient parti-
cles are subject to method-related uncertainties.
The uncertainty in GR values is the greatest for
the smallest particle sizes for the method used in
this study, and this uncertainty might reflect also
to the analysis presented here and hide some of
the connections between the studied parameters.

The average ambient conditions during the
1.5-3 nm growth time (time from which growth
rate was determined * one hour) for the cases
when pure sulfuric acid condensation could
explain small (less than 10%) or large (more
than 20%) fraction of the observed growth were
compared (Table 1). Such a division showed the
same behavior as above: The cases when sulfuric
acid could theoretically explain a large fraction
of the growth occurred at higher sulfuric acid
concentrations and relative humidities, and at
lower temperatures, UVB radiation intensities
and concentrations of monoterpenes and oxi-
dized organic compounds compared with the
cases when sulfuric acid condensation could
explain only a small fraction of the growth. This
is related to the seasonal variation of these ambi-
ent variables.

Conclusions

Here, we presented growth rates of atmospheric

Table 1. Mean ambient condition during the sub-3 nm particle growth time for days when pure sulfuric acid conden-

sation could explain less than 10% or more than 20% of the observed growth rate of sub-3 nm particles (GR
Also observed growth rates of 3-7 nm (GR,_,) and 7-20 nm (GR

parenthesis.

1.5—3)'

._s0) Particles are given. Medians are given in

GRHZSO4/G R,;;<0.10 GRHZSOA/GRH_)_3 >0.20
[H,S0,], calculated (cm®) 1.5x 10 (1.3 x 10°) 10.1 x 10° (8.4 x 109)
Relative humidity (%) 49 5 49.4) 57.1 (53.5)
T (°C) 8 9) -1 8( 1.3)
UVB (W m=2) 1) 8(0.7)
[OxMT], calculated (cm=3) 1.7 x 10B 1 5x 108) 0.8 x 108 (0.5 x109)
[MT], calculated (cm=2) 3.4 x10° (3.2:10°) 1.8 % 109 (1.5x10°)
GR,, , (nmh™) 2.1) 5(1.5)
GR,_, (nm h™) 3.7) 5(3.1)
GR,_,, (nm h™) 4 (4.0) 7 (3.2)
Number of days 168 42
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sub-3 nm particles at Hyytidld for years 2003—
2013 and compared them with the theoretical-
ly-predicted growth rates from condensation of
sulfuric acid along with other ambient parame-
ters. The analysis of ambient sub-3 nm growth
rates are crucial to understanding the gas-to-par-
ticle conversion in the atmosphere (e.g. Kulmala
etal.2014).

On average, sulfuric acid condensation
could theoretically explain 7.4% (median) of
the observed particle growth. Therefore, it
seems unlikely that the main process causing
the growth was condensation of sulfuric acid
monomers. Furthermore, the measured growth
rate did not correlate strongly with the sulfuric
acid concentration, even though a weak increase
in the values of GR | _ , was seen with an increas-
ing sulfuric acid concentration. This result is
different as compared with that of the laboratory
study by Lehtipalo et al. (2016), where a strong
correlation between the growth rate and sulfuric
acid concentration was seen although the gas
phase sulfuric acid concentration was too low
to explain the observed growth rate. Lehtipalo
et al. (2016) performed the chamber experi-
ments at atmospherically relevant sulfuric acid
concentrations without oxidized organic vapors
and concluded that their laboratory observation
was explained by the coagulation of sulfuric
acid-containing clusters with the growing par-
ticles. The reason for this difference between
ambient and laboratory observations can be
speculated to be that sulfuric acid clusters do not
provide a considerable pool of hidden sulfuric
acid for the growth in the studied ambient con-
ditions, or that at least this effect is shadowed
by other compounds or processes. This seems
possible because gas phase amine concentrations
may be pretty small (< 1 pptV) in a boreal forest
(Sipild et al. 2015).

Neither particle growth rate nor the fraction
of growth explained by sulfuric acid showed
a clear connection with organic concentration.
On the other hand, enough low-volatile (or even
extremely low-volatile) organic compounds have
been detected in the ambient boreal forest air
to explain the growth at least on some days
(Kulmala et al. 2013, Ehn er al. 2014). Since
sulfuric acid could not explain the observed
growth alone, the results may suggest that both
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sulfuric acid and organics play an important
role in the growth. However, both sulfuric acid
and oxidized organics concentrations were based
on estimates instead of direct measurements,
and probably these estimates — particularly for
organics — are not accurate enough to see the
growth dynamics. Therefore, existing connec-
tions between organic compounds’ gas phase
concentrations and growth rates were shadowed
in the current study due to the uncertainties
related to the estimation of sulfuric acid and par-
ticularly organic acid concentrations. Such esti-
mation methods and improvement of them are
currently needed, when analysis of long atmo-
spheric data time series are desired. It is clear,
however, that the growth of sub-3 nm particles
and organic compounds condensing on them
remain an important research question.

Acknowledgements: The financial support from the Acad-
emy of Finland Centre of Excellence (grant no. 1118615,
272041), European Research Council (ATM-NUCLE grant
no. 227463), Nordic Centre of Excellence CRAICC, the
European Union’s FP7 capacities programme (ACTRIS
grant no. 262254), Horizon 2020 research and innovation
programme (grant no. 654109) and Strategic Funding from
University of Eastern Finland is gratefully acknowledged.

References

Almeida A., Schobesberger S., Kiirten A., Ortega 1.K., Kupi-
ainen-Maittad O., Praplan A.P., Adamov A., Amorim
A., Bianchi F., Breitenlechner M., David A., Dommen
J., Donahue N.M., Downard A., Dunne E., Duplissy J.,
Ehrhart S., Flagan R.C., Franchin A., Guida R., Hakala
J.,Hansel A., Heinritzi M., Henschel H., Jokinen T., Jun-
ninen H., Kajos M., Kangasluoma J., Keskinen H., Kupc
A., Kurten T., Kvashin A.N., Laaksonen A., Lehtipalo
K., Leiminger M., Leppi J., Loukonen V., Makhmutov
V., Mathot S., McGrath M.J., Nieminen T., Olenius T.,
Onnela A., Petidjd T., Riccobono F., Riipinen I., Rissanen
M., Rondo L., Ruuskanen T., Santos F.D., Sarnela N.,
Schallhart S., Schnitzhofer R., Seinfeld J.H., Simon M.,
Sipild M., Stozhkov Y., Stratmann F., Tome A., Trost J.,
Tsagkogeorgas G., Vaattovaara P., Viisanen Y., Virtanen
A., Vrtala A., Wagner PE., Weingartner E., Wex H.,
Williamson C., Wimmer D., Ye P., Yli-Juuti T., Carslaw
K.S.,Kulmala M., Curtius J., Baltensperger U., Worsnop
D.R., Vehkamiki H. & Kirkby J. 2013. Molecular under-
standing of sulphuric acid—amine particle nucleation in
the atmosphere. Nature 502: 359-363.

Birmili W., Berresheim H., Plass-Dulmer C., Elste T., Gilge
S., Wiedensohler A. & Uhrner U. 2003. The Hohen-
peissenberg aerosol formation experiment (HAFEX): a



296

long-term study including size-resolved aerosol, H2SO4,
OH, and monoterpenes measurements. Atmos. Chem.
Phys. 3: 361-376.

Boy M., Kulmala M., Ruuskanen T., Pihlatie M., Reissell A.,
Aalto P., Keronen P., Dal Maso M., Hellen H., Hakola
H., Jansson R., Hanke M. & Arnold F. 2005. Sulphuric
acid closure and contribution to nucleation mode particle
growth. Afmos. Chem. Phys. 5: 863-878.

Bzdek B.R., Horan A.J., Pennington M.R., DePalma J.W.,
Zhao J., Jen C.N., Hanson D.R., Smith J.N., McMurry
PH. & Johnston M.V. 2013. Quantitative and time-re-
solved nanoparticle composition measurements during
new particle formation. Faraday Discussions 165:
25-43.

Clegg S.L., Pitzer K.S. & Brimblecombe P. 1992.Thermody-
namics of multicomponent, miscible, ionic solutions. II.
Mixtures including unsymmetrical electrolytes. J. Phys.
Chem. 96: 9470-9479.

Clegg S.L., Brimblecombe P. & Wexler A.S. 1998. A ther-
modynamic model of the system H*-NH,*-SO,>-NO*—
H,O at tropospheric temperatures. J. Phys. Chem. A 102:
2137-2154.

Dal Maso M., Kulmala M., Riipinen I., Wagner R., Hussein
T., Aalto P.P. & Lehtinen K.E.J. 2005. Formation and
growth of fresh atmospheric aerosols: eight years of
aerosol size distribution data from SMEAR II, Hyytidld,
Finland. Boreal Env. Res. 10: 323-336.

Dusek U., Frank G., Hildebrandt L., Curtius J., Schneider
J., Walter S., Chand D., Drewnick F., Hings S., Jung D.,
Borrmann S. & Andreae M. 2006. Size matters more
than chemistry for cloud-nucleating ability of aerosol
particles. Science 312: 1375-1378.

Ehn M., Thornton J.A., Kleist E., Sipild M., Junninen H.,
Pullinen I., Springer M., Rubach F., Tillmann R., Lee B.,
Lopez-Hilfiker F., Andres S., Acir I.-H., Rissanen M.,
Jokinen T., Schobesberger S., Kangasluoma J., Kont-
kanen J., Nieminen T., Kurten T., Nielsen L.B., Jor-
gensen S., Kjaergaard H.G., Canagaratna M., Dal Maso
M., Berndt T., Petdjd T., Wahner A., Kerminen V.-M.,
Kulmala M., Worsnop D.R., Wildt J. & Mentel T.F.
2014. A large source of low-volatility secondary organic
aerosol. Nature 506: 476-479.

Fiedler V., Dal Maso M., Boy M., Aufmhoff H., Hoffmann
J., Schuck T., Birmili W., Hanke M., Uecker J., Arnold F.
& Kulmala M. 2005. The contribution of sulphuric acid
to atmospheric particle formation and growth: a com-
parison between boundary layers in northern and central
Europe. Atmos. Chem. Phys. 5: 1773-1785.

Hakola H, Tarvainen V., Laurila T., Hiltunen V., Hellen H. &
Keronen P. 2003. Seasonal variation of VOC concentra-
tions above a boreal coniferous forest. Atrmos. Environ.
37:1623-1634.

Hari P. & Kulmala M. 2005. Station for measuring ecosys-
tem-atmosphere relations (SMEAR 1I). Boreal Env. Res.
10: 315-322.

Henschel H., Acosta Navarro J.C., Yli-Juuti T., Kupiai-
nen-Mdittd O., Olenius T., Ortega I.K., Clegg S.L.,
Kurtén T., Riipinen I. & Vehkaméki H. 2014. Hydration
of atmospherically relevant molecular clusters: Com-
putational chemistry and classical thermodynamics. J.

Yli-Juutietal. « BOREAL ENV. RES. Vol. 21

Phys. Chem. A 118: 2599-2611.

Hirsikko A., Laakso L., Horrak U., Aalto P., Kerminen V.-M.
& Kulmala M. 2005. Annual and size dependent vari-
ation of growth rates and ion concentrations in boreal
forest. Boreal Env. Res. 10: 357-369.

Kerminen V.-M. & Kulmala M. 2002. Analytical formulae
connecting the “real” and “apparent” nucleation rate and
the nuclei number concentration for atmospheric nucle-
ation events. J. Aerosol Sci. 33: 609-622.

Kuang C., McMurry PH. & McCormick A.V. 2009. Deter-
mination of cloud condensation nuclei production from
measured new particle formation events. Geophys. Res.
Lett. 36,1.09822, doi:10.1029/2009GL037584.

Kuang C., McMurry PH., McCormick A.V. & Eisele
F.L. 2008. Dependence of nucleation rates on sulfu-
ric acid vapor concentration in diverse atmospheric
locations. J. Geophys. Res. 113, D10209, doi:10.1029/
2007JD009253.

Kuang C., Riipinen I., Sihto S.L., Kulmala M., McCormick
A.V. & McMurry PH. 2010. An improved criterion for
new particle formation in diverse atmospheric environ-
ments. Atmos. Chem. Phys. 10: 8469-8480.

Kuang C., Chen M., Zhao J., Smith J., McMurry P.H.
& Wang J. 2012. Size and time-resolved growth rate
measurements of 1 to 5 nm freshly formed atmospheric
nuclei. Atrmos. Chem. Phys. 12: 3573-3589.

Kulmala M., Lehtinen K. & Laaksonen A. 2006. Cluster acti-
vation theory as an explanation of the linear dependence
between formation rate of 3nm particles and sulphuric
acid concentration. Atmos. Chem. Phys. 6: 787-793.

Kulmala M., Toivonen A., Mikeld J.M. & Laaksonen A.
1998. Analysis of the growth of nucleation mode parti-
cles observed in Boreal forest. Tellus S0B: 449-462.

Kulmala M., Petdjd T., Ehn M., Thornton J., Sipildi M.,
Worsnop D.R. & Kerminen V.-M. 2014. Chemistry
on atmospheric nucleation: On the recent advances on
precursor characterization and atmospheric cluster com-
position in connection with atmospheric new particle
formation. Annu. Rev. Phys. Chem. 65: 21-37.

Kulmala M., Vehkamiki H., Petdja T., Dal Maso M., Lauri
A., Kerminen V.-M., Birmili W. & McMurry P. 2004.
Formation and growth rates of ultrafine atmospheric
particles: a review of observations. J. Aerosol Sci. 35:
143-176.

Kulmala M., Kontkanen J., Junninen H., Lehtipalo K., Man-
ninen H.E., Nieminen T., Petdjd T., Sipild M., Schobes-
berger S., Rantala P., Franchin A., Jokinen T., Jarvinen
E., Aijili M., Kangasluoma J., Hakala J., Aalto P.P., Paa-
sonen P., Mikkiléd J., Vanhanen J., Aalto J., Hakola H.,
Makkonen U., Ruuskanen T., Mauldin R.L.III, Duplissy
J., Vehkamiki H., Bick J., Kortelainen A., Riipinen I.,
Kurten T., Johnston M.V., Smith J.N., Ehn M., Mentel
T.F., Lehtinen K.E.J., Laaksonen A., Kerminen V.-M. &
Worsnop D.R. 2013. Direct observations of atmospheric
aerosol nucleation. Science 339: 943-946.

Kurtén T., Loukonen V., Vehkamiki H. & Kulmala M.
2008. Amines are likely to enhance neutral and ion-in-
duced sulfuric acid-water nucleation in the atmosphere
more effectively than ammonia. Afmos. Chem. Phys. 8:
4095-4103.



BOREAL ENV. RES. Vol. 21 -

Laitinen T., Ehn M., Junninen H., Ruiz-Jimenez J., Parsh-
intsev J., Hartonen K., Riekkola M.-L., Worsnop D.R.
& Kulmala M. 2011. Characterization of organic com-
pounds in 10-to 50-nm aerosol particles in boreal forest
with laser desorption-ionization aerosol mass spectrom-
eter and comparison with other techniques. Atmos. Envi-
ron.45: 3711-3719.

Lappalainen H.K., Sevanto S., Bick J., Ruuskanen T.M.,
Kolari P., Taipale R., Rinne J., Kulmala M. & Hari
P. 2009. Day-time concentrations of biogenic volatile
organic compounds in a boreal forest canopy and their
relation to environmental and biological factors. Atmos.
Chem. Phys. 9: 5447-5459.

Lehtinen K.EJ. & Kulmala M. 2003. A model for particle
formation and growth in the atmosphere with molecular
resolution in size. Atmos. Chem. Phys. 3: 251-257.

Lehtipalo K., Rondo L., Kontkanen J., Schobesberger S.,
Jokinen T., Sarnela N., Kiirten A., Ehrhart S., Franchin
A., Nieminen T., Riccobono F., Sipild M., Yli-Juuti T.,
Duplissy J., Adamov A., Ahlm L., Almeida J., Amorim
A., Bianchi F., Breitenlechner M., Dommen J., Downard
AJ., Dunne EMM., Flagan R.C., Guida R., Hakala J.,
Hansel A., Jud W., Kangasluoma J., Kerminen V.-M.,
Keskinen H., Kim J., Kirkby J., Kupc A., Kupiain-
en-Maéittd O., Laaksonen A., Lawler M.J., Leiminger
M., Mathot S., Olenius T., Ortega L.K., Onnela A, Petijd
T., Praplan A., Rissanen M.P., Ruuskanen T., Santos
F.D., Schallhart S., Schnitzhofer R., Simon M., Smith
J.N., Trostl J., Tsagkogeorgas G., Tomé A., Vaattovaara
P., Vehkamiki H., Vrtala A.E., Wagner P.E., William-
son C., Wimmer D., Winkler PM., Virtanen A., Dona-
hue N.M., Carslaw K.S., Baltensperger U., Riipinen
1., Curtius J., Worsnop D.R. & Kulmala M. 2016. The
effect of acid-base clustering and ions on the growth of
atmospheric nano-particles. Nature Communications 7,
11594, doi:10.1038/ncomms11594.

Lesins G., Chylek P. & Lohmann U. 2002. A study of internal
and external mixing scenarios and its effect on aerosol
optical properties and direct radiative forcing. J. Geo-
phys. Res. 107(D10), doi:10.1029/2001JD000973.

Lohmann U. & Feichter J. 2005. Global indirect aerosol
effects: a review. Atmos. Chem. Phys. 5: 715-737.

Merikanto J., Spracklen D.V., Mann G.W., Pickering SJ.
& Carslaw K.S. 2009. Impact of nucleation on global
CCN. Atmos. Chem. Phys.9: 8601-8616.

Metzger A., Verheggen B., Dommen J., Duplissy J., Prevot
A.SH., Weingartner E., Riipinen I., Kulmala M.,
Spracklen D.V., Carslaw K.S. & Baltensperger U. 2010.
Evidence for the role of organics in aerosol particle for-
mation under atmospheric conditions. Proc. Nat. Acad.
Sci. USA 107: 6646-6651.

Mikkonen S., Romakkaniemi S., Smith J.N., Korhonen H.,
Petdja T., Plass-Duelmer C., Boy M., McMurry PH.,
Lehtinen K.E.J., Joutsensaari J., Hamed A., Mauldin R.L.
III, Birmili W., Spindler G., Arnold F., Kulmala M. &
Laaksonen A. 2011. A statistical proxy for sulphuric acid
concentration. Afmos. Chem. Phys. 11: 11319-11334.

Mirme A., Tamm E., Mordas G., Vana M., Uin J., Mirme S.,
Bernotas T., Laakso L., Hirsikko A. & Kulmala M. 2007.
A widerange multi-channel Air Ion Spectrometer. Boreal

Growth of sub-3 nm particles and sulfuric acid 297

Env. Res. 12: 247-264.

Mikeld J. M., Riiheld M., Ukkonen A., Jokinen V. & Keski-
nen J. 1996. Comparison of mobility equivalent diam-
eter with Kelvin-Thomson diameter using ion mobility
data. J. Chem. Phys. 105: 1562—1571.

Nieminen T., Lehtinen K.E.J. & Kulmala M. 2010. Sub-10
nm particle growth by vapor condensation — effects of
vapor molecule size and particle thermal speed. Afmos.
Chem. Phys. 10: 9773-9779.

Nieminen T., Asmi A., Dal Maso M., Aalto P.P., Keronen
P., Petdja T., Kulmala M. & Kerminen V.-M. 2014.
Trends in atmospheric new-particle formation: 16 years
of observations in a boreal-forest environment. Boreal
Env. Res. 19 (suppl. B): 191-214.

O’Dowd C., Aalto P., Himeri K., Kulmala M. & Hoffmann
T. 2002. Aerosol formation — atmospheric particles
from organic vapours. Nature 416: 497-498.

Ortega 1.K., Kurten T., Vehkamaki H. & Kulmala M. 2008.
The role of ammonia in sulfuric acid ion induced nucle-
ation. Atmos. Chem. Phys. 8: 2859-2867.

Pennington M.R., Bzdek B.R., DePalma J.W., Smith J.N.,
Kortelainen A.-M., Hildebrandt Ruiz L., Petdjd T., Kul-
mala M., Worsnop D.R. & Johnston M.V. 2013. Identi-
fication and quantification of particle growth channels
during new particle formation. Atmos. Chem. Phys. 13:
10215-10225.

Perikyld O., Vogt M., Tikkanen O.-P., Laurila T., Kajos
M K., Rantala P.A., Patokoski J., Aalto J., Yli-Juuti T.,
Ehn M., Sipild M., Paasonen P., Rissanen M., Nieminen
T., Taipale R., Keronen P., Lappalainen H.K., Ruuskanen
TM., Rinne J., Kerminen V.-M., Kulmala M., Bick J. &
rate over a boreal forest: temporal variation and connec-
tion to growth of newly formed particles. Boreal Env.
Res. 19 (suppl. B): 293-310.

Petidjd T., Mauldin R.L.III, Kosciuch E., McGrath J., Niemi-
nen T., Paasonen P., Boy M., Adamov A., Kotiaho T. &
Kulmala M. 2009. Sulfuric acid and OH concentrations
in a boreal forest site. Atmos. Chem. Phys. 9: 7435-7448.

Riccobono F., Schobesberger S., Scott C.E., Dommen J.,
Ortega 1.K., Rondo L., Almeida J., Amorim A., Bianchi
F., Breitenlechner M., David A., Downard A., Dunne
E.M., Duplissy J., Ehrhart S., Flagan R.C., Franchin A.,
Hansel A., Junninen H., Kajos M., Keskinen H., Kupc
A., Kiirten A., Kvashin A.N., Laaksonen A., Lehtipalo
K., Makhmutov V., Mathot S., Nieminen T., Onnela
A., Petdja T., Praplan A.P., Santos F.D., Schallhart S.,
Seinfeld J.H., Sipild M., Spracklen D.V., Stozhkov Y.,
Stratmann F., Tomé A., Tsagkogeorgas G., Vaattovaara
P., Viisanen Y., Vrtala A., Wagner P.E., Weingartner E.,
Wex H., Wimmer D., Carslaw K.S., Curtius J., Donahue
N.M., Kirkby J., Kulmala M., Worsnop D.R. & Balten-
sperger U. 2014. Oxidation products of biogenic emis-
sions contribute to nucleation of atmospheric particles.
Science 344: 717-721.

Riipinen L., Yli-Juuti T., Pierce J.R., Petijd T., Worsnop D.R.,
Kulmala M. & Donahue N.M. 2012. The contribution
of organics to atmospheric nanoparticle growth. Nature
Geosci. 5: 453-458.

Riipinen I., Manninen H.E., Yli-Juuti T., Boy M., Sipild M.,



208

Ehn M., Junninen H., Petdjd T. & Kulmala M. 2009.
Applying the Condensation Particle Counter Battery
(CPCB) to study the water-affinity of freshly-formed
2-9 nm particles in boreal forest. Atmos. Chem. Phys.
9:3317-3330.

Riipinen I., Pierce J.R., Yli-Juuti T., Nieminen T., Hikkinen
S., Ehn M., Junninen H., Lehtipalo K., Petéjad T., Slowik
J., Chang R., Shantz N.C., Abbatt J., Leaitch WR.,
Kerminen V.-M., Worsnop D.R., Pandis S.N., Donahue
N.M. & Kulmala M. 2011. Organic condensation: a vital
link connecting aerosol formation to cloud condensation
nuclei (CCN) concentrations. Atmos. Chem. Phys. 11:
3865-3878.

Sipilda M., Berndt T., Petijd T., Brus D., Vanhanen J., Strat-
mann F., Patokoski J., Mauldin R.L.ITI, Hyvirinen A .-P.,
Lihavainen H. & Kulmala M. 2010. The role of sulfuric
acid in atmospheric nucleation. Science 327: 1243-1246.

Sipild M., Sarnela N., Jokinen T., Junninen H., Hakala
J., Rissanen M.P., Praplan A., Simon M., Kiirten A.,
Bianchi F., Dommen J., Curtius J., Petija T. & Worsnop
D.R. 2015. Bisulfate-cluster based atmospheric pressure
chemical ionization mass spectrometer for high sensi-
tivity (< 100 ppqV) detection of atmospheric dimethyl
amine: proof-of-concept and first ambient data from
boreal forest. Atmos. Meas. Tech. 8: 4001-4011.

Smith JN., Dunn M.J., VanReken T.M., Iida K., Stol-
zenburg M.R., McMurry PH. & Huey L.G. 2008.
Chemical composition of atmospheric nanoparticles
formed from nucleation in Tecamac, Mexico: Evi-
dence for an important role for organic species in
nanoparticle growth. Geophys. Res. Lett. 35, L04808,
doi:10.1029/2007GL032523.

Smith J.N., Barsanti K.C., Friedli HR., Ehn M., Kulmala
M., Collins D.R., Scheckman J.H., Williams B.J. &
McMurry PH. 2010. Observations of aminium salts in
atmospheric nanoparticles and possible climatic implica-
tions. Proc. Nat. Acad. Sci. USA 107: 6634—6639.

Stolzenburg M., McMurry P., Sakurai H., Smith J., Mauldin
R.,Eisele F. & Clement C. 2005. Growth rates of freshly
nucleated atmospheric particles in Atlanta. J. Geophys.

Yli-Juutietal. « BOREAL ENV. RES. Vol. 21

Res. 110, D22S05, doi:10.1029/2005JD005935.

Tammet H. 2006. Continuous scanning of the mobility
and size distribution of charged cluster and nanometer
particles in atmospheric air and the Balanced Scanning
Mobility Analyzer BSMA. Atmos. Res. 82: 523-535.

Weber R., McMurry P., Eisele F. & Tanner D. 1995. Mea-
surement of expected nucleation precursor species and
3-500-nm diameter particles at Mauna-Loa observatory,
Hawaii. J. Atmos. Sci. 52: 2242-2257.

Weber R., Marti J., McMurry P., Eisele F., Tanner D. & Jef-
ferson A. 1997. Measurements of new particle formation
and ultrafine particle growth rates at a clean continental
site. J. Geophys. Res. 102: 4375-4385.

Wexler A.S. & Clegg S.L. 2002. Atmospheric aerosol models
for systems including the ions H*, NH,*, Na*, SOAZ',
NO*-, CI-, Br and HZO. J. Geophys. Res. 107, D14,
doi:10.1029/2001JD000451.

Vakkari V., Tiitta P., Jaars K., Croteau P., Beukes J., Josipovic
M., Kerminen V.-M., Kulmala M., Venter A. D., van Zyl
P.G., Worsnop D.R. & Laakso L. 2015. Reevaluating the
contribution of sulfuric acid and the origin of organic
compounds in atmospheric nanoparticle growth. Geo-
phys. Res. Lett. 42: 10486-10493.

Yue D.L., Hu M., Zhang R.Y., Wang Z.B., Zheng J., Wu Z.J.,
Wiedensohler A., He L.Y., Huang X.F. & Zhu T. 2010.
The roles of sulfuric acid in new particle formation and
growth in the mega-city of Beijing. Atmos. Chem. Phys.
10: 4953-4960.

Yli-Juuti T., Barsanti K. Hildebrandt Ruiz L., Kieloaho A .-J.,

& Riipinen 1. 2013. Model for acid-base chemistry in
nanoparticle growth (MABNAG). Atmo. Chem. Phys.
13: 12507-12524.

Yli-Juuti T., Nieminen T., Hirsikko A., Aalto P.P., Asmi E.,
Horrak U., Manninen H.E., Patokoski J., Dal Maso M.,
Petdjd T., Rinne J., Kulmala M. & Riipinen 1. 2011.
Growth rates of nucleation mode particles in Hyytidld
during 2003-2009: variation with particle size, season,
data analysis method and ambient conditions. Atmos.
Chem. Phys. 11: 12865-12886.



