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Abstract. The condensational growth rate of aerosol parti-
cles formed in atmospheric new particle formation events is
one of the most important factors influencing the lifetime of
these particles and their ability to become climatically rele-
vant. Diameter growth rates (GR) of nucleation mode par-
ticles were studied based on almost 7 yr of data measured
during the years 2003–2009 at a boreal forest measurement
station SMEAR II in Hyytïalä, Finland. The particle growth
rates were estimated using particle size distributions mea-
sured with a Differential Mobility Particle Sizer (DMPS),
a Balanced Scanning Mobility Analyzer (BSMA) and an
Air Ion Spectrometer (AIS). Two GR analysis methods were
tested. The particle growth rates were also compared to an
extensive set of ambient meteorological parameters and trace
gas concentrations to investigate the processes/constituents
limiting the aerosol growth. The median growth rates of par-
ticles in the nucleation mode size ranges with diameters of
1.5–3 nm, 3–7 nm and 7–20 nm were 1.9 nm h−1, 3.8 nm h−1,
and 4.3 nm h−1, respectively. The median relative uncertain-
ties in the growth rates due to the size distribution instru-
mentation in these size ranges were 25 %, 19 %, and 8 %,
respectively. For the smallest particles (1.5–3 nm) the AIS
data yielded on average higher growth rate values than the
BSMA data, and higher growth rates were obtained from
positively charged size distributions as compared with neg-
atively charged particles. For particles larger than 3 nm in
diameter no such systematic differences were found. For
these particles the uncertainty in the growth rate related to
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the analysis method, with relative uncertainty of 16 %, was
similar to that related to the instruments. The growth rates of
7–20 nm particles showed positive correlation with monoter-
pene concentrations and their oxidation rate by ozone. The
oxidation rate by OH did not show a connection with GR.
Our results indicate that the growth of nucleation mode par-
ticles in Hyytïalä is mainly limited by the concentrations of
organic precursors.

1 Introduction

New particle formation (NPF) by gas-to-particle-conversion
followed by condensational growth of the freshly-formed
nanoparticles is a frequently observed phenomenon in the at-
mosphere (e.g. Kulmala et al., 2004a). Recent studies sug-
gest that these secondary aerosol particles form a notable
fraction of atmospheric aerosol particle number concentra-
tions (Spracklen et al., 2008; Merikanto et al., 2009) and
therefore potentially have a substantial contribution in the
effect of aerosol particles on climate. Atmospheric aerosol
particles affect the Earth’s climate in two ways. They scatter
and absorb the solar radiation and thus have a direct effect on
the Earth’s radiation balance. Aerosol particles also have an
indirect effect on the climate, as they can act as cloud con-
densation nuclei (CCN) and determine optical properties of
the clouds and affect the cloud life time. Currently the effect
of aerosols is the largest source of uncertainty in the estima-
tion of the radiative forcing (Solomon et al., 2007).
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The climatic effect of secondary aerosol particles formed
by nucleation depends on their ability to survive during the
growth up to the sizes where they can interact effectively with
solar radiation or act as CCN. This depends on the particle
formation rate, i.e. the rate at which the new particles are
nucleated, but also on the magnitude of the particle diame-
ter growth rate (GR) to larger sizes relative to particle sinks,
mainly coagulation to the pre-existing larger aerosol parti-
cles (Kerminen and Kulmala, 2002; Kerminen et al., 2004;
Kulmala et al., 2005; Pierce and Adams, 2007; Kuang et
al., 2009). Also, the potential health impacts of these par-
ticles depend on their size distribution and thus their con-
densational growth. Therefore, reliable presentation of the
aerosol particle size distribution in atmospheric models re-
quires correct consideration of the condensational growth of
the particles. Particle growth rates derived from the atmo-
spheric size distribution measurements give information on
the concentrations and properties of the condensing vapours,
and they can also be used in developing representations of
gas-aerosol interactions for atmospheric models.

Particle growth rates have been estimated from atmo-
spheric particle size distribution measurements with various
methods. For instance, the time lag between the rise of con-
centration of sulphuric acid and the smallest detected parti-
cles has been used for estimating the growth rate at the very
first steps (sub-3 nm) of particle growth (Weber et al., 1997;
Sihto et al., 2006). The time evolution of the geometric mean
size of the nucleation mode particles, typically obtained by
fitting log-normal functions to the measured particle size dis-
tribution, has been used for obtaining the growth rate of the
particles along their growth from 3–4 nm to Aitken mode size
range (Dal Maso et al., 2005; Wehner et al., 2005). Recently,
a number of studies have utilized a growth rate calculation
method that is based on the estimation of time lags between
maximum concentrations of different size particles in mea-
sured size distribution data (Hirsikko et al., 2005). This
method provides information on the particle growth rate as
a function of particle size and for the whole nucleation mode
size range, if permitted by the detection limits of the size dis-
tribution measurement instrumentation. Also the measured
size dependent charged fraction of particles has been used
for calculating particle growth rate (Iida et al., 2008). In their
recent study, Kuang et al. (2011) developed a GR calculation
method that is based on the fitting of aerosol general dynamic
equation to particle size distributions. With this method it is
possible to decouple size and time dependence of particle
growth rate. When using these various methods different as-
sumptions have been made, and up to date there are still only
few comparisons of the performance of the various growth
rate estimation methods.

In previous studies it has been reported that the growth
rates of atmospheric nucleation mode particles vary typically
in the range 1–20 nm h−1 (Table 1; see also Kulmala et al.,
2004a). Higher growth rates are sometimes observed at pol-
luted sites (e.g. Iida et al., 2008), but short-time formation

events of nanoparticles with very high growth rates (up to
50 nm h−1) have also been found e.g. at the northern back-
ground site Abisko (Svenningsson et al., 2008). At a number
of sites GR is observed to increase as a function of parti-
cle size in the size range below 20 nm (Table 1). Exceptions
have been observed at coastal regions and high altitude sites,
where the lack of size-dependent increase in the growth rates
is speculated to be due to inhomogeneities of condensable
vapour source (Manninen et al., 2010).

Sulphuric acid has in many studies been found to be a key
compound in atmospheric nucleation (Weber et al., 1995;
Kulmala et al., 2006; Sihto et al., 2006; Riipinen et al., 2007;
Kuang et al., 2008; Sipilä et al., 2010). However, observa-
tions suggest that its contribution to particle growth follow-
ing the NPF is typically from a few percents to some tens
of percents of the observed particle growth rate (Birmili et
al., 2003; Boy et al., 2005; Fiedler et al., 2005; Stolzen-
burg et al., 2005; Smith et al., 2008; Kuang et al., 2010;
Nieminen et al., 2010; Riipinen et al., 2011). Only in few
cases gas phase concentration of sulphuric acid has been high
enough for sulphuric acid to explain the observed condensa-
tional growth entirely (Birmili et al., 2003; Stoltzenburg et
al., 2005; Yue et al., 2010). The fraction of condensational
growth that can be explained by sulphuric acid has been ob-
served to decrease with increasing particle size (Fiedler et
al., 2005), even within sub-5 nm size range (Kuang et al.,
2011). A substantial fraction of atmospheric sub-micrometer
aerosol particle mass is found to consist of organic com-
pounds (Tunved et al., 2006; Jimenez et al., 2009) and they
can therefore be considered as the most probable candidates
of the vapours responsible for the fraction of nucleation mode
growth that is not explained by sulphuric acid. Additionally,
many observations on the evolution of particle size distribu-
tion during NPF events support the importance of organic
vapours on the particle growth. For example, at a boreal
forest measurement station SMEAR II, Finland, nucleation
mode particle growth rates are seen to increase during sum-
mer, which could be explained by the increased emissions of
organic vapours from the vegetation (Dal Maso et al., 2005).
Additionally, campaign-wise observations indicate a connec-
tion between nucleation mode growth and ambient concen-
trations of monoterpenes (Laaksonen et al., 2008) – which
is a dominant group of volatile organic compounds (VOCs)
emitted by boreal forests. Direct measurements of particle
composition have shown that most of the growth of parti-
cles in nucleation and Aitken mode size ranges (10–33 nm)
may be due to oxygenated and/or nitrogen containing organ-
ics such as amines (Allan et al., 2006; Smith et al., 2008,
2010; Barsanti et al., 2009), and indirect composition mea-
surements suggest that significant fraction of also sub-10 nm
particle mass may be organic (O’Dowd et al., 2002; Kulmala
et al., 2007a; Riipinen et al., 2009).

The comparison of the particle growth rates between the
various studies, as well as analysis of the growth rates
as a function of the particle size requires estimation of
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Table 1. Nucleation mode particle growth rates reported in some of the recent studies. Average (mean or median), range of GR and the size
range for which the GR values were calculated are listed (if reported in the study).

Reference
Average

Range of GR Size range Site Site description
Measurement

GR period

This study 1.9 nm h−1 0.3–13 nm h−1 1.5–3 nm Hyytïalä, Finland rural Apr 2003–Dec 2009
3.8 nm h−1 0.8–17 nm h−1 3–7 nm continental,
4.3 nm h−1 0.5–40 nm h−1 7–20 nm background

Asmi et al. (2011) 0.4–12 nm h−1 >7 nm Pallas, Finland high-elevation, Apr 2000–Dec 2010
remote
continental

Boulon et al. (2010) 2–7 nm h−1 1.3–3 nm Jungfraujoch, high altitude, Apr 2008–Apr 2009
1–12 nm h−1 3–7 nm Switzerland background
2–10 nm h−1 7–20 nm

Boy et al. (2008) 4 nm h−1 1–15 nm Rocky Mountains, remote Jun–Jul 2006
US continental,

high altitude

Cheung et al. (2011) 4.6 nm h−1 1.8–7.8 nm h−1 Brisbane, Australia urban Jan–Dec 2009

Fiedler et al. (2005) 7.7 nm h−1 1.3–12 nm h−1 1–3 mn Heidelberg, polluted Feb–Apr 2004
9.0 nm h−1 2.1–23 nm h−1 3–25 nm Germany

Hamed et al. (2007) 7 nm h−1 2.9–23 nm h−1 Po Valley, Italy polluted Mar 2002–Mar 2005

Iida et al. (2008) 18 nm h−1 6–40 nm h−1 3.7–25 nm Tecamac, Mexico urban, polluted Mar 2006

Kristensson et al. (2008) 2.1 nm h−1 1.1–4.2 nm h−1a
Vavihill, Sweden background Feb 2001-May 2004

Manninen et al. (2010) 3.8 nm h−1 1.4–13 nm h−1 1.5–3 nm Cabauw, clean marine, Apr 2008–Mar 2009
5.5 nm h−1 1.4–37 nm h−1 3–7 nm Netherlands rural polluted
6.7 nm h−1 2.1–19 nm h−1 7–20 nm

2.7 nm h−1 1.0–5.0 nm h−1 1.5–3 nm Finokalia, Greece marine Apr 2008–Apr 2009
4.5 nm h−1 1.8–10 nm h−1 3–7 nm background,
4.4 nm h−1 1.8–20 nm h−1 7–20 nm coastal

4.8 nm h−1 1.5–18 nm h−1 1.5–3 nm Hohenpeissenberg, high-elevation, Mar 2008–Feb 2009
4.2 nm h−1 2.2–12 nm h−1 3–7 nm Germany backgound
4.5 nm h−1 2.3–18 nm h−1 7–20 nm

3.7 nm h−1 1.3–7.5 nm h−1 1.5–3 nm Jungfraujoch, high-altitude, Apr 2008–Apr 2009
7.2 nm h−1 2.4–12 nm h−1 3–7 nm Switzerland background
8.1 nm h−1 2.9–16 nm h−1 7–20 nm

3.4 nm h−1 1.2–8.0 nm h−1 1.5–3 nm K-Puszta, Hungary rural Mar 2008–Feb 2009
5.1 nm h−1 1.2–14 nm h−1 3–7 nm continental,
5.2 nm h−1 1.6–20 nm h−1 7–20 nm background

5.5 nm h−1 4.1–6.0 nm h−1 1.5–3 nm Mace Head, Ireland marine Jun 2008–May 2009
2.7 nm h−1 2.0–26 nm h−1 3–7 nm background,
5.4 nm h−1 2.7–10 nm h−1 7–20 nm coastal

2.6 nm h−1 1.1–13 nm h−1 1.5–3 nm Melpitz, Germany rural Apr 2008–Apr 2009
5.7 nm h−1 2.4–17 nm h−1 3–7 nm polluted,
7.0 nm h−1 3.5–24 nm h−1 7–20 nm continental

3.8 nm h−1 1.3–8.2 nm h−1 1.5–3 nm Pallas, Finland high-elevation, Apr 2008–Apr 2009
5.6 nm h−1 2.7–10 nm h−1 3–7 nm remote
3.8 nm h−1 3.0–6.3 nm h−1 7–20 nm continental

3.5 nm h−1 1.2–41 nm h−1 1.5–3 nm Puy de Dome, high-elevation, Apr 2008–May 2009
3.9 nm h−1 1.1–12 nm h−1 3–7 nm France background
5.7 nm h−1 2.2–17 nm h−1 7–20 nm

1.5 nm h−1 0.9–3.1 nm h−1 1.5–3 nm San Pietro rural polluted, Mar 2008–Oct 2008
4.2 nm h−1 1.6–9.2 nm h−1 3–7 nm Capofiume, Italy continental
7.5 nm h−1 3.6–16 nm h−1 7–20 nm

2.6 nm h−1 0.9–4.7 nm h−1 1.5–3 nm Vavihill, Sweden rural Apr 2008–Feb 2009
3.2 nm h−1 1.5–5.8 nm h−1 3–7 nm background,
3.9 nm h−1 1.9–13 nm h−1 7–20 nm continental
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Table 1. Continued.

Reference
Average

Range of GR Size range Site Site description
Measurement

GR period

Modini et al. (2009) 2.1 nm h−1 0.4–6 nm h−1 1.5–3 nm Agnes Water, remote, coastal Mar–Apr 2007
3.9 nm h−1 0.6–11 nm h−1 3–7 nm Australia
19 nm h−1 3.6–43 nm h−1 7–20 nm

Neitola et al. (2011) 2.4 nm h−1 0.5–4.5 nm h−1 Himalaya, India rural, high altitude Nov 2005–Jan 2010

Place et al. (2010) 2.7 nm h−1 0.9–5.5 nm h−1 6–60 nm Durham, US rural Feb–Apr 2007

Stolzenburg et al. (2005) 9.3 nm h−1 2.9–22 nm h−1 10–90 nm Atlanta, US urban Jul–Aug 2002

Suni et al. (2008) 2.8 nm h−1 1.5–3 nm Tumbarumba, rural, Jul 2005–Oct 2006
4.1 nm h−1 3–7 nm Australia continental
8.2 nm h−1 7–20 nm

Svenningsson et al. (2008) 0.5–10 nm h−1b
Abisko, Sweden subarctic, Jul 2005–Sep 2006

remote

Vakkari et al. (2011) 6.2 nm h−1 1.4–31 nm h−1 1.5–3 nm Botsalano, Republic semi-clean Jul 2006–Feb 2008
8.0 nm h−1 1.3–60 nm h−1 3–7 nm of South Africa
8.1 nm h−1 2.0–29 nm h−1 7-20 nm

Venzac et al. (2008) 1.8 nm h−1 Himalaya, Nepal high altitude Feb–Mar 2007

Virkkula et al. (2007) 1.1 nm h−1 0.9–2.1 nm h−1 1.3–3 nm Aboa, Antarctica remote Dec 2004–Jan 2005
1.9 nm h−1 1.0–9.1 nm h−1 3–7 nm
3.9 nm h−1 2.0–4.3 nm h−1 7–20 nm

Wehner et al. (2005) 2–8 nm h−1 3–25 nm Melpitz, Germany rural Summer 2003

Wu et al. (2007) 0.1–11 nm h−1 Beijing, China urban, polluted Mar 2004–Feb 2005

Yli-Juuti et al. (2009) 1.7 nm h−1 1.0–4.6 nm h−1 1.5–3 nm K-Puszta, Hungary rural May–Jun 2006
4.1 nm h−1 1.4–8.6 nm h−1 3–7 nm continental,
6.3 nm h−1 2.2–24 nm h−1 7–20 nm background

a 10th and 90th percentile.
b Occasionally (at night time) higher GRs up to 50 nm h−1.

the accuracy of the determined growth rates, information
which is rarely found in publications. Furthermore, although
information on the seasonal patterns of particle growth rates
exists (e.g. Birmili et al., 2003; Dal Maso et al., 2005), so far
there have not been long term studies on the particle growth
as a function of the particle size and comprehensive compar-
ison of size-separated growth rates to other ambient data.

In this paper, the size-dependent growth rates of nucleation
mode particles are estimated using almost seven years of par-
ticle size distribution measurement data from a boreal forest
site recorded with three different instruments and applying
two commonly-used growth rate calculation methods (Hir-
sikko et al., 2005; Dal Maso et al., 2005). The specific aims
of this work are (1) to study the inter-annual and seasonal
variation in the aerosol particle growth rates as a function of
the particle size, (2) to examine the uncertainty of GR values
estimated from aerosol number size distribution data and (3)
to investigate the connection of these growth rates to ambi-
ent conditions to find the most important processes limiting
particle growth in Hyytïalä. To develop parameterizations
of aerosol growth that are usable in large scale atmospheric
models requires knowledge on the factors that determine and
limit the particle growth: even though the actual condensing

vapours are not identified, it is of benefit to know which fac-
tors determine the rate at which particles can grow in the
atmosphere.

First, the change in the growth rate as a function of the size
of the particles, as well as the seasonal and annual variations
of the growth rates are studied based on the long dataset. Sec-
ond, the uncertainty of the calculated growth rates is inves-
tigated comparing the two growth rate calculation methods
and growth rates obtained from data measured with the three
different instruments. Third, the growth rates of the particles
are compared to an extensive set of meteorological and trace
gas concentration data to study which conditions favour or
hinder the particle growth and investigate which processes
limit nucleation mode growth in Hyytiälä. Here, basic mete-
orological data is used to study the role of general ambient
conditions on the particle growth rates. The most important
of these variables are temperature due to its connection to
emissions of VOCs and saturation vapour pressures of con-
densable vapours, and UVB radiation due to its connection
to oxidation in the atmosphere. Furthermore, the concen-
trations of monoterpenes, as well as their oxidation rates, are
compared to the observed nucleation mode growth. For com-
pleteness the growth rates are also compared to inorganic gas
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concentrations. It is also tested whether the sink for con-
densing vapour caused by larger pre-existing aerosol parti-
cles limits the nucleation mode particle growth. The pro-
cesses and their connection to the long-term data sets of
meteorological parameters are outlined in Fig. 1.

2 Measurements and methods

2.1 Measurements

The measurements were carried out at SMEAR II station
situated in Hyytïalä, southern Finland (61◦51′ N, 24◦17′ E,
181 m a.s.l.) during the period from April 2003 to Decem-
ber 2009. SMEAR II is a background site in the boreal forest
zone and the surroundings of the station are dominated by
Scots pine (Hari and Kulmala, 2005).

The core of the dataset used in this study are the charged
and total particle size distributions measured with a Differ-
ential Mobility Particle Sizer (DMPS), a Balanced Scanning
Mobility Analyzer (BSMA) and an Air Ion Spectrometer
(AIS). During the measurement period of 81 months the mea-
surements with the DMPS and the BSMA were continuous
whereas AIS was measuring from April 2003 until June 2007
with measurement breaks during 15 April 2003–10 Au-
gust 2003, 17 May 2006–9 August 2006, and 16 Septem-
ber 2006–9 January 2007. The instruments were located in
different cabins at the SMEAR II site. All the instruments
sampled under the canopy.

2.1.1 DMPS

The Differential Mobility Particle Sizer (DMPS) measures
the total particle concentration size distribution including
both neutral and charged particles. In brief, a DMPS has
a bipolar charger to charge the aerosol particle population
to the equilibrium charge distribution, a DMA (Differential
Mobility Analyzer) to sample one size fraction of particles at
a time, and a CPC (Condensation Particle Counter) to mea-
sure the particle number concentration. The DMPS setup
used at Hyytïalä consists of two DMPSs, each having one
cylindrical DMA and one CPC. The detection limits of the
CPCs are 3 nm and 10 nm and the two DMPSs have partly
overlapping size range to enable detection of particles of 3–
1000 nm (3–500 nm until December 2004) in diameter (Aalto
et al., 2001; Dal Maso et al., 2005). This size range is di-
vided into 38 logarithmically distributed size sections and
one size distribution is measured in 10 min. The continu-
ous sheath flow in DMPS goes through a diffusion dryer and,
therefore, DMPS measures the dry size of the particles (with
sheath flow RH< 30 %). In the beginning of the measure-
ment period the sample was taken at 2 m above the ground.
In September 2004 DMPS was moved to a new measurement
cabin and since then the sampling height has been 8 m above
the ground.

Fig. 1. A schematic connecting the studied long-term datasets
of atmospheric parameters (temperatureT , O3, UVB radiation,
monoterpene concentrations MT, condensation sink CS, SO2, sul-
phuric acid proxy, in bold red) to the concentrations of VOCs and
SO2, and the processes (emission, oxidation, condensation, in bold
black) leading to nucleation mode particle growth rates (GR).

2.1.2 BSMA

The Balanced Scanning Mobility Analyzer (BSMA, manu-
factured by AIREL Ltd, Estonia) measures the size distri-
bution of charged particles and small ions in atmospheric
air (Tammet, 2006). It is a single-channel differential as-
piration spectrometer, which consists of two parallel plate
DMAs, one for measuring positively and one for negatively
charged particles, connected with electrometric unit as a bal-
anced capacitance bridge. Concentration of particles is cal-
culated from the electric current generated by the charged
particles deposited on the collector placed on the outer DMA
plate. The electric mobility distribution of charged particles
is obtained by applying a driving high voltage to the mobil-
ity analyzer and continuously scanning through the mobil-
ity range 0.032–3.2 cm2 V−1 s−1, which corresponds to par-
ticle sizes of 0.8–7.5 nm in Millikan diameter (M̈akel̈a et al.,
1996). The electric mobility range is divided into 16 log-
arithmically uniform fractions. The BSMA measures posi-
tively and negatively charged particles by turns. The measur-
ing cycle of the BSMA was six minutes (three minutes per
polarity) until 15 August 2005. In order to reduce the fluctu-
ation in the data, the original 6 min averaged data was con-
verted into 15 min format by calculating arithmetic averages
of the data points falling in the quarters of an hour. From the
mid of August 2005 the BSMA measured in ten minute cy-
cles. BSMA measured at 70 m (20 m until September 2004)
distance from the DMPS and the sample was taken at 1.6 m
above the ground.

2.1.3 AIS

The Air Ion Spectrometer (AIS, manufactured by AIREL
Ltd., Estonia) measures the size distribution of naturally
charged particles (Mirme et al., 2007). This device has
two cylindrical DMAs, one for each polarity of particles.
The outer electrodes of the mobility analyzers consist of
insulated sections, each connected to individual electrometer

www.atmos-chem-phys.net/11/12865/2011/ Atmos. Chem. Phys., 11, 12865–12886, 2011



12870 T. Yli-Juuti et al.: Growth rates of nucleation mode particles in Hyytiälä

(21 electrometers per polarity). The charged particles are
classified inside the mobility analyzer according to their
electrical mobility and deposited onto these insulated sec-
tions. This enables the simultaneous measurement of par-
ticles of different sizes and both polarities with a high
time resolution. The AIS divides detected mobility range
0.0013–3.2 cm2 V−1 s−1 into 28 logarithmically uniformly
distributed fractions. This mobility range corresponds to
0.8–40 nm in Millikan diameter. The time resolution of the
size distribution measurements with the AIS was set to 5 min.
The AIS measured at the same location as the BSMA with
sampling height of 1.6 m above the ground until Septem-
ber 2004. After this the AIS was measuring at the same lo-
cation as the DMPS and the sample was taken at 3 m above
the ground.

2.1.4 Meteorological data, gas concentrations and
condensation sink

In addition to aerosol size distribution data, basic meteoro-
logical data (temperature, radiation, relative humidity, pres-
sure and wind speed) and trace gas concentrations (H2O,
SO2, NO, NOx, CO2, CO) measured at the station at 16.8 m
height were used in the analysis (for the list of instruments,
see Kulmala et al., 2001). For the years 2007–2009 also
monoterpene concentrations measured with a Proton Trans-
fer Reaction Mass Spectrometer (PTR-MS, Ionicon Analytik
GmbH, Lindinger et al., 1998, de Gouw et al., 2007) at 14 m
above ground were utilized in the analysis (Taipale et al.,
2008). Additionally, data on oxidation related gas phase
species O3, measured with TEI 49 ozone analyzer (Thermo
Environmental Instruments, Inc., USA) during 2003–2009 at
16.8 m above the ground, and OH, measured with a Chemi-
cal Ionization Mass Spectrometer CIMS (Petäjä et al., 2009)
during spring 2007 at 1.5 m above the ground, were included
in the analysis.

Concentrations of a group of biogenic volatile organic
compounds (BVOC), including monoterpenes, have been
shown to depend exponentially on the temperature at
SMEAR II (Lappalainen et al., 2009). Therefore, to extend
the time series of monoterpene concentration data in the anal-
ysis, the monoterpene concentration was approximated with
the parameterisation (see Fig. 1)

[MT]model= a ·exp(b ·T ) (1)

wherea = 0.062 andb = 0.078 – which has been shown to
reproduce observations of monoterpene concentrations in
Hyytiälä with good accuracy (Lappalainen et al., 2009).

Also oxidation rates of monoterpenes, i.e. production rates
of oxidation products of monoterpenes, by OH and O3 were
utilised in the analysis. The OH concentration data was avail-
able for two months from the spring 2007 (Petäjä et al., 2009)
and for this period the oxidation rates were calculated from

measured monoterpene, OH and O3 concentrations ([MT],
[OH] and [O3]) with

[OR]OH = kOH · [OH] · [MT] (2)

and

[OR]O3 = kO3 · [O3] · [MT] (3)

where the rate constants arekOH = 7.5×10−11 cm3

molecules−1 s−1 andkO3 = 1.4×10−17 cm3 molecules−1 s−1.
The rate constantskOH andkO3 were calculated as weighted
averages of the reaction coefficients of individual monoter-
penes typical for SMEAR II according to Hakola et
al. (2003). The temperature dependence ofkOH and kO3

was ignored as this was not considered to cause significant
uncertainty compared to other factors. To have longer
time series of also the oxidation rates of monoterpenes,
simple model calculations for the oxidation rates were made
using the UVB radiation intensity, concentration of O3
and the modelled monoterpene concentration. For the first
approximation the concentration of OH-radicals depends
on UVB radiation intensity (Rohrer and Berresheim, 2006;
Peẗajä et al., 2009) and, therefore, the oxidation rates of
monoterpenes can be approximated as

[OR]OH,model= C1 ·UVB · [MT]model (4)

and

[OR]O3,model= C2 · [O3] · [MT]model (5)

where C1 and C2 are constants, for which the values
were found by fitting the modelled oxidation rates to the
measurement-based oxidation rates obtained from Eqs. (2)
and (3) (see also Fig. 1).

To study the connection of nucleation mode growth to am-
bient sulphuric acid, a semi-empirical proxy for sulphuric
acid concentration was calculated based on the SO2 con-
centration, UVB radiation intensity and condensation sink of
sulphuric acid (CS) by (Petäjä et al., 2009)

[H2SO4] = kH2SO4 ·
[SO2] ·UVB

CS
(6)

wherekH2SO4 = 8.4× 10−7
× UVB−0.68 m2 W−1 s−1 and the

loss of the sulphuric acid vapour is described by CS.
Condensation sink describes the loss rate of the condens-

able vapours onto the pre-existing aerosol particles (Pirjola et
al., 1999). It was calculated based on size distribution mea-
sured with DMPS using

CS= 2πD
∑

i

βm(Dp,i)Dp,iNi (7)

whereD is the vapour diffusion coefficient,Dp,i is the di-
ameter of particles in the size classi andNi is the number
concentration of these particles. For calculating the CS the
dry size distribution measured with DMPS was converted
into the ambient distribution using the parameterization by
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Laakso et al. (2004). The transition regime correction factor
for mass transferβm was calculated with the expression by
Fuchs and Sutugin (1970) using a value of 1 for mass accom-
modation coefficient. When calculating CS the vapour was
assumed to have molecular properties of sulphuric acid, and a
negligible saturation vapour pressure. The condensation sink
is of interest when analysing NPF events as it describes how
fast the vapour is removed by the existing aerosol particles.
It has been found that at SMEAR II low CS favours particle
formation (Hyv̈onen et al., 2005). High condensation sink
might suppress the particle formation and the growth of the
newly formed particles as substantial fraction of the vapours
could be condensing on the larger particles. Furthermore,
condensation sink is proportional to coagulation sink of nu-
cleation mode particles on pre-existing particles and, there-
fore, high CS might imply that high growth rate is required
for the newly formed particles to survive and grow to larger
sizes instead of being scavenged by coagulation (Kulmala et
al., 2005).

The particle growth rates were compared to meteoro-
logical data, inorganic trace gas concentrations, measured
monoterpene concentration, measurement based and mod-
elled oxidation rates of monoterpenes, proxy for sulphuric
acid concentration and condensation sink. Meteorological
data is utilized in studying the effect of general ambient con-
ditions to the particle growth. The most important of these
variables are temperature, due to its effect on VOC emissions
and saturation vapour pressures and thereby on concentra-
tions and the condensation rates of vapours on the particles,
and UVB radiation, due to its role on the oxidation process
of gas phase compounds in the atmosphere. For complete-
ness, also inorganic trace gas (NO, NOx, CO, CO2 and SO2)

concentrations are considered.

2.2 Methods for determining the nucleation
mode growth rate

2.2.1 Method of maximum concentrations

Size-dependent growth rates (GR) of nucleation mode par-
ticles were calculated using the “maximum concentration”
method (Lehtinen et al., 2003; Hirsikko et al., 2005). In this
method the evolution of the measured particle size distribu-
tion during a NPF event is examined starting from the first
size fractions where the new particles are detected, and the
moment when the concentration of particles reaches maxi-
mum value in each size fraction is determined. This is done
by fitting a normal distribution curve in the concentration
time series during the NPF event and finding the moment
when this curve has its maximum. The normal distribution
curve is fitted to reduce the effect of noise in the measured
data. When the particles are formed, a peak in the concen-
tration time series of the smallest particles, around 1.5 nm in
diameter, is seen at first. Later during the day, as the parti-
cles grow, peaks in the concentration time series in the size

fractions of larger particles are observed. GR is obtained as
the slope of a line fitted in the data pairs of the determined
moment of maximum concentration and geometric mean di-
ameter of the particles of the corresponding size fraction.
The line was fitted in three size ranges corresponding to Mil-
likan diameters 1.5–3 nm, 3–7 nm and 7–20 nm of particles.
The lowest size limit at 1.5 nm is due to the small ion mode
that is continuously present in the size distributions measured
with the AIS and the BSMA (Hirsikko et al., 2005, 2011;
Kulmala et al., 2007b) and makes it often impossible to dis-
tinguish the growing mode at the smaller sizes. The upper
limit at 20 nm is due to the tendency of the peak in the con-
centration time series to widen at the larger sizes. Limits at
3 nm and 7 nm are due to lower detection limit of the DMPS
and upper detection limit of the BSMA, respectively. Due to
the detection limits the 1.5–3 nm size range was not applied
to the DMPS data whereas the 7–20 nm size range was not
applied to the BSMA data. Therefore, taking into account
that the measurements were done with three spectrometers
and the AIS and the BSMA measure separately the size dis-
tributions of positively and negatively charged particles, for
each event there were at maximum four, five and three GR
values calculated in the size ranges of 1.5–3 nm, 3–7 nm and
7–20 nm, respectively. In practise, it was not possible to ob-
tain the GR values from every instrument and for each of
the size ranges for every NPF event. For the DMPS data
this method was additionally applied for the size range of 3–
20 nm for the purpose of comparing the two GR calculation
methods.

The GR calculated with this method represents the ob-
served average diameter change rate of the nucleation mode
particle population. This is not necessarily the same as the
growth rate of individual particles caused by condensation
of vapours as there are also other processes than condensa-
tion, mainly coagulation, affecting the particle size distribu-
tion (Stolzenburg et al., 2005). The GR calculation method
described above has two main sources of uncertainty. First,
air mass changes may cause fluctuations in the time series
of concentration which interfere with the growth rate esti-
mation. A sudden change of air mass typically causes the
calculated GR to be far too high. This is because the peaks in
the concentration time series are in these situations narrower
than would be expected if the same air mass could be sam-
pled. Second, in some cases with fluctuation in the growing
nucleation mode there may be more than one peak appear-
ing in the time series of the concentration in some of the size
channels. In these cases it is not always clear which peak
should be chosen and, therefore, the method is also prone to
subjective errors. Both of these sources of uncertainty are
related to time-dependent processes. Since the particles are
considered one size fraction at a time, this method is less
sensitive to size dependent processes, like coagulation. How-
ever, if the GR is low and there is a substantial coagulation
sink for the nucleation mode particles, and if the magnitude
of the sink changes significantly during the growth time, this
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GR calculation method may fail as the moments of maximum
concentration would be shifted in time due to the particle
losses. Typically coagulation sink increases during a NPF
event. In this case, during the growth between two particle
sizes, a smaller fraction of the particles formed in the begin-
ning of an event is scavenged by coagulation as compared to
particles formed later during the event, assuming that the GR
does not change in time. This tends to distort the moment of
maximum concentration to earlier time. In total, this method
seems to be more probable to over- than underestimate the
particle growth rate.

2.2.2 Mode fitting method

Second GR calculation method used in this study is the
“mode fitting” method (Dal Maso et al., 2005). In this
method the particle size distribution is assumed to consist
of log-normal modes. First, a multi log-normal distribution
function is fitted to the measured particle size distribution.
Depending on the case, the multi log-normal fitting proce-
dure assumes size distribution with maximum of three modes
(Hussein et al., 2005). The geometric mean diameter of the
log-normal nucleation mode, i.e. the median diameter of nu-
cleation mode particles, is obtained as a fitting parameter.
The GR of nucleation mode particles is obtained by a least-
square fitting of a line into the data points of geometric mean
diameter as a function of time. As only one line fitting is
done for each particle formation event, this method assumes
the growth rate to be constant throughout the event. The GR
could be obtained as a function of particle size also when
applying this mode fitting based method. However, this was
not done here since the purpose was to use the same approach
which has previously been used in analyses of long data se-
ries from SMEAR II station (Dal Maso et al., 2005). In this
study, time periods during which the median diameter of the
nucleation mode particles was below 20 nm were selected for
the growth rate calculations. Hence, in theory, the size range
for the GR calculated with this method is 3–20 nm. In many
cases, however, the mode fitting is successful only when a
substantial fraction of nucleation mode particles is not below
the 3 nm detection limit, which sets the lower limit for the
GR calculation often to 5 nm or to even larger sizes.

The mode fitting method was applied only on the DMPS
data. Typically this method is not used for AIS and BSMA
data due to the detection size ranges of these instruments;
the log-normal mode can not be distinguished clearly from
the small ion mode in the smallest sizes and, on the other
hand, as the particles grow larger, information of nucleation
mode is partly lost due to the low upper cut of sizes. The
latter is the case especially for BSMA. Additionally, if mode
fitting method is applied on ion distribution the result may be
affected by the size dependence of charged fraction of par-
ticles, i.e. the median diameters determined from total and
charged particle distributions may not be the same.

As calculated with the mode fitting method, the particle
growth rate is the changing rate of the estimated median di-
ameter of the nucleation mode particles. This method is not
as sensitive to sudden changes in the size distribution caused
by air mass changes as the maximum concentration method.
The weakness of the mode fitting method is its inability to es-
timate the GR of the smallest particles due to the limitations
at the distribution fitting stage.

Like the maximum concentration method also the mode
fitting method estimates the total average changing rate of the
nucleation mode particles size without separation of the con-
tributions of condensational growth and coagulation. How-
ever, the effect of coagulation on the evolution of nucleation
mode is not always negligible. For instance, a study on par-
ticle growth in Atlanta showed that coagulation may account
for some tens of percents of the total growth rate (Stolzen-
burg et al., 2005). In a recent simulation study Leppä et
al. (2011) demonstrated how self-coagulation of nucleation
mode particles and, especially, coagulational scavenging of
the nucleation mode particles by background particles, in-
crease the changing rate of the average diameter of the nucle-
ation mode particles significantly in the situation with high
nucleation mode number concentration and high coagulation
sink.

Based on the results by Leppä et al. (2011) and using typ-
ical nucleation mode number concentrations observed at the
SMEAR II, the changing rate of the average diameter of nu-
cleation mode particles due to self-coagulation can be esti-
mated to be<0.05 nm h−1, <0.2 nm h−1 and <0.5 nm h−1

at the size ranges 1.5–3 nm, 3–7 nm and 7–20 nm, respec-
tively. The corresponding rate due to the coagulational scav-
enging by the pre-existing particles with the average CS of
0.002 s−1 at SMEAR II is estimated to be of the order of
0.1–1 nm h−1, with the largest value in the size range of 3–
7 nm, slightly lower values in the size range of 1.5–3 nm and
lowest values in the size range of 7–20 nm. It is worth not-
ing that the CS values at SMEAR II occasionally reach sub-
stantially higher values during the particle formation events
in which cases, based on the result by Leppä et al. (2011),
the changing rate of the mode average diameter due to co-
agulational scavenging could be even several nanometers per
hour for the<7 nm particles. However, there was consider-
able scattering in their results between different simulations
and, as the authors mentioned, not all of the combinations
of the parameters in their simulations were atmospherically
relevant. Lepp̈a et al. (2011) pointed out that, if the mode
fitting method is used to calculate the growth rate, even if
the coagulation sink stays constant the effects of both the
self-coagulation and the coagulational scavenging should be
considered in order to find the condensational growth rate
and to estimate the concentration of condensing vapours. In-
stead, if the coagulation sink stays constant in time during
the growth and the maximum concentration method is used,
only the effect of self-coagulation needs to be subtracted. At
SMEAR II the CS typically increased during a NPF event,
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and the median CS during the growth period of 1.5–3 nm
particles was 26 % lower than during the growth period of
7–20 nm particles.

In the analysis of this study, primarily the GRs estimated
with the maximum concentration method were used and the
mode fitting method was employed only to compare these
two commonly used GR calculation methods.

3 Results

The diameter growth rates of nucleation mode particles were
determined for the years 2003–2009 from the particle size
distributions measured with DMPS, BSMA and AIS (only
until June 2007) with the maximum concentration method.
The number of analysed growth periods is presented in Ta-
ble 2, separated according to the particle size range, instru-
ment and electric charge polarity of the particles.

To obtain a single representative GR value for each event
and each size range, the mean of the GR values determined
for all three instruments and both polarities for each NPF
event was calculated. These event-wise mean GRs obtained
using the maximum concentration method are used for study-
ing variations in GR between seasons, years and particle
sizes (Sect. 3.1) and for the comparison with the ambient data
(Sect. 3.3). The GRs obtained from different instruments are
used in the Sect. 3.2 for the uncertainty estimation. The GRs
calculated with the mode fitting method are used only for
the comparison of the two GR calculation methods in the
Sect. 3.2.3.

3.1 Variation in growth rate between seasons, years
and particle sizes

The GRs of particles smaller than 3 nm were approximately
constant within the accuracy of the method throughout the
year, whereas the larger particles, especially in the size
range 7–20 nm, had typically larger GRs during the sum-
mer months (June, July, August) than during the rest of the
year (Fig. 2). The GRs in any of the size classes did not
have distinctive maxima in the spring and autumn like nucle-
ation event frequency and new particle formation rate do at
SMEAR II (Mäkel̈a et al., 2000; Dal Maso et al., 2005). This
suggests that the processes and/or vapours limiting particle
formation rates are different from those limiting the growth
and survival of the formed particles to climatically relevant
sizes.

The particle growth rates averaged over the whole mea-
surement period increased as a function of particle size (Ta-
ble 3) and the difference in GR between the size ranges
is highlighted during summer months. The expected size-
dependence on the mass transfer between the gas phase and
aerosol particles can be studied by writing the condensational

Table 2. Number of new particle formation events for which growth
rate was calculated separated according to the particle size, the in-
strument used for size distribution measurement and the electric
charge polarity of the particles. The size range 7–20 nm is out of
the detection range of BSMA and the size range 1.5–3 nm is out of
the detection range of DMPS.

1.5–3 nm 3–7 nm 7–20 nm

AIS negative 116 98 53
AIS positive 79 95 50
BSMA negative 123 137 –
BSMA positive 65 107 –
DMPS – 222 290

particle growth rate in kinetic regime (particle diameter
�60 nm), assuming only one condensing vapour

GR=
αmMv

4ρ

(
c∞ −ceq

)
(8)

whereαm is mass accommodation coefficient,M is molec-
ular mass of the vapour,v is the mean thermal velocity of
the vapour molecules,ρ is the density of the particle and
c∞ is the ambient molar vapour concentration. The equilib-
rium vapour concentrationceq over the particle surface can
be written asceq=peq/(T · R), whereT is temperature andR
is gas constant. The equilibrium vapour pressure at particle
surfacepeq is a product of saturation vapour pressure, term
depending on particle size and describing the Kelvin effect
for curved surface and activity for a multicomponent parti-
cle. Therefore, theoretically the growth rate in the kinetic
regime depends on particle size only through the equilibrium
vapour pressure, if constant mass accommodation coefficient
and particle composition is assumed. At least part of the ob-
served increase of the GR with the size of the particles could
thus be a result of different vapours condensing on the dif-
ferent size particles due to the decrease of Kelvin effect as a
function of particle size (Kulmala et al., 2004b, c). However,
it is not possible to overrule the possibility of the change in
the GR being due to time- rather than actual size-dependence
of the GRs, as the growth typically starts around noon and
continues towards the night. The smallest diameters thus
represent the time around noon, whereas the larger size are
typically reached later in the day (Kulmala et al., 1998).

The seasonal variations in GR had the same pattern each
year (Fig. 3) and the seasonal medians of GR did vary
somewhat from year to year. Summertime median GR of
7–20 nm particles was higher than on average in 2006 when
the median temperature and UVB radiation intensity were
also higher than in the other years. In summer 2006 there
were also more NPF events than on an average summer. Yet,
the observed GRs in the summer 2006 are within the vari-
ations of the GR during the other summers. Figure 3 also
shows gradual increase in the winter time median GRs of the
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Fig. 2. Monthly median growth rates of particles in the size ranges
1.5–3 nm, 3–7 nm and 7–20 nm during the years 2003–2009. The
whiskers represent the 10th and 90th percentiles.

larger than 3 nm particles over the measurement period, and
over the years from 2003 to 2008 there was also increase
in the winter median temperatures. It should be borne in
mind, however, that the number of analysed NPF events was
very low during the winters (1–5 events per year) – which
of course affects the reliability of this result. Taking into
account the variance of the GR values within one year and
season, the average GRs did not have particularly distinctive
differences between the years. The long data set used in this
study shows the same kind of variation in GR between sea-
sons and particle size ranges as Hirsikko et al. (2005) found
for a data set covering one year.

3.2 Uncertainty of the growth rates and comparison
of the data from the different instruments

3.2.1 Comparison of the instruments

The uncertainty of particle growth rates obtained from at-
mospheric measurements with the maximum concentration
method was estimated by calculating the standard deviation
of the growth rates obtained from the different instruments
for each event. Here the two polarities were counted as
separate instruments in the case of ion spectrometers. Rel-
ative uncertainty of GR resulting from the different mea-
surement techniques was then taken to be the standard de-
viation of GR between the instruments divided by the mean
of GR from the different instruments. Medians over the
81 months measurement period of the event-wise averaged
GRs were 1.9 nm h−1, 3.8 nm h−1, and 4.3 nm h−1 for 1.5–
3 nm, 3–7 nm and 7–20 nm particles, respectively (Table 3).
The corresponding medians of relative uncertainties result-
ing from the different measurement techniques were 25 %,
19 %, and 8 %. Therefore it can be concluded that the GR
values obtained using size distributions measured with dif-
ferent instruments agree reasonably well on average. The
relative uncertainty is largest for the smallest particles and

the agreement between the GR values obtained from differ-
ent instruments gets better as the particles grow larger.

The potential systematic differences between the instru-
ments were investigated by considering the fractional rela-
tionship between GR obtained from pairs of the instruments,
i.e. dividing the GR obtained from one instrument by GR ob-
tained from another instrument for the same size range. For
the 1.5–3 nm particles, the GR calculated from the AIS data
was on average 47 % and 24 % larger than the GR calculated
from the BSMA data when considering positive and negative
polarity, respectively. This suggests that there is tendency
for the AIS data to result in somewhat higher GRs than the
BSMA data for sub-3 nm particles. Similar difference be-
tween GRs obtained from AIS and BSMA was observed in
recent calibrations by Gagné et al. (2011) using instruments
with precisely determined flow rates. For the larger particles
there was no significant systematic difference between the
instruments (Fig. 4).

In the light of the variation of the growth rates obtained
from the data measured with the different instruments, the
differences in median growth rates between the three size
ranges during summer (Fig. 3) are significant, and cannot be
explained by instrumental variation. The difference is not ex-
plained by the effect of coagulational losses in the nucleation
mode either. First, as discussed above, the results by Leppä
et al. (2011) indicate that at conditions typical in Hyytiälä
the intra-modal coagulation of nucleation mode particles has
only a minor effect on particle growth. The inter-modal co-
agulation, on the other hand, would produce an opposite size-
dependence than observed. It can therefore be concluded that
the size-dependence on the growth most likely results from
differences in condensational fluxes to particles of different
sizes.

3.2.2 Effect of electrical charge on the particle
growth rate

In the size range of 1.5–3 nm the growth rates calculated from
size distributions of negatively charged particles (GRneg)

were on average somewhat lower than those calculated from
size distributions of positively charged particles (GRpos) in
the cases of both BSMA and AIS (Fig. 5). The median of
GRneg divided by GRpos was 0.85 for BSMA data and 0.81
for AIS data for the smallest size range. Due to the continu-
ous charging and neutralization of particles in the atmosphere
the difference between GRneg and GRpos is more likely con-
nected to the charging state of aerosol particle population
and probably does not suggest that particles with positive
charging would grow faster than those with negative charg-
ing. Rather, during the NPF events the small negative par-
ticles are often seen to appear before the positive ones at
the SMEAR II, indicating that negative charging is possibly
favoured over positive charging in the nucleation (Laakso et
al., 2007a, b). This shifts the peak of the time series of con-
centration of negative particles around 1.5 nm to earlier time
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Fig. 3. Median growth rates during(a) spring (March, April, May),(b) summer (June, July, August),(c) fall (September, October, November)
and(d) winter (January, February, December) in years 2003–2009 for the three size ranges 1.5–3 nm, 3–7 nm and 7–20 nm. The whiskers
represent the 10th and 90th percentiles.

Fig. 4. Ratios of GR values determined from measurements with different instruments for three size ranges. The squares represent the
median value of the ratios for the size ranges (the growth rate obtained from AIS divided by the growth rate obtained from BSMA or DMPS).
The whiskers represent the 10th and 90th percentiles. Size ranges are marked above the figure.
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Table 3. The medians over the 81 month long measurement period of the particle growth rates averaged from those obtained from the three
instruments (DMPS, BSMA and AIS), the medians of the standard deviations between the growth rates obtained from different instruments
and the medians and 10th and 90th percentiles of the relative uncertainty of the growth rate values.

Size range Median of Median of Median of 10th percentile 90th percentile
averaged GRs standard deviations relative of relative of relative

of GRs from the uncertainty uncertainty uncertainty
different instruments

1.5–3 nm 1.9 nm h−1 0.5 nm h−1 25 % 12 % 53 %
3–7 nm 3.8 nm h−1 0.6 nm h−1 19 % 5 % 45 %
7–20 nm 4.3 nm h−1 0.3 nm h−1 8 % 1 % 34 %

Fig. 5. Ratios of particle growth rates estimated from measurements of positively and negatively charged particles. Results from the AIS and
BSMA data are shown separately. The squares and circles represent the median value of the ratio of the growth rates for the size ranges (the
growth rate obtained from the size distribution of negative particles divided by the growth rate obtained from the size distribution of positive
particles). The whiskers represent the 10th and 90th percentiles.

than the peak in the concentration of positive particles of the
same size. If this difference between the electric charge po-
larities is evened out by charging and neutralization of the
particles as they grow, it would lead to GRpos being larger
than GRneg consistent with our observations. The measure-
ments at SMEAR II during QUEST campaign (21 March–
10 April 2003) showed that the charging state of nanosized
aerosol particles can differ from the steady state up to about
sizes 5–6 nm during NPF events (Hõrrak et al., 2004a, b).
Also a study by Gagńe et al. (2008) based on one year of
data presented similar results.

3.2.3 Comparison of the GR calculation methods

For the comparison of the two growth rate calculation meth-
ods we used the DMPS data from the years 2003–2009, for
which both methods could be applied.

The GR values obtained with the maximum concentration
method were typically larger than the values determined with
the mode fitting method (Fig. 6a). This was the case for 70
events out of 99. The median of the difference between the
GRs calculated with the two methods was 1.1 nm h−1. Rela-
tive uncertainty related to the differences in the GR calcula-
tion methods was estimated similarly to the relative uncer-
tainty related to different instruments, i.e. by dividing the
standard deviation between the GRs calculated with the dif-
ferent methods for an event by the mean of these GRs. The
median of the relative uncertainty resulting from the differ-
ent GR calculation methods was 16 %. Correlation coeffi-
cient between the GRs estimated with the two methods was
0.72 with p-value less than 10−15. The result suggests that,
for the larger than 3 nm particles, the choice of GR calcu-
lation method causes similar uncertainty in the GR values
as the uncertainty due to different instruments. Both meth-
ods, however, capture the trends in the GR values in a similar
manner.
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Two groups (denoted as Group 1 and Group 2 from
here on) with specific characteristics could be distinguished
among the events (Fig. 6). Group 1 (“Large initial size”)
consists of events where the GR applying the mode fitting
method was calculated starting from clearly larger sizes than
3 nm, since the median diameter of the nucleation mode was
found from these larger sizes at the beginning of the event
(Fig. 6b). For the group 1 events the maximum concentration
method starting from 3 nm size typically gave slightly higher
growth rates than the mode fitting method (Fig. 6a). One sit-
uation which could result in group 1 type of behaviour is that
if nucleation started at a higher altitude and the air mixed into
sampling height while particles were growing. In this kind
of situation the mode fitting method might be more suitable
way to calculate GR as the geometric mean diameter is not
affected by the air mass changes. Group 2 (“Small initial
size”) consists of events where the mode fitting was success-
ful also when the median diameter of the nucleation mode
was closer to the 3 nm detection limit and the median diam-
eter of the mode was detected at each size class of the par-
ticles before the concentration of that size particles reached
its maximum (Fig. 6c). In these cases the growth rates ob-
tained with the two methods agreed better than in the case of
group 1 events. For group 2 events it was typical for nucle-
ation mode particle number concentration to increase during
the time from which growth rate was calculated. This was
also the case for some group 1 events, although for group 1
events it was also typical for the number concentration to
first increase and then stay constant or decrease during the
growth rate calculation time period. Overall, when nucle-
ation is still continuing, the representative diameter for nucle-
ation mode particles is often found from the larger sizes with
the mode fitting method compared to the maximum concen-
tration method. Also, the start time of 3 nm particle growth
determined by the two methods can be different despite of
the similar slopes of the GR regression lines (see Fig. 6c).

As a summary, it can be concluded that although there are
differences in the GR values calculated with the two meth-
ods, the values were of the same order and the seasonal vari-
ations in the GRs is the same (see above and Hirsikko et al.,
2005; Dal Maso et al., 2005).

3.3 Ambient conditions favouring the growth

The seasonal variation of the growth rates of nucleation mode
particles were observed to differ in the three size ranges:
the 1.5–3 nm growth showed practically no seasonal depen-
dence, while the 3–7 nm and 7–20 nm GRs showed a very
pronounced maximum in the summer. Typically a NPF event
started in the morning around 09:00 LT and the mean diame-
ter of the nucleation mode had reached 20 nm around 15:00–
17:00 LT. At summertime the temperature at SMEAR II typ-
ically rises during most of this time having its daily maxi-
mum in the afternoon. Therefore, and due to the exponen-
tial dependence of monoterpene emissions with temperature

(Guenther et al., 1993), the daily pattern of the particle
growth rates – if the size-dependence is interpreted that way
– as well as the seasonal pattern, is in line with the oxidation
products of biogenic VOCs being key compounds in particle
growth.

A connection between the growth rate and temperature
was seen when comparing growth rates to ambient temper-
ature during the growth. The GR of the 7–20 nm nucleation
mode particles had an exponential dependence on the am-
bient temperature with the linear correlation coefficient (R)

of 0.46 between temperature and logarithm of GR (Fig. 7a).
This is similar to the temperature dependence of ambient
monoterpene concentration (Lappalainen et al., 2009). The
connection to temperature was less obvious for the GR in
the size range 3–7 nm (Fig. 7b) and for the smallest parti-
cles (1.5–3 nm) there was no correlation between the GR and
temperature (Fig. 7c). These observations are naturally in
line with the observed seasonal variation depicted in Fig. 2.

Due to the connection of UVB radiation to oxidant con-
centrations and the oxidation of VOCs (and SO2), a lin-
ear correlation between UVB radiation intensity and particle
growth rates could be expected (Eq. 4). Despite this, still
a moderate correlation withR = 0.35, was found for the 7–
20 nm particles, and a stronger correlation withR = 0.41 was
found between ln(GR) and UVB radiation intensity (Fig. 8a).
This could be explained by a strong coupling of UVB radi-
ation intensity with temperature (R = 0.75 for the event time
mean values) which suggests that at SMEAR II the concen-
tration of VOCs is at least as important limiting factor for
nucleation mode growth as compared with the concentration
of oxidizing molecules OH and O3 (see Fig. 1). Growth rates
of particles smaller than 7 nm did not show a clear connec-
tion with UVB radiation intensity (Fig. 8b and c).

As suggested by the correlation of GR with exponent of
temperature, the GR of 7–20 nm particles correlated strongly
positively with the event time median monoterpene concen-
tration with correlation coefficient of 0.76 (Fig. 9). How-
ever, if the one data point with highest GR in Fig. 9a is ex-
cluded from the analysis the correlation coefficient is only
0.33 (with p-value 0.2) – reflecting the challenge of collect-
ing large enough data sets for significant statistics in the real
ambient atmosphere where concentrations and conditions are
highly fluctuating. Growth rates of the smaller particles did
not show any correlation with monoterpene concentrations.
The amount of monoterpene data was limited and there-
fore GR was compared also with temperature-based mod-
elled monoterpene concentration (Lappalainen et al., 2009)
using event time median temperature. The growth rates in
the size range 7–20 nm correlated less strongly with the mod-
elled monoterpene concentration compared to measured con-
centration. Also for the growth rates of the 3–7 nm there was
a weak positive correlation with the modelled monoterpene
concentration.

Monoterpenes are not expected to condense on the parti-
cles due to their relatively high saturation vapour pressures
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Fig. 6. (a)Comparison of the growth rates calculated applying the maximum concentration method (y-axis) to growth rate calculated with
mode fitting method (x-axis) from DMPS data for the size range of 3–20 nm. Also shown are the straight line fitted to the data and the
correlation coefficient and p-value between the growth rates calculated with the two methods. The dashed line is the 1:1 line and the dotted
lines represent the factor of two difference in the growth rates. Examples of the(b) Group 1 (large initial size in mode fitting method) and(c)
Group 2 (small initial size in mode fitting method) events with the points showing the representative sizes of the nucleation mode found with
the two GR calculation methods as a function of time and the lines corresponding to the fitted straight lines in linear diameter scale. The size
distributions are measured with DMPS and the color indicates the concentration.

– it is rather their oxidation products that take part in the
growth process (see Fig. 1). Measurement-based calculated
oxidation rates of monoterpenes with O3 correlated posi-
tively with the GR of 7–20 nm particles withR = 0.80. How-
ever, also for the oxidation rate with O3 the correlation is
considerably weaker (R = 0.26 with p-value 0.4) if the data
point with the highest GR value in Fig. 9c is excluded. The
comparison of GR with oxidation rate of monoterpenes with
OH and the sum of the oxidation rates did not show a clear
connection. Like in the case of the concentration of monoter-
penes, also in the case of oxidation rates of monoterpenes the
statistical significance of the correlations is low due to the
scarcity of the data. Also, availability of measured OH con-
centration data limited the oxidation rate data for only two
months in spring 2007. Therefore, the GR was compared
also to modelled oxidation rates of monoterpenes. These
modelled oxidation rates had weak positive correlation with
GR of 7–20 nm particles with correlation coefficient smaller
than between GR and modelled concentration of monoter-
penes. For the GR of the smaller particles there was no no-
table correlation with the modelled oxidation rates.

If condensation of vapours to the pre-existing particles was
limiting the growth of the nucleation mode particles, a posi-
tive correlation between GR and the inverse of condensation

sink (CS−1) would be expected (see Fig. 1). On the contrary,
according to this dataset, there is a weak negative correlation
between GR of 7–20 nm particles and CS−1. The data points
with low CS−1 and high GR were those with also the highest
temperature and, therefore, the negative correlation between
GR and CS−1 likely originates from the positive correlation
between CS and temperature. The growth rates of sub-7 nm
particles did not have correlation with CS−1.

Formation rate of particles has been seen to be connected
with sulphuric acid concentration. Yet, the growth rates of
particles at each of the size ranges had only a weak positive
correlation with the H2SO4 concentration proxy (Table 4).
Also, the GRs measured in this study are too large to be ex-
plained with sulphuric acid as the major condensing vapour
(Nieminen et al., 2010) even for the smallest particles. In
typical conditions at SMEAR II sulphuric acid could cause
growth slower than 1 nm h−1 (Boy et al., 2005) whereas the
growth rates obtained in this study were mostly larger than
this in all three size ranges.

The GR in the three size ranges were compared also to
other meteorological data and gas concentrations. In gen-
eral, the GR of 1.5–3 nm particles did not correlate with
any of these variables. This might suggest that the actual
growth rate of these small particles does not correlate with
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Fig. 7. Growth rate (GR) of particles in the size ranges(a) 7–20 nm,(b) 3–7 nm and(c) 1.5–3 nm as a function of temperature (T ) and the
correlation coefficient (R) and p-value between temperature and natural logarithm of GR. For size range 7–20 nm also shown is the fitted
line GR =a1 · exp(b1 · T ).

Fig. 8. Growth rate (GR) of particles in the size ranges(a) 7–20 nm,(b) 3–7 nm and(c) 1.5–3 nm as a function of UVB radiation intensity
(UVB) and the correlation coefficients (R) and p-values between UVB and GR and natural logarithm of GR. For size range 7–20 nm also
shown are the fitted lines GR =a2 · exp(b2 · UVB) and GR =b3 · UVB + a3.

Fig. 9. Growth rate (GR) of particles in the size ranges 7–20 nm as a function of event time median(a) concentration of monoterpenes,
measurement based calculated oxidation rates of monoterpenes with(b) OH and(c) O3. Also shown are the linear fits and the correlation
coefficients.
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Table 4. Correlation coefficientsR (and p-values) between growth rates of the particles in the size ranges 1.5–3 nm, 3–7 nm and 7–20 nm and
the meteorological variables, gas concentrations and condensation sink. For monoterpene concentration and oxidation rates of monoterpenes,
as well as for modeled monoterpene concentration and modelled oxidation rates of monoterpenes event time (time period of growth from
1.5 nm to 20 nm) median values were used. Otherwise, median values from the growth time in each size range were used. Correlations with
R > 0.40 are indicated in bold.

GR 1.5–3 nm GR 3–7 nm GR 7–20 nm

T R =−0.11 (p = 0.2) 0.12 (0.05) 0.39 (8× 10−12)

T vs. ln(GR) −0.19 (0.01) 0.18 (4× 10−3) 0.46 (6× 10−17)
UVB −0.01 (0.9) 0.007 (0.9) 0.35 (1× 10−9)

UVB vs. ln(GR) −0.10 (0.2) 0.09 (0.2) 0.41 (2× 10−13)
Conc. of monoterpenes −0.08 (0.7) −0.04 (0.9) 0.76 (1× 10−4)
Modelled conc. of monoterpenes −0.13 (0.1) 0.19 (0.05) 0.35 (7× 10−5)

Monot. oxid. rate with OH −0.14 (0.7) −0.13 (0.7) 0.17 (0.6)
Monot. oxid. rate with O3 0.01 (1.0) 0.13 (0.7) 0.80 (6× 10−4)
Sum of monot. oxid. rates −0.04 (0.9) −0.4 (0.9) 0.20 (0.5)
Modelled monot. oxid. rate with OH −0.11 (0.2) 0.14 (0.1) 0.31 (6× 10−4)

Modelled monot. oxid. rate with O3 −0.13 (0.1) 0.11 (0.3) 0.22 (0.01)
Sum of modelled monot. oxid. rates −0.12 (0.2) 0.12 (0.2) 0.28 (2× 10−3)

CS−1
−0.05 (0.5) −0.08 (0.2) −0.21 (4× 10−4)

O3 0.01 (0.9) −0.07 (0.3) −0.10 (0.10)
H2SO4 conc. proxy 0.20 (0.02) 0.12 (0.06) 0.23 (2× 10−4)

the compared variable or that the process connecting the two
is not linear. This apparent non-correlation might also be a
consequence of the uncertainty in the calculated GR at the
smallest size range. Water vapour concentration correlated
positively with GR of 3–7 nm (correlation coef. 0.22) and
7–20 nm (correlation coefficient 0.48) particles, presumably
due to the strong connection between temperature and wa-
ter vapour concentration. However, relative humidity did not
correlate with GR. Wind speed, ambient pressure or concen-
trations of inorganic trace gases NO, NOx, CO, CO2 and SO2
did not have notable correlations with particle growth rates.

4 Discussion

We observed that the GR values consistently increased as a
function of particle size. There are at least two likely reasons
for this increase. First, the increase of the equilibrium vapour
pressure with decreasing particle size could hinder signifi-
cantly the mass flux of condensing vapours to the smallest
particles or even inhibit some of the vapours able to con-
dense on the larger particles from condensing on the smallest
particles. Second, the growth of larger particles is occurring
later during the day compared to the growth of the smaller
particles. Therefore, the ambient vapour concentrations may
be different during the growth periods of particles in different
size ranges, which would result in change in GR apparently
as a function of the particle size. With the method used in this
study the size and time dependence in GR can not be sepa-
rated. In the recent study by Kuang et al. (2011), where a GR

calculation method capable for decoupling size and time de-
pendence in GR was developed, both of these dependencies
were observed. Kuang et al. (2011) studied growth of 1–5 nm
particles in Boulder and in Atlanta, and found that at the size
range below 3 nm GR increased linearly with particle size
and, throughout the studied size range, the GR increased as a
function of time. The increase of GR as a function of the par-
ticle size suggests that the growth of the particles is not due
to the same vapour that forms particles through nucleation
(McMurry and Wilson, 1982; Kulmala et al., 2004b). This
conclusion is supported by the different seasonal variations
of GR and NPF event frequency and it agrees with the ob-
servations from other sites (e.g. Weber et al., 1997). The in-
crease of GR with particle size is observed also at other sites
with both clean and polluted atmospheres (Table 1). How-
ever, there are also observations of relatively constant GRs as
a function of particle size from at least coastal and high al-
titude sites, where the lack of increase of the estimated GRs
as a function of particle size is speculated to be due to in-
homogeneities of condensable vapour source (Manninen et
al., 2010). Also a study from Heidelberg, Germany, indi-
cated on average similar growth rates for sub-3 nm particles
as for larger particles (Fiedler et al., 2005). There the rea-
son was speculated to be either low volatile anthropogenic
organic vapours or a point source, which would distract the
growth rate estimation at sub-3 nm size range.

Growth rates of larger than 3 nm particles showed a clear
seasonal variation with the highest values during summer.
The seasonal pattern was similar from year to year and it was
especially strong for the 7–20 nm particles. This observation
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emphasises the role of biogenic organic compounds in grow-
ing the freshly formed aerosol particles that has also been
observed in previous studies (Dal Maso et al., 2005; Allan
et al., 2006; Riipinen et al., 2011). It also suggests that
the growth is limited by the concentration of the condensing
vapours and not by their saturation vapour pressures – which
has a large positive temperature dependence. This supports
the results from previous studies that indicate that the satu-
ration vapour concentration of the condensing vapour should
be at least two orders of magnitude lower than the ambient
vapour concentration to explain the observed GRs of nucle-
ation mode particles at SMEAR II (Kulmala et al., 1998; Ri-
ipinen et al., 2011; Pierce et al., 2011). The concentration of
the oxidised organic vapours is affected by the concentration
of the volatile precursor vapours, their oxidation rate and the
vapour sinks. We also observed a clear positive correlation
of GR of 7–20 nm particles with the monoterpene concen-
tration and the exponent of ambient temperature. The cor-
relation with most of the oxidation-related parameters was
somewhat weaker compared to parameters related to VOC
concentrations, and oxidation by O3 seemed to be more im-
portant than oxidation by OH for nucleation mode particle
growth. This suggests that the emissions of the BVOCs are
at least as important limiting factor for the concentration of
condensing vapour as their oxidation. These results could
be connected to NPF in general taking place mainly on days
with clear sky when the radiation intensity is not limiting the
oxidation (Sogacheva et al., 2008). Our results thus suggest
that although light intensity and OH-oxidation are important
factors controlling nucleation, the growth of the nucleated
particles seems to be limited more by the concentrations of
the precursor gases and their oxidation by ozone. This is in
line with laboratory study by Hao et al. (2011).

Growth rates of 1.5–3 nm particles did not have seasonal
variation and they did not correlate with the ambient param-
eters. The limiting factor for the growth of these particles
is therefore unclear. The equilibrium vapour pressure over
the particle surface increases with a decreasing particle size.
Thus, it is possible that the effect of increased vapour con-
centration on the growth rate during summer is damped by
the exponential increase of saturation vapour pressure with
temperature in the case of the smallest particles. This could
explain the observed increase in the average GRs with the
size of the particles during summer. On the other hand, coag-
ulation is expected to affect the GR obtained from the parti-
cle size distribution more in the case of the smaller particles.
Until quantitative estimates on the seasonal variability of the
composition of the smallest particles are available, it is diffi-
cult to speculate on the exact reasons for the lack of seasonal
cycle for the growth of the smallest particles.

Previously, Dal Maso et al. (2005) utilized long term mea-
surements at SMEAR II and showed that the nucleation mode
particle growth rates – as determined with the mode-fitting
method – at size range 3–25 nm had seasonal pattern with the
highest growth rates during summer. In addition for boreal

forest region, similar seasonal pattern in nucleation mode
particle growth rates, differentiating from the seasonal pat-
tern of the particle formation frequency, has been observed
at a high-elevation site in Hohenpeissenberg, Germany (Bir-
mili et al., 2003). Hirsikko et al. (2005) studied one year of
data from SMEAR II and found that the seasonal pattern oc-
curred for 3–7 nm and 7–20 nm particles and that the growth
rates of sub-3 nm particles were relatively constant through-
out the year. In the present study the particle growth rates
were studied for the first time as a function of particle size
using long term observations. It was found that the seasonal
variation in GRs at different size ranges were each year simi-
lar to that observed by Hirsikko et al. (2005). We did not find
a distinctive interannual variation in the GR values.

The seasonal cycles and the increase in the GR as a func-
tion of size cannot be explained by the uncertainty in the re-
sults. When using the method of maximum concentration for
calculating the GR, the average relative uncertainties of the
GRs were estimated to be 25 %, 19 % and 8 % for the particle
size ranges of 1.5–3 nm, 3–7 nm and 7–20 nm, respectively.
For the smallest particles, 1.5–3 nm in diameter, size distri-
bution measured with the AIS resulted on average in higher
GRs than size distribution measured with the BSMA, and in
the case of both of these instruments the growth rates cal-
culated from the size distribution of positive particles was
higher than that calculated using measurements of negative
particles. For particles larger than 3 nm such systematic dif-
ferences were not observed. For the 3–20 nm size range the
maximum concentration method gave typically higher GRs
than the mode fitting method and the uncertainty associated
with the GR analysis method was similar to the uncertainty
associated to different measurement techniques. All in all,
we can conclude that an uncertainty of a factor of two is
a conservative estimate for the maximum uncertainty in the
growth rates determined using the conventional methods and
size distribution instrumentation.

Uncertainty estimation for GRs is not often found from the
previous studies. However, Boulon et al. (2010) and Man-
ninen et al. (2010) obtained yearly averages of 5.1 nm h−1

and 3.7 nm h−1, respectively, for sub-3 nm particles from
the same one year data set measured at high altitude site
Jungfraujoch, Switzerland. These two studies used a maxi-
mum concentration method but with different modifications:
Manninen et al. (2010) used the method described in this pa-
per whereas Boulon et al. (2010) considered the time lag be-
tween the maximum concentrations of particles in two size
classes. Additionally, Manninen et al. (2010) determined the
GR for particle size range of 1.5–3 nm whereas Boulon et
al. (2010) considered size range of 1.3–3 nm. The variation
between the GR values obtained in these two studies is likely
due to these differences. This difference in GRs is of the
same order as the uncertainty found in the present study.
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5 Conclusions

In this study the growth of nucleation mode particles dur-
ing new particle formation events was studied using almost
7 yr of particle size distribution measurements at boreal for-
est site SMEAR II, Hyytïalä, Finland. The measurements
were performed with a DMPS, a BSMA and an AIS, and
the data from the years 2003–2009 was analysed. The par-
ticle growth rate (GR) was calculated for three size ranges:
1.5–3 nm, 3–7 nm and 7–20 nm in diameter. The variation in
GRs between the seasons, years and particle size ranges was
examined, the uncertainty of the calculated GR values was
studied, two GR calculation methods were compared, and
the connections of GR to ambient conditions were analysed.
Here, the main method for calculating the GR from the par-
ticle size distributions was based on the time lags between
the maxima of the concentrations of different sized particles
during an event, and a method based on the time evolution
of the median diameter of the nucleation mode particles was
utilized for comparison.

A clear dependence on particle size was observed in GR.
On average the GR increased with the particle size and this
was emphasised during summer. The GR of the smallest par-
ticles, 1.5–3 nm in diameter, did not show seasonal variation,
whereas the GRs of larger particles, 3–7 nm and 7–20 nm in
diameter, had clear seasonal pattern with highest values dur-
ing summer. No clear interannual variation was observed.
The results indicate that the GR is not connected to nucle-
ation process. A clear dependence of GR on the ambient tem-
perature was observed. Based on the seasonal pattern of the
GR of larger than 3 nm particles and the correlations of GR
with the ambient parameters the concentrations of BVOCs
seem to be the most important ambient variable connected to
the GR.

The comparison of the three instruments showed that the
currently used instruments for charged and total particle size
distribution measurements give relatively similar results for
GR. The median relative uncertainty in GR, estimated based
on the results from the three instruments, was for all size
ranges 25 % or less. The difference between the GRs of 3–
20 nm particles calculated with the two GR calculation meth-
ods was of the same order as the difference between GRs
calculated from the size distributions measured with differ-
ent instruments. The results thus imply that the uncertainty
related to the data analysis method is similar to that related
to the difference between the instruments.

This study sheds light on the mechanisms limiting the
long-term changes in the growth of nucleation mode parti-
cles and thus also their contribution to CCN concentrations:
based on our results, the growth seems to be limited by the
emissions and concentrations of organic vapours – rather
than their saturation vapour pressures. Our results thus sug-
gest that increasing temperature will result in increasing sur-
vival probability of nucleated particles – even to the extent
that temperature might be a good proxy for the source of

CCNs’ from the boreal forest areas in large-scale models. To
pin down the exact mechanisms governing the growth of ul-
trafine particles and aerosol production from the boreal zone,
more detailed laboratory and field studies are needed.
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Mäkel̈a, J. M., Dal Maso, M., Pirjola, L., Keronen, P., Laakso, L.,
Kulmala, M., and Laaksonen, A.: Characteristics of the atmo-
spheric particle formation events observed at a boreal forest site
in southern Finland, Boreal Environ. Res., 5, 299–313, 2000.

Neitola, K., Asmi, E., Komppula, M., Hyv̈arinen, A.-P.,
Raatikainen, T., Panwar, T. S., Sharma, V. P., and Lihavainen,
H.: New particle formation infrequently observed in Hi-
malayan foothills – why?, Atmos. Chem. Phys., 11, 8447–8458,
doi:10.5194/acp-11-8447-2011, 2011.

Nieminen, T., Lehtinen, K. E. J., and Kulmala, M.: Sub-10 nm par-
ticle growth by vapor condensation – effects of vapor molecule
size and particle thermal speed, Atmos. Chem. Phys., 10, 9773–
9779,doi:10.5194/acp-10-9773-2010, 2010.
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S., Ehn, M., Junninen, H., Lehtipalo, K., Petäjä, T., Slowik, J.,
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