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We analyzed size distributions measured continuously at a boreal forest measurement 
site at Hyytiälä, Finland between 1996 and 2003. From the eight-year data we identi-
fied days when new aerosol particle formation was taking place as well as days when 
no formation was detected, removing days with ambiguous status. The event days were 
then classified based on whether it was possible to determine formation and growth 
rates of new particles. These characteristics were then calculated. We found that new 
particle formation happens frequently in the boreal forest boundary layer, with at least 
24% of days containing an event. Events are more probable during spring and autumn 
than during other times of the year. The average formation rate of particles larger 
than 3 nm was 0.8 cm–3 s–1, with enhanced rates during spring and autumn. The mean 
growth rate was 3.0 nm h–1, peaking in summer. The created event database is valuable 
for future studies of reasons leading to new particle formation in the atmosphere.

Introduction

The radiative balance of the Earth is affected by 
the absorbing, scattering and cloud condensation 
nuclei (CCN) forming properties of atmospheric 
aerosols. The magnitude of the aerosol radiative 
forcing, however, is associated with large uncer-
tainties, partly because the sources of atmos-
pheric aerosols are unknown.

Development of instrumental techniques to 
measure aerosol size distributions to the small-
est sizes has enabled scientists to understand 
the formation of secondary aerosol particles. 

During the recent decade, observations made 
in various environments and sites all around 
the world have shown that new secondary par-
ticle formation bursts occur frequently in the 
Earth’s atmosphere (Kulmala et al. 2004). Such 
observations span from northernmost sub-arctic 
Lapland, the remote boreal forest (Mäkelä et al. 
1997, Kulmala et al. 1998), heavily populated 
urban sites (Mönkkönen et al. 2005), Antarctic 
areas (Koponen et al. 2003), the coastal bound-
ary layer (O’Dowd et al. 2002) to industrialized 
agricultural regions in Germany (Birmili and 
Wiedensohler 2000). Common to all these meas-
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urements is that they show episodes of ultrafine 
aerosol particles appearing in the atmosphere 
and subsequently growing to larger sizes, poten-
tially until they reach sizes where they can have 
a climatic impact by scattering solar irradiation 
or indirectly by functioning as cloud condensa-
tion nuclei.

The observations made are, however, often 
made during measurement campaigns, and the 
scientific community lacks data from long-term, 
continuous measurements. Such measurements 
are valuable to assess the impact of new particle 
formation, allowing scientists to quantify the 
influx of aerosol due to secondary aerosol forma-
tion. In conjunction with measurements of other 
atmospheric properties, long-term measurements 
also enable studies into the dynamics of second-
ary aerosol formation and present control data 
for climate modelers trying to predict future 
climatic conditions.

Measurements of ambient aerosol size dis-
tributions were started at the SMEAR II sta-
tion at Hyytiälä, Finland, in January 1996, and 
have been ongoing since then. In this study we 
analyze these size distribution data to identify 
periods of new particle formation and growth, 
as well as days when no particle formation is 
observed. We define simple criteria for event 
occurrence, and use them on an eight-year period 
of measured data. We also identify event days 
when it is possible to quantify rates of particle 
appearance and growth as well as other param-
eters describing the aerosol dynamics during 
the formation event. The annual variation of the 
results is studied to find seasonal differences 
in new particle occurrence. Previous studies of 
particle formation days have concentrated only 
on days where particle formation was observed, 
often using a classification system to describe 
the strength and continuity of the burst (Mäkelä 
et al. 2000b, Boy and Kulmala 2002). How-
ever, when making point measurements in the 
atmosphere where local and regional sources are 
contributing to the measured aerosol, it is often 
a matter of some dispute whether a certain day 
exhibits particle formation. Given that the parti-
cle formation process is still unknown, combined 
with the nature of atmospheric measurements, 
we think it unlikely to find an exact dividing line 
between the formation and no-formation days. 

For a statistical analysis it is, however, important 
to separate particle formation days from days 
with no formation.

The new particle formation burst classifica-
tion we present here is straightforward and uses 
well-defined guidelines to identify new particle 
formation periods. In addition, it separates par-
ticle formation days from days with no particle 
formation. With this new classification, com-
bined with improved analysis methods and an 
exceptionally long dataset, we aim to provide 
scientists with a database that will help to shed 
light on the causes and magnitude of secondary 
aerosol particle formation in the boreal forest.

Site description and instrumentation

The boreal forest ecosystem measurement sta-
tion SMEAR II (System for Measuring Forest 
Ecosystem–Atmosphere Relationships II) is 
a cross-disciplinary co-operation platform for 
atmospheric sciences, soil chemistry and forest 
ecology to investigate various fluxes of different 
compounds in a Scots pine forest (e.g. Hari and 
Kulmala 2005). The main research subjects at 
the station are gaseous and particulate pollutants 
and their role in cloud formation, the impact of 
environment and tree structure on gas exchange, 
water transport and the growth of trees, and 
budgets of various substances of the soil.

The station is located at Hyytiälä, southern 
Finland (61°51´N, 24°17´E, 170 m above sea 
level). The surrounding forest is a 42-year-old 
homogeneous pine forest extending several kil-
ometers to the north and northeast. At a distance 
of about 1 km west of the station there is a small 
lake; the buildings of the station’s infrastructure 
are located at the shore of the lake. The nearest 
urban locations are Tampere about 50 km to the 
south-west and Jyväskylä 100 km to the north-
east.

The station is equipped with extensive facili-
ties to measure forest ecosystem–atmosphere 
interactions. These include a 72-meter tower 
from which various trace gas concentrations, 
meteorological parameters (wind speed, tem-
perature, relative humidity), various fluxes and 
irradiation are measured (Vesala et al. 1998, 
Kulmala et al. 2001b).
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Particle size distribution measurements are 
performed using a setup of two differential 
mobility particle sizers (DMPS) (Aalto et al. 
2001). The DMPS system extracts a small elec-
trical mobility increment from the sample air 
using a differential mobility analyzer (DMA) 
and transfers it to a condensation particle coun-
ter (CPC). The first DMPS measures particles 
with sizes between 3 and 10 nm; it consists of 
a Hauke-type DMA with a length of 10.9 cm 
and a TSI Model 3025 CPC. The second DMPS 
measures particles between 10 and 500 nm, con-
sisting of a 28-cm DMA and a TSI Model 3010 
CPC. The aerosol is neutralized with a 74 mBq 
(2 mCi) 85Kr beta source. The sheath flows are 
maintained using a closed loop arrangement with 
critical orifices (Jokinen and Mäkelä 1997). The 
sampling is performed through the eastern wall 
of the measurement cottage, at a height of 2 m 
above the ground. The primary sample flow is ca. 
25 m3 h–1 of which the sample flow (2.5 l min–1) 
is taken to the instrument. The size distribu-
tions of both DMPS systems are combined to 
obtain the size coverage of 3–500 nm. The time 
resolution of the combined system is 10 minutes, 
adding up to 144 size distributions daily.

The DMPS system was installed at the 
SMEAR II station in January 1996, with the 
purpose of obtaining regular background data 
of submicron aerosol size distributions. At the 

time new particle formation was thought to be 
probable but happening rarely in the atmosphere 
(Mäkelä et al. 1997); long time series were 
deemed necessary to observe the phenomenon 
with a good probability. Since then, the instru-
ment has been running continuously. For this 
study we have selected the time period starting 
from 30 January 1996 and ending 31 December 
2003, a total of 2892 days.

Size distribution analysis

The submicron size distributions measured at the 
SMEAR II station exhibited a modal structure 
with two or three modes, which were usually 
distributed log-normally. Characteristic features 
included the accumulation mode, covering a 
size range of 100–500 nm, which was present at 
practically all times. Usually a mode was present 
also in the size range of 25–100 nm, forming 
the Aitken mode. However, often we observed a 
third mode in the size range of 3–25 nm, called 
the nucleation mode (see examples in Fig. 1).

Instances where a new particle mode 
appeared in the sub-25-nm size range are consid-
ered to be caused by formation of new particles 
from precursor vapors (see for example Kul-
mala et al. 1998, 2001a). These particles usually 
subsequently grow, forming a nucleation mode 

Fig. 1. Examples of meas-
ured size distributions at 
the SMEAR II station in 
Hyytiälä. The upper panel 
shows a size distribution 
with three modes, the 
nucleation (3–25 nm), 
Aitken (25–100 nm) and 
accumulation (> 100 nm) 
modes. The markers rep-
resent measured data 
points and the solid lines 
show the modes which 
were obtained with the 
automated fitting method 
of Hussein et al. (2005). 
The lower panel shows a 
bimodal size distribution 
with no nucleation mode 
particles.
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which evolves to larger sizes, sometimes reach-
ing Aitken- or even accumulation-mode sizes. 
During these events, the transition between sub-
sequent measured size distributions is usually 
smooth, with little change in other modal param-
eters than size. The fact that this holds for sev-
eral hours — sometimes even days — despite 
horizontal advection we consider strong evi-
dence of the particles being born over a large 
area (Kulmala et al. 1998).

Classifying new particle formation events

Instances of new particle formation (NPF) are 
frequently observed in the SMEAR II time series. 
To reliably determine the processes and atmos-
pheric conditions leading to NPF events, we 
need information about the times when events 
were recorded and when no particles are formed. 
Using this information, it is later possible to ana-
lyze relevant atmospheric variables and correlate 
them with the NPF events. However, there exists 
no unique mathematical criterion or definition 
for an NPF event.

We analyzed the data visually on a day-to-
day basis: each 24-hour period, from midnight 
to midnight, was classified according to whether 
it contained a new particle formation event. The 
classification was done in a three-person group 
to reduce subjective bias. For a day to be classi-
fied as an NPF event, the following criteria had 
to be met:

1. A distinctly new mode of particles must 
appear in the size distribution.

2. The mode must start in the nucleation mode 
size range.

3. The mode must prevail over a time span of 
hours.

4. The new mode must show signs of growth.

Using these criteria we aim to exclude new 
particle formation from point sources. This is 
justified by the need to separate local pollution 
sources, such as traffic or heating, which are 
capable of producing nucleation-mode particles, 
from the “natural” production of particles. We 
also explicitly state that an NPF event always 
involves particle growth. This is justified by the 

assumption that new particles are formed at sizes 
lower than our instrumentation’s detection limit, 
and therefore growth is necessary for NPF to be 
observed at all.

It should be noted that our criteria are not 
applicable at sites where the assumption that 
particle formation occurs over a geographically 
wide area does not hold. For example at coastal 
sites such as Mace Head, Ireland, where NPF 
events happen at low tide when the algae on the 
beach are exposed (O’Dowd et al. 2002), NPF 
happens practically at a point or line source and 
does not show growth.

As well as events, also days with no particle 
formation are of interest for comparison and 
control purposes when studying reasons leading 
to NPF events. These days we called non-events. 
They are characterized by an absence of parti-
cles in the nucleation mode size range, mostly 
displaying a bimodal size distribution. However, 
a large number of days did not fulfill the criteria 
to be classified as either events or non-events. 
These included days with some sporadic occur-
rence of particles in the nucleation mode range, 
or days when we can see the later phase of a 
mode growing in the Aitken-mode size range. 
These days were classified as undefined; the pur-
pose of this was to remove them from any analy-
sis comparing event and non-event days.

Additional requirements are set for an NPF 
burst when we try to quantify basic charac-
teristics such as the particle growth rate (GR) 
and formation rate (Jnuc). For this, the evolving 
size distribution is required to be well behaved, 
meaning that the nucleation mode should be 
clearly distinguishable for a long enough time, in 
our case for several hours. This is to ensure that 
we have enough data points for analysis as our 
instrument’s time resolution is 10 minutes. To 
separate days when these characteristics could 
be derived from the size distributions with high 
confidence, we classified the NPF events into 
two classes (Fig. 2):

• Class I: Days when the growth and formation 
rate could be determined with a good confi-
dence level,

• Class II: Days where the derivation of these 
parameters was not possible or the accuracy 
of the results was questionable.
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Class I was divided into sub-classes Ia and 
Ib. Class Ia contains very clear and strong parti-
cle formation events, with little or no pre-exist-
ing particles obscuring the newly formed mode, 
making them suitable for modeling case studies 
of NPF events. Class Ib contains the rest of class 
I events.

The classification panel discussed each case 
to ensure the criteria were met. In cases where 
the panel could not agree whether the day should 
be classified as an event/non-event, the day was 
classified as “undefined”. The days were first 
analyzed in sequence; after the initial classifica-
tion the days were grouped according to their 
class, and re-evaluated. This was done to elimi-
nate a possible “drift” in the evaluators’ opinion.

Days when there was longer than a three-
hour gap in the data we removed from the data 
pool as we could not be assured that no particle 
formation was happening during that period. 
However, if a day showed a clear particle forma-
tion burst, it was classified as such despite pos-
sible gaps in data.

A flowchart displaying the main decision 
made during the classification is given (Fig. 3). 
While our classification method still contains a 
subjective factor, our opinion is that it presents 
an improvement over previous methods (e.g. 
Mäkelä et al. 2000b, Kulmala et al. 2001b). In 
these papers, the classification was based on the 

strength and visual distinction of the new parti-
cle mode. The main improvement in our method 
is the clear distinction between days with no 
particle formation and days containing a particle 
formation burst. The most problematic days, for 
example days with small particles appearing 
sporadically or days with a new mode starting to 

Fig. 2. Examples of par-
ticle formation bursts and 
their classification. The 
two upper-most panels 
show days with new par-
ticle formation events, for 
which we could obtain 
the growth and forma-
tion rates (class I events). 
The third panel shows an 
event where the growth 
rate determination was not 
successful (class II event). 
The lowest panel shows a 
day where ultrafine parti-
cles are present sporadi-
cally, but the day could 
not be clearly termed a 
particle formation event 
day (undefined).

Are there particles of size 
<25 nm during the day?

Do these particles form a 
mode not observed before?

Does the mode persist for 
> 1 h?

Does the mode diameter 
grow during its existence?

Does the mode 
concentration / diameter 

flucutuate strongly?

Is there a growing 
Aitken-size mode?

No

Yes

Yes

Yes

Yes

Yes

No

No

No

No

Non-event

Undefined

Class II

Class I

No

Yes

Start

Fig. 3. A flowchart of the decision path during the clas-
sification of the daily size distributions.
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grow in the Aitken size range, are classified as 
undefined and thus withdrawn from the analysis 
comparing event and non-event days. In short: 
while we were not able to define a definitive set 
of criteria for a NPF event, our methods improve 
on the previous ones by reducing the chance of 
misclassification.

Log-normal fitting

As we previously stated, the size distributions 
measured at the SMEAR II station exhibit sev-
eral log-normally distributed modes. It is often 
convenient and mathematically straightforward 
to use a modal representation of the size distribu-
tion, where the distribution is described as the 
sum of i modes with parameters Dpg (geometric 
mean diameter), si (geometric standard devia-
tion) and Ni (number concentration). To find 
these parameters for the experimentally meas-
ured size distributions we used an automated fit-
ting method that has recently been developed at 
the University of Helsinki (Hussein et al. 2005). 
The fitting program analyzes the measured size 
distribution to decide the number of modes to 
fit, makes a starting guess of the modal param-
eters, and then uses a least-square minimization 
method to fit 2–3 modes to the measured size 
distribution. It then returns parameters of the 
log-normal modes found. The analysis method 
takes into account the modal structure before 
the measurement time, which emphasizes a con-
tinuous modal structure. In Fig. 1, we display the 
lognormal modes obtained with the automated 
fitting method along with the measured size dis-
tribution data.

Growth rate and nucleation rate 
derivation

A critical part of the NPF event is the condensa-
tional growth of new particles to larger sizes, due 
to several factors:

i. the growth process increases the size of the 
new particles so that they are less prone to 
removal by inter- and intramodal coagula-
tion,

ii. the growth of these new particles might even-
tually progress to Aitken- and even accumu-
lation mode sizes, where they are likely to 
participate in cloud formation processes,

iii. the condensation growth removes condensa-
ble vapors from the atmosphere, which may 
be a control mechanism suppressing further 
particle formation.

Our aim was to derive the rate at which the 
newly formed aerosol population grows, dDp,nuc/
dt. In the literature several detailed ways of 
deriving the growth and formation rates can be 
found (e.g. Weber et al. 1995). For the SMEAR 
II data we needed a robust method, which copes 
well with fluctuating data and is straightforward 
to use. Previous studies of the SMEAR data used 
the maximum size that the nucleation mode par-
ticles reached by the end of the event as the basis 
of the growth rate determination (Mäkelä et al. 
2000a). Another method involved visual deter-
mination of the mode size change (Kulmala et 
al. 2001a). Both methods relied strongly on user 
input, and gave results with a large error range.

A straightforward way to determine the 
growth rate would be to follow the temporal 
change of the mean diameter or the geometric 
mean diameter. However, this presented us with 
the problem of defining the limits over which 
to average. If the averaging is performed over a 
range containing large particles (> 20 nm), the 
result is influenced by pre-existing particles. 
On the other hand, if the range is limited only 
to small particles and the growth rate is large, it 
may happen that the particles grow quickly out 
of the averaging range and our parameter does 
not represent the new population in its entirety.

The modal geometric mean Dpg, which we 
obtained as a result of the fitting procedure, is, 
however, a good choice for growth rate analysis. 
In a log-normally distributed population Dpg is 
also the median diameter (Seinfeld and Pandis 
1998), meaning that the majority of the particles 
are of a size close to Dpg.

To obtain the growth rate, we fitted a first-
order polynomial to the geometric mean diameters 
of the nucleation mode during the formation burst 
(Fig. 4, upper panel). If the new particle mode 
was not well-behaved over the whole time period 
that it was visible, we chose a time period where 
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the growth was close to constant, preferring to use 
a time period close to the beginning of the burst.

We additionally tried a method described by 
Lehtinen and Kulmala (2003), where the evolu-
tion of the new mode is determined by following 
the concentration of each “channel” (mobility 
size range) of the DMPS. In this method, we 
identify the peak in each channel caused by the 
mode passing its size range; we used a normal 
distribution fit to identify the peak. By recording 
the instants in time when each peak is recorded, 
we can then derive the growth rate. This method, 
while being efficient for sub-10-nm particles 
(e.g. Hirsikko et al. 2005), proved ill suited for 
our analysis. The logarithmically spaced chan-
nels caused a broadening of the peaks, making 
it difficult to identify the exact time of peak 
passage at larger particle sizes. Additionally, the 
method is sensitive to fluctuations in the mode 
concentration, which is usual in our data, requir-
ing careful user input to select the correct peak.

The formation rate of new particles is more 
difficult to derive because the DMPS system 
cannot measure particles smaller than 3 nm in 
size. Therefore, we focused on the flux of parti-

cles into the observable size range. Because no 
information is available of the temporal behavior 
of the real formation rate, we assume a constant 
particle source that is active during a time period 
[t1,start,t1,end]. The produced particles then appear in 
the observable size range between the times t2,start 
and t2,end, where the time difference t2,start – t1,start 
depends on the growth rate of the freshly formed 
particles. During this time, a fraction of the par-
ticles are lost due to coagulation processes. The 
flux of particles into the observable size range, 
Jnuc, can be calculated from the following equa-
tion (see for example Kulmala et al. 2004 and 
references therein):

 Jnuc = dNnuc/dt + Fcoag + Fgrowth (1)

where Nnuc is the nucleated particle concentra-
tion, Fcoag is the loss of particles due to coagula-
tion and Fgrowth is the flux of particles out of the 
size range. We chose the size range for the nucle-
ated particles (Nnuc) to be from 3 nm up to 25 nm, 
allowing us to neglect the growth term in Eq. 
1, as particles rarely grew over this size before 
formation ended. Smaller ranges could be used 

Fig. 4. Example of the event analysis and its results. In the upper panel, we present a surface plot of a new parti-
cle formation burst. White dots mark the geometric mean diameter of the nucleation mode (obtained by the fitting 
procedure), and the gray line represents the first-order polynomial fit result, from which we get the particle growth 
rate. The lower panel contains the nucleation mode particle concentration as a function of time, taken from the log-
normal fitting procedure as well as the number of < 25 nm particle concentration. The solid lines show the first-order 
polynomial fit result, which was used to obtain dNnuc/dt.
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to gain insight into the time dependence of the 
formation rate; however, our aim was to obtain a 
more general average formation rate, so a more 
stable size range was used.

In some cases the particles grew out of the 
3–25 nm range; to analyze these cases we also 
calculated Nnuc from the fitted modal concentra-
tion of the nucleation mode. The concentration 
was generally equal to the concentration in the 
3–25 nm size range. However, when the formed 
particles grew fast, Fgrowth could no longer be 
neglected due to growth out of the range and the 
fitted mode contained more particles than the 3–
25 nm range. The formation rate was calculated 
using both methods (integration over 3–25 nm 
and fitted concentration) for determining Nnuc. 
The results presented in this paper are calculated 
with the integration method; in cases where they 
contained a large error due to the mode growing 
quickly out of the 3–25 nm size range, the modal 
rate was used. If both methods failed, for exam-
ple due to bad fitting results at lower mode sizes, 
the day was classified as class II.

To calculate dN/dt, we determined t2,start and 
t2,end by choosing the period when the particle 
number showed a linear increase (Fig. 4, lower 
panel). We then fitted a first-order polynomial to 
the values of Nnuc. Fcoag was calculated from

 Fcoag = CoagSnucNnuc (2)

where CoagSnuc is the coagulation sink of parti-
cles in the nucleation mode. The reference size 
for CoagSnuc was taken to be the GMD of the 
fitted nucleation mode. A mean value of Fcoag 
over the observed formation period was taken. 
The magnitude of Fcoag is usually of the same 
order than the observed dN/dt.

Condensation and coagulation sink

To quantify condensation and coagulation proc-
esses during new particle formation, it is of use 
to calculate the condensation sink and the coagu-
lation sinks (see for example Kulmala et al. 
2001a). The condensation sink is defined as

 CS = 2pD�Dpbm(Dp)n(Dp)dDp
 = 2pD∑bm(Dp,i)Dp,iNi (3)

where Dp,i is the diameter of a particle in size 
class i and Ni is the particle concentration in the 
respective size class. D is the diffusion coeffi-
cient of the condensing vapor. We used the tran-
sition regime correction factor bm from Fuchs and 
Sutugin (1970). CS describes the ability of the 
size distribution to remove condensable vapors 
from the atmosphere. In practice, the vapor was 
assumed to have a very low vapor pressure at the 
surface of the particle, and molecular properties 
similar to sulfuric acid. The coagulation sink for 
a particle of size i is defined as

 CoagS(Dp) = ∫K(Dp´,Dp)n(Dp´)dDp´ (4)

where K is the coagulation coefficient (kernel) 
of particles with sizes Dp and Dp´, calculated by 
using the formula of Fuchs (1964) (see e.g. Sein-
feld and Pandis 1998). Both these parameters are 
strongly dependent of the number size distribu-
tion. Because the DMPS system at the SMEAR 
II station measures the size distribution of dried 
particles, the measurement does not represent 
ambient conditions. The sink values are propor-
tional to Dp

m, where m ranges from 1 to 2, making 
the sinks sensitive to particle diameter changes. 
The measured size distributions were corrected 
for hygroscopic growth according to (Laakso et 
al. 2004):

 GF(Dp,RH) = (1 – RH/100)g. (5)

Here GF is the growth factor of a particle of size 
Dp in a relative humidity RH. g is a parameter 
derived by a least-square fit to hygroscopicity 
data measured during the BIOFOR campaign 
in Hyytiälä (Hämeri et al. 2001), given by g 
= –3.1116 ¥ 105 ¥ Dp – 0.0847. The GF was 
restricted so that it could not exceed the GF of 
ammonium sulphate.

Using this parameterization increased the CS 
value usually by a factor between 1.1 and 2.0, with 
a mean and median of 1.62 and 1.48, respectively.

From the growth rate and the condensation 
sink it is possible to derive estimates for the con-
densing vapor concentration Cv and its source 
rate Q following the analysis by Kulmala et al. 
(2001a) and Dal Maso et al. (2002), which is 
summarized in the following. Assuming that the 
particle growth is caused by condensation of a 
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low vapor pressure vapor to the particle surface 
we can integrate the mass flux equation to derive 
Cv according to (Kulmala 1988). In the nuclea-
tion size range this leads to a simple approximate 
relation between the growth rate and the vapor 
concentration:

 Cv = A ¥ dDp/dt. (6)

Here A is a constant, which has the value 1.37 
¥ 107 h cm–3 nm–1 for a vapor with molecular 
properties of sulfuric acid. Thus, a growth rate of 
1 nm h–1 corresponds to a vapor concentration of 
1.37 ¥ 107 cm–3.

Assuming no other sink terms for the con-
densing vapor, the time dependence of the con-
densing vapor follows the differential equation

 dCv/dt = Q – CS ¥ Cv. (7)

If the changes in the source rate are slow as 
compared with the value of CS–1 (the charac-
teristic lifetime of the vapor), we can assume a 
steady-state situation and set the left side of (Eq. 
7) to zero. This leads to the equation

 Q = CS ¥ Cv = CS ¥ A ¥ dDp/dt. (8)

Results

Event statistics

Our dataset comprised 2892 days. A total of 699 
events were found during the eight-year time 
period (Table 1), meaning that on average every 
fourth day (24.2%) contained an event. Non-
events amounted to 29.3% of the days, and the 
rest of the days (46.5%) were either classified as 
undefined or contained bad or missing data. If 
we consider only the days when either an event 
or non-event was recorded as classified days, the 
event fraction rises to 45.2% of the data.

Event occurrence had a clear annual variation 
pattern (Fig. 5). The number of events was high-
est in the spring months (March–May), with 344 
(49%) of the events occurring during this period. 
During this time we observed particle forma-
tion on 48% of all days. In autumn we found a 
maximum of event frequency around September. 

During the winter months (November–Febru-
ary) only 8% of the days were particle formation 
days.

The non-event yearly distribution exhibits 
inverse behavior as compared with that of the 
the events, with maxima in winter and summer 
months. Undefined days are fewer during March–
June and September (ca. 30% of all days), while 
during the rest of the year their percentage varies 
between 40% and 50%.

The number of events per year was also stud-
ied to find whether particle formation exhibited 
long-term variability (Fig. 6). The number of 
events decreased from 1996–1998, but since 
then increased from 64 yearly event days in 1998 
to 121 in 2003. The year 2002 is the first year 
when the number of events is greater than the 
non-event number. The yearly amount of unde-
fined days stays fairly constant, varying between 
35% and 45% of all days with data. Of the 699 
event days, 334 (47%) contained data that was 
fit for analysis of the burst characteristics. In the 
following section we present these characteris-
tics.

Event characteristics

The mean growth rate of the nucleation mode 
particles in our data was 3.0 nm h–1 and the 
median was 2.5 nm h–1. The annual variation 
(Fig. 7, upper panel) showed an increase of 
nucleation mode growth rate towards summer, 
when the growth rates were generally clearly 

Table 1. Event statistics.

 Days Percentage Percentage
  of all days of classified
   days*

Class I 334 11.5 21.5
Class Ia 79 2.7 5.1
Class II 365 12.6 23.6
Total events 699 24.2 45.2
Non-events 848 29.3 54.8
Undefined 1078 37.3
Not classifiable 267 9.2
Total days 2892
Of which classified* 1547

*Classified days include days classified either as event 
days or non-event days.



332 Dal Maso et al. • BOREAL ENV. RES. Vol. 10

over the mean. Spring and autumn events had 
growth rates around the average value, while 
winter events exhibited low growth rates.

The mean appearance rate of larger than 3 nm 
particles, Jnuc, was 0.8 cm–3 s–1, varying from 0.06 
to 5 cm–3 s–1. The annual variation (Fig. 7, lower 
panel) shows a similar pattern to the event occur-
rence: formation rates are high during spring, 

lower during summer and a smaller maximum 
can be seen around September. In spring, very 
high formation rates could be observed. The 
contribution of the coagulation loss flux Fcoag 
was on average between 20% and 40% of the 
total appearance rate, meaning that the directly 
observable formation rate was only ca. 70% of 
the real appearance rate.

Fig. 5. The total number 
of event days, non-event 
days and undefined days 
during each month of the 
year at the SMEAR II 
station, Hyytiälä, Finland 
during 1996–2003.

Fig. 6. The total number 
of event days, non-
event days and unde-
fined days during each 
year at the SMEAR II 
station, Hyytiälä, Fin-
land during 1996–2003.
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The average condensation sink during the 
growth period was 2.4 ¥ 10–3 s–1, corresponding 
to a characteristic vapor lifetime of about 7 min-
utes (Fig. 8, upper panel). For comparison, we 
calculated the average condensation sink during 
non-event days, which was 7.0 ¥ 10–3 s–1. The 
annual variation of the condensation sink during 
events is small except for wintertime, when the 
few events that were observed had very low con-
densation sinks.

The vapor source rate (Fig. 8, lower panel) 
varied between 104 and 106 cm–3. The annual 
variation is similar to the growth rate, with a 
maximum during the summer months. Events 

occurring during winter had the lowest source 
rates of all the events.

In Table 2, we present a summary of the 
monthly means of the event characteristics and 
the mean condensation sink during non-event 
days.

Discussion

Based on our data, it is clear that new particle 
formation bursts are a frequent phenomenon in 
the boreal forest boundary layer. The minimum 
fraction of days that are events was 24.2%. How-

Fig. 7. Upper panel: The 
new particle diameter 
growth rates as a func-
tion of the day of year 
in Hyytiälä, 1996–2003. 
Lower panel: Formation 
rate (Jnuc) as a function 
of the day of year. The 
black squares represent 
the monthly mean values. 
The values have been cal-
culated for class I event 
days.

Table 2. Monthly means of event characteristics. GR is the growth rate, Jnuc is the appearance rate of particles, 
CS(events) is the condensation sink during the events, CS(non-events) is the condensation sink for non-events and 
Q is the vapor source rate.

Month GR (nm h–1) Jnuc (cm–3 s–1) CS(events) (10–3 s–1) CS(non-events) (10–3 s–1) Q (103 cm–3 s–1)

Jan 1.8 0.7 0.9 5.3 25.2
Feb 1.9 0.5 2.4 6.9 66.5
Mar 2.2 0.9 2.3 8.5 62.7
Apr 2.1 1.1 2.5 10.2 71.7
May 3.7 0.8 3.5 8.2 127.5
Jun 4.5 0.4 2.5 7.4 207.5
Jul 4.2 0.4 2.5 8.1 154.1
Aug 5.3 0.4 2.2 5.9 180.4
Sep 3.3 0.7 1.9 9.5 90.7
Oct 2.3 0.6 1.7 6.2 53.2
Nov N/A N/A N/A 5.6 N/A
Dec 0.9 0.2 0.5 5.8 6.0
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ever, considering the number of undefined days 
it is likely that the real fraction was greater. If, 
for example, we make a conservative guess and 
assume that 20% of the undefined days are in 
reality event days, the event fraction would rise 
to 32%, almost a third of all days.

The annual variation of the event frequency 
has been reported earlier for the boreal forest 
(Mäkelä et al. 2000b, Vehkamäki et al. 2004). 
The low number of events in winter suggests 
that solar irradiation and temperature play a role 
in the particle formation process, with biogenic 
precursor vapors also having an influence. The 
event minimum in summer, however, points to 
additional factors, possibly air mass origin (see 
Sogacheva et al. (2005) for a detailed study) or 
biogenic VOC emissions by trees (Hakola et 
al. 2003). The increase in the number of events 
during the recent years is a new result, and fur-
ther study is needed to shed light on the reasons 
for this increase.

The annual patterns of the formation and 
growth rates are similar to ones reported by 
Mäkelä et al. (2000b), but the formation rates 
are higher. This is partly due to the coagulation 
loss correction made, and partly because a dif-
ferent methodology used to derive the forma-
tion rate. The growth rate maximum in summer 
together with the vapor source rate variation 
suggests that the condensable species is much 

more readily available during warm periods of 
the year (Hirsikko et al. 2005). The difference in 
the annual pattern of the formation and growth 
rates suggests that the process acting as a particle 
source is different from the one growing the new 
aerosol.

Based on our event classification and calcu-
lation of event characteristics, we can roughly 
divide the year into periods according to the type 
of events found in these periods:

• Winter (Nov–Feb): Events occur very rarely. 
When observed, they display low growth and 
formation rates, as well as low condensation 
sink values during the growth period. The 
vapor source rate is very small.

• Spring (March–May): Events occur often. 
They have a high formation rate and a mod-
erate growth rate, but the condensation sink 
during events is around the event mean 
value. The vapor source rate is of moderate 
strength.

• Summer (June–mid-August): Events are not 
frequently observed. The new particles grow 
fast, but the observed formation rate is low. 
The condensation sink during the events is 
slightly higher than usual, as well as the 
source rate.

• Autumn (mid-August–October): Frequency 
and formation rates are generally less high.

Fig. 8. Upper panel: The 
average condensation 
sink value during the 
growth periods of class 
I event days as a func-
tion of the day of year in 
Hyytiälä, Finland 1996–
2003. Lower panel: The 
calculated vapor source 
rate of class I events. 
Black squares represent 
monthly mean values.
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Conclusions

We have used a simple classification scheme 
to find new particle formation events in the 
exceptionally long eight-year time series of 
atmospheric aerosols number size distributions 
measured at the SMEAR II station in Hyytiälä, 
Finland. The event classification method was 
chosen so that the misclassification of days was 
minimized, and only clear instances of particle 
formation were included. Our analysis revealed 
that events are almost as frequent as clear non-
events in the boreal forest environment. Event 
frequency is highest in spring, with minima 
during winter and summer, which is in concord-
ance with previous studies.

We also classified the event days when it is 
possible to quantify the rate of particle formation 
and growth. These parameters, in addition to the 
condensation sink and vapor source rate, were 
derived for a statistically significant number 
(334) of days in our dataset using methodology 
that is more reliable than the methods used in 
our earlier studies (see for example Mäkelä et 
al. 2000b). Our method for calculating the burst 
characteristics is simple and physically well jus-
tified, leading to reproducible data for compari-
son with modeling efforts or measurements from 
other measurement sites.

Growth rates observed in our dataset are of 
the same order as reported in the literature at 
other sites, with similar annual variation (Kul-
mala et al. 2004). Appearance rates of new parti-
cles were also of the order of 1.0 cm–3 s–1, which 
is a rate often observed in atmospheric condi-
tions and also previous studies of the SMEAR 
II data.

The database of event and non-event days 
and the event characteristics forms the basis 
of future studies into the causes and effects 
of atmospheric particle formation in the boreal 
forest. The database enables detailed air mass 
origin analysis, as well as statistical analysis 
of aerosol data and other physical, chemical 
and biological data measured at the SMEAR II 
site. Using the guidelines for event classifica-
tion described here for other sites with long-term 
aerosol size distribution measurements will help 
in studying the climatic relevance and magnitude 
of atmospheric new particle formation.
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