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Complex measurements of size distributions and chemical content of aerosols, trace gases
SO2, NH3, ozone, and meteorological parameters were performed in boreal forests of
Central Siberia during 03.2005–05.2006 at the rural station of Listvyanka. The data from
Listvyanka are then analyzed from the point of view of their similarities and differences with
respective data at Hyytiälä background station (Southern Finland). The goal of this paper
is to compare the conditions of formation of secondary aerosol particles in boreal forests
in two different regions: in Southern Finland (Hyytiälä station) and Siberia (Listvyanka
station). Our main conclusion is that the particle formation–growth processes in Listvyanka
occur in presence of high (compared to Hyytiälä) concentrations of sulfur dioxide and
ammonia. We show that their concentrations are enough for providing the particle growth
up to 3.5 nm h−1 with much higher concentration of the nucleation mode particles in
contrast to Hyytiälä, where the sulfuric compounds are much less concentrated and the
nucleation mode particles grow by consuming low volatile organic vapors that result from
photochemical processing of highly volatile organic plant emissions. On the other hand,
the nucleation bursts in Siberia occur more seldom than in Hyytiälä. The difference in
UVB irradiation regimes at Siberian stations and in Hyytiälä can lead to different seasonal
patterns of the particle formation–growth rates and the concentrations of nucleation mode
in Siberia. KEYWORDS: secondary aerosol particles, boreal forests, Southern Finland, Siberia.
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Introduction

Boreal forests covering the Northern parts of three conti-
nents (Europe, Asia and America) are commonly recognized
as one of the most intense supplier of secondary aerosols to
the Earth atmosphere [Kulmala et al., 2004]. Although the
seasonal variations of the atmospheric conditions typical for
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the boreal zone are similar, other physical-geographical char-
acteristics are very diverse. This can tell on the productivity
of particle sources and the properties of aerosols formed in
different regions of the boreal zone.

In the Northern European boreal regions long term stud-
ies of aerosol formation and growth were performed at sev-
eral measurement sites: in Hyytiälä, [Dal Maso et al., 2005;
Kulmala et al., 2001a, 2001b, 2004; Lyubovtseva et al., 2005;
Mäkelä et al., 2006a, 2006b], in Pallas and Varrio [Vehkamäki
et al., 2004], and in the Scandinavian rim of the boreal region
in Aspvreten [Tunved et al., 2003].

These studies clearly demonstrated that European boreal
region is a substantial source of aerosol number and mass
concentrations [Kulmala et al., 2004; Tunved et al., 2006].
Regional nucleation events occur here regularly (25–40% of
days) and typically lead to the increase in particle number
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concentration by 2–10 times. The freshly formed particles
grow up to 10–100 nm in diameter and thus reach the cli-
matically active size range. Typically the particle formation
processes are active in spring and early autumn.

Our knowledge on the aerosol activity of boreal forests in
Siberia is much more poor, although the total forest coverage
in Siberia exceeds that in Finland by ten times. Approxi-
mately a half of total forested area in Siberia is covered with
larch forests in contrast to European boreal forests, where
spruces and pines dominate.

Several expeditions studied formation of aerosols in the
boreal forests of Siberia. First measurements of fine (d >
20 nm) in Siberia were conducted by [Zagaynov et al., 1989]
over lake Baikal and on the territory of rural site Listvianka
settlement on the East side of Baikal (70 km south-east
from the city of Irkutsk) during summer periods of 1988 and
1989. The average number concentration of nanoparticles
was shown to vary from 103 to 5 × 103 cm−3. The number
concentration of accumulation mode was low, 10–100 cm−3.
In the regions of Southern Baikal and the territories near
the town of Baikalsk, where a highly productive source of
anthropogenic pollution (the Baikalsk pulp and paper mill)
is located, the number concentration of accumulation mode
reached 104 cm−3.

At the end of July and in the beginning of August of 1991
the measurements of atmospheric condensation nuclei size
distribution within the size range 3–100 nm on the territory
of Listvianka were performed by [Bashirova et al., 1992] and
[Kutsenigii et al., 1994]. They found that the average par-
ticle number concentration stretched from 103 to 104 cm−3

and well correlated with the Sun radiation intensity. These
measurements showed the presence of bimodal size distribu-
tions with well separated nucleation mode at d1 = 20 nm,
concentration N1 = 3200 cm−3 and the Aitken mode at
d2 = 100 nm and N2 = 2900 cm−3. The authors paid a
special attention on the occurrences of night maxima in the
nucleation mode.

Complex measurements of aerosol size distributions at
d > 3 nm, trace gases SO2, NH3, ozone and meteoro-
logical parameters were performed in the summer of 2003
and in the period 03.2005–05.2006 at the rural station of
Listvyanka and at the background station of Mondy [Za-
gaynov et al., 2006]. These measurement allowed for es-
timating the total concentration of aerosol particles, aver-
age size, the width of the size distribution of the nucleation
mode, the formation rate (FR), and the growth rate (GR).
The authors showed that for background and polluted at-
mosphere the formation rate differed by two orders of mag-
nitude FR= 1.4× 10−2 cm−3 s−1 at Listvyanka station, FR
= 2.5 cm−3 s−1 at Mondy station), while the growth rate
was higher by an order of magnitude at the background con-
ditions of Mondy (GRmax = 20 nm h−1). The complexity
of data processing in 2003 was related to intense forest fires
in nearby regions. The fires distorted strongly the typical
conditions for formation of secondary aerosols in this region.
During the fire episodes the number concentration of sub-
micron aerosols grew by several times leading to the growth
of condensational sinks and thus suppressing formation of
new particles. In addition, the concentrations of nitrogen
oxides grew by 3–5 times changing substantially the diurnal

dynamics of nanoparticle formation and growth.
Observations of particle formation events at two Siberian

stations: Listvyanka and the Experimental Station Tomsk,
April 2005–April 2006 were presented in [Dal Maso et al.,
2008]. They found that the fraction of event days (10–12%)
in Siberia is lower than that observed in Nordic countries.
The particle formation activity was centered around spring
time in Tomsk as well as at the Nordic boreal sites. The
characteristics of the particle formation events observed at
the Tomsk station were of the same order as those reported
in literature for other similar sites [Kulmala et al., 2004].
The mean growth rate at Tomsk station was 5.5 nm h−1,
at Listvyanka station the growth rate was lower: only
1.8 nm h−1 on average. The mean formation rate was 0.4–
1 cm−3 s−1 for both stations. The number of new par-
ticles formed during the nucleation events was on average
5.7 × 103 cm−3 at Tomsk station and 3.3 × 103 cm−3 at
Listvyanka station.

The goal of this paper is to compare the conditions of
formation of secondary aerosol particles in boreal forests in
two different regions: in Southern Finland (Hyytiälä station)
and Siberia (Listvyanka station). The data of observations
from Listvyanka rural station during the period 03.2005–
03.2006 were analyzed in order to investigate possible links
between physical, chemical, and meteorological parameters
in the process of formation of aerosol during different sea-
sons. The seasonal patterns of trace gases O3, SO2, NH3,
HNO3, the meteorological parameters (temperature and rel-
ative humidity), and UV–radiation were measured and used
for evaluation of their influence on the seasonal patterns
of particle number concentrations, size distributions within
3 nm–2 µm, and the particle formation and growth rates.
The seasonal dependencies of all above mentioned parame-
ters are compared for both stations.

Site Description

The station of Listvyanka (51.9◦N, 104.7◦E) is located on
the south–western shore of lake Baikal 70 km toward SE from
the city of Irkutsk (see the map in Figure 1). The samples
were collected at the top of a hill (the elevation about 300 m
over the level of the lake Baikal and 700 m above sea level)
several km toward NE from the village of Listvyanka on the
Baikal shore. Possible sources for the anthropogenic releases
are the Listvyanka village itself, the town of Baikalsk on
the opposite shore of the lake (approximately 80 km from
Listvyanka), and the city of Irkutsk. The Listvyanka village
is populated with about 2500 inhabitants and lays at the foot
of the hill. No industrial enterprizes producing considerable
atmospheric contaminations are located nearby. The main
sources of the atmospheric contaminations are traffic and
the stove heating of the houses in winter time. The city
of Irkutsk (approximately 600 000 inhabitants) produces a
large amount of gaseous and aerosol contaminations, but it
is located rather far away from the observation point and is
screened with mountains. The sampling site is surrounded
with the forests of coniferous trees (larches, pines, cedars,
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spruces) with an admixture of deciduous trees like birches
and aspens.

The Listvyanka station works since 2000 within the In-
ternational Monitoring Net of Acid Deposits in Eastern
Asia (EANET). The monitoring includes weekly sampling of
aerosols and four trace gases (SO2, NH3, HCl, HNO3) The
filter pack method is used for sampling the aerosols. The
sample analysis performs in laboratories of Limnological in-
stitute of Siberian Branch of RAS. The chemical contents of
the particle soluble fractions (NH+

4 , SO2−
4 , NO−3 ) are ana-

lyzed by the methods of highly effective gas chromatogra-
phy, and atomic absorption spectrophotometry [Golobokova
et al., 2005; Khodzher et al., 1994, 1997].

The aerosol size distribution data were obtained with the
diffusion aerosol spectroscope DAS [Julanov et al., 2002].
This instrument comprises the set of grid diffusion batter-
ies, the particle magnifier enlarging the particle sizes up to
0.5 µm, and the laser aerosol counter that serves as a particle
concentration counter and for determining the size spectra
of submicron aerosols. The ratio of outlet to inlet concen-
trations determines the penetration of aerosols through the
diffusion batteries with various number of grids. The data
on penetrations are then converted to the particle size distri-
butions within the size interval 3–50 nm. The laser aerosol
spectroscope provides the information on the size spectra of
the submicron particles of sizes 0.1− 2 µm.

Because the measurements of O3 at Listvyanka station
were not performed, the data on O3 from the station of
Bol’shie Koty (approximately 30 km to the North from
Listvyanka) were used as the characteristics of the seasonal
pattern of ozone in Listvyanka. The ozone concentration was
measured using an UV absorption analyzer (Dylec Model
1007–AHJ) [Pochanart et al., 2003; Potyomkin et al., 2004].

As the data on Sun radiation at Listvyanka station were
inaccessible we used the data on the seasonal pattern of
ground level UV radiation λ = 310 nm in Irkutsk located
70 km far away from Listvyanka [Mikhalev et al., 2001].

The station of Hyytiälä is located in Central Finland
(61◦51’ N, 24◦17’ E, 181 m above sea level) with extended
areas of Scots pine dominated forests. The conditions of
this site are typical for remote locations. However, the mea-
surements were occasionally affected by the pollution from
the station building (0.5 km away) and the city of Tam-
pere (60 km away). A more detailed description of this sta-
tion – SMEAR (Station for Measurement Forest Ecosystem–
Atmosphere Relation) and its instrumentation is available in
Kulmala et al., [2001a] and Hari and Kulmala [2005].

At the Hyytiälä forest station, the trace gas concentra-
tions (SO2, O3, NOx ) were measured continuously at dif-
ferent heights using a 72-meter high mast. The NO and NOx

(NO + NO2) concentrations were measured with one chemi-
luminescence analyzer (TEI 42C TL, Thermo Environmen-
tal, Franklin, MA, USA). The O3 concentration was mea-
sured with an ultraviolet light absorption analyzer (TEI 49,
Thermo Environmental, Franklin, MA, USA). SO2 concen-
tration was measured with a fluorescence analyzer (TEI 43
BS, Thermo Environmental, Franklin, MA, USA). Aerosols
were measured using a twin Differential Mobility Particle
Sizer System [see e.g., Aalto et al., 2001], measuring particle
number concentrations in the size range 3–600 nm by using

Figure 1. The map of the southern part of the lake of
Baikal. Shown are: red circle – Listvyanka, blue circle –
Mondy, yellow circle – Baikalsk.

electrical mobility sizing. The measurements were done at 2
m above ground level with time resolution of 10 min. A more
complete description of the station and its instrumentation
can be found in Kulmala et al. [2001a].

Results

The measurements of the aerosol characteristics at
Listvyanka station were conducted during 03.2005–03.2006.
A complete scan through the size range 3–2000 nm was com-
pleted every half hour. In addition, we measured the particle
size distributions, particle chemical composition (sampling
on filters, SO2−

4 , NH+
4 NO−3 ), concentrations of (SO2, HNO3,

NH3) meteorological parameters, air pressure, temperature,
RH, wind direction and speed.

Below we consider the seasonal trends of monthly mean
values of meteorological parameters, UVB irradiation, and
the concentrations of trace gases, as well as the seasonal pat-
terns of the concentration of the nucleation mode, FR and
GR, and compare their variations with those at Hyytiälä sta-
tion for the whole period of measurements.

Meteorological Parameters

The influence of meteorological parameters on the pro-
cesses of new particle formation was analyzed by Boy et
al. [2002, 2003], Weber et al. [1997], Birmili et al. [2003],
Lyubovtseva et al. [2005], Hyvönen et al. [2005]. Trigger-
ing role of solar radiation and the highest correlation of UV
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Figure 2. Seasonal behavior of monthly mean temper-
ature (a) and relative humidity (b) in Listvyanka and in
Hyytiälä. curves 1 – monthly mean temperature and hu-
midity in Listvyanka, curves 2 – monthly mean temperature
and humidity in Hyytiälä.

radiation with the particle formation rate were discussed in
Clement et al. [2001], Boy et al. [2003], Birmili et al. [2003],
Lyubovtseva et al. [2005]. In a number of works an anticor-
relation of relative humidity and the formation rate of new
particles was observed [Hyvönen et al., 2005; Lyubovtseva et
al., 2005; Weber et al., 1997]. This fact can be attributed to
the increase of condensational sinks (growth of the surface
of submicron particles due to condensation, [Kulmala et al.,
2001a] as well as to not well studied mechanisms of particle
generation [Boy et al., 2002; Lyubovtseva et al., 2005; Weber
et al., 1997], The particle formation processes are also con-
nected with the temperature regime of the lower atmospheric
layer. The position of inversion layer defines the possibility
of accumulation of trace gases in the atmosphere and thus
the concentrations of gases participating in the processes
of secondary aerosol formation. Emissions of organics and
especially monoterpenes from plants also grow with temper-
ature. In connection with these facts we focus on the detail
characterization of meteorological parameters at Listvyanka
station and compare them with those at the Hyytiälä station
for the same period.

During the coldest winter months the observed mean tem-
perature in Lisvyanka was about −15◦C in December and
the warmest summer months (July–August) it was about
+17◦C. The seasonal patterns of the monthly mean tem-
perature in Hyytiälä and Listvyanka are shown in Fig-
ure 2a. Only in wintertime the monthly mean temperature

in Hyytiälä was higher by several degrees.
The values and seasonal variations of relative humidity

(RH) were essentially different for both stations (Figure 2b).
During the whole year the mean monthly RH in Listvyanka
changed within a very narrow range, 80–95%. In summer-
time RH was 90%. In contrast, RH in Hyytiälä revealed a
clearly expressed seasonal behavior. In wintertime monthly
mean RH was higher than 90%. From April to July RH was
about 60% (30% lower than in Listvyanka).

As the measurements of global and UV radiation are ab-
sent at Lisvyanka station, we used the spectral measure-
ments of the ground level UV radiation at λ = 310 nm in
Irkutsk (52◦N, 104◦E) [Mikhalev et al., 2001] for the qual-
itative characterization of the Sun radiation level. The use
of wavelength λ = 310 nm is justified because this part
of UVB spectrum (280–320 nm) produces excited oxygen
atoms O(1D) in the troposphere. Boy et al. [2002], and
Arshinov et al. [2006] showed that the O(1D) production
decreased by more than a decimal order at wavelengths be-
low 295 nm and above 325 nm. Chemical cycles with O(1D)
are the main source of hydroxyl radical OH, one of the most
reactive species responsible for production of low volatile va-
pors.

The monthly mean UVB radiation intensity variations at
λ = 310 nm in Irkutsk are shown in Figure 3. For a com-
parison analogous data on the ground level UV radiation at
λ = 310 nm in Hyytiälä measured in 2005 year are presented.
The mean level of UVB radiation in Irkutsk changed from
2− 3 mW m−2 nm−1 in December up to 50 mW m−2 nm−1

in June. The seasonal patterns of UVB radiation were prin-
cipally different for both stations. In spring (March, April)
the level of UVB radiation in Hyytiälä was higher by sev-
eral times than in Irkutsk. In other months, especially in
autumn, the picture was opposite: the level of radiation in
Irkutsk was much higher than that in Hyytiälä. In other
words, the non–symmetry of the seasonal patterns of UVB

Figure 3. Seasonal behavior of monthly mean of UVB ra-
diation intensity at λ =310 nm in the city of Irkutsk (1) and
in Hyytiälä (2).
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radiation at these both stations was principally different: the
spring level of UVB radiation in Hyytiälä was much higher
than that in August–September. A different picture was
observed in Irkutsk: here the autumn UVB radiation level
exceeded by 2–3 times its spring value. Asymmetry in the
seasonal pattern of UVB in Eastern Siberia [Mikhalev et al.,
2001] was explained by a clearly expressed seasonal pattern
of the total ozone content with a maximum in spring and
the meteorological specifics of the region defining the cloud-
ness and the aerosol background. Accounting for the high
correlation between the formation rate of aerosol and UVB
radiation one can expect the different seasonal patterns of
the particle formation rates at these two stations.

The length of light day is also different for both stations.
In winter the light-day in Lisvyanka is longer by three hours
than in Hyytiälä. In summer the light day is longer in
Hyytiälä by two hours.

Ozone

Tropospheric ozone plays an important role in the particle
formation processes [e.g., Janson et al., 2001; Lyubovtseva
et al., 2005 and extensive references therein]. First of all,
ozone is a major source of the hydroxyl radical OH, which
together with ozone are the primary oxidants of trace gases
in the troposphere. As the oxidation is the main pathway for
production of nucleating vapors and initiation of the chemi-
cal sinks of atmospheric trace gases, OH and ozone play an
indirect but crucial role in determining the oxidation poten-
tial of the atmosphere and the lifetime of many trace gases.
Because of absence of available data on ozone in Listvyanka
in 2005 we used the data on ozone from the station Bol’shie
Koty (30 km northward).

The seasonal cycle of O3 at Bol’shie Koty station showed
maxima in spring (up to 40 ppb, see Figure 4). After the
spring maximum the concentration dropped down until Au-
gust and then remained almost constant (≈ 20 ppb).

At Hyytiälä station the maximal ozone concentration
40 ppb was observed in April and May. The minimal ozone
(20 ppb) was observed in October and January. Beginning
from April the ozone concentration in Bol’shie Koty was
lower than that in Hyytiälä.

Concentration of Inorganic Trace Gases SO2, NH3,
HNO3

SO2 The measurements of 2005 in Listvyanka showed
that the weekly mean concentration of SO2 reached 7–28 ppb
in winter (Figure 5a) and 1–4 ppb in summer. In winter
2005 the highest concentrations of SO2 in Listvyanka were
observed at the coldest time when the temperature was be-
low mean winter value by 5–7◦. For example, the monthly
mean concentration of SO2 in 2003–2004 was 7 ppb in winter
and 1.4 ppb in summer.

Seasonal pattern of SO2 in Listvyanka practically coin-
cided with that in Hyytiälä. The principal difference was
the high level of SO2 in Listvyanka. In winter the influence

Figure 4. Seasonal behavior of monthly mean of ozone
concentration at Bol’shie Koty (1) and at Hyytiälä (2).

of local anthropogenic sources in Listvyanka becomes con-
siderable, because of the stove heating and weak scattering
of pollution in the inversely stratified atmosphere [Khodzher
et al., 1997]. In summertime the anthropogenic loading is
related to the releases from Irkutsk and Baikalsk. For com-
parison, in the background region of Siberian boreal forests
(Mondy) the monthly mean concentration of SO2 was much
lower: 0.9–1.7 ppb in winter and 0.3–0.6 ppb in summer.
These concentrations are comparable to those in Hyytiälä.

The monthly mean concentrations of SO2 at the
Hyytiälä station according to the data of Lyubovtseva et al.
[2005] were 0.5–1.3 ppb in winter and 0.1–0.4 ppb in summer
and spring. The minimal concentration of SO2 was observed
in summer.

NH3 During 2005 the NH3 concentration in List-
vianka changed from 0.1 ppb to 2.6 ppb (Figure 5b). Two
maxima are clearly seen in the annual pattern, the summer
one, where the concentration in August reached 1.3 ppb and
the autumn maximum with the concentration 1.3–2.6 ppb.
In the background conditions of Siberia the summer maxi-
mum in the NH3 concentration in Mondy ([NH3] = 2 ppb)
are explained by the natural sources [Khodzher et al., 1997].
In winter this concentration was much lower (0.2 ppb). Ex-
isting sporadic measurements of NH3 in Hyytiälä in 1999
and 2003 [Janson et al., 2001, 2005] showed that the con-
centration of NH3 changed from 0.005 ppb to 0.4 ppb in
spring with the average 0.049 ppb and from 0.01 ppb to
0.43 ppb with the average 0.05 ppb in summer. In general,
the low concentration of NH3 observed at low temperatures
and in presence of the North air masses. Higher concentra-
tions were observed when the air masses came from South.
In Hyytiälä ammonia showed strong diurnal variations with
concentration minima in the early morning and a maximum
at the late afternoon.

The analysis of the aerosol samples from Listvyanka in
the warm period of year showed the increase by factor of 2
in the molar concentration of NH+

4 over SO2−
4 [Golobokova

et al., 2005]. Most likely that this is related to the fact that
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Figure 5. Weekly average variations of concentration of
SO2 (a), NH3 (b), and HNO3 (c) in Listvyanka in 2005 year.

the sulfates exist in entirely neutralized form (NH4)2SO4. In
cold periods these concentrations were approximately equal,
i.e., the sulfates are not entirely neutralized and exist in
various forms: e.g. H2SO4, (NH4)HSO4, (NH4)2SO4.

HNO3 The seasonal pattern of HNO3 in Listvyanka
practically repeated that of SO2 (Figure 5c). The concen-

Figure 6. Time series of measured total concentration in
Listvyanka and Hyytiälä (03.2005–03.2006). curve 1 shows
the total number concentration of particle with d < 50 nm in
Listvyanka, curve 2 displays the monthly mean number con-
centrations of particles d < 50 nm in Hyytiälä. (Listvianka
– left axis, Hyytiälä – right axis).

tration of HNO3 reached its maximum (0.5 ppb) in Febru-
ary and March. The minimal level of HNO3 was observed
in summertime. The data on HNO3 for Hyytiälä are prac-
tically absent. We found the measurements of HNO3 at
Hyytiälä station in 1999 [Janson et al., 2001]. According to
this work HNO3 varied from 0.01 ppb to 0.3 ppb with an
average of 0.07 ppb in the summer period and from 0.01 to
1 ppb with an average 0.13 ppb during spring-99 campaign
at Hyytiälä station. The lowest concentration was normally
observed in early in the morning. The average concentration
of HNO3 in event and nonevent days showed no significant
differences. Higher concentrations of HNO3 were observed
during springtime in nonevent periods.

Aerosol

Figure 6 shows the time series of the total particle con-
centrations (d < 50 nm) measured at the Listvyanka and the
Hyytiälä sites during period March 2005–March 2006. The
concentration of nucleation mode particles in Listvyanka
grew beginning from July and reached the maximum in
November 0.8 × 104 cm−3. Similar maximum was also ob-
served in the concentration of soluble ions NH+

4 and SO2−
4

in November [Golobokova et al., 2005].
We compared the seasonal patterns of total particle con-

centration (d < 50 nm) in Listvyanka for the whole period
with the seasonal patterns of particle concentration of nu-
cleation mode measured at the same period in Hyytiälä. In
Listvyanka the mean particle concentration was higher by
3–10 times during the whole annual period. The minimal
concentration of the nucleation mode was observed in April
and May, in contrast to typical for Hyytiälä patterns with
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the maximum concentration at springtime.
The seasonal dependencies of formation rate and growth

rate for two stations, Listvyanka and Hyytiälä are presented
in Figure 7 and Figure 8. The data of March 2005–March
2006 were used for the analysis of GR and FR in Listvyanka.
The mean values of FR and GR are presented on the ground
of the analysis of long term measurements performed in
1997–2005 by Dal Maso et al. [2005]. In spring the mean
value of FR in Listvyanka was lower by 2–4 times than that
in Hyytiälä. In contrast to Hyytiälä, where the maximal
FR was observed in spring, the maximal FR in Lisvyanka
was observed in summer. The GRs had well observed max-
ima at summertime at the both stations, the mean GR at
Listvyanka being lower than at Hyytiälä during almost all
year.

At present time it is commonly accepted that just formed
particles have the size of order 1.5–1.8 nm Kulmala et al.
[2006], whereas the particle size measurements overlap the
size interval d > 3 nm. We thus never observe actual parti-
cle formation rate. Instead, the measurement give the val-
ues of formation rates at particle sizes 3 nm. Kerminen and
Kulmala [2002] suggested an interpolation formula linking
the formation rate FR(3 nm) with FR(1.5 nm). Recently
Lehtinen et al. [2007] modified this formula for a more real-
istic form of the coagulation sinks. The modified Kerminen-
Kulmala equation claims:

FRx = FR1.5 exp

(
−γd1.5

CoagS(d1.5)

GR

)
(1)

where FRx=FR(x nm) is the “apparent” particle formation
rate at d = dx, GR is the particle growth rate,

Figure 7. Seasonal behavior of particle formation rate (FR)
in Listvyanka and Hyytiälä. Circles — FR in Listvyanka,
squares — monthly mean FR in Listvyanka, stars —
monthly mean FR in Hyytiälä [Dal Maso et al., 2005].

Figure 8. Seasonal behavior of particle growth rate (GR)
in Listvyanka and in Hyytiälä. Circles — GR in Listvyanka,
squares — monthly mean GR in Listvyanka, stars —
monthly mean GR in Hyytiälä [Dal Maso et al., 2005].

γ =
1

m+ 1

[(
dx

d1.5

)m+1

− 1

]
(2)

In our calculation we used m = −1.8.
The coagulation sink is defined as the rate of the losses of

freshly formed particles due to their intermode coagulation
with preexisting aerosol particles of larger sizes,

CoagS(dp) =

∫
β(dp, d̄p)n(d̄p)dd̄p (3)

with β(dp, d̄p) being the collision frequency of particles of
diameters dp and d̄p, n(d̄p) – the size distribution of preex-
isting particles, and

m =
ln[CoagS(dx)/CoagS(d1.5)]

ln(dx/d1.5)
(4)

is the exponent in the size dependence of the coagulation
sinks,

CoagS(dx) = CoagS(d1.5)
(
dp

d1.5

)m

(5)

The parameter m varies from −2 to −1, depending on the
size distribution of preexisting particles. Coagulation sink is
expressed through the condensation sink as follows:

CoagS(1.5 nm) = 0.578CS (6)

[Lehtinen et al., 2007].
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Figure 9. An event of new particle formation observed in Hyytiälä 06.04.2005. Top panel shows the
diurnal evolution of the particle size distribution. Bottom panel: (a) diurnal evolution of temperature
and UV radiation; (b) O3 mixing ratio (ppb) and relative humidity; (c) total particle concentration
(3− 50 nm) and SO2 mixing ratio (ppb).

We applied (1) for estimating the ratio of real formation
rate to apparent formation rate, FR1.5/FR3 in Lisvyanka
and Hyytiälä. For typical winter values of CS= 0.001 s−1,
GR= 1.8 nm h−1 (Hyytiälä) and CS= 0.002 s−1, GR=
1 nm h−1 (Listvyanka) we found FR1.5/FR3 ≈2.5 for
Hyytiälä and FR1.5/FR3 ≈ 28.5 for Listvyanka. In summer
we found respectively FR1.5/FR3 ≈ 2.5 for Hyytiälä (CS=
0.0025 s−1, GR= 4.5 nm h−1), and FR1.5/FR3 ≈ 12.3 for
Listvyanka (CS= 0.0037 s−1, GR= 2.5 nm h−1). The values
of CS and GR were taken from [Dal Maso et al., 2005, 2008;
Zagaynov et al., 2007].

Nucleation Bursts

As an example let us consider two typical aerosol events
in Hyytiälä and Listvyanka (Figure 9 and Figure 10). In

Hyytiälä (Figure 9) 06.04.2005 the aerosol formation pro-
cess began at about 12 p.m. The relative humidity dur-
ing several hours (from 0 to 8 p.m.) remained almost con-
stant RH = 40 − 50%. The SO2 concentration was low
(0–0.2 ppb). The ozone concentration raised up to 47 ppb
when the particle concentration reached its maximum. The
total particle concentration grew by factor of 3. (from 3×103

to 104 cm−3). The particle growth continued several hours
and was accompanied with the conversion of the nucleation
mode particles to the Aitken mode. According to Ehn et
al. [2007] the particle solubility decreased in increasing the
modal particle size for this event day. This fact indicates
that the initial growth was due to the presence of more hy-
groscopic compounds, whereas the subsequent growth was
caused mainly by less hygroscopic or even hydrophobic com-
pounds. Hence, the species responsible for growth of freshly
nucleated particles were different from those participating
in nucleation. A number of works [e.g., Boy et al., 2005;
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Kulmala et al., 2004; Sihto et al., 2006; Weber et al., 1997]
emphasized that although sulfuric acid, a very hygroscopic
compound, is one of the most likely candidates responsi-
ble for formation of critical clusters, sulfur chemical cycle
does not produce enough sulfuric acid in the atmosphere to
explain the particle growth up to 20–100 nm in diameter.
According to Boy et al. [2005], the contribution of H2SO4

to particle growth from 3 to 25 nm in Hyytiälä was about
10–12%. Respectively, the further particle growth was con-
nected with other nonvolatile compounds, e.g., of organic
origin [Kerminen et al., 2000].

The estimates by Lyubovtseva et al. [2005] of the con-
centrations of monoterpenes oxidation products by OH and
ozone showed that in summertime their monthly mean con-
centrations (108 cm−3) exceeded [H2SO4] by 15–20 times for
event days and were enough for explaining the observed GR
in Hyytiälä (up to 10 nm h−1). Besides, it was shown that
the seasonal patterns of monoterpenes oxidation products
correlated well with the seasonal pattern of GR in Hyytiälä.

In Listvyanka 07.07.2005 (Figure 10) the concentration
of newly born aerosol particles during the nucleation burst
grew by five times up to 6× 103 cm−3. The increase in the
concentration of these new particles correlated well with the
dynamics of SO2 concentration whose level exceeded by 20
times that in Hyytiälä. We stress once more that the for-
mation process and the particle growth in Listvyanka went
at high level of SO2 typical for urban places, and high rela-
tive humidity (RH= 70− 100%) The measurements of NH3

for this day are absent. Nevertheless, according to the data
of weekly mean concentration of NH3 shown in Figure 5b
we can conclude that the NH3 concentration was of order
0.3–0.5 ppb.

Let us estimate the ratio of sulfuric acid production rates
in Listvyanka and Hyytiälä. The production rate of sulfuric
acid is expressed as

Q(H2SO4) = k1[SO2][OH] (7)

where k1 is the rate constant for the reaction SO2 + OH −→
H2SO4. Then the sulfuric acid concentration is

[H2SO4] =
Q(H2SO4)

CS
=
k1[SO2][OH]

CS
(8)

Here CS stands for the condensation sink for the molecules
of sulfuric acid [Kulmala et al., 2006].

The contribution of sulfuric acid to the growth of newly
born particles. is proportional to [H2SO4]. Then the ratio of
sulfuric acid production rates in Listvyanka and Hyytiälä can
be estimated as follows:

GRL

GRH
=

[SO2]L[OH]LCSH

[SO2]H[OH]HCSL
(9)

The subscripts L and H refer to Listvyanka and Hyytiälä re-
spectively. It is important to emphasize that this ratio is
independent of the reaction constants.

The concentration [SO2]L exceeded by order of magni-
tude the respective value in Hyytiälä which gives us the

Figure 10. An event of new particle formation observed at
Listvyanka 07.07.2005: (a) the diurnal evolution of the par-
ticle size distribution; (b) total particle concentration with
d < 50 nm (red line), the concentration of particles with
d < 20 nm (dotted blue line), and the concentration of sub-
micron particles (solid blue line); (c) the diurnal evolution
of relative humidity; (d) the SO2 mixing ratio (ppb).

grounds to assume that the particle formation and growth
in Listvyanka was due to one and the same source (pro-
duction of sulfuric acid) Indeed, the numerical estimate
for [OH]L = 106 − 107 cm−3 and [SO2]L = 1011 cm−3

gives [H2SO4]L = 107 − 108 cm−3 which is enough for the
growth rate GR=0.6–3.5 nm h−1 observed in Listvyanka at
RH= 80− 100%.

Our analysis thus supports the hypothesis that the parti-
cle formation–growth process in Listvyanka could be driven
by sulfuric acid.

Summary and Conclusions

The observations by [Dal Maso et al., 2008], demonstrated
that the nucleation events in Listvyanka are more seldom
phenomena than those in Central Finland. Moreover, the
nucleation bursts over there were not so clearly expressed as
it was observed at Hyytiälä station and other similar sites in
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Northern and Central Europe. The explanation can be found
in the fact that local mountains are mainly covered with
larches which emit organic substances different from those
emitted by Scott pines [Khodzher et al., 1997; Ruuskanen et
al., 2007]. Next, in summertime the period of rains and mists
in Siberia is much longer than in Finland which essentially
influences the formation of aerosol particles.

Seasonal patterns of UVB radiation at λ = 310 nm are
principally different for boreal forests around Hyytiälä and in
Siberia. The non-symmetry of the seasonal patterns of UVB
radiation in these both regions are different. The spring level
of UVB radiation in Hyytiälä is much higher than the UVB
radiation in August–September. A different picture is ob-
served in Siberia, where the autumn UVB radiation level
exceeds by 2–3 times its spring value. The high correlation
between the aerosol formation rate and UVB radiation ac-
counts for the different seasonal pattern of the formation
rates for these two regions of boreal forest.

During all period of observation the concentration of nu-
cleation mode in Listvyanka was higher than in Hyytiälä.
Two main maxima in Listvyanka were observed in late sum-
mer and late autumn. The analysis of the Siberian data
revealed seasonal correlations between the concentrations of
nucleation mode and NH3. The maximal formation rate
in Listvyanka was also observed in summer and autumn
and correlated well with UVB radiation. In spring the for-
mation rate was a half or a third of that in summer. A
comparison of the seasonal patterns of formation rates in
Listvyanka and Hyytiälä displayed their considerable differ-
ence. In Hyytiälä the particle formation rate was maximal in
springtime and minimal in midsummer, whereas the growth
rate was maximal in summer and minimal in spring. The
seasonal patterns of FR and GR in Listvyanka were similar
and have simultaneous maxima in summer. This fact can be
explained by common origin of the substances responsible
for nucleation and the particle condensation growth.

The concentration of SO2 in Listvyanka exceeded that in
Hyytiälä by several times. High SO2 concentrations presum-
ably could lead to high concentrations of sulfuric acid vapor
produced photochemically in the atmosphere. The growth
rate of freshly nucleated particles is expected in this case to
be related to the condensation of sulfuric acid. Since the
concentration level of NH3 was also high (0.5–2 ppb), a con-
siderable contribution of ternary nucleation to the particle
formation process could be expected [Korhonen et al., 1999;
Napari et al., 2002]. In some extent this is confirmed by the
correlations between the seasonal pattern of the nucleation
mode and NH3. High relative humidity (RH> 80%) typical
for most event days in Listvyanka allows us to assume that
the growth process occurred on aqueous ammonium sulfate
solution rather than on dry ammonium particle. According
to Stolzenberg et al. [2005] and Kulmala et al. [2001b] in
this case the particle growth rate enhanced at the same con-
centration of H2SO4. The data of chemical analysis of the
aerosol samples [Golobokova et al., 2005] confirmed that in
summertime a stable twofold excess of NH+

4 over SO2−
4 in

aerosol particles was observed which means that the parti-
cles consisted of (NH4)2SO4. In contrast to Listvyanka the
formation process in Hyytiälä occurred at small relative hu-
midity (40–50%) and low concentration of SO2 during most

event days [Lyubovtseva et al., 2005].
The difference in the kinetics of nucleation bursts could

be assumed to be related to different chemical pathways of
the particle formation. As we mentioned the considerable
amount of sulfur dioxide in the atmosphere of Listvyanka
suggests that the sulfuric compounds contribute mainly to
the particle formation and growth in contrast to Hyytiälä,
where they give only 10–12% to the particle growth. In
both these places the sulfuric compounds and, in particular,
sulfuric acid are most likely responsible for the formation
of supercritical embryos [Kulmala et al., 2004, 2006]. The
reaction of hydroxyl radical with sulfur dioxide leading to
formation of sulfuric acid is more efficient in the conditions
of Listvyanka, where this reactions go in presence of much
higher content of sulfur dioxide.

Nucleation and subsequent growth in Hyytiälä follow a
different pathway: sulfuric acid drives nucleation whereas
growth is provided by nonvolatile organics, a product of
photochemical processing of highly volatile plant emissions.
Respectively, one expects that the particles of the Aitken
mode produced by the nucleation bursts of different nature
will have principally different chemical composition. The
particles from boreal forest near Hyytiälä should comprise
organic substances whereas the particles from Listvyanka are
inorganic and comprise mainly ammonium sulfate. The cli-
matic activity of above mentioned two types of aerosols is
also very different. The sulfate particles are hygroscopic and
thus are more active as CCN as compared to hydrophobic
organic particles.
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C. D. O’Dowd (2001b), On the formation, growth and
composition of nucleation mode particles, Tellus, 53B,
479–490.
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