
Atmos. Chem. Phys., 11, 8703–8719, 2011
www.atmos-chem-phys.net/11/8703/2011/
doi:10.5194/acp-11-8703-2011
© Author(s) 2011. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Aerosol particle number size distributions and particulate light
absorption at the ZOTTO tall tower (Siberia), 2006–2009

J. Heintzenberg1, W. Birmili 1, R. Otto1, M. O. Andreae2, J.-C. Mayer2, X. Chi2, and A. Panov3

1Leibniz-Institute for Tropospheric Research, Permoserstrasse 15, 04318 Leipzig, Germany
2Max-Planck-Institute for Chemistry, P.O. Box 3020, 55020 Mainz, Germany
3VN Sukachev Institute of Forest, Siberian Branch of the Russian Academy of Science, Akademgorodok, P.O. Box 26695,
660036 Krasnoyarsk, Russia

Received: 17 December 2010 – Published in Atmos. Chem. Phys. Discuss.: 17 January 2011
Revised: 17 August 2011 – Accepted: 18 August 2011 – Published: 25 August 2011

Abstract. This paper analyses aerosol particle number size
distributions, particulate absorption at 570 nm wavelength
and carbon monoxide (CO) measured between September
2006 and January 2010 at heights of 50 and 300 m at the
Zotino Tall Tower Facility (ZOTTO) in Siberia (60.8◦ N;
89.35◦ E). Average number, surface and volume concen-
trations are broadly comparable to former studies covering
shorter observation periods. Fits of multiple lognormal dis-
tributions yielded three maxima in probability distribution of
geometric mean diameters in the Aitken and accumulation
size range and a possible secondary maximum in the nucle-
ation size range below 25 nm. The seasonal cycle of particu-
late absorption shows maximum concentrations in high win-
ter (December) and minimum concentrations in mid-summer
(July). The 90th percentile, however, indicates a secondary
maximum in July/August that is likely related to forest fires.
The strongly combustion derived CO shows a single winter
maximum and a late summer minimum, albeit with a consid-
erably smaller seasonal swing than the particle data due to its
longer atmospheric lifetime. Total volume and even more so
total number show a more complex seasonal variation with
maxima in winter, spring, and summer. A cluster analysis of
back trajectories and vertical profiles of the pseudo-potential
temperature yielded ten clusters with three levels of parti-
cle number concentration: Low concentrations in Arctic air
masses (400–500 cm−3), mid-level concentrations for zon-
ally advected air masses from westerly directions between
55◦ and 65◦ N (600–800 cm−3), and high concentrations for
air masses advected from the belt of industrial and popula-
tion centers in Siberia and Kazakhstan (1200 cm−3). The ob-
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servational data is representative for large parts of the tropo-
sphere over Siberia and might be particularly useful for the
validation of global aerosol transport models.

1 Introduction

The Siberian landmass hosts an ecosystem that is glob-
ally relevant for the atmospheric budget of carbonaceous
greenhouse gases, such as CO2 and CH4 (Schulze et al.,
1999; Lloyd et al., 2002), but also aerosol particles. The
aerosol’s relevance derives from its ability to scatter and ab-
sorb incident light and lead to cloud activation, which influ-
ence the terrestrial radiation budget (Haywood and Boucher,
2000). Overall, the secondary aerosol over boreal forests
is predicted to exert a net cooling effect on global climate
(Spracklen et al., 2008). A particular concern, however, is
how the vast Siberian ecosystem might change during the on-
going global warming, and which global consequences this
will have (IGBP, 2007).

In contrast to its global relevance, Siberia is still poorly
represented in atmospheric observation systems. Many pre-
vious atmospheric aerosol studies for Siberia have relied on
satellite data (e.g.,Cahoon et al., 1994; Stocks et al., 1998).
In-situ physical, chemical and optical properties of aerosol
particles have only been scarcely available.

Systematic in-situ observations of atmospheric aerosols in
Siberia started in the late 1980s. The first observations in-
cluded, for example, particle number size distributions and
light scattering coefficients at Lake Baikal and Novosibirsk
(Koutsenogii and Jaenicke, 1994; Koutsenogii, 1997, and ref-
erences therein). During the summer months, these authors
found total particle number concentrations between 2000 and
20 000 cm−3 as well as modal geometric mean diameters
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around 12, 85 and 800 nm. Due to the use of diffusion
screens and impactors, the size resolution of these measure-
ments was limited.

Vartiainen et al.(2007) reported particle and ion num-
ber concentrations measured along the Trans-Siberian rail-
way using mobility spectrometers. During their 14-day
campaign they encountered remote baseline concentrations
around 500 cm−3 as well as peak values around 40 000 cm−3

near anthropogenic sources. The duration of that experiment
was, however, limited. In addition, the location of instru-
ments on a running train required great care in identifying
those sections of the data that were representative for remote,
undisturbed conditions.

Using diffusion aerosol spectrometers,Dal Maso et al.
(2008) analysed ambient particle number size distributions
for one year in 2005/2006 at observation sites in Tomsk and
Listvyanka, near Lake Baikal. The size range of the two in-
struments covered 3–250 nm and 3–50 nm at the two stations,
respectively. The mean total particle number concentration
at Tomsk, a station characterized as “rural” by the investiga-
tors, was around 2500 cm−3. At both sites, between 20 and
30 secondary particle formation events were observed during
one year, which mainly occurred between March and June in
Tomsk, but throughout January to August at Listvyanka. The
average number of new particles formed per event amounted
to 5700 cm−3 in Tomsk, and to 3340 cm−3 in Listvyanka.

Paris et al.(2009) conducted comprehensive aircraft ob-
servations of aerosol particles in the Siberian troposphere
with a focus on ultrafine and fine particle number concen-
trations. Free tropospheric particle number concentrations
varied between 60 and 460 cm−3, and were considerably in-
ferior to those in the boundary layer (100–7000 cm−3). New
ultrafine particles were concluded to be formed within the
clean Siberian atmosphere, both in the boundary layer and
in the free troposphere. WhileParis et al.(2009) provided
one of the most comprehensive atmospheric aerosol studies
in Siberia, a limitation of their study remains the lack of par-
ticle size resolution.

The body of literature suggests that there is still consid-
erable uncertainty about the spatio-temporal concentrations
of particle mass and number, as well as their governing
sources in the Siberian troposphere. Some presumed natu-
ral aerosol sources over Siberia include forest fires and sec-
ondary particle formation from the gas phase. Smoke re-
leased by Siberian forest fires could, for instance, be tracked
down many thousand kilometers downwind within the entire
Northern hemisphere (e.g.,Cahoon et al., 1994; Stocks et al.,
1998; Damoah et al., 2004; Müller et al., 2005).

Boreal forests have also been shown to represent a large-
scale source of secondary aerosol particle number and mass
(e.g.,Dal Maso et al., 2005, 2007; Pryor et al., 2008), with
newly formed particle mass apparently being mainly organic
compounds of biogenic origin (Tunved et al., 2006). One
can think of additional natural aerosol sources that are rele-
vant over Siberia, mainly affecting the coarse particle mode:

pollen, vegetation debris, and wind-blown dust – mainly dur-
ing dry summer periods, and sea spray – in the vicinity of the
Arctic ocean during the ice-free period.

To reduce the large Siberian gap in surface-based atmo-
spheric observations, the 300 m tall meteorological tower fa-
cility ZOTTO was erected 2006 near Zotino, Russia, in the
heart of the Siberian ecosystem. Within the range of a few
hundred kilometers around ZOTTO, anthropogenic sources
are relatively scarce and far from each other. Thus, aerosol
sampled at ZOTTO can be representative for a large area of
the Siberian ecosystem. A study of the representativeness of
the ZOTTO facility and first analyses of the particle size dis-
tribution data can be found inHeintzenberg et al.(2008) and
Heintzenberg and Birmili(2010). The present report covers a
statistical analysis of aerosol data taken through the first four
years of operation of the ZOTTO facility (9/2006–1/2010).
Beyond the particle size distribution, measurements of par-
ticulate absorption and CO as a tracer gas are discussed. With
a cluster analysis of back trajectories, seasonally dependent
major air mass pathways and the related aerosol size distri-
butions are determined.

2 Instrumental

2.1 The Zotino Tall Tower Facility (ZOTTO)

Since 2006, a unique research platform is available in Cen-
tral Siberia as the Zotino Tall Tower Facility (ZOTTO) at
60.8◦ N; 89.35◦ E, about 20 km west of the Yenisei river. The
site lies in a vast region of forests and bogs, still relatively
undisturbed by anthropogenic influences and relatively in-
hospitable because of its continental climate. The popula-
tion density is low, but a moderate human impact on veg-
etation, e.g., by logging activities, is already visible. The
climate is dominated by a large seasonal temperature cycle
spanning from minima below−55 ◦C in winter to maxima
above +30◦C in summer. The tower is 300 m high and was
designed for long-term atmospheric observations in Siberia
that are representative for a very large spatial area. A signifi-
cant benefit of tall tower sampling is also that measurements
at greater heights are less prone to contamination by unavoid-
able local sources such as the diesel power generator of the
facility.

Trace gas measurements obtained by aircraft in summer in
the Zotino area (Lloyd et al., 2002) indicated a well-mixed
planetary boundary layer by the depletion of carbon diox-
ide concentration as a result of daytime photosynthesis. This
measurement shows that a 300 m sampling point on the tower
should be largely representative for boundary layer air (indi-
cated by an excess in biogenic oxygen isotopes), thus avoid-
ing effects that are related to particle sources or sinks the
shallow surface layer.

The tower and the adjacent underground laboratory were
constructed between 2004 and 2006 by the Max Planck
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Society (http://www.bgc-jena.mpg.de/bgc-systems/projects/
zotto/index.shtml). The scientific leaders of the ZOTTO fa-
cility are the Max Planck Institute for Biogeochemistry in
Jena, Germany, and the VN Sukachev Institute of Forest,
Krasnoyarsk, Russia, together with the Max Planck Institute
for Chemistry, Mainz, Germany. The VN Sukachev Institute
of Forest continually operates and maintains the ZOTTO fa-
cility. More details on the motivation of ZOTTO and details
on the infrastructure are given inKozlova et al.(2008, 2009)
andWinderlich et al.(2010).

2.2 The aerosol inlet at ZOTTO

Ambient aerosols at ZOTTO are collected through two in-
let pipes, one reaching to the top of the tower at 300 m
above ground, the other one to 50 m height. A computer-
controlled valve system switches the aerosol sampling be-
tween the two levels every six minutes while maintaining the
nominal 40 l min−1 flow in both inlets. The details of the
experimental set-up including a calibration of the inlet for
particle losses are described in a specialized paper (Birmili
et al., 2007) and inHeintzenberg et al.(2008).

Particles between 0.05 and 1 µm in mobility diameter (Dp)
are nearly perfectly transmitted through the pipe. 10 nm par-
ticles are still transmitted at a reproducible efficiency of 20 %
(Birmili et al., 2007). The latter inlet calibration was used to
correct all particle number size distributions in this paper. At
the upper particle size end, gravitational settling is relevant
in the final 10 m of horizontal pipe section. Gravitational
losses were not calibrated experimentally, but estimated for
horizontal laminar pipe flow afterBrockmann(2001). Our
estimation yielded a 50 % particle transmission for particles
around 3 µm (aerodynamic DiameterDae), which can be re-
garded as the upper size cut of the inlet. This size cut is irrel-
evant for the particle number size distribution measurements,
but essential to the integrating optical aerosol measurements.

2.3 Particle size distribution measurements

Particle number size distributions in the diameter range 15–
835 nm have been recorded continuously at ZOTTO since
9/2006 by a Differential Mobility Particle Sizer (DMPS). The
instrument has been optimized for the special requirements
of long-term operation at ZOTTO: automatic and largely
unattended operation, low level of maintenance, long-term
stability, avoidance of radioactive sources as a charging de-
vice due to legal restrictions.

Specifically, the DMPS uses a Hauke-type differential mo-
bility analyzer (DMA; Winklmayr et al., 1991) with a cen-
ter rod length of 28 cm. Positive voltages up to 12500 V
are applied, thus selecting negatively charged particles in
the DMA. Particles downstream of the DMA are counted
with a laminar flow condensation particle counter (CPC
model 3762, TSI Inc., St Paul, USA). The sample flow
through the particle counter was limited by a critical orifice to

0.8±0.1 l min−1. Single particles in the CPC are counted by
digital data acquisition to provide an accurate concentration
measure even in the case of very low particle concentrations.

A sheath flow of 5 l min−1 is circulated in a closed loop,
regulated by a computer-controlled air blower with ad-
justable rotational frequency. Changes of relative humidity
(RH) in the sheath air loop are damped by a silica gel ad-
sorption dryer. Due to the relative dryness of ambient air
sampled in Central Siberia, we observed no critical accumu-
lation of moisture in the sheath air loop. In fact, RH stayed
below 30 % in all seasons.

As legal restrictions prevented the deployment of a ra-
dioactive source as an aerosol neutralizer, ambient aerosol
particles are generally neutralized in a corona-discharge
based aerosol neutralizer (Stommel and Riebel, 2004). This
aerosol neutralizer consists of an aerosol chamber with an
AC electrical discharge and was shown to perform in an
equivalent fashion to the more common Kr85 neutralizer in
ambient aerosol measurements. The time resolution of the
DMPS is about 6 min. After each measurement, the instru-
ment switches between the 300 m and 50 m height levels to
provide size distributions as a function of height.

After the multiple charge inversion and the particle loss
corrections for the 300 m and 50 m inlet pipes (Birmili et al.,
2007), the resulting particle size distributions are evaluated in
18 logarithmically equal size bins between 15 and 835 nm.
This particle size range roughly encompasses the accumu-
lation mode (100–835 nm) – representative for aged atmo-
spheric aerosols, the Aitken mode (50–100 nm) – represen-
tative for young aerosol particles only a few days old, and
the nucleation mode (<50 nm) – representing the most re-
cently formed aerosol particles. Additionally, particle mass
concentrations were calculated from number size distribu-
tions assuming spherical particles and a gravimetric density
of 1.6 g cm−3. The latter value is assumed to be representa-
tive for rural background aerosols.

Unfortunately, the aerosol neutralizer failed due to electri-
cal problems during a lengthy period between February 2008
and April 2009, during which the DMPS was operated with-
out neutralizer. Normally, the use of a charge neutralizer is
mandatory in conjunction with a DMPS, since otherwise, the
state of charging is poorly defined. However, it is known that
aerosol particles reach the bipolar charge equilibrium after
a sufficient residence time in the atmosphere.Gagńe et al.
(2008) examined the charging state of environmental parti-
cles over a boreal forest using a DMPS with and without a
charge neutralizer. Their one-year observations suggest that
deviations from the bipolar charge equilibrium play a role in
the size range of the smallest particles (<10 nm) only. Ap-
parently, nucleation mode particles readily reach the charge
equilibrium after a residence time of only a few hours in an
atmospheric setting comparable to ZOTTO with respect to
latitude and the biogenic ecosystem.

As an additional check, we used instrumentation equiva-
lent to that at ZOTTO in an urban air experiment in Leipzig
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(Germany). During three days we made alternating measure-
ments with and without the use of a Kr85 neutralizer using
a positive DMA voltage. The main result was that in their
ambient state, urban ambient particles appeared to be under-
charged, with relative efficiencies of 79 %, 90 %, and 80 %
at the diameters 15, 80, and 800 nm, respectively, compared
to the bipolar charge equilibrium. Hence, we conclude that
the concentrations observed by the ZOTTO DMPS during
the period 2/2008–4/2009 might be too low by 20 % at most.
This estimate seems to be justified in view of the relatively
large distance of the ZOTTO site to the emission sources of
fresh anthropogenic aerosols.

2.4 Particulate absorption measurements

A single-wavelength Particle/Soot Absorption Photometer
(PSAP, Radiance Research, Seattle, USA) was used in
this study for measuring particulate light absorption. This
method is based on the integrating plate technique, in which
the change in optical transmission through a filter caused by
particle deposition on the filter is related to the light absorp-
tion coefficient of the deposited particles. The raw or un-
corrected absorption coefficient from the PSAP,σ0, can be
written as

σ0 =
A

V
ln

(
Trt−1t

Trt

)
(1)

where A is the area of the sample spot,V is the volume of air
drawn through area A during a given time period1t , Trt−1t

and Trt are the filter transmissions before and after the time
period.

However, it is known that this equation does not directly
give the accurate aerosol absorption coefficient, because
of the inherent errors caused by multiple scattering effects
within the filter matrix and the light scattering by the col-
lected particles (Bond et al., 1999; Virkkula et al., 2005).
Several empirical methods have been suggested and modified
for correcting these artifacts (Bond et al., 1999; Weingartner
et al., 2003; Virkkula et al., 2005).

In this study we corrected our data for the scattering ar-
tifact as well as the calibration error afterVirkkula et al.
(2005). The particulate absorption coefficient was calculated
from

σAP(PSAP) = (k0+k1 ·(h0+h1ω0) · ln(Tr)) ·σ0−s ·σSP (2)

wherek0, k1, h0, h1, andσ are the constants listed in Ta-
ble 3 inVirkkula et al.(2005) for a single-wavelength PSAP
(λ = 574 nm). Tr is the Transmission of the light through the
filter, represents the scattering coefficients (λ =574 nm),ω
is the single-scattering albedo calculated using the iterative
procedure described in Virkkula’s Eqs. (7)–(9) and Table 3.

It has been estimated that this type of empirical correc-
tions limits the overall accuracy of PSAP measurements to

ca. 20–30 % (Bond et al., 1999). Such estimates of the uncer-
tainty in PSAP absorption are derived from laboratory mea-
surements, typically made using non-absorbing (e.g., ammo-
nium sulfate) or strongly absorbing (e.g., soot, nigrosin dye)
particles, which are all solid when dry (Bond et al., 1999;
Virkkula et al., 2005). Some later laboratory and field exper-
iments suggested that the actual uncertainty in PSAP mea-
surements in the field is likely to be significantly larger than
20–30 % (Cappa et al., 2008; Lack et al., 2008). The min-
imum detection limit (MDL) of the PSAP was estimated to
be 0.025 Mm−1 for our hourly-average data, based on two
times the standard deviation of 1-min noise (with 60 s cycle
time) reported inVirkkula et al.(2005) and adjusting for our
longer averaging time.

At the site, the PSAP was attended regularly, and the fil-
ter was changed when the transmission had decreased to
0.7. The aerosol flow through the instrument varied slightly
around a value of 0.3 l min−1. The exact flow rate (average
of at least three measurements) was measured every time the
filter was changed, and was used for the sampling volume
calculation. The measured diameter of the sampling spot on
several filters was 5.2 mm, which differs from the value of
5.0 mm given in the PSAP manual. In synchrony with the
valve switching between the 300 m and 50 m height levels
every six minutes, the filter transmission (Tr) from PSAP is
recorded in the beginning and at the end of each individual
sampling period (either for 300 m and 50 m height levels).

Our initial intention was to calculate the absorption coef-
ficient during each of these time periods using the equations
mentioned above, and then to derive separate 1-h averages
for the two heights. However, it was found that this approach
caused unacceptable noise due to instrumental instabilities
related to humidity and pressure fluctuations when switching
both sampling lines. To eliminate this effect, we first cal-
culated the hourly absorption coefficient for air mixed from
both sampling levels, using the transmission at the begin-
ning and end of the hour and the total air volume that has
passed the filter during this time. We then estimated the ab-
sorption values at 50 m and 300 m height levels, based on
the scattering coefficients for the two height levels, which
were measured independently by an integrating nephelome-
ter (assuming for the two height levels being identical within
one hour). The particulate scattering in air sampled from 50
and 300 m was measured using a TSI three-wavelength neph-
elometer (Model 3653 TSI, St. Paul, MN, USA) that mea-
sures at wavelengths of 450, 550, and 700 nm. The scatter-
ing coefficients were corrected for illumination non-idealities
according toAnderson and Ogren(2006) and interpolated to
574 nm using the nephelometer-derived scatteringÅngstr̈om
exponentVirkkula et al.(2005).

2.5 Carbon monoxide measurements

The carbon monoxide (CO) mixing ratios in air sam-
pled from 50 and 300 m were measured by UV resonance
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Fig. 1. Daily averages of total number (N , cm−3), total volume
(V , µm3 cm−3), particulate absorption at 570 nm wavelength (σap,
M m−1 (average of the 50 m and 300 m) levels), and carbon monox-
ide (CO, ppb) at 300 m at ZOTTO, Siberia.

fluorescence, using a Fast-CO-Monitor (Model AL 5002,
Aerolaser GmbH, Germany). Prior to measurement, the air
was dried using a Nafion drier. Automated periodic zero
and span calibrations were made to account for instrumen-
tal drift. The instrument was calibrated using a CO stan-
dard gas purchased from Scott-Marrin Inc. (Riverside, Cal.,
USA). The CO mixing ratio in this cylinder was determined
to be 187.4 ppb at the Max Planck Institute for Biogeo-
chemistry (Jena, Germany) by calibration against standards
from the WMO Central Calibration Laboratory (CCL; at
NOAA/ESRL/GMD) (Kozlova et al., 2009). The original
CO data, measured with a frequency of 3 s, was converted
to hourly averages to minimize uncertainties inherent in the
data analysis methodology.

Quality control of the continuous CO data was accom-
plished by a bivariate regression analysis against indepen-
dently measured data from flask samples, analyzed at the
Max Planck Institute for Biogeochemistry. The regression
analysis revealed a very good agreement of the two indepen-
dent data sets, with an intercept of 5.1±4.2 and a slope of
0.97±0.03 (±1 standard error). A negligibly small offset
is therefore obtained at ambient concentrations around typ-
ically observed values of 80–200 ppb.

3 Results

3.1 Aerosol statistics

The present data set covers the time period from September
2006 to January 2010 with several interruptions due to tech-
nical reasons and logistic constraints as indicated by the time
series of daily averages of all parameters in Fig.1.

3.1.1 Integral aerosol parameters

Statistics of total number, surface and volume concentrations
(diameter range 15–835 nm) for 9/2006–1/2010 are collected
in Table1, both as annual averages and for the months May-
August and the months November–February. The median
particle number concentration including a quartile range was
570 (330–940) cm−3, the corresponding particle volume con-
centration being 1.9 (1.0–3.3) µm3 cm−3. Assuming a parti-
cle density of 1.6 g cm−3 the latter median would roughly
correspond to a PM1 (particles with aerodynamic diameter
<1 µm) mass concentration of 3 µg m−3.

At first glance, these particle number concentrations
seem to be similar to the remote baseline concentrations
(500 cm−3) encountered in 2005 during the transect of the
Trans-Siberian Railroad (Vartiainen et al., 2007). On the
other hand, they appear significantly lower than long-term
averages over the Boreal Forest in northern Finland, consid-
ering air masses of continental character only (899 cm−3 at
the station Varrïo; 840 cm−3 at the station Pallas) (Tunved
et al., 2005).

For all integral parameters and all seasons the concentra-
tions are higher at 50 m than at 300 m, with their ratio be-
ing highest in the number (ca. 1.3) and lowest in the volume
concentrations (ca. 1.1). This suggests the presence of par-
ticle number sources near the ground. It turned out difficult
to judge which particle sources could be responsible for this
vertical gradient.

Local particle sources, which include the diesel power
generator of the station and the sporadic truck traffic to the
village of Zotino are unlikely to cause this discrepancy. A
reason is that the signature particle size distributions that
are typical for diesel engine emissions (a soot particle mode
combined with a nucleation mode) were encountered in sub-
stantial number neither at the 300 m nor at the 50 m level.
Although we do not have the experimental means to prove
this, a prime possibility seems to be a particle flux from the
boreal forest surrounding the station.

Particle number and volume concentrations also exhibit
a seasonal cycle (Fig.2). At both heights, median number
and surface concentrations are higher by 10 to 20 % in sum-
mer compared to winter, whereas volume concentrations are
10 % lower at 50 m in summer than in winter. At 300 m only
the cleanest 25 % of volume concentrations are 10 % lower
in summer than in winter. The summer/winter differences
in Table1 suggest a closer look at the seasonal variation of
the integral aerosol parameters, which we present for 300 m
height in terms of monthly percentiles for total number and
volume concentrations in Fig.2.

The particle number shows three maxima in winter, spring,
and summer, whereas the total volume only exhibits a double
maximum in winter and summer. A first hypothesis is that
the winter maxima, centered around December, are due to
northern hemispheric fossil fuel combustion. The June/July
maximum coincides with the most probable period of forest
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Table 1. 25th, 50th, and 75th percentiles of number (N ), surface (S), and volume (V ) concentrations at 50 and 300 m height at ZOTTO,
Siberia. The statistics are given as total, for the summer months May–August, and for the winter months November–February. Ratios
50 m/300 m and summer/winter are added.

Total May–August November–February 50 m 300 m

Parameter % 50 m 300 m 50 m/ 50 m 300 m 50 m/ 50 m 300 m 50 m/ Summer/ Summer/
300 m 300 m 300 m winter winter

N 25 420 330 1.3 450 400 1.1 380 280 1.4 1.2 1.4
cm−3 50 720 570 1.3 710 620 1.1 650 520 1.3 1.1 1.2

75 1160 940 1.2 1050 930 1.1 1150 920 1.3 0.9 1.0

S 25 29 25 1.2 34 30 1.2 30 26 1.1 1.2 1.1
µm2 cm−3 50 52 44 1.2 55 51 1.1 50 43 1.2 1.1 1.2

75 84 73 1.2 86 78 1.1 87 74 1.2 1.0 1.1

V 25 1.2 1.0 1.2 1.3 1.1 1.2 1.5 1.2 1.2 0.9 0.9
µm3 cm−3 50 2.1 1.9 1.1 2.2 2.0 1.1 2.4 2.1 1.1 0.9 1.0

75 3.7 3.3 1.1 3.8 3.4 1.1 4.3 3.6 1.2 0.9 1.0
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Fig. 2. Monthly percentiles of total number (N , cm−3), and total
volume (V , µm3cm−3) in 300 m height at ZOTTO, Siberia for the
period 9/2006–1/2010.

fires in the region (Soja et al., 2004a,b; Achard et al., 2006;
Vasileva et al., 2011). The February–April and June peaks
in number concentration could generally point to the type of
secondary new particle formation observed in all continental
boundary layers (Kulmala et al., 2004).
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circles.

Particulate absorption measured with the PSAP for the
particle size range<3 µm is an integral aerosol parameter
that is strongly connected to combustion sources. In Fig.3
we present monthly percentiles ofσap for comparison with
the annual course of the DMPS data. Particulate absorption
shows a smooth seasonal variation with a high winter max-
imum and a broad summer minimum. The 10th percentile
decreases to constant, low values during May through Au-
gust whereas the 90th percentile indicates the occurrence of
elevated concentrations in June-August, consistent with the
forest fire emissions we speculated about above. As with
particle number and volume, the monthly medians of partic-
ulate absorption are always lower at 300 m than at 50 m (not
shown).
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Kozlov et al.(2008) discovered that the mass fraction of
black carbon in sub-micrometer aerosol can serve as an in-
dicator of smoke from remote forest fires in Siberia. Their
long-term study revealed that the black carbon fraction in
forest fire smoke is lower than in the average background
aerosol, i.e. this smoke is less absorbing. We consequently
used the total particle volume concentrationV (<835 nm)
as a proxy for the sub-micrometer mass concentrations and
plotted the ratioσap/V in Fig. 3. This ratio neatly follows
absolute particulate absorption coefficients with a minimum
during June/July, i.e. when we suspected a maximum likeli-
hood of regional forest fires.

Carbon monoxide (CO) measurements were only opera-
tional during three of the four years of the present report, and
no CO data were available in any month of June. Neverthe-
less, CO exhibits a smooth seasonal variation in Fig.4 with
a maximum during the late winter when total volume and
σap peaked and a broad minimum during the period spring
through fall (lowest values in July). Like soot and other par-
ticulate matter, CO is a tracer for combustion processes, es-
pecially biomass burning. However, due to its longer lifetime
in the atmosphere and the presence of a substantial global
background concentration, the seasonal swing of CO is sub-
stantially smaller than that ofσap leading to a clear summer
maximum in the ratio CO/σap in Fig. 4.

3.1.2 Particle size distributions

For a better statistical description of the number size dis-
tributions, each 18-channel particle size spectrum was re-
duced to nine parameters by fitting three lognormal functions
(Heintzenberg, 1994) to any measured distribution, starting
from hourly median data. The fitting algorithm programmed
in FORTRAN utilized a random search of a given space of
geometric standard deviationsσg of 1.1≤σg≤2.3 and geo-
metric mean diametersDg of 10≤Dg≤1000 nm combined
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Fig. 5. Probability distribution of modal diameters of one-hour-
median number size distributions taken at 50 m and 300 m height at
ZOTTO (full lines). The size distributions were fitted with a max-
imum of three lognormal modes in a range of 10–1000 nm modal
diameters. The dashed lines give median values of geometric stan-
dard deviations as a function of geometric mean diameter.

with a least square fit of total number concentrationsNm

(m=1, 3) within each of the three modes. Within each fitting
process the number of modes was minimized while maintain-
ing the constraint of 20 % relative deviation between mea-
sured and fitted data.

Probability distribution functions ofDg were constructed
by normalizing the number of occurrences of a certain value
of Dg to the total number of lognormally fitted size distribu-
tions. The resulting functions at both 50 m and 300 m, and
the size distribution of medianσg at both elevations drawn in
Fig. 5 clearly show that the shape of the size distributions is
quite similar at both 50 m and 300 m. Most frequent geomet-
ric mean diameters are found (with decreasing probability)
at 300, 150, and 40 nm. The broadest lognormal modes are
found around 100 nm with geometric standard deviationsσg
decreasing towards both smaller and larger particle sizes.

Figure 6 compares percentiles of the fitted number size
distributions at 300 m height in the four summer months May
through August with the winter months November through
February. The median size distributions for the smallest
and the largest 5 % of the total number concentrations are
given for both seasons. The respective total particle num-
bers were 290 and 4100 cm−3 in summer, and 220 and
3400 cm−3 in winter. In summer more large-Aitken and/or
small-accumulation mode particles occur, whereas in win-
ter considerably more small-Aitken and large-accumulation
mode particles are found in both extreme sub-populations.
The prominent occurrence of a mode at about 100 nm in
the size distribution of the largest concentration periods in
summer (full red line in Fig.6) is in line with contributions
from biomass burning during this season, as this is the typical
modal size of relatively fresh biomass smoke (Guyon et al.,
2005; Reid et al., 2005). It is worth to note that the cleanest
air masses in winter contain considerably more particulate
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volume (i.e. particles>100 nm) than the cleanest air masses
in summer.

Monthly medians of the modal concentrations,Nm and the
geometric mean diametersDg shed some more light on the
seasonal aerosol variations than is visible from the integral
parameters discussed in Sect.3.1.2. In Fig. 7 the first (30–
40 nm), and second modes (100–130 nm) follow to some ex-
tent the annual course of the integral size distribution param-
eters,N , S, andV , as shown in Fig.2. As expected from that
figure the absolute seasonal variations of all three modes in
both concentrations and size are not very large. Both mode 2
and mode 3 have a broad minimum in late summer and fall.
Mode 3 has a wide maximum connecting winter and early

summer whereas mode 2 has a clear late winter maximum,
typical for Arctic haze.

The smallest particles, fitted by mode 1, have their small-
est monthly median concentrations in the summer months
June through August when their geometric mean diameters
also are smallest. Because of high concentrations of ul-
trafine particles (<25 nm) being rather rare at ZOTTO, we
also display monthly 90th percentiles ofN1 in Fig. 7, show-
ing highest values around 1000 cm−3 for the months Febru-
ary through June. As a proxy for “the average aerosol over
ZOTTO” we added to Fig.6 the median size distribution for
total particle number concentrations ranging 5 % around their
median.

3.2 Back trajectory cluster analysis

3.2.1 Motivation

Back trajectory analysis is a powerful tool to analyze at-
mospheric observations at a receptor point with respect to
synoptic-scale transport processes. Since the late 1980s back
trajectory cluster analysis has been applied to statistically an-
alyze atmospheric flow patterns in oceanic (Harris and Kahl,
1990; Dorling and Davies, 1995), polar (Harris, 1992; Harris
and Kahl, 1994), and continental (Owega et al., 2006) en-
vironments. The method has also proved successful in ex-
plaining trace gas observations (Cape et al., 2000) as well as
near-surface aerosol concentrations (Oriol et al., 2004; Ab-
dalmogith et al., 2008; Borge et al., 2007) including new par-
ticle formation events (Charron et al., 2001; Dal Maso et al.,
2007). A key advantage of trajectory analysis over a manual
synoptic analysis is the automated data treatment.

Previous works confirmed that the mixed layer height is in-
strumental in explaining near-surface aerosol concentrations
in continental regions (Scḧafer et al., 2006; Engler et al.,
2007; Birmili et al., 2010). In summer, there is a significant
diurnal cycle in surface temperature over the large landmass
of Siberia, which leads to convection and a well-mixed plan-
etary boundary layer with heights up to 2 km (Koutsenogii,
1997; Paris et al., 2009). In the absence of aerosol layers ad-
vected from distant sources, the concentrations of particles
and anthropogenic trace gases will decrease in the afternoon
along with the increase in mixing volume. In the presence
of an inversion, aerosols emitted from near the surface can
be trapped in a rather small volume. In practice, the vertical
gradient of the pseudo-potential temperatureθv, can be used
to decide whether an air parcel has the ability to move and
disperse vertically. In a cluster analysis, information on ver-
tical stability can be incorporated in the shape of profiles of
θv (Engler et al., 2007; Birmili et al., 2010).

3.2.2 Cluster method

As a basis of the back trajectory clustering, 3D-backward tra-
jectories were calculated for 2006–2009 using a PC-version
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of HYSPLIT, a trajectory model provided by the NOAA Air
Resources Laboratory (Draxler and Hess, 2004). Back tra-
jectories were calculated from the Global Data Assimilation
System (GDAS) analysis set, which provides meteorolog-
ical fields every 3 h, a spatial horizontal resolution of 1◦,
and a vertical resolution corresponding to the standard pres-
sure levels (1000, 925, 850 hPa, etc.). Backward trajectories
reaching 144 h back in time were computed for ZOTTO at
the starting levels of 300, 1000 and 2000 m above the ground.
Although the trajectories were computed for four times a day,
only the 19:00 LT trajectory was analyzed further for consis-
tency with the radio sounding ascents as outlined below. Due
to computational problems at the 300 m trajectory starting
level (trajectories hitting the ground), we used back trajecto-
ries starting at the 1000 m level only.

For our present study, we employed radio soundings
from the meteorological station Bor (61.6◦ N, 90.01◦ E,
58 m a.s.l.), about 100 km north of ZOTTO, whose measure-
ments we assume to be representative of ZOTTO as well.
Radio soundings at Bor are available daily at 07:00 and
19:00 LT. Due to the gradual development of vertical mix-
ing through the day, measurements in the afternoon will be
more representative for the entire boundary layer, and also
for a wider horizontal area. For this reason, our trajectory
cluster analysis focuses on aerosol measurements recorded
in the afternoon, using solely the 19:00 LT radio sounding
for the cluster analysis.

To provide DMPS data corresponding to the 19:00 LT
radio sounding and back trajectory, particle number size
distributions were averaged for the period between 14:00–
20:00 LT. For vertical air exchange, not the absolute temper-
atureθv is important but its vertical gradient. To make the
vertical profiles comparable throughout all seasons, all pro-
files were normalized to 0◦C at a fixed height above ground.
To avoid interference with very surface-related phenomena
(such as local overheating), this critical height was set to
300 m above ground level.

The trajectory-clustering algorithm was a modification of
the algorithm version used before for particle size distribu-
tion analysis (Engler et al., 2007; Birmili et al., 2010). It is
principally based on the approach inDorling et al. (1992).
A fixed number ofk trajectory clusters is defined prior to
analysis. The algorithm then aims at minimizing the dis-
tances between each object (3-D-trajectory plusθv profile) to
its cluster mean while maximizing the distances between all
cluster means. In other words, trajectories are to be clustered
in bundles as narrow as possible, with the mean trajectories
in all bundles being as different as possible. As a measure for
the distanceD between two objects, the following expression
was used:

D = 6i[li ·((wβ ·1βi)
2
+(wz ·1zi)

2
+(wθ ·1θi)

2)]. (3)

Here,1β is the distance between two trajectory points in
degrees in spherical coordinates,1z distance between tra-
jectories in the vertical dimension (heightz), and 1θ the

difference between two corresponding points in the vertical
profiles of θv. All squared distances are summed over the
entire length of the trajectory (indexi), weighted with a dis-
tance factorli . (In analogy for theθv profiles, all i values
corresponding to levels between 300 m to 3300 m above the
surface were summed.) The distance factorli was set to 1
at the start of the trajectory, and 0 at the end of each trajec-
tory, linearly interpolating in between. (In analogy for the
θv profiles, the factor was one near the surface, and zero far
aloft.). The distance factor ensures that distances between
trajectories far from their terminal point at ZOTTO are not
overemphasized. To make horizontal and vertical trajectory
distances as well as distances inθv comparable both in mag-
nitude and units, these were multiplied by the appropriate
weightswβ (in 1/◦), wz (in 1 m−1), andwθ (in 1 K−1).

In a first step, the cluster algorithm assigns all trajectories
to one of thek pre-defined clusters based on the minimum
distanceD between the trajectories (and also radio sounding
data). Specifically, the pre-defined clusters involved straight
trajectories radiating from the ZOTTO site in different direc-
tions, thereby sharing equal segments of the 360◦ horizon.
When all data points were allocated to their appropriate seed
trajectory by the principle of the minimum distanceD, new
cluster mean values were calculated from all data points (tra-
jectory points,θv profiles) within each cluster. Then, a new
iteration was started, re-allocating all data points to the new
cluster means using again minimizingD. This procedure
was repeated until the allocation of data points to thek clus-
ters converged and no more re-allocation occurred.

It is an intrinsic property of thek-means clustering method
that different initializations of thek seed trajectories, such as
involving slightly different wind directions, usually yield dif-
ferent clustering results, i.e. allocations of trajectories. It was
also expected that the use of different weighing factorswβ ,
wz andwθ would yield different clustering results. There-
fore the cluster algorithm was run many times, using a range
of cluster numbersk, and different angles of thek seed tra-
jectories. Also, a range of weightswβ , wz andwθ was used
to check the sensitivity of the clustering results with respect
to variations in these weights. In total, 3000 cluster analyses
were performed, most of which yielded different trajectory
cluster compositions.

With respect to the weightswβ , wz andwθ , we checked
how efficiently the particle size distributions were separated
by each cluster analysis run. We computed a spread pa-
rameter representing the standard deviation within the set of
mean particle size distributions resulting from each analy-
sis, and weighted according to the number of trajectories in
each cluster. If this spread parameter was high, a particular
run is apparently well able to explain the particle size distri-
butions as a function of the meteorological situation. It the
spread parameter was low, the particular run was rather in-
efficient in splitting up the entire set of particle number size
distributions. The analysis of the spread parameter yielded
wβ = 1, wz = 10−9, andwθ = 2.2 as the optimum values to
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Fig. 8. Mean back trajectories arriving at ZOTTO as obtained fromk-means cluster analysis. The travel time of all trajectories is 144 h.
The cluster numbering ranks the seasonality of the observations, ranging from cluster 1 (predominantly winter periods, season index−0.8)
over cluster 6 (no preference, season index−0.1) to cluster 10 (predominantly summer periods, season index +0.6). Circles indicate urban
agglomerations with the diameter of the symbol being proportional to the population size.

efficiently explain the variability in observed particle num-
ber size distributions. It became evident that the geographical
origin of trajectories, (β) and the verticalθv profile mattered
most, whereas effects in the computed vertical trajectory mo-
tion, z, remained largely irrelevant for the explanations of the
surface-based aerosol measurements.

With respect to the cluster number,k, we finally made
a compromise between fine resolution of spatial trajectory
coverage (highk), and easily understandable display (lowk).
Each cluster should be understandable in terms of a synoptic
situation and, preferably, also represent observations during
a particular season. This yielded the numberk = 10, which is
presented in the following.

3.2.3 Cluster results

The mean trajectories of the ten clusters obtained are dis-
played on a map with equidistant projection in Fig.8. One
can see that the ten mean trajectories successfully divide the
overall data set according to different source regions and air
mass speed. Trajectories tend to arrive at ZOTTO mainly
from westerly and northerly directions as a result of the gen-
eral west wind drift in mid-latitudes. One mean trajectory
(cluster 6) travels the way from the Atlantic to ZOTTO dur-
ing 144 h, whereas others originate from Central Asia (2, 5)

and others, again, from latitudes around 70◦ N and higher (1,
4, 7, 10).

Table2 provides a summary of the ten clusters in terms of
observed particle and meteorological parameters. For each
cluster, a season index was calculated, scoring days in mid-
winter (15 January) as−1, and days in mid-summer (15 July)
as +1, with sinusoidal interpolation in between. As a general
rule, we numbered the clusters according to the predominant
seasonal occurrence of the observations. According to the
season index, the clusters 1–5 correspond mainly to winter
periods, the clusters 7–10 overwhelmingly to summer pe-
riods (see Table2). Winter conditions prevailed especially
in cluster 1, with an average temperature of−31◦C and an
air pressure of 1034 hPa, indicating the wintry Siberian high-
pressure area.

The seasonality of the boundary layer evolution is re-
flected in the mean profiles of the pseudo potential temper-
ature,θv (see Fig.9). The profiles for the clusters 7–10 in-
dicate a neutrally stable atmosphere in the lowest kilometer
of the troposphere, as is the case in summer. A significant
inversion, however, could be identified for clusters 1–4, with
increasing relevance.

The highest frequency of occurrence, by far, was at-
tributed to cluster 10 (northeastern Siberia/summer) with
20 % of the time (cf. Table2). Altogether, the
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Table 2. Summary of the ten trajectory clusters including climatological frequency, characteristic season, mean meteorological parameters
(air pressure, relative humidity, and temperature), mean particle concentrations at the 300 m level for several diameter intervals, and mean
CO mixing ratios. The meteorological parameters are averages of the 19:00 LT observations at the Russian meteorological service station at
Vorogovo, 30 km north of ZOTTO.

Cluster Source Frequ- Season Vertical p RH T Particle number and mass concentrations CO
No. region ency season index stability in hPa in % in◦C Na Nb Nc Nd Ntot M in ppb

1 Northeastern Siberia 5 % Winter (−0.8) very stable 1034 74 −31 27 110 190 100 430 3.2 148
2 Southern latitudes 6 % Winter (−0.8) very stable 1025 81 −15 13 130 480 190 810 6.0 157
3 Central Europe 4 % Winter (−0.5) stable 1022 84 −7 12 140 470 140 770 4.0 176
4 Arctic 7 % Winter (−0.4) stable 1016 81 −13 27 90 240 100 450 2.7 145
5 Southern latitudes 9 % Winter (−0.3) stable 1013 82 −1 25 210 720 260 1220 6.6 189
6 Northern Europe 7 % (−0.1) stable 1016 75 +4 13 150 430 140 730 3.4 152
7 Arctic 15 % Summer (+0.3) neutr. stable 1013 65 +4 22 100 230 80 440 1.9 139
8 Northern Russia 12 % Summer (+0.3) neutr. stable 1011 68 +9 16 110 420 160 710 3.8 147
9 Central Siberia 14 % Summer (+0.4) neutr. stable 1008 74 +10 14 100 430 190 730 4.5 147
10 Northeastern Siberia 20 % Summer (+0.6) neutr. stable 1011 61 +11 13 70 360 160 600 4.0 127

Season index:−1 = mid-winter (January 15), +1 = mid-summer (July 15);Na : Number concentration in the diameter range 15–30nm in cm−3; Nb : Number concentration in the
diameter range 30–60nm in cm−3; Nc : Number concentration in the diameter range 60–200nm in cm−3; Nd : Number concentration in the diameter range 200–800nm in cm−3;
Ntot: Total number concentration in the diameter range 15–800nm in cm−3; M: Particle mass concentration (<835nm) in µg m−3 assuming a density of 1.6gcm−3.
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clusters 7 (Arctic/summer), 8 (northeastern Russia/summer),
and 9 (Central Siberia/summer) account for more than
40 % of all observation days. The clusters 1 (northeast-
ern Siberia/winter), and 3 (Central Europe/winter) occurred
more rarely, each contributing no more than 5 % to the ob-
servation time. It is a particular observation that each clus-
ter representing predominantly winter conditions represents
a smaller fraction of the observation data compared to the
“summer” clusters. Our impression is that the cluster algo-
rithm facilitates such a partitioning because in the colder part
of the year, the vertical stability (as illustrated in Fig.9) tends
to be more variable.

Figure 10 shows the average size distribution for each
of the ten clusters. In both graphs, three different lev-
els of particle concentration can be seen: Low concentra-
tions (dN/d logDp ca. 400 cm−3) for clusters 1 (northeast-
ern Siberia/winter), 4 (Arctic/winter) and 7 (Arctic/summer),
mid-level concentrations (dN /d logDp ca. 800–1000 cm−3)
for the clusters 2 (southern latitudes/winter), 3 (Central
Europe/winter), 6 (northern Europe), 8 (northern Rus-
sia/summer), 9 (Central Siberia/summer), and high concen-
trations (dN /d logDp up to 1500 cm−3) for cluster 5 (south-
ern latitudes/winter). Most number size distributions exhibit
a unimodal overall shape with a number concentration maxi-
mum around 100 nm. For the lower concentration clusters, a
bimodal shape with a more obvious Hoppel minimum (Hop-
pel et al., 1990) between the Aitken and accumulation modes
tens to emerge. Such distributions are indicative of remote
background conditions where nucleation, growth by conden-
sation and cloud processing are the dominant processes shap-
ing the number size distribution.

The results for calculated total particle mass show a sim-
ilar grouping: The clusters 2 (southern latitudes/winter) and
5 (southern latitudes/winter) show the highest average parti-
cle mass concentrations (6.0 and 6.6 µg m−3, respectively).
It is worth mentioning that cluster 5 also shows the highest
CO mixing ratio (189 ppb; see Table2), and the highest par-
ticulate absorption coefficient (1.6 Mm−1; not shown). The
other clusters subsequently follow the order down to clus-
ter 7 (Arctic/summer), which shows the lowest particle mass
concentration (1.9 µg m−3).

A general finding is that the differences in particle num-
ber and mass concentrations between the clusters are rather
modest. The total number concentration differs by a factor
of 2.8 at maximum between the clusters, the particle mass
concentration by a factor of 3.4 at maximum. One can see
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Fig. 10. Mean and median particle number size distributions for the ten trajectory clusters depicted in Fig.8. Only data between 14:00 and
20:00 LT entered into the calculations, which correspond to the 19:00 LT radio sounding at Bor.

that the slower an air mass moves, and the more it originates
at southerly latitudes, the higher will be the particle mass
and number concentration as well as the CO mixing ratio.
Anthropogenic emissions from the centers of population and
industry are therefore suspected to be responsible for the el-
evated concentrations particularly in the clusters 2 and 5.

Biomass burning events are more difficult to assess from
the cluster analysis; in particular, we see no seasonal order
in the size distributions of the trajectory clusters. The clus-
ter orientation also misses out as a helpful indicator because
the fires can hypothetically occur in any forested region of
Siberia.

It is worth to note that new particle formation (defined
as the production of particles at diameter<30 nm) occurred
rather sporadically and did not show up in the average or me-
dian particle number size distributions in Fig.10. This is in
contrast, for example to average particle number size distri-
butions in Scandinavia (Dal Maso et al., 2007; Kristensson
et al., 2008) and Central Europe (Birmili et al., 2001; Engler
et al., 2007), where new particle formation is a statistically
more frequent phenomenon.

After all, the cluster analysis for ZOTTO confirms modest,
but explainable variations in the particle number size distri-
bution as a function of the synoptic scale meteorology. There
appear to be three broad number concentration regimes: low
particle concentrations around 400–500 cm−3 in Arctic air
masses (except cluster 10 with a high summer index +0.6),
medium concentrations around 600–800 cm−3 in zonally ad-
vected air masses from westerly directions, as well as the
highest concentrations around 1200 cm−3 in slowly moving
air from the southernmost latitudes. These results underline
that the concentrations determined at ZOTTO are represen-
tative for a large spatial area of the Siberian ecosystem. This
aspect makes the data set particularly useful for the valida-
tion of global aerosol transport models.

3.3 Discussion

Here, the implications of the results for the contributions of
specific aerosol sources over Siberia are discussed. As a
starting point, we presume that the ZOTTO aerosol measure-
ments at the 300 m level are likely to be influenced by the
following types of aerosol sources: (1) biomass burning, i.e.
natural as well as man-made forest fires, (2) secondary for-
mation, generating fresh particles as well as additional parti-
cle mass by gas-to-particle conversion, (3) significant anthro-
pogenic point sources, such as industrial plants, (4) diffuse
anthropogenic sources, such as domestic heating by private
households, motor and ship traffic. In addition, aerosol from
outside Siberia, both natural and anthropogenic can be ad-
vected into Siberia.

In the case of CO, the impact of biomass burning on the
observations at ZOTTO was clearly detectable during the
warm seasons 2007 and 2008 (Vasileva et al., 2011). Our
aerosol data revealed a significant annual peak in the month
of July (Fig. 2). A visual screening of the particle num-
ber size distributions for individual events suggested that on
19/07/2007, apparently, ZOTTO was strongly influenced by
forest fires within a range of a few tens of kilometers. This
event could be recognized by a strongly variable signal of
accumulation mode particles, and MODIS satellite images
showed several smoke plumes in the region. However, if for-
est fires occur farther upwind, we would expect the air mass
to become more homogeneous so that in general, it would
be difficult to identify such events from particle size distribu-
tions alone.

Further evidence, however, was provided by the ratio
σap/V , which serves as a proxy for the mass-specific light ab-
sorbance of the particle material. This ratio had an absolute
minimum in July as well (Fig.3). Kozlov et al.(2008) sug-
gested the mass fraction of black carbon in sub-µm particles
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as an indicator of smoke from forest fires. The results shown
in Fig. 3 are therefore in line with the maximum in particle
number and volume concentration in July, when there is a
maximum likelihood of forest fires. Although we conclude
that forest fires are the likely cause of the July concentration
maximum, it is difficult to judge their quantitative contribu-
tion even in this month, left alone in other months. A rea-
son is that biomass burning has a similar seasonal cycle as
secondary particle formation that enhances particle number
(Kulmala et al., 2004) as well as mass (Tunved et al., 2006).

The formation of new atmospheric particle number (at
Dp<30 nm) over Scandinavian boreal forest environments
has its greatest occurrence in spring (Kulmala et al., 2004;
Dal Maso et al., 2005). Similar evidence is available for var-
ious locations in Siberia (Dal Maso et al., 2008; Paris et al.,
2009). Figure2 showed elevated particle number concentra-
tions (relative to particle volume) in the months February–
April and June. At least for the months of March and later, it
seems plausible that secondary particle formation influenced
the observed particle mean concentrations at ZOTTO. (Be-
fore March, the environment at ZOTTO is usually completely
frozen, snow-covered, with a rather short period of sunlight.)

A visual screening of the time evolution of the particle
number size distributions at ZOTTO on individual days sug-
gested the occurrence of between 10 and 20 clear particle
formation and growth events per warm season, depending on
the exact numerical criterion used. Fresh particle formation
seems to occur not often enough to show up in any of the
trajectory cluster mean size distributions (cf. Fig.10). As
a remarkable feature, however, numerous days showed the
occurrence of nucleation mode diameter considerably bigger
than 30 nm, which persisted over many hours and sometimes
several days, hence suggesting particle formation not near
the site but further upwind. Although we refrain from a de-
tailed analysis at this stage, the frequency of fresh particle
formation events appears in any case to be substantially lower
than at continental sites in Finland (Kulmala et al., 2004;
Dal Maso et al., 2005) or Germany (Hamed et al., 2010),
at maximum similar to that observed in Siberia directly by
Dal Maso et al.(2008). In view of our limited experimen-
tal observations it remains speculative whether it could be a
lack of certain gaseous precursors or particular meteorolog-
ical conditions that make new particle formation events less
visible at ZOTTO.

Apart from the atmospheric particle number budget, sec-
ondary formation over boreal forests is, in any case, ac-
knowledged to have a significant impact on particulate mass
(Tunved et al., 2006). The minimum particulate volumeV
at ZOTTO was observed in October (Fig.2). During the
warm period (March–September), considerably higher val-
ues ofV were observed. While this observation could hint
to secondary mass production, such as from biogenic precur-
sors, the corresponding contributions are hard to distinguish
from the possible background from biomass burning contri-
butions.

Anthropogenic sources are likely to be associated with
some of the strongest variation in the data set, notably the an-
nual cycle of particle volumeV (cf. Fig. 2), the ratioσap/V

(cf. Fig.3), and also the variation of the number size distribu-
tion as a function of season and air masses (cf. Fig.10). It is
plausible that the winter maxima inV andσap/V (the mea-
sure for mass-specific absorbance) are related to fossil fuel
combustion. The most significant single dependency adds
to this impression: trajectories from latitudes far south of
60◦ N are associated with the highest concentrations of par-
ticle number, volume, and also CO (cf. clusters 2 and 5 in
Fig. 8 and Table2). Figure8 illustrates that the Siberian cen-
ters of population and industry concentrate on a belt around
55◦ N, predominantly located south-west of ZOTTO. As can
be gleaned from Table2 and Fig.10, the aspect of geographic
origin is of at least equal importance as the aspect of season-
ality, since cluster 5 – associated the by far highest observed
particle concentrations, shows a relatively modest seasonal-
ity towards the winter period only (season index−0.3).

A closer look at several individual case studies confirmed
the large-scale nature of the anthropogenic effect. Polluted
air masses often arrived when the back trajectories switched
to south-westerly directions, and such situations often re-
mained stable for a few days. The temporal continuity of the
size distributions in many such cases suggested that the pol-
luted air mass had achieved a high spatial homogeneity dur-
ing the transport from the population and industrial centers
to the remote ZOTTO site. This also weakens the likelihood
that the mean size distribution ZOTTO is systematically in-
fluenced by the few local anthropogenic sources within a few
10 km.

Lastly, we need to recognize the limitations of our source
discussion: Although we found clear indications for specific
groups of particle sources causing seasonal and geograph-
ical effects in the aerosol data, we are currently unable to
quantify their absolute contributions to particle number and
mass. A main reason is the lack of source-specific aerosol
information, such as chemical composition. Our analysis of
the more local processes is hampered by the lack of continu-
ous local micrometeorological measurements, such as three-
dimensional wind on the tower for the early period 2006–
2008. Such data, which is in process of being collected at
ZOTTO at the time of writing, could clarify the possible
roles of aerosol sources in the surroundings ZOTTO and their
interaction with atmospheric mixing. We are aware that a
more detailed classification and analysis of the time series
in conjunction with satellite products might provide addi-
tional hints especially to the magnitude of the biomass burn-
ing aerosol sources.
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4 Conclusions

This paper covers measurements of the number-size distribu-
tion of aerosol particles taken from September 2006 to Jan-
uary 2010 at 50 and 300 m on the ZOTTO tower, Siberia
at 60.8◦ N; 89.35◦ E. Additionally, particulate absorption at
570 nm wavelength and carbon monoxide (CO) as tracer gas
were measured during much of the total time period. A sta-
tistical evaluation of the combined aerosol data set allowed
drawing conclusions on three issues concerning the aerosol
over the large Siberian forest area: representative integral
particle properties and size distributions, the seasonal vari-
ation of the aerosol, and its possible sources.

Average number, surface and volume concentrations (and
estimated mass concentrations) tend to be lower than those
reported for boreal forest sites at similar latitude in Northern
Europe (Tunved et al., 2005; Dal Maso et al., 2007). Com-
parisons of total particle number with previous experiments
in Siberia (e.g.,Dal Maso et al., 2008; Paris et al., 2009)
yielded similar values but appear difficult in view of the dif-
ferences in the instrumentation used.

For all integral parameters and all seasons the concen-
trations are higher at 50 m than at 300 m, with their ratio
being highest in number and lowest in volume concentra-
tions. This suggests an impact of near-ground sources; we
were, however, not able to further specify the type of these
sources. The nearest large anthropogenic source is Krasno-
yarsk, some 550 km to the south. When fitted with lognor-
mal functions, the probability distribution function of modal
diameters shows three main maxima in the Aitken and accu-
mulation size range and a possible secondary maximum in
the nucleation size range below 25 nm.

The seasonal distributions of the different particle param-
eters differ substantially. Median soot-related particulate ab-
sorption has a clear single maximum in high winter (Febru-
ary) and minimum values in mid-summer. This distribu-
tion is typical for northern hemispheric combustion related
aerosol parameters as seen in the Arctic haze (Heintzenberg,
1989). The 90th percentile, however, indicates a possible
secondary maximum in July/August. The strongly combus-
tion derived CO shows a single winter maximum and a late
summer minimum, albeit with a considerably smaller sea-
sonal swing than the particle data due to its longer atmo-
spheric lifetime. Total volume and even more so total num-
ber show a more complex seasonal variation with maxima in
winter, spring, and summer. Interestingly, the ratio of par-
ticulate absorption to volume has a more clearly expressed
July minimum than absorption itself, indicating the possi-
bility of non-combustion related particle sources over the
Siberian summer forest.

Our cluster analysis of back trajectories complemented
by local stability information yielded ten clusters with ba-
sically three levels of particle concentration: Low concen-
trations around 400–500 cm−3 in Arctic air masses, medium
concentrations around 600–800 cm−3 in zonally advected air

masses from westerly directions, and concentrations around
1200 cm−3 in slowly moving air from the southernmost
latitudes. Most number size distributions peaked around
100 nm. The highest number concentrations were associ-
ated with slowly moving air masses from south-western and
southern, more populated areas. In Arctic air, a bimodal size
distribution shape emerged with more evident Aitken and ac-
cumulation modes.

The multi-annual back trajectory statistics provided here
as well as the independent analysis byVasileva et al.(2011)
suggested that the aerosol sampled at ZOTTO is represen-
tative for about half of the area of Russian Siberia. This
representativeness makes the data set predestinated for the
validation of global aerosol transport models. According to
the current plans, the particle number size distribution and
particulate absorption measurements will continue during the
next years, and likely be complemented by chemical particle
analysis by Russian partner institutions.
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