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Siberia is currently poorly represented in the system of global atmospheric observations. The lack of surface-based observations concerns especially the properties and
potential climate effects of atmospheric aerosol particles. The paucity of observations
is highly contradictory to the global relevance of the Siberian landmass as a source
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This paper covers measurements of the number-size distribution of aerosol particles,
particulate absorption at 570 nm wavelength and CO as tracer gas from 2006 through
2009 at 50 and 300 m on the ZOTTO tower, Siberia at 60.8◦ N; 89.35◦ E. Average
number, surface and volume concentrations are similar to results given for continental
and boreal background locations. When fitted with lognormal functions, the probability
distribution function of modal diameters shows three main maxima in the Aitken and
accumulation size range and a possible secondary maximum in the nucleation size
range below 25 nm. The seasonal distributions of the different particle parameters differ substantially. Particulate absorption has a clear single maximum in high winter and
minimum values in mid-summer. The 90%-percentile, however, indicates a possible
secondary maximum in July/August that may be related to forest fires. The strongly
combustion derived CO shows a single winter maximum and a late summer minimum,
albeit with a considerable 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 complemented by local stability information yielded ten clusters
with three levels of particle concentration: Low concentrations for the northernmost
(Arctic) clusters mid-level concentrations for clusters reaching rapidly west between
55◦ and 65◦ latitude, and high concentrations for the cluster reaching southwest via
Kazakhstan to the central Russian industrial region.
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Since 2006, a unique research platform is available in Central 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 inhospitable because of its continental climate. The
population density is low but a moderate human impact on vegetation, 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 significant benefit of
tall tower sampling is also that measurements aloft are less prone to contamination by
unavoidable local sources such as the power generator of the facility.
1155
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and sink for aerosol particles, and their role in the global radiation budget. The major
natural aerosol sources over Siberia include forest fires (Vivchar et al., 2011) as well
as secondary aerosol formation from gaseous precursors as was observed over other
boreal forests (Dal Maso et al., 2005; Kristensson et al., 2008; Pryor et al., 2008). The
300 m tall meteorological tower facility ZOTTO was erected 2006 near Zotino, Russia,
in the heart of the Siberian ecosystem. At this site, anthropogenic influences are of
minor importance, so that the sampled aerosol can be representative for a very large
spatial area. A study of the representativeness of the ZOTTO facility and first overviews
and analyses of the particle size distribution data can be found in Heintzenberg 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. Beyond the size distribution it includes measurements of particulate absorption
and CO as a tracer gas. With a cluster analysis of back trajectories seasonally dependent major air mass pathways and related aerosol size distributions are determined.
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Ambient aerosols at ZOTTO are collected through two inlet pipes, one reaching to the
top of the tower at 300 m above ground, the other one to 50 m height. A computercontrolled valve system switches the aerosol sampling between 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 in Heintzenberg et al. (2008).
Briefly, particles with diameter (Dp )>50 nm and less than 1 µm are nearly perfectly
transmitted through the pipe, and 10 nm particles are still transmitted at a reproducible
efficiency of 20%. The calibration and the related numerical calculations were used in
this paper to correct all particle size distributions for the transmission losses occurring
in the sampling pipes.
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The tower and the adjacent underground laboratory were constructed between
2004 and 2006 by the Max Planck Society (http://www.bgc-jena.mpg.de/bgc-systems/
projects/zotto/index.shtml). The scientific leader of the ZOTTO facility is 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 facility. More details of the ZOTTO facility are given in Kozlova et al. (2008,
2009).
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
dioxide 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, thereby avoiding effects that are related to the shallow surface layer, indicated
by an excess in biogenic oxygen isotopes. Further arguments for the suitability of
ZOTTO for background measurements can be found in Winderlich et al. (2010).
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Particle number size distributions in the diameter range 12–835 nm are recorded continuously at ZOTTO by a Differential Mobility Particle Sizer (DMPS). The instrument
has been optimized in several ways 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 device.
Specifically, the DMPS uses a Hauke-type differential mobility analyzer (DMA) with
a center rod length of 28 cm (Winklmayr et al., 1991). Positive voltages up to 12 500 kV
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 is
−1
limited by a critical orifice to 0.8±0.1 l min . 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-airflow of 5 l min−1 is circulated in
a closed loop, regulated by a computer-controlled air blower with adjustable rotational
frequency. Any changes to the sheath-air in terms of relative humidity (RH) are damped
by an adsorption dryer with silica gel as an adsorbing agent. Due to the relative dryness
of ambient air sampled in Siberia, we observed no critical accumulation of moisture in
the circulated sheath air – in fact, RH stayed below 30% in the sheath air circuit at all
times.
Legal restrictions prevent the deployment of a radioactive source as an aerosol
neutralizer; therefore, ambient aerosol particles are 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 instrument switches between the 300 m and 50 m height levels to provide size distributions as a function of height.
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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 encompasses 18 logarithmically equal size bins between 15 and 835 nm. This particle size
range roughly encompasses the accumulation mode (100–835 nm), representative for
aged atmospheric aerosols, the Aitken mode (50–100 nm) – representative for young
aerosol particles only a few days old, and the nucleation mode (<50 nm), representing
the most recently formed aerosol particles.
Unfortunately, the aerosol neutralizer failed due to electrical problems during
a lengthy period between February 2008 and April 2009, during which the DMPS was
operated without 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. Gagné et al. (2008) examined the
charging state of environmental particles 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. Apparently, 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.
Using our own equipment, we conducted similar DMPS experiments in urban ambient air in Leipzig (Germany). During three days we made alternative measurements
85
with and without the use of a Kr neutralizer using a positive DMA voltage. The main
result was that in their ambient state, the urban ambient particles appeared to be undercharged, with efficiencies of 79%, 90%, and 80% at the diameters 15, 80, and 800 nm,
respectively, compared to the bipolar charge equilibrium. Our conclusion is that the
concentration measured by the ZOTTO DMPS during the period Febuary 2008–April
2009 might be too low by 20% at most. This estimate seems to be justified by the large
distance of the ZOTTO site to the emission sources of fresh anthropogenic aerosols.
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σAP (PSAP) = (k0 + k1 (h0 + h1 ω0 )ln(Tr) )σ0 − sσ SP

|

where k0 , k1 , h0 , h1 , and σ are the constants listed in Table 3 of Virkkula 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 (Eqs. 7–9, and Table 3) described in
Virkkula et al. (2005). It has been estimated that this type of empirical corrections
limits the overall accuracy of PSAP measurements to ca. 20–30% (Bond et al., 1999).
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where A is the area of the sample spot, V is the volume of air drawn through area A
during a given time period ∆t, Trt−∆t and Trt are the filter transmissions before and after
the time period, and σ0 is the raw or uncorrected absorption coefficient from the PSAP.
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 collected 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 artifact as well as calibration error after
Virkkula et al. (2005). The particulate absorption coefficient was calculated from

|

10

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 after particle deposition on the filter is related to
the light absorption coefficient of the deposited particles.


Trt−∆t
A
σ0 = ln
V
Trt
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Such estimates of the uncertainty in PSAP absorption are derived from laboratory measurements, typically made using non-absorbing (e.g., ammonium 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 experiments (Cappa et al.,
2008; Lack et al., 2008) suggested that the actual uncertainty in PSAP measurements
in the field is likely to be significantly larger than 20–30%. The minimum detection
−1
limit (MDL) of the PSAP was estimated to be 0.025 M m for our hourly-average data,
based on two times the standard deviation of 1-min noise (with 60 s cycle time) reported
in Virkkula et al. (2005) and adjusting for our longer averaging time.
At the site, the PSAP was attended regularly, and the filter was changed when the
transmission had decreased to 0.7. The aerosol flow through the instrument varied
−1
slightly around a value of 0.3 l min . 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
6 min, the filter transmission (Tr) from PSAP is recorded in the beginning and at the
end of each individual sampling period (either for 300 m or 50 m height levels).
Our initial intention was to calculate the absorption coefficient 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. To eliminate this effect, we first calculated the hourly absorption coefficient
for air mixed from both sampling levels, using the transmission at the beginning and
end of the hour and the total air volume that has passed the filter during this time.
We then estimated the absorption 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 nephelometer (assuming ω0 for the two height levels being
identical within 1 h). The particulate scattering in this study was measured using a TSI
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The present data set covers the time period from September 2006 to January 2010
with several interruptions due to technical reasons and logistic constraints as indicated
by the time series of daily averages of all parameters in Fig. 1.
1161

|

3.1 Aerosol statistics

Discussion Paper

3 Results

ACPD
11, 1153–1188, 2011

Aerosol particle
number size
distributions
J. Heintzenberg et al.

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

|

20

Discussion Paper

15

The CO mixing ratios were measured by UV resonance fluorescence, using a FastCO-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 instrumental drift. The instrument was calibrated using a CO standard gas purchased from Scott-Marrin Inc. (Riverside, Cal., USA). The CO mixing ratio
in this cylinder was determined to be 187.4 ppt at the Max Planck Institute for Biogeochemistry (Jena, Germany) by calibration against standards from the WMO Central
Calibration Laboratory (CCL; at 21 NOAA/ESRL/GMD) (Kozlova and Manning, 2009).
The original CO data, measured with a frequency of 3 s, was converted to 1-h averages
to minimize uncertainties inherent in the data analysis methodology. Quality control of
the continuous CO data was done by a bivariate regression analysis against independently measured data from flask samples, analyzed at the Max Planck Institute for
Biogeochemistry. The regression analysis revealed a very good agreement of the two
independent datasets, 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 typically observed values of 80–200 ppb.

|

10

2.5 Carbon monoxide measurements

Discussion Paper

three-wavelength nephelometer (Model 3653 TSI, St. Paul, MN, USA) that measures
at 450 nm, 550 nm, and 700 nm. The scattering coefficients were corrected for illumination non-idealities according to Anderson and Ogren (1998) and interpolated to 574 nm
using the nephelometer-derived scattering Ångström exponent (Virkkula et al., 2005).
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Statistics of total number, surface and volume concentrations are collected in Table 1,
both as annual averages and for the summer months May–August and the winter
months November–February. As discussed in the first report (Heintzenberg et al.,
2008), the concentration levels are similar to results given for continental and boreal
background locations, and in the range of number concentrations given for nonurban
Siberian positions along the Trans-Siberian Railroad by Vatiainen et al. (2007). They
are higher, however, than the concentrations at truly pristine sites (Andreae, 2009),
indicating a contribution from anthropogenic sources.
For all integral parameters and all seasons the concentrations are higher at 50 m
than at 300 m, with their ratio being highest in number and lowest in volume concentrations. This suggests the measurement at 50 m to be influenced in a stronger fashion by
particle sources. At both heights, median number and surface concentrations in summer are 10 to 20% higher in summer than in winter, whereas volume concentrations
are 10% lower at 50 m in summer that 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 Table 1 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. Particle
number shows three maxima in winter, spring, and summer, whereas total volume
only exhibits a double maximum in winter and summer. We hypothesize that the winter
maxima are due to northern hemispheric fossil fuel combustion whereas frequent forest
fires most likely cause the summer maxima over Siberia (Soja et al., 2004a,b; Achard
et al., 2006; Vivchar et al., 2011). In boreal environments, new particle formation
has been found to occur most frequently in spring (Kulmala et al., 2004). Thus, we
speculate that the spring number maximum at ZOTTO in Fig. 1 is due to regional
formation of ultrafine particles that do not add significant particulate mass that would
show up strongly in the volume concentrations.
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3.1.1 Integral parameters
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Particulate absorption as measured with the PSAP is an integral aerosol parameter
that is strongly related to combustion sources. In Fig. 3 we present monthly percentiles
of σap for comparison with the annual course of the DMPS data. Particulate absorption
shows a smooth seasonal variation with a high winter maximum and a broad summer minimum. The 10% percentile evens out in August whereas the 90% percentiles
indicate the occurrence of elevated concentrations in June/July, consistent with the forest fire emissions we speculated about above. The monthly medians of particulate
absorption are always lower at 300 m than at 50 m (not shown).
Kozlov et al. (2008) found that the mass fraction of black carbon in sub-micrometer
aerosol can serve as an indicator of influence of smoke from remote forest fires in
Siberia. Their long-term study revealed that this fraction in smoke of remote forest fires
is lower than in the background aerosol, i.e. this smoke is less absorbing. We used
total volume concentration V as a proxy for sub-micrometer mass concentrations and
plotted the ratio σap /V in Fig. 3. This ratio neatly follows absolute particulate absorption
coefficients with a minimum during June/July when we suspected a maximum likelihood
of regional forest fires.
CO measurements were only operational during three of the four years of the present
report (and no CO data in any month of June). However, the CO results exhibit
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 particulate matter, CO is a tracer for
combustion processes, especially for 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 substantially smaller than that of σap leading to
a clear summer maximum in the ratio CO/σap in Fig. 4. The spring and summer peaks
in number concentrations suggest substantial new particle formation.
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For the statistical analysis the 18 size-channel particle size distributions were reduced to nine parameters each 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 deviations σg of 1.1≤σg ≤2.3 and geometric mean diameters Dg of
10≤Dg ≤1000 nm combined with a least square fit of total number concentrations Nm
(m=1, 3) within each of the three modes. Within each fitting process the number of
modes was minimized while maintaining the constraint of 20% relative deviation between measured and fitted data.
The probability distribution functions (pdf) of Dg at both, 50 m and 300 m, and the
size distribution of median σg 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
geometric mean diameters are found (with decreasing probability) at 300 nm, 150 nm,
and 40 nm. The broadest lognormal modes are found around 100 nm with geometric
standard deviations σg decreasing towards both, smaller and larger particle sizes.
Figure 6 compares percentiles of the fitted number size distributions at 300 m height
in the three summer months May through August with the winter months November
through February. The median size distributions for the 5% smallest and the 5% of
the largest values of the total number concentrations are given for both seasons. The
−3
respective total particle numbers in summer were 290 and 4100 cm in summer, and
−3
220 and 3400 cm in winter. In summer more large-Aitken and/or small-accumulation
mode particles occur, whereas in winter considerably more small-Aitken and largeaccumulation 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) agrees with a strong contribution
from biomass burning during this season, as this is the typical modal size of relatively
fresh biomass smoke (e.g., Guyon et al., 2005; Reid et al., 2005). The cleanest air
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3.1.2 Particle size distributions
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Back trajectory analysis has been shown to be a powerful tool to analyse atmospheric
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
analyse atmospheric flow patterns in primarily oceanic (Harris and Kahl, 1990; Dorling
and Davies, 1995), polar regions (Harris, 1992; Harris and Kahl, 1994), and continental (Owega et al., 2006) environments. The method has also proved successful in
explaining trace gas observations (Cape et al., 2000) as well as near-surface aerosol
concentrations (Oriol et al., 2004; Abdalmogith and Harrison, 2005; Borge et al., 2007)
including new particle formation (Charron et al., 2007; Dal Maso et al., 2007). A key
advantage of trajectory analysis over a manual synoptic analysis is the automated data
treatment.
1165
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masses in winter carry considerable more particulate volume (particles>100 nm diameter) than the cleanest summer air.
Monthly medians of the modal concentrations Nm and the geometric mean diameters Dg shed some more light on the seasonal aerosol variations than visible from
the integral parameters discussed in Sect. 3.1. In Fig. 7 first (30–40 nm) and second
modes (100–130 nm) to some extent follow the annual course of the integral size distribution parameters N, S, and V 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 2 has a wide maximum connecting winter and early summer whereas mode 3
has a clear late winter maximum, typical for Arctic haze. The smallest particles, fitted
by mode 1, have their smallest monthly median concentrations in the summer months
June through August while their geometric mean diameters also are smallest. Because
of high concentrations of ultrafine particles (<25 nm) being rather rare at ZOTTO we
also display monthly 90% percentiles of N1 in Fig. 7, showing highest values around
1000 cm−3 for the months February through June.
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Previous work confirmed that the mixed layer height is instrumental in explaining
near-surface aerosol concentrations in continental regions (Schäfer 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 planetary boundary layer with heights up to 2 km (Koutsenogii, 1997; Paris
et al., 2009). In the absence of remote-transported aerosol layers, the concentrations
of particles and trace gases will consequently be lower in the afternoon because the
mixing volume increases. 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 temperature θv can be used to decide whether an air parcel has
the ability to move and disperse vertically. In a cluster analysis, information on vertical
stability can be incorporated in the shape of profiles of θv (Engler et al., 2007; Birmili
et al., 2010). Besides back trajectories, however, information from radio soundings
was incorporated in our analysis because of the crucial role of the vertical atmospheric
stratification in near-surface atmospheric measurements. Trajectory simulations on
a coarse global grid cannot capture this local effect.
3-D-backward trajectories were calculated for the years 2006–2009 using a PCversion of HYSPLIT, a trajectory model provided by the Air Resources Laboratory
(ARL) of NOAA (Draxler and Rolph, 2003). Back trajectories were calculated from
the GDAS analysis set, which has meteorological fields every 3 h, a spatial horizontal
resolution of 1◦ , and a vertical resolution corresponding to the standard pressure 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 analysed further for consistency with the radio sounding analyses as outlined
below. Due to computational problems at the 300 m trajectory level (trajectories hitting
the ground), we used back trajectories starting at the 1000 m level only.
For our present study, we also employed radio soundings from the station Bor
◦
◦
(61.6 N, 90.01 E, 58 m a.s.l.), about 100 km north of ZOTTO, which we assume to
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∆θ the difference between two corresponding points in the vertical profiles of θv . All
squared distances are summarised over the entire length of the trajectory (index i ),
weighted with a distance factor ki . (In analogy for the θv profiles, all i values corresponding to levels between 300 m to 3300 m above the surface were summarized.)
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be representative for ZOTTO as well. Radio soundings at Bor are available daily at
07:00 and 19:00 LT. Due to the gradual development of vertical mixing 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 values of θv are important but its vertical
gradient. To make the vertical profiles comparable throughout all seasons, all profiles
were normalised 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 a.g.l.
The trajectory-clustering algorithm was a modification of the algorithm version used
before for particle size distribution analysis (Engler et al., 2007; Birmili et al., 2010).
It is principally based on the approach of Dorling et al. (1992). The algorithm uses
the k-means method, i.e. a fixed number of k trajectory clusters is defined prior to
analysis. The algorithm aims at minimizing the distances between each object (3-Dtrajectory plus θv 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 distance D between two objects, the following expression was used:
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The distance factor ki was set to 1 at the start of the trajectory, and 0 at the end of
each trajectory, 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 the ZOTTO site are not overemphasized. To
make horizontal and vertical trajectory distances as well as distances in θv comparable
both in magnitude and units, these were multiplied by the appropriate weights wβ (in
◦
1/ ), wz (in 1/m), and wθ (in 1/K).
In a first step, the cluster algorithm assigns all trajectories to one of the k pre-defined
clusters based on the minimum distance D between the trajectories (and also radio
sounding data). Specifically, the pre-defined clusters involved straight trajectories radiating from the ZOTTO site in different directions, 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 distance D, new cluster mean values were calculated
from all data points (trajectory points, θv profiles) within each cluster. Then, a new
iteration was started, re-allocating all data points to the new cluster means using again
minimizing D. This procedure was repeated until the allocation of data points to the k
clusters converged and no more re-allocation occurred.
It is an intrinsic property of the k-means clustering method that different initialisations
of the k seed trajectories, such as involving slightly different wind directions, usually
yield different clustering results, i.e. allocations of trajectories. It was also expected
that the use of different weighing factors wβ , wz and wθ would yield different clustering
results. Therefore the cluster algorithm was run many times, using a span of cluster
number k and different angles of the k seed trajectories. Also, a range of weights wβ ,
wz and wθ 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 weights wβ , wz and wθ , we checked how efficiently the particle size distributions were separated by each cluster analysis run. We computed
a spread parameter representing the standard deviation within the set of mean particle
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size distributions resulting from each analysis, 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 distributions as a function of the meteorological situation. It the spread parameter was low, the particular run was rather
inefficient in splitting up the entire set of particle number size distributions. The analysis
of the spread parameter yielded wβ =1, wz =10−9 , and wθ =2.2 as the optimum values
to efficiently explain the variability in observed particle number size distributions. It became evident that the geographical origin of trajectories (β) and the vertical θv profile
mattered most, whereas effects in the computed vertical trajectory motion (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 (high k), and easily understandable display
(low k). Each cluster should be understandable in terms of a synoptic situation and,
preferably, also represent observations during a particular season. This yielded the
number k=10, which is presented in the following.
The mean trajectories of the ten clusters obtained are displayed on a map with
equidistant projection in Fig. 8. One can see that the ten mean trajectories divide the
overall data set successfully 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 general west wind drift in mid-latitudes. One mean trajectory (cluster
2) travels the way from the Atlantic to ZOTTO during 144 h, whereas others originate
from Central Asia (5, 6) and others from significantly higher latitudes (1, 8–10). Table 2
provides a comprehensive description of the ten clusters in terms of observed particle
and meteorological parameters. The highest frequency, by far, was attributed to cluster
8 with 20% (cf. Table 2). The clusters 1, 3 and 7 account for more than 40% of all days
included. Cluster 4 and 9 occur more rarely, each contributing no more than 5% to the
entire data set.
Besides dividing the data into trajectories of different origin, the clustering algorithm
also produced rather distinct mean profiles of the pseudo potential temperature θv (cf.
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(up to 1500 cm−3 in d N/d logDp ) for cluster 5. Most number size distributions have
a unimodal shape with a concentration maximum around 100 nm. For the lower concentration clusters, a bimodal shape tends to emerge, i.e. a shape with a more visible
Hoppel minimum between the Aitken and accumulation modes.
The results for calculated total particle mass show a similar grouping: Cluster 5
shows the highest average particle mass concentration (6.6 µg m−3 ), closely followed
−3
by cluster 6 (6.6 µg m ). It is worth mentioning that cluster 5 also shows the highest
−1
CO mixing ratio (189 ppm), and the highest aerosol absorption coefficient (1.6 M m ).
The other clusters subsequently follow the order down to cluster 1, which shows the
lowest particle mass concentration (1.9 µg m−3 ).
A general observation is that the differences of the clusters in particle number and
mass concentrations are rather modest. The total number concentration diverges by
a factor of 2.8 at maximum between the clusters, the particle mass concentration by
a factor of 3.4 at maximum. The slower an air mass, and the more it originates at
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Fig. 9). The profiles for the clusters 1, 3, 7 and 8 indicate a neutrally stable atmosphere. A significant inversion, however, could be identified for the clusters 4, 10, 6
and 9 (in order of relevance). 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. According to the season index, clusters 1, 3,
7, and 8 correspond mainly to summer periods, the others overwhelmingly to winter
periods (see Table 2). Winter conditions prevailed especially in cluster 9, with an aver◦
age temperature −31 C and an air pressure 1034 hPa, indicating the wintry Siberian
high-pressure area. It is evident that the clustering algorithm produced clusters that
represent air masses advected from different directions at different speeds, and during
different seasons.
Figure 9 shows the average size distribution of each of the ten clusters. In both
graphs, three levels of particle concentration can be seen: Low concentrations (ca.
−3
400 cm in d N/d logDp ) for clusters 1, 9, and 10, mid-level concentrations (ca. 800–
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southerly latitudes, the higher the particle mass and number concentration as well as
the CO mixing ratio. Anthropogenic emissions from industrial centres are suspected
to contribute to the elevated concentration values particularly of the clusters 5 and
6. It is also interesting to note that biomass burning events did apparently influence
the ZOTTO site during 2006–2009 so rarely that they did not greatly influence the
mean particle concentrations. Also, the effects of new particle formation (at diameters
<30 nm) occurred so rarely that it did not affect the observed mean concentration values (cf. Table 2). The results underline the location of ZOTTO being representative for
a large spatial area and ecosystem, which is sometimes influenced by remote aerosol
transport, but which apparently exhibits only a limited intensity of aerosol sources on
its own.
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This paper covers measurements of the number-size distribution of aerosol particles
taken from September 2006 through 2009 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 CO as tracer gas were measured during much of the total time period. A statistical 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 variation of the aerosol,
and its possible sources.
Average number, surface and volume concentrations (and estimated mass concentrations) are similar to results given for continental and boreal background locations.
They are higher, however, than the concentrations at truly pristine sites (Andreae,
2009), indicating a contribution from anthropogenic sources.
For all integral parameters and all seasons the concentrations are higher at 50 m than
at 300 m, with their ratio being highest in number and lowest in volume concentrations,
suggesting the measurement at 50 m to be influenced more strongly by near-surface
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particle sources. When fitted with lognormal functions, the probability distribution function of modal diameters shows three main maxima in the Aitken and accumulation size
range and a possible secondary maximum in the nucleation size range below 25 nm.
The seasonal distributions of the different particle parameters differ substantially.
Median soot-related particulate absorption has a clear single maximum in high winter
(February) and minimum values in mid-summer. This distribution is typical for northern hemispheric combustion related aerosol parameters as seen in the Arctic haze
(Heintzenberg, 1989). The 90%-percentile, however, indicates a possible secondary
maximum in July/August. The strongly combustion derived CO shows a single winter
maximum and a late summer minimum, albeit with a considerable 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. Interestingly, the ratio particulate absorption to volume has
a more clearly expressed July minimum than absorption itself, indicating the possibility
of non-combustion related particle sources over the Siberian summer forest, which will
be analyzed further in a follow-up paper.
Three-year statistics of back trajectories had shown that the aerosol sampled at
ZOTTO is representative of about half the Russian Federation and most of the Kazakhstan Republic (Heintzenberg et al., 2008). With a cluster analysis of back trajectories complemented by local stability information, the air mass origin of the aerosol
at ZOTTO was investigated further yielding ten clusters with three levels of particle
concentration: Low concentrations for the northernmost (Arctic) clusters 1, 9, and 10,
mid-level concentrations for clusters 2, 3, 4, 6, 7, and 8, reaching rapidly west between
◦
◦
55 and 65 latitude, and high concentrations for cluster 5 reaching southwest via Kazakhstan to the Central Russian industrial region. Most number size distributions have
a concentration maximum around 100 nm. For the lower concentration clusters, a bimodal shape tends to emerge, i.e. with more evident Aitken and accumulation modes.
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50 m/
300 m

50 m

300 m

50 m/
300 m

50 m

300 m

50 m/
300 m

Summer/
winter

Summer/
winter

N
−3
cm

25
50
75

970
1650
2650

750
1290
2140

1.3
1.3
1.2

1040
1630
2390

890
1390
2110

1.2
1.2
1.1
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1490
2600

630
1190
2070

1.4
1.3
1.3

1.2
1.1
0.9

1.4
1.2
1.0

S
µm2 cm−3

25
50
75

66
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193

56
102
168

1.2
1.2
1.1

79
128
198

67
116
178

1.2
1.1
1.1

67
113
200
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98
169

1.1
1.2
1.2

1.2
1.1
1.0

1.1
1.2
1.1

V
µm3 cm−3

25
50
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2.8
5.0
8.7

2.3
4.3
7.6

1.2
1.2
1.1

3.0
5.1
8.9

2.5
4.7
7.9

1.2
1.1
1.1
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5.4
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Table 1. 25%, 50%, and 75% percentiles of number (N), surface (S), and volume (V ) concentrations at 50 and 300 m height over 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.
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1
2
3
4
5
6
7
8
9
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Arctic, summer
Northern Europe
Northern Russia
Central Europe, summer
Southern latitudes
Southern latitudes, winter
Central Siberia, summer
Northeastern Siberia, summer
Northeastern Siberia, winter
Arctic, winter

15%
7%
12%
4%
9%
6%
14%
20%
5%
7%

22
13
16
12
25
13
14
13
27
27

N2

N3

100
150
110
140
210
130
100
70
110
90

230
430
420
470
720
480
430
360
190
240

N4

4

80
140
160
140
260
190
190
160
100
100

6

7

Ntot
(cm−3 )

M

CO

p
(hPa)

rH
(%)

T
(◦ C)

S/W
index

440
730
710
770
1220
810
730
600
430
450

1.9
3.4
3.8
4.0
6.6
6.0
4.5
4.0
3.2
2.7

139
152
147
176
189
157
147
127
148
145

1013
1016
1011
1022
1013
1025
1008
1011
1034
1016

65
75
68
84
82
81
74
61
74
81

4
4
9
−7
−1
−15
10
11
−31
−13

−0.3
0.1
−0.3
0.5
0.3
0.8
−0.4
−0.6
0.8
0.4

|
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1 Number concentration in the diameter range 15–30 nm, in cm−3
2 Number concentration in the diameter range 30–60 nm, in cm−3
3 Number concentration in the diameter range 60–200 nm, in cm−3
4 Number concentration in the diameter range 200–800 nm, in cm−3
5 Particle mass concentration in µg m−3 (assuming a density of 1.6 g cm−3 )
6 CO mixing ration in ppb
7 Season index, +1=mid-winter, −1=mid-summer.
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Table 2. Summary of the ten trajectory clusters given as the climatological frequency (%), mean
aerosol and gas concentrations, meteorological surface parameters, and the summer/winter
index. The meteorological parameters were taken at the Russian meteorological service station
at Vorogovo (30 km distant to ZOTTO) at 19:00 LT.
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Figure 1

Daily averages of total number (N, cm-3), total volume (V, µm3 cm-3),

and 300 m), and CO (CO, ppb) in 300 m height at ZOTTO, Siberia.
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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 50 m and 300
m), and CO (CO, ppb)
2
particulate absorption at 570 nm wavelength (sap, Mm-1; average of 50 m
in 300 m at ZOTTO, Siberia.
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Fig. 2. Monthly percentiles of total number (N, cm−3 ), and total volume (V , µm3 cm−3 ) in 300 m
height at ZOTTO, Siberia taken over the time period September 2006 through January 2010.
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Fig. 3. Monthly percentiles 10%, 50%, and 90% of particulate absorption coefficients (σap in
Figure 3 Monthly percentiles 10%, 50%, and 90% of particulate absorption
M m−1 ) at 570 nm wavelength in 300 m height at ZOTTO, Siberia taken over the time period
through April
of wavelength
50 m and 300
The ratio
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averages of 50 m and 300 m.
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Fig. 4. Monthly medians of the particulate absorption coefficient at 570 nm (σap , M m ), CO
4 concentrations
Figure 4 Monthly
medians of the particulate absorption coefficient at 570 nm (sap,
(ppb), and the ratio CO/σap at ZOTTO; averages of 50 m and 300 m.
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Fig. 5. Frequency distribution of modal diameters of 1-h-median number size distributions
taken at 50 m and 300 m height at ZOTTO (full lines). The size distributions were fitted with
a maximum of three lognormal modes in the range 10–1000 nm modal diameters. The dashed
lines give median values of geometric standard deviations as a function of geometric mean
Figure 5 Probability distribution of modal diameters of one-hour-median number
diameter.
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Figure 6

Median number size distributions in air masses with the smallest (<5%,

4

dashed) and highest (>95%, full lines) values of the total number

5

concentration at ZOTTO in summer (May through August), and winter
(November through February).
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Fig. 6. Median number size distributions in air masses with the smallest (<5%, dashed) and
highest (>95%, full lines) values of the total number concentration at ZOTTO in summer (May
through August), and winter (November through February).
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Fig. 7. Monthly medians of the total particle numbers Nm (N1 –N3 , cm−3 , full lines) and geometric mean diameters Dg (Dg1 –Dg3 , nm, dashed lines) of three lognormal distributions fitted to the
particle number size distributions measured at ZOTTO. The 90% percentile of N1 is drawn as
thin full line.

Monthly medians of the total particle numbers Nm (N1 – N3, cm-3, full
lines) and geometric mean diameters Dg (DG1 – DG3, nm, dashed lines)
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of three lognormal distributions
fitted to the particle number size
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Fig. 9. Mean profiles of pseudo-potential temperature (θv ) for the ten trajectory clusters as
Figure
9 Mean
profiles
pseudo-potential
(θv) inforthethe
ten trajectory
a function
of height.
The of
profiles
were part of thetemperature
clustered variables
k-means
cluster
analysis, and originated from the 19:00 LT radio sounding at Bor. The profiles allow a clear
distinction between more and less stable stratification.
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