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Abstract. Siberia is one of few continental regions in the
Northern Hemisphere where the atmosphere may sometimes
approach pristine background conditions. We present the
time series of aerosol and carbon monoxide (CO) measure-
ments between September 2006 and December 2011 at the
Zotino Tall Tower Observatory (ZOTTO) in Central Siberia
(61◦ N; 89◦ E). We investigate the seasonal, weekly and diur-
nal variations of aerosol properties (including absorption and
scattering coefficients and derived parameters, such as equiv-
alent black carbon (BCe), Ångström exponent, single scat-
tering albedo, and backscattering ratio) and the CO mixing
ratios. Criteria were established to distinguish polluted from
near-pristine air masses, providing quantitative characteris-
tics for each type. Depending on the season, 23–36 % of the
sampling time at ZOTTO was found to be representative of a
clean atmosphere. The summer pristine data indicate that pri-
mary biogenic and secondary organic aerosol formation are
quite strong particle sources in the Siberian taiga. The sum-
mer seasons 2007–2008 were dominated by an Aitken mode
around 80 nm size, whereas the summer 2009 with prevailing
easterly winds produced particles in the accumulation mode
around 200 nm size. We found these differences to be mainly
related to air temperature, through its effect on the produc-
tion rates of biogenic volatile organic compounds (VOC) pre-
cursor gases. In winter, the particle size distribution peaked
at 160 nm, and the footprint of clean background air was
characteristic for aged particles from anthropogenic sources

at great distances from ZOTTO and diluted biofuel burning
emissions from domestic heating. The wintertime polluted
air originates mainly from large cities south and southwest
of the site; these particles have a dominant mode around
100 nm, and the1BCe / 1CO ratio of 7–11 ng m−3 ppb−1

suggests dominant contributions from coal and biofuel burn-
ing for heating. During summer, anthropogenic emissions
are the dominant contributor to the pollution particles at
ZOTTO, while only 12 % of the polluted events are classi-
fied as biomass-burning-dominated, but then often associated
with extremely high CO concentrations and aerosol absorp-
tion coefficients. Two biomass-burning case studies revealed
different 1BCe / 1CO ratios from different fire types, with
the agricultural fires in April 2008 yielding a very high ra-
tio of 21 ng m−3 ppb−1. Overall, we find that anthropogenic
sources dominate the aerosol population at ZOTTO most of
the time, even during nominally clean episodes in winter,
and that near-pristine conditions are encountered only in the
growing season and then only episodically.

1 Introduction

Siberia, a vast region in Central Eurasia, has been gaining
growing attention from atmospheric aerosol researchers in
the last few decades. The atmospheric aerosol over Siberia
is of particular interest for several reasons: firstly, biogenic
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emissions of volatile organic compounds (VOC) from the
vast boreal taiga forest are thought to lead to the formation
of secondary organic aerosol (SOA) (Tunved et al., 2006).
Secondly, Siberia has been documented as a source region of
biomass-burning aerosol particles that are distributed around
the globe in the free troposphere (Conard and Ivanova, 1997;
Müller et al., 2005; Warneke et al., 2009). Thirdly, Siberia
is one of few possible background regions in the Northern
Hemisphere, where conditions approaching pristine might
sometimes prevail. In the following, we will use the term
“pristine” when referring to periods with relatively minor
anthropogenic influence. We are well aware that truly pris-
tine conditions do not exist anymore, due to the pervasive ef-
fect of long-range transport of anthropogenic emissions (An-
dreae, 2007). However, atmospheric observations in remote
areas are very important for providing a reference for evalu-
ating anthropogenic impacts in this and other regions.

Atmospheric aerosols affect the climate system both di-
rectly and indirectly. The simplest description of the direct
aerosol climate effect is that absorption by aerosol tends
to heat the atmosphere, whereas scattering into the upward
hemisphere tends to cool it; thus, the two most important
optical properties of aerosol as far as climatic change is
concerned are light absorption and scattering. Since the at-
mospheric aerosol is highly inhomogeneous and variable,
aerosol scattering and absorption show a large spatial and
temporal variability. Therefore, it is necessary to measure
these properties at the regional scale with at least daily tem-
poral resolution for a better understanding of aerosol’s direct
climate effects and an improved ability to model climate. De-
spite a large number of studies, there remain significant gaps
in our current observational coverage, particularly in back-
ground regions such as Siberia.

Aerosol light absorption and scattering can be character-
ized by the absorption coefficient,σap, and the scattering co-
efficient, σsp, respectively, which describe the decrease of
light intensity per distance and are therefore given in units of
inverse meter (or inverse mega meter; 1 Mm−1

= 10−6 m−1).
The influence of aerosol on the atmosphere and surface de-
pends importantly on the relative balance between absorp-
tion and scattering, often expressed as the single scattering
albedo,ω0, which is the ratio of aerosol scattering over ex-
tinction (the sum of absorption and scattering). Studies show
that the single scattering albedo determines the sign (cool-
ing/heating) of the aerosol radiative forcing (Hansen et al.,
1997). It is generally thought that the optical properties of
aerosol are related to a rather limited set of physical and
chemical features. For example, the single scattering albedo
is found to be a function of the refractive index (mainly its
imaginary part,k) and particle size (Dubovik et al., 2002).
Under present-day conditions, the main absorbing compo-
nent of aerosol in the visible wavelength range is black car-
bon (BC), also referred to as “elemental carbon” or “soot
carbon” (for a detailed discussion, see Andreae and Gelenc-
sér, 2006). BC is essentially a primary pollutant, emitted

directly into the atmosphere predominantly during incom-
plete combustion of various carbonaceous fuels. On a global
scale, the most important sources of BC are fossil fuel com-
bustion and biomass burning (Gelencsér, 2004; Andreae and
Rosenfeld, 2008; Bond et al., 2013). Another important con-
tribution to absorption, particularly at shorter wavelengths,
comes from light-absorbing organic carbon, or “brown car-
bon” (BrC) (Kirchstetter et al., 2004; Andreae and Gelencsér,
2006; Chung et al., 2012), which can originate from biomass
burning or from the atmospheric ageing of secondary or-
ganic aerosol (Zhang et al., 2011b; Lack et al., 2012; Nguyen
et al., 2012). In remote vegetated regions, biogenic organic
carbon makes a significant contribution to aerosol light ab-
sorption (Guyon et al., 2003, 2004). Mineral dust (mainly
in the coarse size fraction) can account for a considerable
fraction of light absorption, especially in regions influenced
by desert dust (Chung et al., 2012). According to Mie the-
ory, aerosol scattering is light-wavelength-dependent, and
this wavelength dependence of the scattering is a strong func-
tion of both the composition and the size of the aerosol parti-
cles. Particles with a diameter that is comparable to the wave-
length of solar radiation (0.2–2 µm) are the most effective
light scatterers (Waggoner et al., 1981), which makes organic
carbon and some inorganic species (e.g., sulfate, nitrate, am-
monium) in the submicrometer size range typically the most
effective chemical components of aerosol scattering.

The indirect effects of aerosols result from their CCN
(cloud condensation nuclei) and IN (ice nuclei) activity,
through which aerosols change the optical properties, the hy-
drometeor type and size, and the life cycle of clouds. At a
given water vapor supersaturation, the effectiveness of a par-
ticle as a CCN depends on its size and the fraction of soluble
matter it contains. The latter is now frequently represented
by the hygroscopicity factor,κ, which by definition is a func-
tion of the supersaturation and dry particle diameter (Petters
and Kreidenweis, 2007), and can be determined experimen-
tally from hygroscopicity tandem differential mobility ana-
lyzer (HTDMA) or CCN measurement data. The hygroscop-
icity factor,κ, typically falls in the range of 0.1–0.9 for am-
bient aerosols (Petters and Kreidenweis, 2007; Andreae and
Rosenfeld, 2008). At theseκ values, the maximum of the
CCN size distribution typically is in the range of about 70–
200 nm at the supersaturations commonly found in clouds
(up to about 0.6 %). In most cases, the variability in particle
size exerts the strongest influence on the variability of parti-
cles to be able to act as CCN (Dusek et al., 2006).

Atmospheric aerosol particles have diameters ranging
from a few nanometers to 100 micrometers. Over this vast
size range, the properties of aerosols and their associated
effects on visibility, climate, health, and welfare vary sub-
stantially. Because size plays such an important role (Dusek
et al., 2006), in order to better characterize aerosols, it
is important to know the size distribution of important
particle properties (e.g., number, volume or mass). Based
on the analysis of different particle size spectra, Whitby
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(1978) suggested that atmospheric particles usually occur
in specific size groupings (modes) that differ in their ori-
gins and properties. Submicrometer particles are frequently
treated in terms of three modes based on their particle
diameter (Dp), “the nucleation mode” (Dp < 10 nm), the
“Aitken mode” (10 nm <Dp < 100 nm), and the “accumula-
tion mode” (100 nm <Dp< 1000 nm). The nucleation mode
contains newly formed particles arising through homoge-
neous nucleation, and can often only be observed in the im-
mediate vicinity of their sources or during active nucleation
events. Aitken mode particles may result from primary emis-
sions from high temperature combustion, as well as growth
of nucleation mode particles, or nucleation from higher con-
centration precursors. As to the accumulation mode parti-
cles, some of them are primary (e.g., from combustion) while
others are secondary and have grown from smaller particles
mainly by condensation and cloud processing. The accumu-
lation mode particles have long lifetimes and therefore can
travel long distances. Because of their high CCN efficiency
and large optical cross section, they are also the most impor-
tant particle class in the context of aerosol climate forcing.

Carbon monoxide (CO) is an important atmospheric trace
gas and plays a critical role in the atmospheric chemical sys-
tem. It is the dominant sink of the hydroxyl radical (OH),
thus affecting the lifetimes of many trace gas species (such
as methane, CH4) that are removed following reaction with
OH. Carbon monoxide also affects regional air quality. In
areas with sufficient NOx, HO2 produced from oxidization
of CO can initiate photochemical reactions that result in the
net formation of O3. In IPCC 2001 (Houghton et al., 2001),
CO was identified as an important indirect greenhouse gas,
although it itself absorbs only little infrared radiation from
the Earth (Daniel and Solomon, 1998). It is generally agreed
that the main sources of CO are primary emissions from an-
thropogenic pollution (combustion of fossil fuel and biofuels,
and industrial emission) and open biomass burning, and sec-
ondary CO from photochemical oxidation of CH4 and non-
methane hydrocarbons (Novelli et al., 1998; Duncan et al.,
2007). The major sink (> 95 %) for CO is its reaction with
OH (Duncan and Logan, 2008). Although at the global and
annual scale, the main CO sources are of comparable mag-
nitude, the uneven distribution, especially of the combustion
sources and CO’s relatively short lifetime (around one to two
months on average), cause large spatial and temporal vari-
ability of atmospheric CO. In the northern mid- and high lati-
tudes, anthropogenic emissions dominate CO sources in win-
ter, while oxidation of volatile organic compounds (VOCs)
is the largest source of CO in summer. Modeling and ob-
servational studies suggest that strong natural and human-
induced boreal forest fires, occurring mainly in Siberia, are
a main cause of the increased CO burdens in the northern
hemispheric summer during specific years (Kasischke et al.,
2005; Yurganov et al., 2005; Vasileva et al., 2011). During
recent decades, measurements of CO in the troposphere have
been made at various locations around the world, but very

few exist from the vast regions of northern Eurasia. Sus-
tained, long-term measurements of CO in this region could
be helpful to improve our understanding of spatial and tem-
poral variations of global CO, and are of importance as input
information for source inversion models (Kopacz et al., 2010;
Fisher et al., 2010) and for validation of other models, e.g.,
chemical transport models (Zhang et al., 2008).

In 2006 the 300 m tower of the Zotino Tall Tower Ob-
servatory (ZOTTO) was established in Central Siberia. The
background character and the geographical location of this
station are appropriate conditions for studying atmospheric
transport and coincident chemical transformation of polluted
air at a wide range of spatial and temporal scales, particularly
for assessing the potential influence of emissions from vari-
ous natural and anthropogenic sources on surface air com-
position over the large territory of Siberia. The remote lo-
cation of ZOTTO in the middle of the Siberian taiga forest
also makes it highly suitable for investigating the exchange
of trace gases with this ecosystem and the production of
aerosol by the boreal forest. Continuous measurements of
comprehensive sets of atmospheric constituents in the gas
and particle phase together with meteorological parameters
have been carried out at ZOTTO since October 2006 (Ko-
zlova et al., 2008; Heintzenberg et al., 2008). With regards to
aerosol, a study of the representativeness of the ZOTTO facil-
ity and first analyses of the particle size distribution data can
be found in Heintzenberg et al. (2008) and Heintzenberg and
Birmili (2010); a statistical analysis of particle size distri-
bution, particle absorption, and CO data taken from the first
four years of operation of the ZOTTO facility (September
2006 to January 2010) is given in Heintzenberg et al. (2011),
together with seasonally dependent major air mass pathways
and the related particle size distributions.

In this paper, we extend the statistical analysis of aerosol
properties to include scattering coefficients and the derived
optical parameters, Ångström exponent (å), single scattering
albedo (ω0), and backscattering ratio (b). The additional year
of data (up to December 2011) now available enables us to
fill the CO data gap for June that existed in the seasonal vari-
ation analysis shown in the previous paper. In addition to sea-
sonal variations, we investigate here the weekly and diurnal
variations of the measured and calculated aerosol parameters
and CO. Furthermore, we have developed criteria to distin-
guish polluted and near-pristine airmasses and characterize
them separately. The paper is organized as follows: section 2
describes the sampling and measurement techniques applied
at the ZOTTO site and the methodology used for data analy-
sis and interpretation in this study. In Sect. 3 we discuss the
seasonal and synoptic variability of aerosol properties and
CO at ZOTTO; using the residence time analysis and trajec-
tory statistics, we connect this variability with climatically
important anthropogenic sources and wildfire emissions af-
fecting the measurement site; in addition we present the rep-
resentative characteristics of polluted and near-pristine air.
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The results of the study are summarized in the conclusions,
in Sect. 4.

2 Measurements and methods

2.1 Sampling

The Zotino Tall Tower Observatory (ZOTTO) is located near
the Yenisei River at the eastern edge of the West Siberia Low-
land in the boreal zone (60.80◦ N and 89.35◦ E, 114 m a.s.l.),
about 600 km north of the closest large city, Krasnoyarsk
(950 000 inhabitants) (Lavric et al., 2011). The nearest vil-
lage (Zotino) is about 20 km to the east of the site. The site
lies in a vast region of boreal coniferous taiga forest and bogs.
The area around the tower is characterized by a low influence
from anthropogenic pollution, which makes it an excellent
location for a mid-continental background station (Heintzen-
berg et al., 2008; Winderlich et al., 2010). The climate is
dominated by a large seasonal temperature cycle reaching
from minima below−55◦C in winter to maxima above 30◦C
in summer. The heart of the station is a 304 m high tower,
which was designed for long-term atmospheric observations,
and the air masses sampled at the tower are representative of
a very large area (Gloor et al., 2001).

Ambient air is sampled through two independent inlet
pipes, one reaching to the top of the tower at 300 m above
ground, and the other one to a height of 50 m. Both inlets are
conducted into an underground laboratory container, where
the incoming sample air is analyzed by different instruments.
The inlet pipes are made of stainless steel with an internal di-
ameter of about 2.8 cm, and were designed for a nominally
laminar sampling flow of 40 L min−1. Pre-installation cali-
bration showed that particles with diameters (Dp) > 50 nm
are transmitted almost without loss through the pipe, and
that 10 nm particles are still transmitted at a reproducible
efficiency of 20 % (Birmili et al., 2007). The upper cut-off
diameter for the inlet system was estimated to be 2–3 µm.
A computer-controlled valve system switches the air sam-
pling between the two height levels every six minutes while
maintaining the nominal 40 L min−1 flow in both inlets. The
airflow through this system is divided into several separate
streams, and directed to the individual instruments described
in the following section.

2.2 Instrumentation

2.2.1 Particulate scattering measurements

For measuring particulate scattering, we use a three-
wavelength integrating nephelometer (TSI 3563, St. Paul,
MN, USA). With a backscatter shutter, this nephelometer is
designed to measure aerosol scattering (σsp) and hemispheric
backscattering coefficients (σbsp,) at three wavelengths (450,
550, and 700 nm; also referred to as “blue”, “green”, and
“red”). The backscattering ratio (b) at each wavelength can

be calculated by

b =
σbsp

σsp
. (1)

The instrument is described in detail by Anderson et
al. (1996b) and Anderson and Ogren (1998). The nephelome-
ter is operated with a flow rate of 10 L min−1. Calibration is
carried out by using CO2 as the high span gas and filtered air
as the low span gas. The zero signal is measured once every
two hours using filtered ambient air. Noise level and detec-
tion limits for the TSI 3563 have been investigated by Ander-
son et al. (1996b). At low particle concentrations and/or short
sampling times, random noise tends to dominate the neph-
elometer uncertainties. For the 300 s averages applied here,
the detection limits, defined as a signal to noise ratio of 2,
for scattering coefficients are 0.45, 0.17, and 0.26 Mm−1 for
450, 550, and 700 nm, respectively. This assessment includes
measurement noise and noise during the zeroing procedure
with filtered air (Anderson et al., 1996b). For particle scat-
tering coefficients above about 1 Mm−1 and averaging times
longer than about 60 s, the dominant source of uncertainty
is the systematic uncertainty, including the calibration uncer-
tainty and the uncertainty from wavelength and angular non-
idealities. Compared with uncertainties associated with non-
idealities, the calibration uncertainties are very small (con-
tributing about 1 % of uncertainty in particle scattering mea-
surements, Anderson et al., 1996b), and are not size depen-
dent. Within the non-idealities uncertainties, the wavelength
non-idealities have been shown to be of secondary impor-
tance in previous studies and are often neglected. For the
TSI 3563, the dominant angular non-ideality is the forward
scattering truncation from 0◦ to approximately 7◦; the magni-
tude of this error increases systematically with particle size.
In order to correct for this issue, a truncation correction is
applied to the measured values, which accounts both for the
lack of illumination at extreme angles (near 0◦ and 180◦) and
for the slightly non-sinusoidal illumination function of the
light source. The truncation correction is defined as

C =
σsp,true

σsp,neph
, (2)

whereσsp,true is the true scattering by particles andσsp,nephis
the scattering measured by the nephelometer.

The truncation correction factor C for the TSI 3563 instru-
ment can be estimated from the Ångström exponent (å) mea-
sured internally as the wavelength dependence of the scatter-
ing coefficient

å

(
λ1

λ2

)
= −

log
(
σsp,neph(λ1)/σsp,neph(λ2)

)
log(λ1/λ2)

. (3)

Anderson and Ogren (1998) have shown that bothå andC

are size-dependent and that these two size-dependent param-
eters are correlated well over certain size ranges. They pre-
sented a set of three linear, empirical relationships, each av-
eraged over the range of optical properties investigated, to
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estimate the truncation correction at each of the TSI neph-
elometer’s wavelengths (450, 550, and 700 nm). Since sub-
micrometer particles predominate in the particle number size
distribution at our remote continental site (Koutsenogii and
Jaenicke, 1994), the sub-micron (as opposed to super-micron
correction or an average of the two) corrections presented in
Table 4 of Anderson and Ogren (1998) are used for the trun-
cation corrections to the nephelometer in this study. Bond et
al. (2009) suggest that the Anderson and Ogren (1998) cor-
rection is accurate to within 2 % for a wide range of atmo-
spheric particles, but that the error could be as high as 5 %
for highly absorbing particles.

2.2.2 Particulate light absorption measurements

A single-wavelength Particle/Soot Absorption Photometer
(PSAP, Radiance Research, Seattle, USA) was used in this
study for measuring the light absorption by particles. The
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 absorption
coefficient of the PSAP is given by

σ0 =
A

V
ln

(
Trt−1t

Trt

)
, (4)

whereA is the area of the sample spot,V is the volume of air
drawn through the spot area during a given time period1t ,
Trt−1t and Trt are the filter transmission before and after the
time period, respectively, andσ0 is the raw or uncorrected
absorption coefficient from the PSAP. However, it is known
that this equation does not directly give the real absorption
coefficient by particles, because of the inherent errors caused
by the multiple scattering effects within the filter matrix and
the scattering by the collected particles (Bond et al., 1999;
Virkkula et al., 2005).

Several empirical correction methods have been suggested
and modified for handling these artifacts (Bond et al., 1999;
Weingartner et al., 2003; Virkkula et al., 2005). In this study
we correct our data for the scattering artifact as well as for
calibration errors after Virkkula et al. (2005). The absorption
coefficient for particles is calculated from

σap(PSAP) = (k0 + k1 (h0 + h1ω0) ln(Tr))σ0 − sσ sp, (5)

wherek0,k1, h0, h1, and s are the constants listed in Ta-
ble 3 of Virkkula et al. (2005) for a single wavelength PSAP
(λ = 574 nm), Tr is the transmission of the light through the
filter, σsp represents the scattering coefficient (λ = 574 nm),
ω0 is the single-scattering albedo, which is 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 correction provides an overall accuracy for PSAP
measurements of ca. 20–30 % (Bond et al., 1999). These es-
timates 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 lab-
oratory and field experiments (Cappa et al., 2008; Lack et al.,
2008) suggest that the actual uncertainty in PSAP measure-
ments in the field is likely to be significantly larger than the
estimate of 20–30 %. The minimum detection limit (MDL) of
the PSAP was estimated to be 0.025 Mm−1 for our hourly-
average data, which is determined by two times the standard
deviation of 1 min noise (with 60 s cycle time), as reported in
Virkkula et al. (2005). The interpolation from one time basis
to another is as follows:

MDL t1=MDL t2

√
t2

t1
, (6)

wheret1 andt2 are the two time bases.
At the site, the PSAP was attended to regularly and the fil-

ter was changed when the filter transmission reached 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) is measured every time the filter
is changed, and is used for sampling flow calculations. The
measured diameter of the sampling spot on several filters is
5.2 mm, which differs from the 5.0 mm given in the PSAP
specifications. Along with the switching times between the
300 m and 50 m height levels, the filter transmission values
(Tr) from the PSAP are recorded at the beginning and end of
each individual time period (either for 300 m or 50 m height
levels). Our initial goal was to calculate the absorption coef-
ficient during each of these time periods separately, using the
equations mentioned above, and then convert them to 1 h av-
erages for each height level. However, it was found that the
filter transmission (Tr) sometimes increases instead of de-
creasing for the 300 m height levels during summer, which
leads to a negative absorption coefficient for 300 m. We fur-
ther found that this phenomenon generally occurs when the
relative humidity differences between the two height levels
are significant (e.g., larger than 2 %). This indicates that hu-
midity changes, even at low RH, can affect light transmis-
sion through the PSAP filter (Anderson et al., 2003). In order
to avoid these problems we first calculated the hourly aver-
age absorption coefficient for the sum of both height levels,
and then partitioned the data into 50 m and 300 m height lev-
els proportionally to the scattering coefficients for the two
height levels, which were measured by the nephelometer (we
assume theω0 for the two height levels are identical within a
given hour). The scattering coefficients used in the scattering
correction for the PSAP data were corrected for illumina-
tion non-idealities according to Anderson and Ogren (1998)
and interpolated to 574 nm using the nephelometer-derived
scattering Ångström exponent (Virkkula et al., 2005). Then,
the aerosol single scattering albedo at 574 nm,ω0, was cal-
culated as the ratio of the aerosol light scattering over the
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extinction:

ω0,574nm=
σsp,574nm

σsp,574nm+σap,574nm
, (7)

whereσap is the aerosol absorption measured by PSAP at
574 nm, whileσsp is the interpolated scattering coefficient
from the nephelometer.

2.2.3 Size distribution measurements

Particle size distributions at ZOTTO are measured with a Dif-
ferential Mobility Particle Sizer (DMPS). The principle of
this instrument has been described previously (Knutson and
Whitby, 1975; Winklmayr et al., 1991; Birmili et al., 1999)
and detailed information about the ZOTTO DMPS system
is given in Heintzenberg et al. (2008, 2011). In short, the
ZOTTO DMPS consists of a 28 cm-long Hauke-type Differ-
ential Mobility Analyzer (DMA) and a Condensation Parti-
cle Counter (CPC, TSI model 3672). The aerosol is neutral-
ized with a corona-discharge-based aerosol neutralizer be-
fore sizing. After multiple-charge inversion, size distribu-
tions between 15 and 835 nm dry particle electrical mobility
diameter are obtained within 18 logarithmically equal size
bins. The sample flow through the particle counter is lim-
ited by a critical orifice to 0.78 L min−1. The sheath airflow
of 5.0 L min−1 is circulated in a closed loop, regulated by a
computer-controlled air blower with adjustable speed. Along
with the switching periods between the 300 and 50 m height
levels, particle mobility distributions are recorded at about
6 min intervals. After inversion of the mobility distributions
according to Stratmann and Wiedensohler (1996) the num-
ber size distributions were corrected for transmission losses
based on the results of the pre-experiment inlet calibration
described earlier (Birmili et al., 2007). For further analysis,
hourly and daily averages are calculated. A least squares fit-
ting algorithm was used to parameterize the particle number
size distribution by a multiple log-normal function (Birmili
et al., 2001). The main purpose is to quantitatively describe
the particle number size distributions and allow straightfor-
ward comparisons between different aerosol particle data sets
(Wu et al., 2009). In this study we assumed the existence of
at least two modes for our measurement size range (15 nm to
835 nm), the Aitken mode (smaller than∼ 100 nm, mode 1)
and the accumulation mode (larger than∼ 100 nm, mode 2).
Occasionally, the agreement between fitted and measured
spectra is not perfect for the accumulation mode. In such
case, an additional mode (> 250 nm, mode 3) was added to
the fitting, which we assume to be either a “droplet mode”
from cloud processing, or a very aged accumulation mode.

2.2.4 Carbon monoxide measurements

Carbon monoxide (CO) is measured with the vacuum ultra-
violet resonance fluorescence technique, employing an Aero-
laser Fast-CO-Monitor (Model AL 5002, Aerolaser GmbH,
Germany). Prior to measurement, the air is dried using a

Nafion drier. Automated periodic zero and span calibrations
are made to account for instrumental drift (every 6 h for the
year 2006 and 2007, every 77 min since 2008). A natural
(ambient air) working standard is used as the span calibra-
tion gas at the ZOTTO site. It consists of a 30 L Scott–Marrin
aluminum cylinder (Luxfer) containing pressurized ambient
air collected from the rooftop of the Max Planck Institute
for Chemistry (MPIC), Mainz in 2003. The CO mixing ra-
tio in this cylinder was determined to be 175.9 ppb± 1.4 ppb
against the EMPA-2001 scale in 2005. Quality control of the
continuous CO data was done by a bivariate regression analy-
sis against independently measured data from flask samples,
analyzed at the Max Planck Institute for Biogeochemistry for
the period from January 2007 to May 2008. The flask results
were compared with the continuous CO measurements av-
eraged to approximately 15 min (flask sampling time). The
bivariate regression analysis (with a total number of 110 sam-
ples) revealed a very good agreement between the two inde-
pendent data sets, with the goodness of fit of 20.55, an inter-
cept of 5.1± 4.2 ppb and a slope of 0.97± 0.03 (± standard
error) (Vasileva et al., 2011). A similar intercept had been ob-
tained for the flask and in-situ data obtained in the BARCA
campaign, where the same type of flasks and instrumentation
was used (Andreae et al., 2012). A negligibly small offset
is therefore obtained at ambient concentrations around typ-
ically observed values of 80–200 ppb, and we can state that
the CO data provide a reliable basis for further process anal-
yses. The original CO data, measured with a frequency of 3 s,
was converted to 1 h averages to minimize uncertainties in-
herent in the data analysis methodology. It needs to be noted
that technical problems occurred with our CO monitor dur-
ing the following periods, resulting in breaks in the CO time
series (Fig. 1): 24 February to 4 March 2007, 29 May to 9
July 2007, 3 September 2007 to 15 February 2008, 1 June
2008 to 1 October 2009, 30 July to 18 September 2010, 29
December 2010 to 10 April 2011, and after 23 June 2011.

2.2.5 Other measurements

The CH4 measurement is performed by an EnviroSense
3000i analyzer (CFADS-17, Picarro Inc., USA) based on the
cavity ring-down spectroscopy technique (CRDS) (Crosson,
2008). Details on the instrument setup and data processing
can be found in Winderlich et al. (2010). A full set of me-
teorological instruments is operating at ZOTTO since 2007;
the temperature data was used in the discussion of this paper.
A detailed description has been given in the supplement to
Winderlich et al. (2010).

2.3 Data analysis methods

2.3.1 Estimation of background CO (REBS)

Sampling at remote monitoring sites (e.g., Siberia) is im-
portant for observing the composition of the relatively clean
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Figure 1: Time series of hourly mean CO concentration at ZOTTO. For reference, the background CO mixing ratio in 
the marine boundary layer representative of latitude 60.8 N is indicated by a red dashed line. 
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Fig. 1. Time series of hourly mean CO concentration at ZOTTO. For reference, the background CO mixing ratio in the marine boundary
layer (MBL) representative of latitude 60.8◦ N is indicated by a red dashed line.

background atmosphere. However, many background moni-
toring sites are frequently affected by air masses that are in-
fluenced by regional emission sources and therefore not rep-
resentative for well-mixed background air. Data filtering is
therefore an important step in analyzing the data. In this pa-
per, we define “background” CO as the level that would exist
without influence of local or regional pollution sources, but
is still affected by net uptake or emissions from natural origin
as well as pollution transported from very distant sources. To
define CO mixing ratios representing background air (or the
other way around to define the polluted periods) we made
use of a non-parametric statistical approach named REBS
(robust extraction of background signal). This technique has
been previously applied for the identification of background
CO concentrations for long-term measurements at the high-
alpine background site at Jungfraujoch (Ruckstuhl et al.,
2012) and at a global background station in China (Zhang et
al., 2011a). In our application, we use a bandwidth of three
months following the suggestion of Ruckstuhl et al. (2012).
Figure 1 shows the time series of the hourly mean CO mixing
ratio at ZOTTO, the blue symbols indicate background mea-
surements according to REBS. Measurements that are influ-
enced by polluted air masses are indicated by the grey sym-
bols. For reference, the background CO mixing ratio in the
marine boundary layer representative of latitude 60.8◦ N is
indicated by the red dashed line (GLOBALVIEW-CO, 2009).

2.3.2 STILT model

To assess CO sources, time-reversed Lagrangian particle dis-
persion model simulations were made using the Stochastic
Time Inverted Lagrangian Transport model STILT (Lin et
al., 2003). In this application, STILT was driven by meteo-
rological forecast data from ECMWF (European Center for
Medium range Weather Forecasting model) with a time res-
olution of 3 h and a grid spatial resolution of 0.25◦

× 0.25◦

for a domain covering Central Siberia (Domain: latitude
50–77◦ N; longitude: 55–102◦ E). From the receptor point
(ZOTTO site), an ensemble of 100 particles (air parcels) is

released and their back trajectories are followed for 15 days.
Footprints (sensitivity of mixing ratios at the receptor site to
upstream surface fluxes, in units of ppm per µmol m−2 s−1)

are derived from this trajectory ensemble, following Gerbig
et al. (2003). By mapping the footprints onto different emis-
sion inventories, the contribution of CO at the receptor point
from different upstream sources (anthropogenic and biomass
burning in this study) during the given time interval can be
obtained.

For anthropogenic CO simulations, we used anthro-
pogenic emissions based on the Emission Database for
Global Atmospheric Research (EDGAR), release version 4.1
(EDGAR-4.1, 2010). Offline time-of-day and day-of-week
scaling factors are adapted to account for the time depen-
dence of anthropogenic emission fluxes (Veldt, 2009). The
day-of-week factors are 0.83 and 0.67 for Saturday and Sun-
day and 1.1 for weekdays. Time-of-day factors average to
unity, and range from 0.36 in the middle of the night to 1.39
for the rush-hour peak. For simulation of biomass-burning
CO, we used the emissions calculated based on the global
fire emission database GFED 3.1 (Global Fire Emissions
Database, release version 3.1) 3-hourly emission in a global
0.5◦ grid (van der Werf et al., 2010). The STILT simulations
treat CO as inert tracer, so no photochemical loss (through
reaction with OH) or production (from oxidation of biogenic
VOC) was taken into account during the time of transport
from the domain boundary to the measurement locations.

2.3.3 Separation of polluted air periods from pristine
conditions

In addition to using REBS, pristine periods were also se-
lected manually, using measured absorption coefficients and
observed or model-estimated CO as criteria, as shown in
Fig. 2. The periods associated with low CO and low absorp-
tion coefficients are classified as pristine. During these peri-
ods, CO mixing ratios rise only a few ppb above the seasonal
baseline, and absorption coefficients remain below 1 Mm−1.
The advantage of this method over REBS is that it provides
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Figure 2 Example of separation of polluted air periods from pristine conditions. Measured CO concentrations, ab-
sorption coefficients, and scattering coefficients during winter 2010 are shown in the upper, middle, and lower figure 
respectively, and the STILT-model-estimated fossil fuel burning CO is shown in the upper figure in blue. 5 

  

Fig. 2. Example of separation of polluted air periods from pristine conditions. Measured CO concentrations, absorption coefficients, and
scattering coefficients during winter 2010 are shown in the upper, middle, and lower figure respectively, and the STILT-model-estimated
fossil fuel burning CO is shown in the upper figure in blue.

much greater data coverage, because we have absorption data
for almost the entire study period, whereas the CO data,
which are needed for REBS, have large data gaps due to tech-
nical problems. Furthermore, this method allows the selec-
tion of clean periods on an absolute basis, while REBS only
separates pollution events from a background, which may al-
ready be influenced by remote pollution sources.

Obviously, this method is most reliable when all data sets
are available. In cases where the CO measurements are not
available, we rely on the EDGAR/GFED3-STILT model.
Local emissions from temporally short or spatially small
sources (vehicles, small fires) cannot be represented by this
model; fortunately, they will show up in the absorption sig-
nal, and will be correctly indicated as polluted periods. An-
other risk for false classification could come from long-range
transport. Because the STILT model covers the Siberia do-
main only and the boundary conditions are set to zero, it does
not take the emissions from outside this region into account.
Polluted air masses from Europe or Southeast Asia might ar-
rive at ZOTTO, without a STILT CO signal and with a low
absorption signal due to long-range transport, and could still
influence the particle size distribution and concentration with
a pollution signal. This is unlikely, however, because soot
carbon would not be removed by wet deposition faster than
other aerosol components, and consequently the absence of
detectable absorption by soot carbon implies that other pol-
lution particles would also have been removed during trans-
port, returning the aerosol burden to a near-pristine state.

2.3.4 Estimation of hygroscopicity factor and CCN0.4
concentration

As mentioned in the introduction, the hygroscopicity factor,
κ, is used to describe the influence of the chemical compo-
sition on the CCN activity of aerosol particles. It has been
shown thatκ is zero for insoluble materials like soot or min-

eral dust, about 0.1 for SOA, around 0.6 for ammonium sul-
fate and nitrate, and around 0.95–1 for sea salt (Rose et al.,
2010). Theκ value of mixed aerosol can be approximated
by a linear combination of theκ values of the individual
chemical components weighted by mass fractions, assum-
ing that the densities of the individual components are sim-
ilar to the overall particle density (Kreidenweis et al., 2008,
2009). Gunthe et al. (2009) suggested that theκ value in the
Amazon wet season could be parameterized as a function of
AMS-based organic mass fraction (forg) and inorganic mass
fractions (finorg):

κ = κorg × forg + κinorg × finorg, (8)

whereκorg ≈ 0.1 which can be regarded as the effective hy-
groscopicity of biogenic SOA, andκinorg ≈ 0.6, which is rep-
resentative for ammonium sulfate and related salts. Using
the values ofκ given above, the lower cutoff diameter for
CCN at a supersaturation of 0.4 % (a value commonly used
for convective clouds) was calculated using the relationship
between the critical diameter, supersaturation, andκ (Petters
and Kreidenweis, 2007; Su et al., 2010). The organic mass
fraction (forg) and inorganic mass fraction (finorg) were cal-
culated based on results from organic carbon/elemental car-
bon (OC/EC) analysis and ion chromatography (IC) analysis
of filter samples. The organic matter (OM) mass was esti-
mated from the OC mass by multiplication with a factor of
1.7 (OM= 1.7∗OC). The inorganic mass was calculated as
the sum of the dominant ionic species NH+

4 , NO−

3 , and SO2−

4 .
A detailed presentation and discussion of the OC/EC and IC
measurement results will be given by Chi et al. (2013). Be-
cause the sampling duration for filter sampling at ZOTTO
was quite long (on average 5 days), the air mass during sam-
pling periods may change significantly. Therefore, most fil-
ters cover both pristine and polluted periods. Only a few fil-
ters (“clean filters”) were collected entirely during pristine
periods. Due to this limitation, seasonal averages offorg and
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Table 1.Median and range, average and standard deviation of scattering coefficient, backscattering coefficient, Ångström exponent, backscat-
tering ratio, absorption coefficient, single scattering albedo, and CO for 50 m and 300 m height levels at ZOTTO.

50 m 300 m

Median (min–max) Mean± STD Median (min–max) Mean± STD

Scattering 450 nm 16.48 (0.03–2569) 22.14± 25.48 14.78 (0.03–885) 20.34± 22.19
coefficient 550 nm 11.44 (0.03–1823) 15.49± 17.92 10.33 (0.03–632) 14.23± 15.60
(σsp, Mm−1 ) 700 nm 7.19 (0.03–1152) 9.81± 11.26 6.49 (0.03–385) 9.02± 9.75

574 nm 10.66 (0.02–1700) 14.45± 16.70 9.61 (0.02–590) 13.27± 14.54

Backscattering 450 nm 1.66 (−0.80–271) 2.15± 2.52 1.49 (−2.57–77) 1.98± 2.13
coefficient 550 nm 1.32 (−0.53–209) 1.72± 1.96 1.19 (−0.64–62) 1.58± 1.68
(σbsp, Mm−1 ) 700 nm 1.07 (−0.55–157) 1.37± 1.52 0.96 (−1.11–51) 1.26± 1.33

Ångström 450/550 1.73 (−30–15.1) 1.71± 0.60 1.78 (−29–17.5) 1.75± 0.67
exponent (å) 550/700 1.98 (−12.1–6.7) 1.93± 0.61 1.99 (−48.5–5.2) 1.92± 0.72

450/700 1.89 (−12.3–4.8) 1.84± 0.47 1.90 (−12.2–5.2) 1.85± 0.49

Backscattering 450 nm 0.098± 0.005 0.104± 0.009
ratio (b) 550 nm 0.112± 0.009 0.117± 0.009

700 nm 0.143± 0.016 0.150± 0.016

Absorption 574 nm 1.15 (0.00–173) 1.87± 2.54 1.02 (0.00–108) 1.74± 2.40
coefficient
(σap, Mm−1 )

Single scattering 574 nm 0.88 (0.01–1.00) 0.88± 0.08 0.88 (0.01–1.00) 0.88± 0.08
albedo (ω0)

CO (ppb) 143.3 (80.06–920) 143.44± 35.78 136.7 (80.01–810) 140.20± 37.78

finorg values, which were obtained from “clean filters”, were
used in theκ value calculation. The corresponding cloud con-
densation nuclei at 0.4 % supersaturation (CCN0.4) concen-
trations were calculated as the number concentration of par-
ticles larger than this lower cutoff diameter.

3 Results and discussion

3.1 Aerosol optical properties

A statistical summary of measured and calculated aerosol
optical properties at the ZOTTO site for the period of Oc-
tober 2006 to December 2011 at both height levels is given
in Table 1. All statistical parameters are computed based on
hourly averaged data. The absorption and scattering coeffi-
cients show large variations in the observed values at both
the 50 m and 300 m levels. For instance, the hourly values
at 50 m elevation forσap at 574 nm span several orders of
magnitude. They vary from a minimum of nearly zero dur-
ing a clean period in September 2008 up to a maximum
of 173 Mm−1 for an episode strongly influenced by nearby
biomass burning in July 2007 (details for this episode will be
discussed in Sect. 3.3.2).

The medians and averages suggest, however, that the
aerosol sampled at ZOTTO during our study period were

generally representative of a fairly clean region. Our aver-
age values for the total scattering coefficient (σsp) and the
back scattering coefficient (σbsp) at the ZOTTO site are com-
parable to those measured at other high latitude Northern
Hemisphere remote sites using the same type of instrument
(TSI 3563), including three years of measurements at Bar-
row, Alaska (Delene and Ogren, 2002), and three years of
measurements made at Pallas, in northern Finland (Aaltonen
et al., 2006). Much larger scattering coefficients (typically
by 1–2 orders of magnitude) have been measured at sites af-
fected by urban or continental pollution (Cabada et al., 2004;
Vrekoussis et al., 2005; Garland et al., 2009). Our average
absorption coefficients (σap at 574 nm) derived from PSAP
are also comparable to those measured at the Barrow site and
in marine environments (Anderson et al., 1999; Fujitani et al.,
2007). If we apply the commonly used mass absorption effi-
ciency (αabs) of 10 m2 g−1 to our absorption data, the result-
ing mean equivalent BC (BCe) averages are 0.19 µg m−3 and
0.17 µg m−3 for the 50 m and 300 m height levels, respec-
tively, which are in the lower range of literature BCe concen-
trations observed at background sites in Europe (Putaud et
al., 2004; Yttri et al., 2007; Hyvarinen et al., 2011). For both
scattering and absorption coefficients, the concentrations are
slightly higher at 50 m than at 300 m (up to about 10 %). Sim-
ple vertical dispersion of aerosol could be the reason for this
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difference, and at the same time, we cannot rule out influ-
ences by local aerosol from nearby ground sources.

Monthly statistics of measured and derived aerosol optical
properties based on all valid hourly average data were ana-
lyzed for their seasonal cycle. Similar seasonal cycle trends
were observed at both 50 m and 300 m height levels for both
scattering and absorption data. Figure 3 shows the seasonal
cycles for selected parameters at 300 m. The absorption coef-
ficient shows a smooth seasonal variation with a high winter
maximum and a broad summer minimum. In contrast, the
scattering and backscattering coefficients (not shown) dis-
play a much weaker seasonal cycle with a double maximum
in winter and summer and a minimum in fall, which is sim-
ilar to the seasonal cycle for the particle volume concentra-
tions observed at the same site (Heintzenberg et al., 2011).
Since the aerosol absorption is strongly related to combus-
tion processes, we hypothesize that the winter maxima in
aerosol absorption, scattering, and volume concentrations are
due to northern hemispheric fossil fuel combustion. The sea-
sonally integrated STILT footprint suggests that in winter the
ZOTTO site is under relatively strong influence from cities
(anthropogenic BC sources) located to the south and south-
west of the ZOTTO site, e.g., Krasnoyarsk, Novosibirsk, and
Omsk. The results from the ion chromatography analysis of
filter samples suggest a winter maximum in secondary in-
organic ions (sulfate, nitrate, and ammonium), which indi-
cate anthropogenic emissions and contribute to light scat-
tering. Additionally, the higher static stability of the lower
troposphere in winter may play a role in the winter maxi-
mum by keeping aerosol trapped in a shallow boundary layer.
The broad summer minimum in aerosol absorption suggests
that in general the ZOTTO site is under much less influence
from combustion processes in summer, although some out-
liers (percentiles > 95 %) with extremely high absorption co-
efficients indicate the occurrence of elevated concentrations
in April, May, July, and October, which are most likely re-
lated to biomass burning (forest fires and agricultural burn-
ing) in Siberia during those months. In contrast, and simulta-
neous to the broad minimum of absorption, elevated values of
scattering coefficients and sub-micrometer particle number
and volume concentrations were observed in summer. This
suggests that there are specific aerosol sources in summer
that produce non- or only weakly absorbing particles. Bio-
genic aerosol emission and biogenic SOA formation could
be such sources in summer in this remote boreal forest re-
gion (Tunved et al., 2006). Given the much deeper mixing
layer in summer than in winter, the fact that the values of
the scattering coefficient in summer are comparable to those
in winter implies a much higher column burden in summer.
This indicates that the primary biogenic sources and/or SOA
formation in summer are quite strong particle sources in this
region.

The weekly and diurnal statistics of measured and de-
rived aerosol optical properties were investigated separately
for the different seasons. No clear weekly cycle for either

45 
 

 

 
Figure 3 Seasonal variation of hourly average CO mixing ratios, aerosol absorption coefficients, aerosol scattering 
coefficients, volume concentration, number concentration, the Ångström exponent (å) for scattering, single scattering 
albedo (574 nm) and backscattering ratio (550 nm) for 300 m at ZOTTO from October 2006 to December 2011. 5 

Fig. 3. Seasonal variation of hourly average CO mixing ratios,
aerosol absorption coefficients, aerosol scattering coefficients, vol-
ume concentration, number concentration, the Ångström exponent
(å) for scattering, single scattering albedo (574 nm) and backscat-
tering ratio (550 nm) for 300 m at ZOTTO from October 2006 to
December 2011.

aerosol absorption or scattering was found in any season.
Also, there is no clear diurnal cycle for aerosol absorption;
Fig. 4g and h give the diurnal variation of the hourly aerosol
absorption coefficients in summer and winter, respectively,
as example. This is consistent with the assumption that most
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light absorbing particles at this site are from regional or long-
range transport, not from local sources. For scattering, diur-
nal variations are only evident in summer. The diurnal dis-
tributions of hourly scattering coefficients in summer for the
wavelength of 550 nm at both sampling heights are shown in
Fig. 4. (Figure 4a gives the median and interquartile range of
the absolute concentration. The normalized scattering coeffi-
cients (hourly divided by daily average values) are shown in
Fig. 4b.) For both absolute and normalized scattering coeffi-
cients, clear diurnal variations were found in summer, with
different variation patterns at the two height levels. For 50 m,
the scattering coefficients show two maxima. The main di-
urnal maximum was found in the morning around 07:00–
08:00 LT, and a relatively smaller maximum occurred in the
evening around 20:00–21:00 LT. This diurnal variation looks
like a quite typical diurnal cycle at ground level governed by
boundary layer evolution. At 300 m, the diurnal variations
are less apparent, with a mid-day maximum occurring a few
hours later than the 50 m morning maximum. Similar diur-
nal patterns have been found at some mountain (ridge-top)
sites (Gebhart et al., 2001), and are mainly due to the bound-
ary layer development and the upward transport of pollution
from lower levels during mid-day.

In contrast to aerosol scattering, no diurnal variation in ab-
sorption is detectable at ZOTTO (Fig. 4g and h). This differ-
ence is likely due to the partially different sources for scat-
tering and absorbing particles, especially in summer. The ab-
sorbing particles come from distant combustion sources and
are mixed homogeneously in the PBL (planetary boundary
layer) by the time they arrive at ZOTTO. In contrast, the scat-
tering particles originate at least in part from near-surface
primary or secondary biogenic sources causing a diurnal cy-
cle related to PBL mixing processes. Humidity effects on the
particle scattering coefficient cannot explain the observed di-
urnal variations, as the humidity inside the nephelometer did
not exceed 50 % in summer and 10 % in winter. The fact that
the particle number concentration increases at ZOTTO at the
same time as the scattering and mass (Wiedensohler et al.,
2009) suggests that surface sources, PBL mixing effects, new
particle formation and aerosol growth by ageing may all play
significant roles. Both particle number and mass (scattering)
start to decrease after 08:00–09:00 indicating the onset of di-
lution by a deepening of the PBL.

The statistics for the scattering Ångström exponent (å),
back scattering ratio (b), and single scattering albedo (ω0)

values are listed in Table 1, and the seasonal variations for
å (550/700),b (550 nm), andω0 (574 nm) are shown in
Fig. 3. Our median and mean values for the three pairs of
scattering Ångström exponents are comparable to those re-
ported by Aaltonen et al. (2006) at Pallas. Our values for
å (550/700) are similar to those observed for PM10 at two
anthropogenically influenced continental stations, namely
BND (Bondville, Illinois) and SGP (Lamont, Oklahoma), but
much higher than those observed at the remote BRW (Bar-
row, Alaska) site, which is under the strong influence of ma-

rine aerosols (Delene and Ogren, 2002). All three pairs ofå
show the same seasonal variation, with a minimum in winter
and a maximum in summer (peak in June). The exponentå
can be used to infer information about the size of the par-
ticles, as it relates inversely to particle size (Russell et al.,
2010). A largeå implies a particle size distribution with scat-
tering dominated by submicrometer particles, while a distri-
bution dominated by coarse particles typically has a smaller
å (Seinfeld and Pandis, 1998). Based on the observed val-
ues ofå, we conclude that scattering is dominated by sub-
micrometer particles at ZOTTO, especially during summer.
Similar values ofå were found at 50 m and 300 m, which is
consistent with the results of Heintzenberg et al. (2011).

It can be seen from Table 1 that the backscattering ratio
(b) increased with increasing wavelength. This is due to de-
creasing size parameters in Mie theory (2πr/λ, r is the parti-
cle diameter,λ is the wavelength), which results in the scat-
tering phase function moving backward when particle size
decreases or wavelength increases. Compared to the results
of Delene and Ogren (2002), ourb at 550 nm is somewhat
higher than the value observed at the remote BRW site, and
lower than those observed at anthropogenically dominated
sites. Our backscatter ratios show a weak seasonal variation
with higher values observed in summer and lower values in
winter, with this variation being more pronounced at 700 nm
(not shown).

The differences in the seasonal variation for absorption
and scattering result in a clear seasonal cycle for the sin-
gle scattering albedo (ω0) (Fig. 3), with a maximum in sum-
mer. Our average single scattering albedo in winter (0.85) is
slightly lower than the winterω0 (0.86) found by Virkkula
et al. (2011) at the SMEAR II station in Hyytiälä, Finland,
for the period from October 2006 to May 2009. In contrast,
our average value in summer (0.96) is higher than their sum-
mer value (0.91), suggesting a lower impact of anthropogenic
sources at ZOTTO than at SMEAR II. The relatively high dif-
ference between summer and winter values indicates a strong
secondary aerosol formation during summertime at ZOTTO.
The overall meanω0 (0.88) at ZOTTO is much lower than the
meanω0 found at the remote BRW site, and is also lower than
that observed at a forest site (ALMOR) in Norway (Mogo et
al., 2012), which is mainly due to relatively higher aerosol
absorption at ZOTTO. The monthly medianω0 observed at
ZOTTO in winter (0.77–0.89) is comparable to values found
at rural and even urban locations (Garland et al., 2008). This
is consistent with our earlier conclusion that the ZOTTO
site is under the influence of regional anthropogenic sources
much of the time, especially during the winter season.

3.2 CO mixing ratios

The overall statistical summary of CO mixing ratios ob-
served at the 50 m and 300 m heights at ZOTTO is shown
in Table 1. It is interesting to compare our results with
other published results on continuous measurements of near
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Figure 4: Diurnal variation of a-b) aerosol scattering coefficients, c-d) total number concentration, and e-f) total vol-
ume concentration: a, c, e) give absolute concentration and b, d, f) are normalized concentration (hourly value divided 
by daily mean value). Diurnal variation of g-h) aerosol absorption coefficients, and i-j) CO mixing ratio: g, i) for 5 
summer and h, j) for winter. 
  

Fig. 4. Diurnal variation of(a–b) aerosol scattering coefficients,(c–d) total number concentration, and(e–f) total volume concentration:(a,
c, e)give absolute concentration and(b, d, f) are normalized concentration (hourly value divided by daily mean value). Diurnal variation of
(g–h)aerosol absorption coefficients, and(i–j) CO mixing ratio:(g, i) for summer and(h, j) for winter.

surface CO. The nearest NOAA/CMDL CO monitoring site
to ZOTTO, at Ulaan Uul, Mongolia (UUM, 44◦ N, 111◦ E,
914 m a.s.l.) (GLOBALVIEW-CO, 2009) shows an average
of 148± 24 ppb for the period from October 2006 to Jan-
uary 2009, which is comparable to our results. Pochanart
et al. (2003) reported a slightly lower annual average of
127± 20 ppb at Mondy, a remote high-mountain observatory
site in eastern Siberia (51◦39′ N, 100◦55′ E) during 1997–
1999. The lower mixing ratios at Mondy can be explained
by the relatively high elevation of that station (about 2000 m
above sea level) and the fact that it is less affected by an-

thropogenic CO emissions from regional sources due to its
geographic location (Vasileva et al., 2011).

The time series of CO mixing ratios (Fig. 1) shows high
variability. It consists of a seasonally varying background
signal (determined by REBS and comparable to remote ma-
rine background signals) superimposed by regional pollu-
tion, which is mainly due to polluted air parcels coming from
fossil fuel emission regions or biomass-burning emissions.
The pollution frequency (fraction of data showing signs of
pollution) is summarized for each season in Table 2. It is
highest in winter, when fossil fuel emissions dominate the
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Table 2. Enhancement of CO estimated from REBS baseline
(COnet= CO-CObaseline,rebs) andσap to COnet ratios (only for CO
polluted episodes) for the 50 m height level as derived from hourly
average values from October 2006 to December 2011.

Season Pollution frequency COnet (ppb)
Median (min–max)

Spring 19 % 9.6 (0.01–295)
Summer 20 % 22.4 (0.06–769)
Fall 16 % 8.0 (0.02–42)
Winter 47 % 22.4 (0.05–155)

CO signal and CO reaches an enhancement of 22 ppb above
background (COnet). An almost identical enhancement is
true for the summer period, although the pollution frequency
is much lower. This suggests that the CO intensity is higher
in some summer pollution events.

The seasonal cycle of CO is characterized by a maximum
in late winter (January and February) and a minimum in late
summer (Fig. 3). It is similar to that of the aerosol absorp-
tion coefficient (σap), which is consistent with the fact that
both BC and CO are tracers for combustion processes. As
is also the case for absorption, the higher CO in winter may
be due to the higher static stability of the lower troposphere
and higher anthropogenic emissions from heating. In addi-
tion, the lower summer CO signal (about 80 ppb lower than
during winter), is partly due to the much shorter lifetime
of CO in summer because of faster photochemical turnover
rates (Jaffe et al., 1998; Novelli et al., 1998). Moreover, due
to its relatively long lifetime (compared to BC) in the at-
mosphere, CO has a substantial background concentration,
which ranges from 92 ppb in summer up to 160 ppb in early
spring (Table 3).

Unlike for the aerosol properties, we did not observe any
diurnal variation in the CO mixing ratios (Fig. 4i and j). It
can also be seen from Table 1 and Fig. 4 that there is no
significant difference in CO mixing ratios between the two
different height levels. This is consistent with earlier findings
from Kozlova et al. (2008), in which no diurnal variation and
vertical gradient were found for CO at the ZOTTO site. This
suggests that there are in general no strong local sources for
CO around ZOTTO.

3.3 Characterization of polluted air

Using the manual selection method described in Sect. 2.3.3,
the entire ZOTTO data set was separated into polluted and
pristine periods. The seasonal average and associated stan-
dard deviation of selected parameters during these two pe-
riods are shown in Table 3. It can be seen that the differ-
ences between polluted and pristine periods for CO andσap
are highest in winter, and lowest in summer. To characterize
further the emission sources in pollution periods, we inves-
tigated the ratios BCe / CO, total particle concentration (con-

densation nuclei, CN) / CO, and CH4 / CO in both winter and
summer. In addition, a few case studies have been examined
in detail.

3.3.1 Polluted winter air

Combustion processes emit both CO and BC, but the emis-
sion ratio between BC and CO differs by combustion type
and condition (Kondo et al., 2006). Therefore, the BC / CO
relationship has been used to distinguish different pollution
sources in case studies (Wang et al., 2011; Kondo et al.,
2011; Kaiser et al., 2012). Here, we use the BCe to CO re-
lationship observed at the ZOTTO site as an additional in-
dicator of the origin of emissions. We obtain the enhance-
ment ratio (1BCe / 1CO) from the slopes of BCe (derived
from the light absorption coefficient using a mass absorption
efficiency of 10 m2 g−1) and CO, using reduced-major-axis
regression (Warton and Weber, 2002), which treats the two
variables as symmetrical.

The overall slope (1BCe / 1CO) for all polluted periods in
winter is 9.3 ng m−3 ppb−1 with R2

= 0.55, which is higher
than values normally found at rural sites (Kondo et al., 2006;
Wang et al., 2011) and even at the higher end of the liter-
ature range for cities in Asia (Verma et al., 2011; Wang et
al., 2011). If we assume that the pollution at ZOTTO mainly
comes from anthropogenic emissions in Siberian cities, our
data suggests that those emissions have a higher BC / CO
emission ratio than known from other cities in the literature.
A reason could be the high rates of coal or biofuel burning
for heating and diesel traffic emissions in the Siberian cities.

In addition to the overall slope, the slopes and correla-
tions for individual events were also checked. It was found
that the1BCe / 1CO ratio was different for air masses from
different source regions. Hence, we separated the data into
three regions depending on the dominating airflow direction
(based on STILT footprint calculations): south, southwest,
and the rest (see Fig. 5a–c). In air from the southern region,
large enhancements in CO and absorption can be related to
air transport directly from the industrialized region around
Krasnoyarsk (Fig. 5a). The BCe to CO correlations have a
generally higher slope for the air from the southern (Fig. 5g)
than from southwestern directions Fig. 5h. This might sug-
gest different emission sources from these two regions, with
even more diesel traffic emissions or domestic fuel burning in
the southern region. However, the observed1BCe / 1CO ra-
tio depends not only on emission characteristics, but also on
atmospheric processes that influence the two species differ-
entially. For example, wet and dry deposition can affect BC
but not CO, whereas chemical reaction with OH radicals af-
fects mostly CO. In our case, the photochemical CO removal
can be neglected because of low OH concentrations in win-
ter. The higher ratio from the south may be partly because
the southern emission sources (cities) are closer to ZOTTO
than the southwestern ones and thus have a lower chance for
BC deposition. Nevertheless, we estimate this effect to be
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Table 3. Mean and standard deviation for CO, absorption coefficient, scattering coefficient, single scattering albedo, Ångström exponent,
total aerosol number concentration, CCN0.4 number concentration, and aerosol volume concentration for polluted and pristine air at ZOTTO
(300 m). The frequency of clean periods determined by the manual selection method is indicated in parentheses.

CO Absorption Scattering ω0 å N N Aerosol
coefficient coefficient (450/700) total CCN0.4 volume

ppb Mm−1 Mm−1 cm−3 cm−3 cm−3

Spring

Clean (36 %) 138± 12 0.51± 0.33 7.7± 6.7 0.91± 0.05 1.94± 0.54 390± 269 228± 148 1.18± 0.78
Polluted 160± 32 2.67± 3.19 16.8± 22.0 0.85± 0.08 1.97± 0.35 1082± 965 724± 759 3.73± 6.01
Background 155± 14

Summer

Clean (32 %) 89± 4 0.12± 0.18 11.7± 11.0 0.98± 0.03 2.17± 0.40 771± 515 439± 304 2.21± 1.84
Polluted 103± 41 0.55± 0.93 16.8± 15.7 0.95± 0.04 2.19± 0.33 759± 580 498± 342 2.61± 1.96
Background 92± 5

Fall

Clean (28 %) 96± 4 0.26± 0.25 4.2± 3.9 0.93± 0.06 1.88± 0.64 525± 538 203± 187 1.44± 1.89
Polluted 117± 16 1.61± 2.41 10.6±9.8 0.86± 0.08 1.90± 0.47 662± 537 401± 364 2.15± 1.98
Background 108± 19

Winter

Clean (23 %) 139± 14 0.75± 0.58 6.1± 3.6 0.88± 0.07 1.47± 0.43 244± 275 123± 51 1.15± 0.75
Polluted 181± 24 3.46± 2.52 18.7± 12.7 0.84± 0.06 1.45± 0.27 843± 547 456± 301 3.83± 4.66
Background 148± 21

small, since the differences in the transport distances are not
very large. It is more likely that the long-range transport of
CO from outside of the domain influences the1BC /1CO
ratio. With southwesterly winds, CO from long-range trans-
port from the west may contribute a substantial fraction of
the CO at the ZOTTO site. For example, the MATCH-MPIC
model (Model of Atmospheric Transport and Chemistry –
Max Planck Institute for Chemistry version, Lawrence et al.,
2003) suggests that on some winter days (e.g., 14 and 16 Jan-
uary 2010) as much as 50 ppb CO at ZOTTO may originate
from Europe (MATCH-MPIC, 2012). It must be pointed out
that it is difficult to generalize these ratios, as the source re-
gions are not well defined by the uncertainties in the footprint
calculations and the sources are changing over time as well.

For two days in January 2010, flow from the southwestern
region was interrupted by a shift in wind direction to the west
(Fig. 6b). The footprint for this episode covers the oil and nat-
ural gas production sites in the Ob lowlands, which explains
the strong signal in the CH4 data (Fig. 6a). Therefore, we also
looked into the CH4 to CO ratios for the south and south-
western regions and found good correlation to the polluted
air periods from the southern region (Fig. 5g and h), but more
irregular behavior for southwestern air. Hsu et al. (2010) had
also found good correlation between CH4 and CO at the
Mt. Wilson station in California, with a1CH4 / 1CO ratio
of 0.55 for the air from Los Angeles County in February.

Our ratio of 1.2 for air from the southern region is about two
times higher, indicating a higher diesel consumption and/or
a higher contribution of cold starting engines (Nam et al.,
2004). The weaker correlations for air from southwestern di-
rections may be due to several outliers with increased CH4
from the oil and natural gas fields in the western direction
(like the January 2010 event). For the air of the rest region,
we found only a low correlation for BCe to CO, and none for
CH4 to CO.

In addition to the1BCe / 1CO and1CH4 / 1CO ratios,
we also inspected the particle number concentration (CN)
to CO ratios during winter pollution. Previous studies have
suggested that the ratio of1CN /1CO for fresh aerosol
from biomass burning is about 30± 15 cm−3 ppb−1 (Guyon
et al., 2005; Andreae and Rosenfeld, 2008; Janhäll et al.,
2010; Kuhn et al., 2010). Urban emissions, in contrast, have
much higher1CN /1CO ratios owing to the more efficient
combustion and thus lower CO emissions from vehicles and
power plants (Nicks et al., 2003; Kuhn et al., 2010). Due
to particle losses by coagulation and other processes during
aging, the ratio is smaller for aged aerosol. For aerosol at
ZOTTO, the1CN /1CO ratio in air masses from the south is
about 18.4 cm−3 ppb−1, which is similar to previous results
for aged smoke. However, the correlation between CN and
CO is very weak (R2

= 0.056), and no correlation is found
for air masses from the southwest. In contrast, CN and CO
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Figure 5: Footprints for winter polluted south region (a), winter polluted southwestern region (b), and winter polluted 
rest region (c); aerosol size distribution for south (d), southwestern (e), and rest regions (g); BCe and CO , CH4 and 
CO scatter plots for south (g), and southwestern regions (h).  

Fig. 5. Footprints for winter polluted south region(a), winter polluted southwestern region(b), and winter polluted rest region(c); aerosol
size distribution for south(d), southwestern(e), and rest regions(f); BCe and CO , CH4 and CO scatter plots for south(g), and southwestern
regions(h).

are well correlated (R2
= 0.709) for the rest region (Fig. 5c),

and the regression slope (30.8 cm−3 ppb−1) is close to the av-
erage value for biomass burning. This would suggest a strong
contribution of biofuel burning to the winter air pollution in
rural Siberia.

The differences in emission sources can be expected to
also affect the other aerosol properties, including the size dis-
tribution. Table 4 lists the CO mixing ratio,σap, CH4, and
total number concentration from the three regions during the
winter pollution periods. Compared to air masses from other
regions (rest), higher CO mixing ratios, absorption coeffi-
cients, and number concentrations were observed for the air
masses from the south and southwest regions. The number

size distributions of particles in polluted winter air from the
three different source regions are shown in Fig. 5d–f. The
particles from the south and southwest regions show a sim-
ilar size distribution, with an Aitken mode peak at around
100 nm, which is larger than the typical Aitken mode of “traf-
fic related particles” (Birmili et al., 2001). This may be due
to growth of particles during transport, and we also could
not rule out influence from biofuel burning, as similar sizes
of Aitken mode particles have been observed for emissions
from wood stoves (Hedberg et al., 2002). The polluted par-
ticles from the other regions (rest) show a wide accumula-
tion mode peak around 160 nm, which can result either from
biomass burning, or from long-range transport of pollutants.
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Figure 6 a) Time series of σap, CO, and CH4 mixing ratios in January 2010 with (b) footprint of CH4 event. 

 
  

Fig. 6. (a)Time series ofσap, CO, and CH4 mixing ratios in January 2010 with(b) footprint of CH4 event.

In combination with our1CN /1CO ratios, the data sug-
gests that the polluted aerosols from the rest region originate
mostly from biofuel combustion.

3.3.2 Polluted summer air

The pollution sources in summer are expected to be differ-
ent from those in winter. On the one hand, large-scale open
biomass burning becomes an important and at times even
dominant contributor in summer. On the other hand, the con-
tribution from domestic heating should be minimal in this
season. In order to see the influence from large-scale, open
biomass burning and the effect of changes in anthropogenic
sources, we separate summer pollution periods into biomass-
burning-dominated (BB) periods, anthropogenic-dominated
(AN, mostly fossil fuel derived) periods, and mixed periods.
The separation is based on the STILT model output for CO.
The AN-dominated periods are defined as the periods when
STILT’s anthropogenic CO contributes more than 70 % of
STILT’s total CO (anthropogenic+ biomass burning). An
analogous definition was used for BB-dominated periods. In
total, 12 % of the summer pollution periods were classified as
BB-dominated, 32 % were classified as AN-dominated, and
the rest were mixed periods.

The median number size distributions of the particles dur-
ing the AN- and BB-dominated periods for summer are
shown in Fig. 7b and c. Earlier studies have shown that
biomass-burning emissions appear mainly in the accumu-
lation mode: fresh smoke has a count median diameter,
Dg (similar to the geometric mean diameter), of around
120 nm (Reid et al., 1998; Reid and Hobbs, 1998; Guyon
et al., 2005), while aged smoke particles are larger, up to
Dg > 240 nm (Anderson et al., 1996a; Reid et al., 1998;
Fiebig et al., 2003). Fresh fossil-fuel-related urban particles
are normally smaller, with the highest number concentrations
in the nucleation and Aitken modes. Accordingly, larger par-
ticles were observed during BB-dominated periods (Fig. 7b)
than in AN-dominated periods (Fig. 7c). The AN size distri-

bution can be separated into two dominant modes, where the
smaller one (Dg = ∼ 80 nm) relates directly to urban parti-
cles. However, particles at ZOTTO are in general aged par-
ticles, so for both BB-dominated and AN-dominated periods
they have a larger diameter than those from fresh biomass
burning and fresh urban particles.

Since the largest difference between summer and winter
anthropogenic pollution is the amount of residential heating,
one may expect smaller sizes of summer anthropogenic par-
ticles since there is a lower contribution of biofuel burning
from heating. By comparing the AN-dominated size distri-
bution in summer (Fig. 7b–c) with the polluted size distribu-
tion for winter (Fig. 5d–f), we can indeed see that the size
in summer AN-dominated periods (≈ 81 nm) is somewhat
smaller than those in winter from south and southwestern re-
gions (80–100 nm). This small difference may be also partly
explained by additional biogenic emissions in summer, when
fresh anthropogenic particles grow through the deposition of
SOA material and the conditions generally favor secondary
particle formation. It also should be noted that even in the
AN-dominated period we cannot rule out a contribution from
open biomass burning to the ZOTTO particles, which would
increase the overall particle diameter.

Next, we examine two biomass-burning events in detail,
one is the period of 20 April 15:00 LT to 22 April 2008
23:00 LT, and the other is 20 July 15:00 LT to 22 July 2007
23:00 LT. Elevated CO and aerosol absorption were observed
during both episodes. We selected these two cases because
they were the most prominent events during our study period
and represent two different types of biomass-burning events
that influence the ZOTTO site. Figure 8a, b gives the foot-
prints of the tower measurements during these periods over-
laid with the active fires as observed by the MODIS satel-
lite. It is clear in the April 2008 episode that ZOTTO was
under strong influence of large-scale biomass burning in the
Kazakh steppe region, which consists of agricultural waste
burning. In contrast, during July 2007, forest fires northwest
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Table 4.Median and range for absorption coefficient, CO, CH4, and total aerosol number concentration from different airmass regions during
winter polluted periods.

South Southwest Rest

σap (574 nm, Mm−1) 4.1 (0.2–22.5) 3.2 (0.1–12.4) 1.5 (0.0–10.0)
CO (ppb) 186 (142–315) 181 (134–246) 172 (147–212)
CH4 (ppb) 1909 (1859–2035) 1921 (1881–2029) 1954 (1889–2035)
Number (cm−3) 903 (190–2964) 914 (35–3608) 301 (3–2978)
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Figure 7 a) Footprint of summer polluted periods with the aerosol size distributions for b) biomass burning dominated 
and c) fossil fuel dominated pollution periods. Fig. 7. (a) Footprint of summer polluted periods with the aerosol

size distributions for(b) biomass-burning-dominated and(c) fossil-
fuel-dominated pollution periods.

of ZOTTO were the main reason for our elevated concentra-
tions; some of these fires were even very close to our site.

Scatter plots between CO and BCe and CN and CO during
the April 2008 and July 2007 biomass-burning episodes are
shown in Fig. 8e–f. Good correlations between CO and BCe
during both episodes suggest one dominant source in each
case. The slopes (1BCe / 1CO ratios) are quite different be-
tween the two events and suggest different source character-
istics. Our ratio of 10 ng m−3 ppb−1 in July 2007 is already
at the high end of literature values for open biomass burning.
The ratio in April 2008 is even two times higher than that in
July 2007. Higher BC emission ratios for agricultural waste
burning than for forest burning have been observed before.
Warneke et al. (2009) found a ratio of 10 ng m−3 ppb−1 for
Kazakhstan agricultural plumes, and 7 ng m−3 ppb−1 for for-
est burning around Lake Baikal in April 2008. This is mainly
due to higher combustion efficiency in agricultural waste
burning than in forest fires. Our ratio of 21.8 ng m−3 ppb−1

for the April 2008 episode is even higher, but a similar
event has been observed in a recent study by Cristofanelli et
al. (2013). They give a1BC /1CO ratio of 29 ng m−3 ppb−1

in an agricultural plume from southern Russia, which con-
firms the trend to such high emission ratios from this type of
fire.

A good correlation was found between CN and CO in
April 2008 with a 1CN /1CO slope of 18.0 cm−3 ppb−1,
similar to previous results for aged smoke. This confirms that
our April episode particles are indeed aged smoke particles,
which is also consistent with the particle number size distri-
bution in Fig. 8c that shows a dominant peak around 250 nm.
We see a second, less important mode at 100 nm, indicating
some influence by anthropogenic pollution. As seen from the
footprint (Fig. 8a), the biomass-burning source region over-
laps with cities in the southwestern directions. In contrast,
the fires in the July 2007 episode are very close to ZOTTO
(Fig. 8b). Therefore, the particle size distribution changes
quickly with time (Fig. 8d), depending on the wind direction
from which the fire plumes reach the site. On 19 July 2007,
10:00 LT the fire is even so close that we see very small parti-
cles below 20 nm, which will grow fast to the larger sizes that
dominate the other time slices. We will not further examine
other biomass-burning events, as this topic has been exten-
sively studied for the ZOTTO station for the summer 2007
and spring 2008 by Vasileva et al. (2011).
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Figure 8 Footprint overlaid with a fire map, aerosol size distribution, and ∆BCe/∆CO and ∆CN/∆CO scatter plots for 
biomass burning events in April 2008 and July 2007. 
  

Fig. 8. Footprint overlaid with a fire map, aerosol size distribution, and BCe vs. CO and CN vs. CO scatter plots for biomass-burning events
in April 2008 and July 2007.

Finally, the size distribution data for 16–18 April 2008 re-
veal another interesting fact. During a three-day period when
the temperatures were well below zero degrees (between
−16◦C and−3◦C), the wind brought particles to the sta-
tion that continuously grew to larger size. Figure 9a gives an
overview of the evolution of this process. The particles grew
from 40 nm to 100 nm within the first 30 h with a growth rate
of about 2 nm h−1 (Fig. 9b). This rate is comparable to that at
other Siberian remote sites, e.g., at Lake Baikal (Dal Maso et
al., 2007), but lower than the 4.5 nm h−1 observed at Tomsk
(Dal Maso et al., 2007), and higher than the 0.5–0.7 nm h−1

at the Finnish station Hyytiälä (Tunved et al., 2006). We as-
sume that both condensation and coagulation contributed to
the particle growth in this period. After 30 h, the particle
growth rate decreased to 1 nm h−1, probably because coag-

ulation became less efficient as the particle number concen-
tration decreased, and only condensation contributed to the
particle growth. In the end, after 80 h of growth, the parti-
cles had grown to 160 nm, and the whole process started over
again. In urban regions and in the biologically active season
at sites like Hyytiälä, one normally sees a diurnal cycle in
the particle growth, due to a diurnal cycle in the local emis-
sion sources and photochemical processes. In our case, the
long growth cycle suggests that the initializing fine particles
are not present all the time and therefore have their source at
greater distances.
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Figure 9 Particle growth event lasting three days (16-18 April 2008): a) size distribution as a function of time, b) 
growth analysis of dominant size modes. 
 

Fig. 9.Particle growth event lasting three days (16–18 April 2008):
(a) size distribution as a function of time,(b) growth analysis of
dominant size modes.

3.4 Characterization of pristine air

Table 3 shows very low concentrations of the combustion re-
lated species CO andσap during the pristine periods. The av-
erage CO is even lower than the marine background CO at
the same latitude, which may be related to inflow of air from
higher latitudes during clean periods. This confirms that the
ZOTTO site is indeed not significantly influenced by regional
pollution during our selected pristine periods. The character-
istics of pristine air show distinct differences between sum-
mer and winter. The CN and CCN number concentration, the
particle volume concentration, and aerosol scattering coeffi-
cient during pristine periods are 2–4 times higher in sum-
mer than in winter. In contrast, the winter/summer differ-
ences during pollution periods are much smaller. This indi-
cates that the summer peak in our seasonal variation for these
parameters is mainly due to natural sources. The Ångström
exponent (å) for scattering is also higher (around 2 times)
in summer than in winter pristine periods, suggesting parti-
cles of smaller size in summer than in winter. Therefore, we
will discuss winter and summer separately. In the following
subsections, we will first compare our CN and CCN concen-
trations under pristine conditions at ZOTTO with other sites.
Then, based on the size distribution data and the footprint,
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Figure 10: ZOTTO aerosol number concentratins in global context, based on Andreae (2009).  
Fig. 10. ZOTTO aerosol number concentrations in global context,
based on Andreae (2009).

we characterize winter pristine particles, and in the end we
look into the origin of summer particles in pristine air.

3.4.1 CN and CCN0.4

In this study, the CCN0.4 concentration during pristine pe-
riods was estimated by the method described in Sect. 2.3.4.
The required parameters and results from these calculations
are listed in Table 5. In comparison to clean Amazonian par-
ticles with a cutoff diameter of about 85 nm for CCN0.4 (An-
dreae, 2009), we derived values near 70 nm for ZOTTO pris-
tine conditions. This is due to a higherκ value for ZOTTO
than for Amazonian particles. Gunthe et al. (2009) found
an averageκ value of 0.15 in the Amazonian wet season;
our summerκ value is 60 % higher (0.24), and the winterκ

value is more than 2 times higher (0.4). This is mainly due
to a higher inorganic mass fraction at ZOTTO, particularly
in winter. The inorganic mass fraction for Amazonian wet
season particles in Gunthe et al. (2009) varied in the range
of 5 % to 35 %, while at ZOTTO it is 28 % in summer and
nearly 60 % in winter (Table 5). A probable explanation is
the stronger anthropogenic influence in Siberia than in the
Amazon, even during periods classified as “pristine”, which
suggests that residual pollution still has a significant impact
on aerosols in Siberia even during nominally clean periods.

The relationship between the total particle number CN
and CCN0.4 for clean air is shown in Fig. 10 and com-
pared to other stations compiled by Andreae (2009). The
CN numbers at ZOTTO are very similar to those from the
Amazon and other pristine regions, while the CCN0.4 num-
bers are somewhat higher, which can be also seen in the
CCN0.4 / CN ratio in Table 5. As described in the previous
paragraph, this might be partly due to the lower critical di-
ameter of CCN0.4 at ZOTTO than in the Amazon, which is
related to the chemical composition of the aerosol. In addi-
tion, the shape of the particle size distribution strongly in-
fluences the CCN0.4 / CN ratio. For the Amazon, Gunthe et
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Table 5.Organic and inorganic fraction derived from filter samples, calculated hygroscopicity factor, critical diameter for CCN0.4, CCN0.4
number concentration, and CCN / CN ratios for winter and summer pristine air at ZOTTO.

forg finorg κ Lower Cutoff N CCN0.4 / CN
Diameter CCN0.4

Winter 0.403 0.597 0.40 70 nm 193 0.56
Summer 0.713 0.287 0.24 73 nm 393 0.57

al. (2009) found many particles in the Aitken mode (geomet-
ric mean diameter= 57 nm). Those particles are not able to
act as CCN, because they are smaller than the critical diame-
ter, and only the remaining relatively few particles contribute
to the CCN0.4 value (Figs. 3 and 6 in Gunthe et al., 2009). In
contrast, the particles in the ZOTTO clean periods are gener-
ally larger (Dg ranges from 63 nm to 136 nm, with an overall
average at∼ 80 nm, Fig. 11) with a 15 nm lower cutoff diam-
eter. Therefore, a higher proportion of the CN contributes to
the CCN at ZOTTO than in the Amazon.

3.4.2 Clean winter air

Figure 11b shows the median number size distribution of
winter aerosol particles for pristine conditions. The abso-
lute concentration of pristine period aerosol particles is much
lower than for polluted aerosol particles. The size distribution
has a broad mode around 160 nm, which is larger than for
polluted particles. When we compare Fig. 11b with Fig. 5f,
we can see that pristine period particles have a similar size
distribution as polluted particles from the rest region. More-
over, the footprint for the winter clean air (Fig. 11a) also
agrees closely to the one for winter polluted air from the rest
region (Fig. 5c). It covers large parts of Central Siberia, but
excludes all industrial areas, which nicely indicates the con-
sistency between the ZOTTO measurements (pristine values)
and the transport model (no industry).

In summary, winter pristine period particles and winter
pollution particles from the non-industrialized (rest) region
have comparable footprint and size distributions. This leads
to the conclusion that the main sources of the observed
aerosol particles are the same, comprising both aged particles
from anthropogenic sources at great distances from ZOTTO
and diluted biofuel burning emissions from heating, and that
the different concentrations during clean and polluted peri-
ods are mostly due to different degrees of dilution and re-
moval. This and the low values ofω0 during the winter clean
periods suggests that even the low CN and CCN concentra-
tions present at ZOTTO in winter are dominated by anthro-
pogenic sources and that any natural aerosol concentrations
in this region in winter must be extremely low.

3.4.3 Clean summer air

The CN number concentration during the summer clean pe-
riods is more than three times higher than during winter
clean periods (Table 3). Spracklen et al. (2010) summarized
CN concentrations from the free troposphere and continen-
tal background sites, and they found a pronounced season-
ality at many sites with concentrations being a factor of 2–
10 greater in summer than in winter, suggesting new parti-
cle formation in summer as the main driver. Since we can
exclude significant anthropogenic emissions for the pristine
summer conditions based on our tracer criteria, the elevated
number concentrations with a very different size distribution
than in winter must come from a source other than combus-
tion. Given the atmospheric footprints of clean conditions in
Fig. 11c, the formation of new particles followed by growth
through condensation of biogenic VOC oxidation products in
the boreal forests may account for the elevated particle num-
bers.

Emissions of VOCs by plants are an important source of
SOA precursors; among VOCs, monoterpenes and sesquiter-
penes are the most important contributors in temperate and
boreal regions (Kanakidou et al., 2005). It has been shown
in field and lab experiments that terpene emissions in inter-
action with OH and O3 could drive new particle formation
(Laaksonen et al., 2008; Hao et al., 2009). Particle forma-
tion has to take place near to the VOC sources, because the
VOCs have a light-dependent life time of only 1 min to 3 h
(Kesselmeier and Staudt, 1999).

Once SOA particles have formed, the condensation of
VOC oxidation products contributes to particle growth in
pristine air, and their size increases with traveling time
(Tunved et al., 2006; Riipinen et al., 2012). The meteoro-
logical and chemical conditions during transport influence
the size distribution (Mäkelä et al., 1997). While our mea-
surement setup does not allow the observation of the nucle-
ation mode below 10 nm, the summer pristine air at ZOTTO
is generally dominated by the Aitken mode around 50 nm
(Fig. 11d), in line with previous observations (Mäkelä et al.,
1997; Tunved et al., 2006; Dal Maso et al., 2008).

From June to the end of August 2009, an unusual event
caused the formation of larger particles than in the summers
before (Fig. 11f). This was the only event with such large
particles within the whole data set since 2006. The period
was characterized by persisting stable weather conditions,
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Figure 11: Footprint and median aerosol number size distribution of clean air periods: a-b) during winter, c-d) during 
summer 2006-2008, e-f) during summer 2009. 
 Fig. 11.Footprint and median aerosol number size distribution of clean air periods:(a–b) during winter,(c–d) during summer 2006–2008,

(e–f)during summer 2009.

sunshine, warm temperatures, and mostly easterly winds
(Fig. 11e). The vegetation in the region east of the Yeni-
sei differs substantially from that on the western side. The
eastern region is mountainous and covered by dark taiga
(fir, spruce, larch), whereas light taiga with sandy soils and
pine forest is dominating in the flat lowlands between the
Ob and Yenisei rivers. However, despite these differences,
we could not find a general dependency of the particle size
distribution on the wind direction, probably because the dif-
ferent plant species do not emit significantly different VOC
amounts (Isidorov et al., 1985; Janson, 1993). However, the
biogenic VOC emissions increase exponentially with temper-
ature (Isidorov et al., 1985; Janson, 1993). Accordingly, the
ZOTTO data for the pristine summer air reveal a clear tem-
perature dependence (Fig. 12a) with increasing number con-
centration and particle size for higher air temperatures. The
particle volume concentration shows a clear linear increase
with temperature (Fig. 12b). An increase of the accumulation
mode particle and CCN number concentrations with tem-
perature has also been observed by Ahlm et al. (2013) and
Paasonen et al. (2013). Parts of the temperature dependence
originate from the day-night cycle, since the average diurnal

cycle of the size distribution in Fig. 13 has a maximum dur-
ing the warm noon period, which has been observed as well
by Dal Maso et al. (2008). The correlation also holds, how-
ever, when 24 h averages are used instead of the 1 h averages
shown in Fig. 12, indicating that the influence of higher tem-
peratures on SOA production extends beyond diurnal effects.

In summary for the clean air period in summer 2009, the
particle distribution in ZOTTO was dominated by an elevated
size mode at 160–200 nm. The prevailing high temperatures
and sunny conditions stimulated VOC emissions and parti-
cle growth. This facilitated the growth of the aged particles
into the accumulation mode (at 200–250 nm) (Covert and
Heintzenberg, 1993; Mäkelä et al., 1997). Given the higher
mean radius of those particles, the total particle volume was
larger, even with a smaller absolute number concentration.
This extraordinary event in 2009 would be a good subject for
further modeling studies.

Before these summer conditions, ZOTTO experienced a
cold surge from the north in the beginning of June 2009.
The footprint in Fig. 11e already indicates an airflow along
the Yenisei River from the Norilsk region. During this
time, the temperatures fell to 3◦C, biogenic emissions were
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Figure 12 a) Color coded number size distribution depending on air temperature (x-axis in °C); b) aerosol volume 
increasing with air temperature; solid line: monoterpene emissions vs. temperature from Scots pine (Isidorov et al., 
1985).  

Fig. 12. (a) Color-coded number size distribution depending on air temperature (x axis in ◦C); (b) aerosol volume increasing with air
temperature; solid line: monoterpene emissions vs. temperature from Scots pine (Isidorov et al., 1985).
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Figure 13 Diurnal cycle of number size distribution; the color code represents particle number concentrations. 

Fig. 13. Diurnal cycle of number size distribution; the color code
represents particle number concentrations.

suppressed, and the particle size distribution changed com-
pletely, with a sharp reduction of the accumulation mode and
the appearance of a mode at 50 nm (Fig. 11f, north). It is
known that nucleation can also happen through activation of
sulfate clusters (Kulmala et al., 2004a), which are produced
from oxidation of the SO2 emitted in large quantities in No-
rilsk (Walter et al., 2012). Once more, this event shows the
capabilities to trace back aerosol emission sources with the
help of the regional transport model and the comprehensive
ZOTTO data set.

4 Summary and conclusions

We presented the time series of CO and aerosol measure-
ments at the ZOTTO site for the years 2006 to 2011. First, we
introduced the setup to measure aerosol absorption and scat-
tering, black carbon concentration, the particle total number
and their size distributions, as well as the CO concentration.
We extracted the seasonal cycle of CO and compared it to
marine background conditions. Due to the remote, very con-
tinental location, the station receives episodically very clean
air masses. The CO and aerosol absorption data allowed us

a clear separation of pristine from polluted periods, to study
their general character.

In winter, when the CO mixing ratio and aerosol absorp-
tion reach their maxima, pollution aerosol particles from
anthropogenic emissions are dominant. Within the selected
pollution periods, higher CO, aerosol absorption and scat-
tering coefficients, and particle number concentration were
found for air masses from southern and southwestern re-
gions, where the major cities and industries are located.
The characterization of1BCe / 1CO and1CN /1CO ra-
tios from these two source regions suggests that the con-
tribution of coal and biofuel burning for heating is higher
in these Siberian cities than elsewhere. The aerosol parti-
cles from these two regions have a dominant mode around
100 nm. In contrast, polluted particles from the remaining
rural regions are much larger (mode at 160 nm) with much
lower total number concentrations, similar to values observed
during winter pristine periods. In conclusion, ZOTTO winter
pollution originates mainly from the big cities to the south
and southwest of the site, with dominant coal and biofuel
contributions. The particles from the rural region during pol-
luted and pristine conditions in winter consist mostly of aged
anthropogenic particles from long-range transport and from
residential biofuel burning.

During summer, the CO mixing ratios and aerosol absorp-
tion coefficients reach their minimum at ZOTTO, which sug-
gests a lower pollution influence. Apart from anthropogenic
emissions, large-scale biomass burning is thought to be the
main source of pollution particles at ZOTTO in summer.
The CO model results from STILT suggest that overall, an-
thropogenic emissions are the dominant contributor to the
pollution particles at ZOTTO, and overall only 12 % of the
polluted events are classified as biomass-burning-dominated.
However, biomass-burning events are often associated with
extremely high CO concentrations and aerosol absorption
coefficients. Two biomass-burning case studies revealed dif-
ferent 1BCe / 1CO ratios from different fire types, with
the agricultural fires in April yielding a very high ratio
of 21 ng m−3 ppb−1. The particle number size distributions
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show larger particle sizes from biomass burning than from
anthropogenic pollution, which is in line with earlier studies.

In pristine summer air, CO mixing ratios and aerosol ab-
sorption coefficients are low, whereas the total particle num-
ber and volume concentrations are comparable to that in sum-
mer polluted air, resulting in summer maxima in aerosol scat-
tering and particle volume concentrations. The simultaneous
minimum in combustion products and the presence of a parti-
cle mode around 60 nm indicates new particle formation fol-
lowed by particle growth from biogenic precursors. The sum-
mer pristine particles reveal different size modes depending
on the environmental conditions. While the summer seasons
2007–2008 were dominated by an Aitken mode at 80 nm, the
summer of 2009 with prevailing easterly winds produced par-
ticles in the accumulation mode around 200 nm. We found
these differences related mainly to air temperature, in paral-
lel with the biogenic VOC production rates. The continuation
of the ZOTTO observations will enable the observation of ad-
ditional events, which will allow studying the reasons for this
behavior in detail.

In conclusion, the ZOTTO data set revealed very effi-
cient biomass burning in the steppe regions, and it facili-
tated the investigation of pristine air composition. In win-
ter, heating with coal and biofuel dominates background
aerosol particles; in summer, the boreal VOC emissions con-
trol aerosol particle concentrations and properties. Further
studies at ZOTTO may investigate the link between aerosol
and climate: e.g., increased forest growth by rising tempera-
tures and CO2 stimulated VOC emissions, which feed back
on cloud formation (Kulmala et al., 2004b; Arneth et al.,
2010; Paasonen et al., 2013). The continuing ZOTTO record
will help to detect these trends in natural aerosol emissions
and their influences on future climate.
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