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a b s t r a c t
PM2.5 mass concentrations and chemical compositions sampled over a 13-month period at a Central European
rural background site (Košetice) are presented in this work. A comprehensive chemical analysis of PM2.5 was performed, which provided elemental composition (Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Br, Rb, Sr, Y,
−
−
−
−
−
Zr, and Pb) and the concentration of water-soluble inorganic anions (SO2−
4 , NO3 . Cl , NO2 , Br , and H2PO4 ) and
+
+
2+
2+
+
cations (Na , NH4 , K , Ca , and Mg ), elemental and organic carbon (EC and OC), and levoglucosan. Spearman correlation coefﬁcients between individual chemical species and particle number concentrations were calculated for the following six size ranges: 10–25 nm (N10–25), 25–50 nm (N25–50), 50–80 nm (N50–80), 80–
150 nm (N80–150), 150–300 nm (N150–300), and 300–800 nm (N300–800).
Average concentrations of individual species were comparable with concentrations reported from similar sites
across Central Europe. Organic matter (OM) accounted for 45% of the PM2.5 mass (calculated from OC by a factor
−
+
of 1.6), while the second most common component were secondary aerosols (SO2−
4 : 19%, NO3 : 14%, NH4 : 10%),
which accounted for 43% of the mass. Based on levoglucosan analysis, 31% of OM was attributed to emissions associated with biomass burning (OMBB). EC concentrations, determined using the EUSAAR_2 thermal optical protocol,
contributed 4% to PM2.5 mass. A total of 1% of the mass was attributed to a mineral matter source, while the remaining 6% was from an undetermined mass. Seasonal variations showed highest concentrations of NO−
3 and OMBB in
winter, nitrate share in spring, and an increase in percentage of SO2−
4 and mineral matter in summer. The largest
seasonal variation was found for species associated with wood and coal combustion (levoglucosan, K+, Zn, Pb,
As), which had clear maxima during winter. Correlation analysis of different size fraction particle number concentrations was used to distinguish the inﬂuence of fresh, local aerosol and aged, long-range transport aerosol.
The inﬂuences of different air masses were also investigated. The lowest concentrations of PM2.5 were recorded
under the inﬂuence of marine air masses from the NW, which were also marked by increased concentrations of
marine aerosol. In contrast, the highest concentrations of PM2.5 and most major chemical components were measured during periods when continental easterly air masses were dominant.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Atmospheric aerosols have been of environmental concern since the
Industrial Revolution. The discovery and increased understanding of
their detrimental health and environmental effects gave rise to policies
and directives aimed at controlling levels of pollutants in the atmosphere
through, for example, control of ambient concentrations of PM10 and
PM2.5.
Measurements at rural background sites are important, as they are
beyond the inﬂuence of urban emissions and are, therefore, better suited for investigating the inﬂuence of long-range transport and long-term
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trends in concentrations, both of which are essential to climate change
studies. Obligatory measurement of PM10 within the E.U. has been in
place for the last decade, resulting in an increased understanding of
chemical concentrations and compositions around across Europe. A
comprehensive summary of these measurements was performed by
Putaud et al. (2004), but data from post-communist countries were
omitted due to a lack of long-term data.
Nevertheless, some older studies on PM and chemical composition
in Central Europe do exist. PM2 levels and elemental composition
were measured at Bílý Kříž, a rural site in the Northeastern Czech
Republic, by Swietlicki and Krejci (1996), while Borbely-Kiss et al.
(1999) studied urban and rural sites in Hungary. Horvath et al. (1996)
described PM (sampled by impactors) for the urban area of Vienna
and its surroundings, and two studies were performed by Maenhaut
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et al. (2005, 2008) on the ﬁne and coarse fractions in Budapest and
PM2.5 and PM10 at K-Puzsta.
The recent implementation of a 25 μg m−3 PM2.5 limit in the EU led
to an increase in measurement campaigns across Europe, including
post-communist countries. Even with this data available, which included measurements from over 60 stations across Europe, a 2010 follow-up
of Putaud et al.'s work only included PM2.5 data from four sites among
post-communist countries (Prague, Debrecen, and two rural Hungarian
sites). Although Košetice, the site of this study, is also mentioned in the
2010 study, only PM10 mass and TC were reported.
During the sampling for this study, several other studies on PM2.5 at
rural background sites in Central Europe were performed, and their
published results are as follows. Spindler et al. (2013) described the
long-term trends of PM10 (20 years) and PM2.5 and PM1 (10 years) for
the rural background site of Melpitz in Germany. From 1993 to 2000,
a decrease in PM10 was found, and from 2000 to 2011, no discernible
trend was observed for any PM fraction. During the period of overlap
between our work at the Košetice site and this study, the average
PM2.5 values were roughly 17–19 μg m−3.
Rogula-Kozłowska et al. (2014) reported PM2.5 concentrations of
15 μg m−3 for the Diabla Gora rural background station in northern
Poland. PM2.5 concentrations at a rural site near Vienna were 18.1 μg
m−3 (Puxbaum et al., 2004) and Hueglin et al. (2005) measured PM2.5
concentrations of 7.7 μg m−3 for a high-altitude site in Switzerland
(Chaumont; 1000 m a.s.l.). Both of these studies took place near the end
of the period with decreasing PM2.5 values (Spindler et al., 2013) and,
therefore, may have been inﬂuenced by the not yet fully implemented
emission controls in the former communist Eastern European countries.
Recently published results on continuous measurements of PM2.5
chemical composition for rural regions of the Czech Republic, or longterm analysis of PM2.5 (longer than one year) in Europe, are currently
scarce. Moreover, studies performed in Central Europe before 2000
were strongly inﬂuenced by poor cleaning of industrial sources and
the use of leaded petrol in passenger cars. A recent increase in the use
of wood combustion for residential heating has also changed emission
proﬁles, which might have a direct inﬂuence on emission levels and
chemical composition of PM2.5. Consequently, the aim of this study is
to ﬁll in these gaps by providing further information regarding PM2.5
composition and concentration from a Central European rural background site.
2. Experimental
2.1. Sampling site
All samples were collected at the Košetice rural background site
(N49°35′, E15°05′; 534 m a.s.l.). The site is classiﬁed as representative
of the regional background in the Czech Republic. The Košetice site is located 60 km SE of the urban area of Prague, and the closest mediumsized urban area lies 15 km to the south, with a population of 16,000.
There are also several small settlements within a 3 km radius, of
which Košetice village is the largest, at 3 km to the SE and a population
of 700. The village of Kramolin is the closest settlement, and is 1.2 km
away to the SW with only around 10 permanent inhabitants. One of
the major national highways is situated 6 km north of the site, with
two more settlements of 1000 inhabitants within the same distance. Finally, a small wood factory equipped with a biomass furnace (about
10 years old) lies 7.5 km from the site. The Košetice measurement station is part of the EMEP, ACTRIS (formerly EUSAAR), and GAW
networks.
2.2. Sampling
PM2.5 was sampled for 24 h on every sixth day from February 5, 2009
to April 1, 2010 using Leckel and Derenda low-volume samplers
equipped with PM2.5 sampling inlets. The ﬂow rate was set to 2.3 m3/h
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at both samplers, and was controlled using built-in mass ﬂowmeters.
The distance between the two samplers was 2.5 m. Two PM2.5 samples
were collected in parallel by one sampler loaded with TEFLO ﬁlters
(Pall, 47 mm in diameter, 2 μm pore size) and another loaded with two
pre-baked (3 h, 800 °C) quartz ﬁbre ﬁlters (Tissuequartz, Pall, 47 mm)
placed in series (face to face). The front quartz ﬁbre ﬁlter was downstream of the inlet and collected aerosol particles, while the back ﬁlter,
placed downstream of the front ﬁlter, only collected absorbable organic
vapours. In total, there were 71 sampling days when PM2.5 samples
were collected on both TEFLO and quartz ﬁbre ﬁlters.
All ﬁlters were weighed before and after sampling with 1-μg resolution Sartorius M5P micro balances in a designated weighing room with
climate control (RH: 30%–40%; temperature: 20 °C–25 °C). In order to
assess the impact of unstable conditions, control ﬁlters were regularly
weighed during each weighing run and their weight changes were
used to correct measurements of the other ﬁlters. Field blanks were collected regularly from both samplers, during which time ﬁlters were
placed in the samplers and exposed to 10 s of sampling. This resulted
in 10 ﬁeld blanks for the Teﬂon ﬁlters and 14 ﬁeld blanks for the quartz
ﬁbre ﬁlters. These ﬁlters were then analysed using the same method as
the sample ﬁlters, and all data were corrected according to the blank ﬁlters. No statistically signiﬁcant difference was found between the front
and back quartz ﬁbre ﬁlter blanks, so these results were averaged and
used for blank corrections on both front and back quartz ﬁbre ﬁlters.
The ﬁeld blanks were analysed the same way as ﬁlters with samples
and all data were corrected using the blank values.
The ﬁlters were stored in Petrislides (Millipore) and kept in closed
double polyethylene ZIP bags. The ﬁlters were stored at room temperature prior to sampling, whereas after sampling the ﬁlters were stored in
a fridge (4 °C) prior to weighing and analysis.
2.3. Chemical analysis
2.3.1. Ion chromatography
Circular punches measuring 19 mm were cut out from each quartz
ﬁbre ﬁlter and were subsequently water-extracted for 30 min with
5 mL of ultra-pure water (b 0.2 μS.cm−1; Ultrapure, Watrex, Czech
Republic) in an ultrasonic bath, followed by a 1 h treatment in a mechanical shaker. The resulting suspension was ﬁltered using a 25 mm syringe
ﬁlter with 0.22 μm porosity. The ﬁltered sample was then analysed for an−
−
+
+
−
−
−
+
ions (SO2−
4 , NO3 . Cl , NO2 , Br , H2PO4 ) and cations (Na , NH4 , K ,
2+
2+
2+
Ca , Mg , Zn ). The analysis was performed using the apparatus
setup by Watrex Ltd., with a Transgenomic ICSep AN300 150 × 5.5 mm
column for anions (using eluent and analytical conditions aligned with
the column application sheet at http://www.chromtech.com/products/
hplc_columns/ion/transgenomic/transgenomic_ionanalysis.pdf). An
Alltech universal cation 7 μm 100 × 4.6 mm column was used for cations
(using eluent and analytical conditions aligned with the column application sheet at http://www.obrnutafaza.hr/pdf/grace/Alltech/IC/Alltech-ICApplications-Cations.pdf). A SHODEX CD-5 conductive detector was
used. The external calibration was performed at the beginning and end
of each analysis batch using six-level calibration solutions with NIST
traceable standard stock solutions. The average between the two calibrations was used as the calibration curve.
2.3.2. OC/EC analysis
A 1.5 cm2 punch of each ﬁlter was analysed using the EUSAAR 2 temperature program, as described in Cavalli et al. (2010). All PM2.5 quartz
ﬁbre ﬁlters (both front and back ﬁlters of the pair of quartz ﬁbre ﬁlters
sampled in series in one PM2.5 sampler) were analysed for OC and EC
using the thermal optical transmission (TOT) method (Birch and Cary,
1996) in a Sunset Laboratory Thermal–Optical Aerosol Analyzer at the
Czech Hydrometeorological Institute.
The OC concentrations measured from the front and back ﬁlters are
referred to as OC1 and OC2, respectively. The difference between OC1
and OC2 was taken as the measured ambient particulate OC
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concentration (OC = OC1 − OC2). Thus, the OC values reported
throughout this manuscript have been corrected for positive absorption
artefacts. Total carbon (TC) was calculated as the sum of OC and EC.
2.3.3. PIXE
The PM2.5 samples collected on TEFLO ﬁlters were analysed for elemental composition by PIXE analysis using a 3.5 MV Van de Graff accelerator in the Nuclear Physics Institute in Řež, Czech Republic. All 71
samples were analysed using a proton beam of 2.2 MeV, beam diameter
of 5 mm, and beam current of about 10 nA. The proton energy was used
to optimize the signal to background ratio for medium and high Z elements with respect to the high gamma background from this particular
Teﬂon ﬁlter. Measurements typically ranged from 800 to 1000 s,
resulting in an average collected charge of 10 μC per analysis. A specially
designed chamber for simultaneous measurement by PIXE, PIGE RBS,
and PESA techniques was used (Havránek et al., 2004). In this particular
case, only PIXE spectra from two Si(Li) detectors were used. Up to Ca,
the elements were detected by the low Z detector, which had a
30 mm2 active area and a 170 eV resolution (at Mn Kα line) without
an X-ray absorption ﬁlter. The elements above Ti were detected using
an 80 mm2 (180 eV resolution) detector and a 0.8-mm-thick PE X-ray
absorption ﬁlter. The proton dose (collected charge normalization)
was determined using a specially designed, thin Ni foil (0.5 μm) RBS
monitor. Generally, the concentrations of the 22 elements (Al, Si, S, Cl,
K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Br, Rb, Sr, Y, Zr, and Pb) were determined from the ﬁlters; however, only concentrations of 12 elements
(Al, Si, S, Cl, K, Ca, Ti, Mn, Fe, Cu, Zn, and Pb) were above the detection
limits on most of the ﬁlters. A set of thin MICROMATTER™ ﬁlters were
used to calibrate the PIXE and the PIXE-INP computer code (Havránek
et al., 1994), which was used to determine the elemental surface mass
densities of aerosol deposits (in μg/cm2). Additionally, ten (ﬁeld)
blank ﬁlters were analysed, and the blank corrections were subtracted
and the blank concentration variances were introduced into the expanded uncertainty of obtained concentrations. The blank ﬁlters were
almost free of contamination—signiﬁcant values were only found for
Al, Si, and Fe. However, the blank variance factors were also added
into the S, Ca, Cl, K, Ca, Br, and Pb uncertainty values. Finally, the air
mass concentrations were calculated using a known effective deposit
area of 12 cm2 and normalized air volume collected the ﬁlters. The
total relative uncertainty budget of PIXE analysis can be estimated as
follows: 5% relative uncertainty for efﬁciency calibration, 2% for charge
normalization, 5% for conversion from mass density to air volume concentration, and 1%–30% for peak area ﬁtting (depends on the counting
statistic of particular peak).
2.3.4. Levoglucosan (LVG) analysis
The analytical method described by Zdráhal et al. (2002)
was employed and is brieﬂy outlined here. A solution of 1,2,3trihydroxyhexane in methanol (c = 10.0 mg/25 mL) was prepared and
used as an internal standard. A 19 mm diameter piece was cut out from
each ﬁlter and was spiked with 1,2,3-trihydroxyhexane (4 μg). These
were placed in a sonic bath, along with 10 mL of a dichloromethane–
methanol solvent mixture (4:1), for 15 min. The extracts were ﬁltered
and concentrated under reduced pressure (ca 400 mbar) to about 1 mL,
then transferred to 2 mL vials and evaporated under a stream of
nitrogen until dry. A trimethylsilylation mixture (50 μL, N-methyl-Ntrimethylsilyltriﬂuoroacetamide containing 1% trimethylchlorosilanepyridine 2:1) was added and the vials were kept at 70 °C for 1 h to complete trimethylsilylation. The analysis was carried out using an Agilent HP
6890 gas chromatograph coupled with an HP 5973 mass selective detector. The silylated sample (1 μL) was injected into a split/splitless injector
operating in the split mode 1:10 at 250 °C. The oven was set at 100 °C and
held for 3 min, then programmed to 220 °C at a rate 10 °C/min, and then
to 290 °C at 30 °C/min. The ﬁnal temperature (290 °C) was held for
10 min. Helium was used as a carrier gas and was at a ﬂow-rate of
1 mL/min. A DB-5 ms capillary column (30 m × 0.25 mm × 0.25 μm)

was used for separation. The mass spectrometer operated in 70 eV ionization mode, the ion source temperature was set at 230 °C, and acquisition
was done in the scan mode, with the range 35–400 m/z. The fragment ion
m/z 204 was used for quantiﬁcation of LVG, and m/z 217, 73, and 333
were used as conﬁrmation ions. The fragment ions m/z 145 were used
for quantitation and m/z 73 for conﬁrmation of trihydroxyhexane. Linear
calibration curves (R2 N 0.998) were obtained in the range 0.04–20 μg/mL
using ﬁve gravimetrically prepared solutions of LVG. A laboratory blank,
via an unexposed ﬁlter, was included in every eight samples and processed in the same way as ﬁeld samples. No levoglucosan was detected
in laboratory blanks.
2.4. Calculation of PM2.5 species
Organic matter (OM) was calculated from OC by multiplying by a
factor of 1.6 (Turpin and Lim, 2001), which accounts for hydrogen, oxygen, and other elements present in ambient organic aerosol. However,
this value may be considered very conservative for a rural background
site, as higher values have recently been suggested by, for example, ElZanan et al. (2005). Poulain et al. (2011) found a ratio of 1.65–1.8
(night–day) in summer and 1.6–1.67 in winter for Melpitz. Therefore,
the calculated OM may be viewed as the lower limit of the real OM
concentration.
OM mass was then split into two fractions: biomass burning OM
(OMBB) and non-biomass burning OM (OMREST). OMBB was derived
from OCBB by multiplying by 1.6. This factor was chosen based on H:C
and O:C ratios for combustion of spruce wood (Elsasser et al., 2013)
and the probable subsequent oxidation of primary OMBB during transport, which takes into account the rural background location of the
site. OCBB was calculated from the measured LVG concentrations by
multiplying LVG concentration by a factor of 10 as described by Szidat
et al. (2009). This factor was based on independent OCBB determination
and LVG analysis in ambient samples. Therefore, it includes, in contrast
to the data from emission measurements, not only primary OCBB but
also secondary OCBB, which direct emission measurements cannot account for. In addition to those connected with determining a suitable
concentration factor, other uncertainties exist when calculating OMBB
from LVG concentrations. For example, LVG is prone to atmospheric oxidation, which leads to an atmospheric lifetime on the order of days (Lai
et al., 2014). Additionally, non-negligible concentrations of LVG have
been found in emissions from young lignite combustion in Poland
(Fabbri et al., 2009). Even though this type of lignite is rarely used for
residential heating in the Czech Republic Machálek and Machart
(2003), emissions may still inﬂuence the OMBB concentrations reported
in this work.
Crustal material, further referred to as “soil,” was determined by calculating concentrations of oxides from concentrations of crustal elements (Al2O3, SiO2, CaO, TiO2, MnO2, and Fe2O3) using the following
oxide factors: Al (1.890), Si (2.139), Ca (1.400), Ti (1.668), Mn (1.582),
and Fe (1.430).
The concentrations of sea salt ions (Na+, Mg2+, Cl−), potassium (K),
and trace elements (Cu, Zn, As, and Pb) were so low that they were combined for mass closure analysis and are referred to as “elements” in that
chapter.
2.5. Number size distribution data
The aerosol particle number size distributions were measured continuously with 5-min time resolution in parallel with ﬁlter sampling
(10 to 800 nm). A SMPS (IFT Tropos, Leipzig, with CPC 3022 (TSI,
USA)) was run according to EUSAAR SOP (Wiedensohler et al., 2012),
and average 24-h concentrations were calculated for six size fractions
(10–25 nm (N10–25), 25–50 nm (N25–50), 50–80 nm (N50–80), 80–
150 nm (N80–150), 150–300 nm (N150–300), and 300–800 nm
(N300–800)). More details about these measurements, including QA/
QC procedures, can be found in Zíková and Ždímal (2013).
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2.6. Calculations
2.6.1. Spearman correlations
Due to an insufﬁcient number of sampling days, positive matrix factorization analysis could not be performed successfully. Therefore, correlation analysis was performed in order to identify possible
interactions between the species. A correlation matrix of Spearman correlation coefﬁcients (r) was calculated using R statistical software when
all data was available (55 sampling days, including the 24-h average
particle number concentrations in the above mentioned size bins).
Moreover, Spearman correlations for the heating season (October 16–
April 15, 35 sampling days) and non-heating season (April 16–October
15; 20 sampling days), deﬁned in agreement with Schwarz et al.
(2008), were calculated separately.
2.6.2. Back trajectory calculation
The 96-h air mass back trajectories (AMBT) were calculated using
HYSPLIT (Draxler and Rolph, 2013; Rolph, 2013) four times for each 24h sample and at three different heights (100, 500, and 1500 m AGL).
The sampling days were split into four categories based on the daily prevailing AMBT. First were days with easterly continental origins (Econt,
Fig. S1), when the majority of the trajectories were from areas east of
Prague, excluding Finland and the other Nordic countries. Second were
the north–west air masses (NW), which were mostly connected to seainﬂuenced air masses from the Atlantic. Third were south–west air
masses (SW, from southern France to Italy), which were sometimes connected to Saharan dust events. Finally, fourth were the western continental air masses (Wcont), which were connected to westerly air masses, but
only those that mainly existed over land. The number of cases in each category were as follows: Econt (23, HS-13, NHS-10), NW (20, HS-13, NHS7), SW (10, HS-7, NHS-3), and Wcont (18, HS-7, NHS-11).
2.7. QA/QC procedures
All data presented here were ﬁeld blank corrected, which constituted about 10% of the analysed ﬁlters. The ﬁeld blank values for water-soluble ions were generally low, and only nitrates (0.006 ± 0.006 μg m−3),
sulphates (0.005 ± 0.003 μg m−3), sodium (0.010 ± 0.003 μg m−3), and
ammonium (0.005 ± 0.003 μg m−3) existed at detectable concentrations. With the exception of sodium, the blank values had almost no inﬂuence on the water-soluble ion data. Ion chromatography ﬁlter
extraction efﬁciencies were checked using the repeated extraction of
samples that had already been extracted for standard analysis. The results of the repeated analysis never exceeded 5% of the value obtained
during the ﬁrst analysis of any given sample for sulphates, nitrates, or
ammonium.
The IC uncertainty was determined by repeating the analysis of a
sample 10 times and by evaluating the differences between the ﬁrst
and second calibrations. In both cases, the power law equation was obtained by ﬁtting it into error dependence on the concentration level.
The errors caused by operations not included in these experiments
were added using the error propagation law. Generally, the errors
caused by analysis were under 5% for solutions with concentrations
above 1 ppm, while they increased rapidly to 20%–40% for concentrations around 0.1 ppm, and even more if the analysed concentration
was lower. (Similar results were also found when triplicates from the
same ﬁlter were analysEd.)
Occasionally, the front quartz ﬁbre ﬁlter in the series was exposed to
water, resulting in contamination of the back ﬁlter by water-soluble components that had been originally captured on the front ﬁlter. In order to
correct for this contamination, we assumed that the water-soluble species on the back ﬁlter were originally deposited on the front ﬁlter. Furthermore, under dry circumstances sulphate concentrations on the back
ﬁlter were very low (near the ﬁeld blank values). Therefore, when concentrations of sulphate on the back ﬁlter (SO42−B) exceeded 5% of the
front ﬁlter concentrations (SO42−F), the inﬂuence of water leakage was
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assumed and a correction was applied based on the equation used for
OC. For example:
OCcorr = OC1 + OC2 – 2 * OC2av, where OC2 av is the average
concentration of OC on the back ﬁlters (excluding those where
SO42 −b/SO42 −f N 0.05).
The 5% threshold was used, as a smaller value would not have caused
a change larger than the measurement uncertainty and was also high
enough to separate from changes caused by blank uncertainty or possible small contamination during sample manipulation. This was also
done for other species, and the resulting corrected concentrations
were compared with data provided by PIXE analysis, which weren't affected by the same problem. This correction was applied to around 15%
of all samples.
As both Teﬂon and quartz ﬁbre ﬁlters were weighted, we compared
the PM2.5 mass from quartz ﬁbre ﬁlters (PM2.5Q) to the Teﬂon ﬁlters. The
average PM2.5Q/PM2.5 ratio was 1.13 ± 0.22 after the correction for
water leakage was applied. The Teﬂon ﬁlter mass data was treated as
ﬁnal, as quartz ﬁlters may gain or lose mass when they are face to face.
In general, we believe that the high quality of the employed analytical procedure is reﬂected in the mass closure study, which lead to the
determination of 90% of total mass, on average, with water contributing
to the remaining PM2.5 mass.
3. Results and discussions
3.1. Average composition
Average concentrations of all measured components of PM2.5 are
presented in Table 1, along with the median, standard deviations of
the mean, and seasonal average concentrations. Differences in average
and median concentrations for total PM2.5 and many analysed species
indicate that concentrations were not normally distributed, as they
were inﬂuenced by periods of stable and stagnant atmospheres with
high PM2.5 concentrations.
There are two pairs of components with similar qualities in the
+
table; K and K+ and S and SO2−
4 . K (analysed by Ion Chromatography)
is water-soluble, whereas elemental K, as measured by PIXE, may have
also included insoluble K (e.g. from mineral dust). When these differences are taken into account, it can be assumed that the majority of
the K in PM2.5 existed in the water-soluble K+ form. Further similarities
were found between S and SO24 concentrations if S concentrations were
used to recalculate SO24 concentrations. Again, this allowed for the assumption that the majority of S existed as SO24. Accordingly, this paper
uses the PIXE elemental K values and ion chromatography sulphate
values.
The average PM2.5 concentration (15.7 μg m−3) at Košetice was close
to the values found at other rural sites in Central Europe (Spindler et al.,
2013; Rogula-Kozłowska et al., 2014; Puxbaum et al., 2004), suggesting
relatively homogenous background concentrations in Central Europe. A
much smaller average PM2.5 concentration of 7.7 μg m−3 was found by
Hueglin et al. (2005) at a higher altitude site in Switzerland (Chaumont;
1000 m a.s.l.). The differences in source strength and meteorological
patterns connected with higher altitude were probably the reasons for
the lower concentration.
Carbonaceous aerosols (TC) were the largest component of PM2.5 at
the Košetice site (31% based on average of seasonal averages of individual sample shares), which is signiﬁcantly more than the 17% average reported by Putaud et al. (2010) for rural Central European sites.
Nonetheless, TC concentrations at Košetice fall within the range of
other rural background sites around Europe. TC concentrations at
Melpitz (3.5 μg m−3) and Diabla Gora (3.7 μg m− 3) were somewhat
lower than those measured at Košetice (4.69 μg m−3). In terms of seasonal changes, Pio et al. (2007) reported summer and winter TC concentrations of 8 and 13 μg m− 3, respectively, at the K-Puszta station in
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Table 1
Average (total and seasonal), median, and standard deviation of PM2.5, and its measured chemical components (in μg m−3), and number concentration in six size fractions.
Average
μg m−3
PM2.5
EC
OC
TC
Na+
NH+
4
K+
Mg2+
Cl−
NO−
3
SO2−
4
LVG

15.7
0.61
4.07
4.69
0.037
1.52
0.092
0.004
0.04
2.20
2.85
0.125

ng m−3
Al
Si
S
K
Ca
Ti
Mn
Fe
Cu
Zn
As
Pb

30.2
59.6
1102
108.1
12.3
2.12
1.46
28.8
0.89
15.2
0.75
4.94

#/cm3
10–25
25–50
50–80
80–150
150–300
300–800

1567
1438
984
1207
913
275

Median
11.8
0.51
3.00
3.35
0.027
1.24
0.059
0.003
0.02
1.73
2.22
0.089

22.6
38.9
818
76.7
9.8
1.46
1.24
22.0
0.77
10.3
0.25
3.62

1225
1201
922
1213
850
211

St. Dev
9.4
0.34
2.66
2.92
0.031
1.03
0.077
0.005
0.04
2.34
2.05
0.111

37.0
86.3
802
85.5
13.3
2.58
1.25
27.2
0.63
11.8
0.74
4.48

1326
1122
442
555
412
186

Hungary, which are much higher than levels measured at Košetice
(summer and winter values of 2.48 and 6.80 μg m− 3, respectively).
This difference may have been due to K-Puszta's larger neighbouring
populations, lower dilution of emissions, lower altitude (and, therefore,
lower mixing), higher photochemical interaction in summer, and higher
inﬂuence of biomass burning (see LVG concentration comparison
below).
Quantitative comparisons with similar sites show that sulphate concentrations at Košetice are slightly higher than those reported at
Melpitz (about 2.5 μg m−3) or Diabla Gora (2.6 μg m−3), but nitrate concentrations are lower than at Melpitz (3.4 μg m−3) and at Diabla Gora
(2.1 μg m−3). Sulphate concentrations at K-Puszta in summer (4 μg
m−3) and winter (5 μg m− 3) are higher than at Košetice (2.3 and
3.86 μg m− 3, respectively). Nitrate concentrations in summer time
(0.5 μg m− 3) at K-Puszta were similar to summer concentrations at
Košetice (0.55 μg m− 3), but winter concentrations (6 μg m− 3) were
much higher. Similar reasons to those mentioned above for TC may be
responsible for this difference.
Concentrations of Ca (0.11 %), Na+, Mg, K, and Cl− were lower than
those reported for the sites mentioned above. Na+(0.34%), Cl− (0.23%),
and Mg(0.03%) concentrations, which are primarily associated with
marine aerosol, are typically low for this region of Europe. Putaud
et al. (2010) showed that marine aerosol represented around 1% of
PM2.5 for rural sites in this region of Europe, which is in line with concentrations for Košetice. Cl− may have had other sources, such as combustion, and existed as ammonium chloride where thermodynamically
feasible. Levels of Mg were also low at this site, and may also have been
related to low levels of Mg found in Czech calcite (Hartman et al., 2003).
Fine fraction K (0.66%) is often considered a typical tracer for biomass
burning (Schauer et al., 1996; Caseiro et al., 2009), which is a signiﬁcant
source of aerosols in Central Europe. Similar concentrations of K+
(0.09 μg m−3) were reported for Diabla Gora (0.11 μg m− 3) and the

Spring
14.0
0.63
3.93
4.56
0.041
1.58
0.079
0.006
0.04
2.53
2.51
0.097

24.6
58.8
898
81.8
14.6
2.07
1.16
26.4
0.77
14.4
0.58
5.05

1874
1641
984
1090
857
244

Summer
9.7
0.36
2.12
2.48
0.030
0.96
0.034
0.003
0.01
0.55
2.30
0.020

30.5
79.5
842
40.3
15.0
2.58
1.26
31.3
0.73
6.1
0.43
2.67

2327
1878
1077
1153
825
173

Autumn
16.5
0.64
4.09
4.73
0.035
1.53
0.100
0.003
0.04
2.52
2.78
0.130

Winter
22.5
0.80
6.00
6.80
0.039
1.92
0.151
0.003
0.05
2.83
3.86
0.237

34.4
68.3
1171
129.7
13.4
2.52
1.70
37.8
1.12
16.4
0.73
4.26

34.1
39.8
1544
181.5
6.8
1.60
1.83
23.6
1.00
23.0
1.19
7.36

1357
1264
962
1256
858
267

974
1119
967
1365
1101
384

range of rural sites surrounding Paris (0.10–0.12 μg m−3; Bressi et al.,
2013). However, a marine source of K was probably more inﬂuential
at these sites than at Košetice.
Descriptions of levels of trace elements for this region of Europe are
uncommon, especially over a similar time period as this work. Although
the percentage of trace elements in PM2.5 is generally low (Ti 0.017%,
Mn 0.011%, Fe 0.21%, Cu 0.010%, Zn 0.093%, As 0.006%, Pb 0.029%),
they may have important consequences on aerosol-related health effects (Duvall et al., 2008) or aerosol chemistry (Berglund et al., 1993).
Levels of As at Diabla Gora were lower than those reported here
(0.20 ng m−3 and 0.61 ng m−3 for the HS and NHS, respectively), but
Pb levels were higher. Puxbaum et al. (2004) reported levels of various
elements composing PM2.5 at a rural site in Austria from 1999 to 2000.
Arsenic (0.66 ng m− 3) and Mn (2.0 ng m− 3) levels were about 30%
higher than Košetice, Fe (23 ng m−3) and Zn (17 ng m−3) levels were
similar to the concentrations found at Košetice, and concentrations of
Cu (1.7 ng m−3) were two times higher. Pb levels (12 ng m−3) were
2.5 times higher than at Košetice, but this was probably related to the
use of leaded petrol in the neighbouring post-communist countries at
that time.
Finally, levels of LVG at Košetice (0.13 μg m−3, 0.74% in PM2.5) were
intermediate; levels at the K-Puszta rural site in Hungary (0.31 μg m−3;
136 m a.s.l., Puxbaum et al., 2007) were signiﬁcantly higher, while concentrations in the rural mountain site of Schauinsland (Germany,
1205 m a.s.l.) were lower (0.02 μg m−3). The authors believe the variations in concentrations were besides the different source strength within the areas also due to altitude and mixing layer heights in winter.
Average concentrations of size segregated particles exhibit seasonal
dependance. Its nature is related to particle size.
The smallest size fractions exhibited maximum concentrations in
summer, while the largest particles had maxima in winter. This trend
is consistent among size fractions, with the change of maximum in
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number concentration from summer to winter at 80 nm; i.e. all three
smaller fractions have maximum in summer and all three larger fractions have maximum in winter. More detailed characterisations of particle number size distribution at the Košetice site can be found in Zíková
and Ždímal (2013).
3.2. Seasonal variability
The ratios of average seasonal concentrations to the annual average
concentrations for all analysed chemical species are depicted in Fig. 1. As
is evidenced in Fig. 1, the highest seasonal variability was found for
LVG—a speciﬁc marker of biomass combustion (Simoneit et al., 1999).
The large difference between summer and winter LVG concentrations was probably caused mainly by wood combustion for domestic
heating. Furthermore, LVG has a shorter atmospheric lifetime during
summer as a result of photochemical activity, higher temperatures,
and lower RH relative to winter (Lai et al., 2014). Puxbaum et al.
(2007) showed an even higher seasonal difference for LVG at the KPuszta site. The concentration with the second-highest seasonal variation was potassium, which is mainly produced via wood combustion
during winter (Fine et al., 2001). Similar variations within Zn concentrations might also suggest wood combustion as a source for this PM2.5
(Sippula et al., 2009); however, incinerators, metallurgy, and coal combustion are also sources of Zn (Pacyna and Pacyna, 2001). Lead and arsenic also show similar seasonal variations, and are produced by, in
addition to industrial sources, coal combustion from domestic heating
in the Czech Republic and other post-communist countries (Machálek
and Machart, 2003). Organic and total carbon also exhibit similar seasonal distributions, as they are the major components of PM; this variation is likely related to winter sources of wood and coal combustion.
The high seasonal variability of nitrates, with their maximum concentrations in winter, is related to the thermal instability of ammonium
nitrate (Seinfeld and Pandis, 1998), which leads to lower concentrations
during the daytime and may also result in losses of nitrates captured on
the ﬁlter (Zhang and McMurry, 1992). The large difference between
chloride in summer and all other seasons may be related to several factors working together (Fig. 1). First, there is, on average, lower sea salt
inﬂuence during summer in Central Europe. This is due to meteorological factors in the Northern Atlantic and North Sea (where the majority
of the sea salt comes from; Siegismund and Schrum, 2001); these areas
are also connected with fast air mass transport to Central Europe. Second, the volatility (or dissociation) of ammonium chloride in summer
(Harrison et al., 1990) is similar to that of ammonium nitrate, which
leads to lowered concentrations. Third, both biomass and coal combustion sources of chloride are much lower and there is an absence of road
salt in summer.
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Nevertheless, there is no winter maximum of Na+ at the Košetice
site, suggesting that road salt was not a dominant factor impacting
PM2.5 Na+ concentration levels. All the remaining species that had maximum winter concentrations had a lower seasonal variability relative to
their total mass. Sulphates exhibited a maximum in winter, but otherwise had relatively stable concentrations throughout the year. EC had
additional combustion sources in the form of residential heating
(Watson et al., 2001; Schmidl et al., 2011) during colder months, but
its main source, trafﬁc, was constant throughout the year. Gelencsér
et al. (2007) found a more than 10-fold increase of EC from biomass
burning at K-Puszta, while there was only a 10% increase in EC from fossil fuels, suggesting that biomass burning had a larger inﬂuence on EC
levels than coal during winter months. Even so, differences can be expected between Hungary and Czech Republic due to the different fuel
mixes used for residential heating. Mn remained constant throughout
the year, indicating it had a stable, consistent, and probably industrial
source.
Cu, Fe, and Al had the highest average seasonal concentrations in autumn. It is difﬁcult to ascertain the cause, as they are not associated with
common sources (although Cu and Fe may come from break debris, and
Al and Fe from mineral dust) and have different seasonality proﬁles. It is
likely that a combination of different sources occurred, coincidentally
explaining this behaviour. Finally, the remaining elements (Ti, Si, and
Ca) are typical crustal elements. Their summer maxima was likely related to soil resuspension, which is inhibited in winter due to snow cover
and high humidity. Saharan dust intrusions, while uncommon for this
region of Europe, may also have had limited inﬂuence.
3.3. PM chemical components
The comprehensive chemical analysis of PM2.5 allowed for a detailed
mass balance to be performed. The seasonal and yearly mass closure
was performed by recalculating the concentrations of measured species
to their probable chemical compound or class.
Secondary inorganic ions (SIA), which are formed mainly by ammonium sulphate and ammonium nitrate, comprised 43% of the PM2.5
mass. This was in line with results summarised by Rogula-Kozłowska
et al. (2014), which were somewhat higher than the SIA percentage
found in Diabla Gora (36%), and similar to or lower than SIA percentages
of PM2.5 at three French rural sites (42%, 48%, 48%; Bressi et al., 2013).
Sulphates represented 19% of the PM2.5 mass, which was similar to
the average of 17% share of sulphates at rural Central European sites
in Putaud et al. (2010). Bressi et al. (2013) found somewhat lower percentages (15%, 16%, and 16%) of sulphate at his three rural French sites.
Nitrates exhibited a 13% share of PM2.5; this was similar to the more
than 10% share of nitrate in PM2.5 in three of the four Central European

Fig. 1. The ratios of average seasonal concentrations relative to the average of all seasons for all analysed chemical species.
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rural background sites in the study by Putaud et al. (2010), but much
lower than the 17%, 22%, and 21% shares of nitrate found by Bressi
et al. (2013). The higher share of nitrates than sulphates in PM2.5 in
France suggests lower SO2 sources than the Czech Republic and/or
higher ammonia concentrations, which allow for higher ammonium nitrate formation.
Elemental carbon represented 4% of the PM2.5 mass. As EC determination is method-dependent (Chow et al., 2001), direct comparison can
only be done between works using the same thermo-optical method
and analytical protocol. Bressi et al. (2013) found the same percentage
of EC (4%) at all three rural sites using the same thermal-optical method
and analytical protocol. A higher percentage of EC was found for urban
sites in their work (9% at suburban and 10% at urban sites), which can
be expected by the inﬂuence of trafﬁc. An EC share in PM2.5 up to 10%
was also reported for urban sites in southern Europe by Salameh et al.
(2015). “Soil” represents only 1% of PM2.5, which indicated the small inﬂuence of crustal aerosol at Košetice site. It was lower than other sites;
Rogula-Kozlowska found an 8% share of crustal material in PM2.5 at their
three sites and Hueglin et al. (2005) shows share of crustal material in
the range of a few percent at Swiss sites.
“Elements” also formed 1% of PM2.5 altogether; when they are split
into three subgroups, K itself represent 0.5%, which supports the relatively high inﬂuence of biomass burning (especially if we take into account the small inﬂuence of other K sources—mineral dust and sea
salt). This was followed by sea salt-like ions (Na+, Mg2 +, Cl−), with
0.3%, and trace elements (Cu, Zn, As, and Pb), representing 0.1% of PM2.5.
The difference between the analytically assigned mass and gravimetrically determined mass (called “rest” in Fig. 2) may have resulted
from undetected species (e.g. water) and/or the difference between
the applied and real OM/OC ratio. This may have also partially explained
the relatively high share of “rest” in summer (Fig. 3 c), as higher oxidation occurs during periods of higher photochemical activity. This was
observed by Poulain et al. (2011) in Melpitz, where the aerosol mass
spectrometer measured a higher PM1 organic aerosol (OA, equivalent
to OM) to OC ratio (1.73) in summer than in winter (1.64).
The seasonal mass closures shown in Fig. 3 reveal a relatively low
variation in the share of carbonaceous aerosols among seasons. The
combined share of OM and EC varies from 44% in summer to 53% in winter. There was much higher variability at the Diabla Gora site (Rogula-

Fig. 2. Annual average composition of PM2.5 at the Košetice site.

Kozłowska et al., 2014), where the minimum share of carbonaceous
aerosol was 19% in spring and a maximum of 44% in winter.
The OM share in PM2.5 varies from 40% in summer to 49% in winter.
This low variability suggests a higher relative importance of combustion
sources in winter than SOA formation in summer. Similar seasonal variation was found in Barcelona and Marseille by Salameh et al. (2015),
who found a minimum OM share in the summer and a maximum in
the winter.
As is to be expected in Central Europe, especially when considering
the LVG seasonal variation described above, the highest seasonal change
in a PM2.5 component share was for OMBB, whose share increased from
4% in summer to 19% in winter. Furthermore, OMBB constituted 10% of
the total OM per sample in summer, but increased to 48% in winter.
This agrees reasonably well with data reported from K-Puszta
(Gelencsér et al., 2007), where OCBB constitutes 6% of TC in summer
and 40% in winter. On the other hand, the Košetice cold period values
are lower than those from Ispra, where 53% of the TC was OCBB
(Gilardoni et al., 2011), or the Münich/Augsburg area, where 51.6% OC
was OCBB (Jedynska et al., 2015). Although the contribution to PM2.5
was lower (12%), our winter OMBB percentage of PM2.5 was much smaller than in Oslo (28.3%, Jedynska et al., 2015). The high winter inﬂuence
of biomass burning at the Košetice site may have been due to the use of
old stoves and wood burning for residential heating in nearby villages.
OMREST, which represents an organic mass from sources other than
biomass burning, exhibited a weak cycle that was opposite to that of
OMBB and OM in regards to its share in PM2.5; its minimum share was
in winter (30%) and maximum in summer (36%). Coal combustion
(Machálek and Machart, 2003), trafﬁc, and industry are probably the
major sources of OMREST in winter, while secondary organic aerosol,
trafﬁc, and industry are probably the major sources in summer.
In each season, the elemental carbon EC represented 4% of the PM2.5,
which was probably caused by the unchanging nature of its major
source—trafﬁc. Furthermore, this is connected, both directly and indirectly, with Central European combustion processes
Inorganic secondary ion (SIA, sulphates, nitrates, and ammonium)
shares in PM2.5 vary from 40% in summer and winter to 47% in spring,
showing similar, or slightly lower, importance of SIA in PM2.5 relative
to carbonaceous species at Košetice. This is in line with Bressi et al.
(2013), where a roughly similar percentage can be seen for SIA and carbonaceous aerosols in PM2.5.
Sulphate itself represented between 17% in autumn and 24% of PM2.5
in summer. The higher percentage in summer than other seasons may
be, at least partially, attributed to reduced nitrates in PM2.5 mass and
faster SO2 photochemical oxidation in summer (Seinfeld and Pandis,
1998), and possibly some inﬂuence of biochemical production of sulphur organic compounds in marine environments (Uher et al., 2000).
Nitrates exhibited a minimum PM2.5 share of 5% in summer and maximum of 18% in spring, which is a much higher seasonal dependence than
exhibited by sulphates. The spring maximum might have been caused by
higher availability of ammonia in spring (Horváth and Sutton, 1998;
Kopáček et al., 1997) when temperatures are still favourable for ammonium nitrate formation (Seinfeld and Pandis, 1998). Although the ammonia
emission can be higher in summer, the high temperatures during this
season do not allow for ammonium nitrate formation during the day. At
the same time, sulphate concentrations are lower in spring than in winter, the amount of ammonia needed for sulphate neutralization is
lower, and more ammonia is available for ammonium nitrate formation.
However, this behaviour differs from the Polish Diabla Gora rural site,
where the highest seasonal share of nitrates in PM2.5 was observed in
winter (Rogula-Kozłowska et al., 2014).
“Soil” showed maximum average seasonal concentrations in summer
(3% of PM2.5). Crustal elements may have different origin—road dust resuspension (Lough et al., 2005, Limbeck et al., 2009), ﬁeld work resuspension (both of which may be increased due to low average RH (70%) in
summer), long-range transport of Saharan dust (Schwikowski et al.,
1995), or Ukrainian dust which was also observed (Birmili et al., 2008;
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Fig. 3. Seasonal average PM2.5 chemical composition at the Košetice site.

Hladil et al., 2008), and ﬁnally some of these elements may also have industrial, trafﬁc (Fe) or building (Ca) sources. A fraction of crustal elements in PM2.5 may also be inﬂuenced by combustion sources.
Moreover, the inﬂuence of long-range transport and combustion sources
may increase in PM2.5 in comparison with PM10 or PM2.5–10 fractions as
smaller fractions of long-range transported dust have smaller deposition
rates in comparison with coarse particles. The minimum soil share was
found in winter (1%) when snow cover may prevent resuspension and
RH is often high (86% on average).
The “elements” had a constant share (1%) of the PM2.5 throughout
the year. However, when split into their subgroups, K exhibited a maximum share of 0.6% in winter and a minimum of 0.3% in summer, which,
again, supports a wood combustion inﬂuence in winter. Sea salt-like
ions had maximum percentage in spring (0.4%) and minimum in winter
(0.2%), while trace elements had a constant share of 0.1%, with a slightly
higher share in spring.
3.4. Correlations of species
For the whole sampling period (Table S1), the inﬂuence of secondary
inorganic ions on PM2.5 mass is conﬁrmed by high correlation of PM2.5
with ammonium (Spearman correlation coefﬁcient r = 0.90) and sulphate (0.81), and moderate correlation with nitrate (0.62).
The inﬂuence of carbonaceous aerosol on PM2.5 was reﬂected in the
PM2.5 correlation coefﬁcient with OC (0.82) and EC (0.73). A

relationship between PM2.5 and industrial sources connected with
metal production can be inferred from its high correlation with Zn
(0.89) and Pb (0.78) (Pacyna et al., 2007). A high correlation of PM2.5
with K (0.84) suggests the important inﬂuence of biomass burning. A
high correlation between PM2.5 with number concentration of particles
of mobility diameters between 300 and 800 nm (N300–800) was found
(0.90). Such a high correlation coefﬁcient with particles of this size suggests the importance of aged and cloud processed aerosol at this site. A
similar relationship of aged particles with particles larger than 300 nm
was shown by Gu et al. (2011), Cusack et al. (2013), and Beddows
et al. (2015). A lower, but still high, correlation was found for N150–
300 (0.75), suggesting the inﬂuence of more local sources.
Sulphates, as a part of secondary inorganic aerosol, were correlated with ammonium (0.88), as expected, but also with Pb (0.74) and
Zn (0.69), suggesting industrial and coal combustion origins.
Correlations with particle number size fractions N300–800 (0.72)
conﬁrmed the inﬂuence of aged and cloud processed aerosols at
the site and moderate correlation was still found for N150–300
(0.60).
During the entire period, nitrate was correlated with ammonium
(0.71), LVG (0.65), Zn (0.58), and N300–800 (0.62). Although the nitrate correlation with N300–800 was lower than the correlation of this
size fraction with sulphates, the much smaller correlation of nitrate
with smaller particles than that of sulphates supports relatively high inﬂuence of aged particles.
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Carbonaceous aerosol is related with combustion emissions, especially
biomass burning. This seems true for OC (high correlation coefﬁcient with
EC (0.79), K (0.82), Zn (0.82) and LVG (0.71)), and for EC (high correlation
coefﬁcients for K (0.84), Zn (0.83), and LVG (0.77)). Correlations with particle number size fractions were more evenly distributed among three
size categories (OC: N300–800 (0.75), N150–300 (0.68), N80–150
(0.62); EC: N300–800 (0.65), N150–300 (0.59), N80–150 (0.52)), suggesting a mixture of both aged and more fresh carbonaceous aerosol origins. Attribution of smaller particles to fresher sources was reported by Gu
et al. (2011), who reported a maximum number size distribution from
fresh stationary combustion, peaking around 100 nm within the city of
Augsburg, while Cusack et al. (2013) found the highest factor loading
for particles between 100 and 300 nm for the factor attributed to “industrial + trafﬁc + biomass burning” at a rural site.
Heating season (HS) PM2.5 correlations (Table S2) generally support
similar inﬂuences as seen overall. Speciﬁcally, while sulphate (0.84) and
ammonium (0.84) HS correlation coefﬁcients were similar to the whole
period, the nitrate correlation was much lower (0.42). This may have
been a result of the spatial variation of sulphate and nitrate in Europe
(there is a higher inﬂuence of sulphate in eastern Europe and nitrate
in western Europe; Bessagnet et al., 2004) in combination with meteorology that usually decreases aerosol concentration with westerly air
masses and increases with easterly air masses (see below).
A similar inﬂuence of carbonaceous aerosol on PM2.5 in HS to the
overall one was supported by the similar correlation of PM2.5 with OC
(0.86) and EC (0.70). Similar industrial and coal combustion inﬂuence
was supported by the correlation with Zn (0.90) and Pb (0.72) and
the inﬂuence of biomass burning by correlation with K (0.86).
Despite the large similarity of the HS and whole period in correlation
of PM2.5 with chemical species, the correlation of PM2.5 with particle
number size fraction were larger (N300–800: 0.98) in HS, and also
very high for smaller particles (N150–300: (0.92), N80–150: (0.83)).
The last two high correlations suggested a higher inﬂuence of local
sources during HS (Venkataramant and Friedlander, 1994; Reid et al.,
1998) as small particle sizes in this case indicate fresher aerosol probably due to residential heating in nearby villages.
The HS correlation coefﬁcient of sulphate and ammonium was 0.93.
High correlations with Zn (0.75) and Pb (0.73) suggest a coal combustion and industrial source; however, the sources were not local, as correlation with N300–800 was 0.85, N150–300 was 0.68, and N80–150
was only 0.52. This is in agreement with a slow SO2/SO2−
transforma4
tion, which did not allow for rapid sulphate formation from nearby
SO2 sources or liquid phase formation of sulphates (Hering and
Friedlander, 1982)
Although HS carbonaceous aerosol have the same sources for the
whole period (OC correlation coefﬁcients: EC (0.75), Zn (0.87), K (0.83),
LVG (0.67); EC: K (0.72), Zn (0.73), LVG (0.65)), an additional, probably
trafﬁc-based, source appeared. This is evidenced by the correlation of
OC and EC with Fe (0.71 resp. 0.66). More importantly, local sources exhibited higher inﬂuences, which is reﬂected in the high correlations of
OC with N150–300 (0.84) and N80–150 (0.81). These correlations were
almost the same or even higher than for N300–800 (0.82). This effect
was even more visible for EC (N80–150 (0.77) and N150–300 (0.76), as
the correlation coefﬁcient with N300–800 was only 0.64.
The iron was attributed to trafﬁc due to its correlation with Zn
(0.70), Cu(0.65), Pb (0.63), and, especially, N80–150 (0.70) and N150–
300 (0.70) (Gu et al., 2011; Beddows et al., 2015) while it only had a
coefﬁcient of 0.60 for N300–800. This is in contrast with Zn and Pb
correlations with N300–800, which exhibited maximum correlations
(0.88 and 0.72).
An interesting correlation was found between Na and the smallest
particles (N10–25 (0.63) and N25–50 (0.64)), which probably resulted
from a dilution effect (enabling a longer lifetime and faster transport of
the smallest particles) resulting from strong winds from westerly directions that allowed for efﬁcient transport of sea salt or resuspended road
salt to the site. The cleaning of the atmosphere might also facilitate

conditions for new particle formation events through decreasing condensational sink. This is further supported by the signiﬁcant anticorrelations between Na and PM2.5 (−0.46) and N300–800 (−0.52).
Non-heating season (NHS) (Table S3) sources were signiﬁcantly different from those found for the whole period, and, in some cases, the HS.
Conversely, the industrial sources were the same for the NHS, HS, and
2−
whole period; PM2.5 correlation with NH+
(0.94), Pb
4 (0.93), SO4
(0.83), and Zn (0.76) were the most important. PM2.5 regional or longrange transport and cloud processed origins were conﬁrmed by the correlation with N300–800 (0.85) (Hering and Friedlander, 1982; John
et al., 1990). A much smaller correlation was found for N150–300
(0.54). Some inﬂuence of nitrates on PM2.5 is seen from their correlation
coefﬁcient of 0.72. Only low correlations with OC and EC were found,
suggesting different sources of PM2.5 mass concentration build-up and
carbonaceous aerosol during the NHS.
Sulphate correlations conﬁrmed the aged industrial and coal combustion origins (correlation coefﬁcients: NH4+ (0.95), Pb (0.89), Zn (0.71),
and N300–800 (0.87)). The nitrate correlation suggested the inﬂuence
of aged biomass combustion and/or meteorological conditions that
were favourable for both pollutants (cold weather stabilizes ammonium
nitrate and may be the cause of shorter periods of residential heating,
when wood is often used instead of coal (LVG (0.75), NH4+ (0.79), Zn
(0.71), and N300–800 (0.71)). The same may cause a strong correlation
with Cl− (0.90), as ammonium chloride dissociation/evaporation behaviour is similar to ammonium nitrate.
Carbonaceous aerosol, and especially OC, exhibited much lower correlations with other species, the highest being for LVG (0.69) and EC
(0.67). This, together with EC correlations with K (0.77) and LVG
(0.65), suggests the inﬂuence of biomass burning during the NHS,
which was probably connected with agricultural and forest works burning. Another possible explanation may have been the presence of an industrial boiler (32 MW, http://portal.chmi.cz/ﬁles/portal/docs/uoco/
web_generator/plants/688770041_CZ.html), located 10 km SW of the
Košetice site, which used wooden pellets as a fuel source. A maximum
correlation coefﬁcient of OC with particle number size fraction was
found for N80–150 (0.58), which supports the inﬂuence of fresh aerosol.
This may also support the inﬂuence of biogenic SOA formation, which is
not correlated with any other species. The strong correlation between K
and EC may also be due to emissions from the wooden pellet boiler, as
such an appliance was found to emit higher amounts of EC and K, and
less OC (Wierzbicka et al., 2005).
Besides the species that account for most of the PM2.5 mass, there
were a group of crustal elements probably representing long-range
transported or resuspended dust that were mainly mutually correlated
during NHS when, for example, Al correlates with Ca (0.73), Fe (0.69), Si
(0.72), and Ti (0.71).
Unusually high NHS correlations were found between Mn and K
(r = 0.81), which is difﬁcult to explain. A NHS source of K is connected
with Mn, but also with EC (K/EC 0.77, Mn/EC 0.49). Signiﬁcant correlations between Mn and crustal elements were also found. Common
sources of Mn, K, and EC may be the industrial boiler, but also trafﬁc.
Both K and Mn organic compounds are used as gasoline additives for replacing lead or sold as octane booster additives (e.g. http://
images.toolbank.com/downloads/cossh/1239.pdf, http://lucasoil.com/
pdf/SDS_Octane-Booster.pdf). Additionally, the glass industry present
within the broader area around the site, might have been a common
source of K and Mn.
3.5. Air masses
The average and median concentrations of the PM2.5 and chemical
components were calculated for each category of air mass. The ratios
of individual species average mass concentrations for each AMBT to
overall average were evaluated and compared for each AMBT category
(Fig. 4). A similar exercise was done for relative share of individual species in PM2.5 mass (Fig. 5). The differences between the ratios for each

J. Schwarz et al. / Atmospheric Research 176–177 (2016) 108–120

AMBT will be discussed further, while the ratios of medians will be mentioned only when their distributions among AMBT categories differ
substantially.
Each AMBT category exhibited some chemical species with a
corresponding maximum ratio to the species overall average
concentration, but the differences between AMBT categories were
generally lower in ratios of their relative concentrations in PM 2.5
than between the ratios of species' absolute concentrations. Fig. 4
shows total PM2.5 had the highest concentrations in Econt air masses
(the only category with above annual average concentrations), and
was followed by SW, Wcont, and, the lowest concentration, NW air
masses. Maximum ratios to a species' overall average concentrations
were also found in the Econt air masses for sulphates, nitrates,
ammonium, zinc, and lead. These results show very similar tendencies (even quantitatively) as that described for inorganic ions and
EC in Melpitz (Spindler et al., 2004, 2010), suggesting signiﬁcant
transport of pollution from Eastern Europe. Vodička et al. (2015)
also suggested the inﬂuence of long-range transport through
easterly winds for the Košetice site based on OC/EC data and
comparison with a Prague site. However, the inﬂuence of
meteorological conditions in Central Europe may have also
inﬂuenced the results, as will be discussed below.
The SW air masses were probably inﬂuenced by Saharan dust events.
Both absolute average concentrations and relative shares (Fig. 5) of Al,
Si, Ti, Ca, and Fe for this air mass were almost twice as high as the study's
overall average.
Apart from these elements, there were only a few other species with
maxima in SW air masses. As, LVG, K, and EC had maxima in SW air
masses, both in absolute and relative terms, while OC displayed only a
relative maxima in this air mass, which was only slightly higher than
the absolute maximum in E air masses. This suggests both coal and biomass combustion sources inﬂuenced SW air masses more than the
other air masses. The higher average and median NO/NO2 ratio and NOx
concentration in SW air masses suggest the inﬂuence of nearby combustion sources, due to relatively quick oxidation of NO to NO2 during its atmospheric transport (Harrison et al., 1998; Minoura and Ito, 2010). The
village of Kramolin and/or the industrial boiler may have been at least
partially responsible for maxima of these species in SW air masses.
Copper is the only analysed species that exhibited both absolute and
relative concentration maxima in the Wcont air masses. This indicates
the inﬂuence of brake debris or an industrial source, but no concrete
reason can be determined. Median Wcont concentrations did not
show an increase, and a very high standard deviation of the mean Cu
concentrations suggests the inﬂuence of a few outliers of unknown
origin.
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NW air masses contained minimum concentrations for most species;
however, sea salt species were elevated. Na was substantially higher,
both in absolute (Fig. 4) and relative terms (Fig. 5), while the Mg absolute concentration was slightly higher and the relative concentration
was much higher. Cl was only higher in the relative scale, which was
probably due to the transformation of chlorides to nitrates during transport to Central Europe (Pakkanen, 1996; Schwarz et al., 2012). Nitrate
exhibited a relative maximum concentration in NW air masses, which
was probably due to lower sulphate levels and, on average, lower temperatures (5.2 °C NW, 8.3 °C average). The small inﬂuence of sea salt
transformed to nitrates cannot be excluded.
During the evaluation of this relatively small sample set, we took
into account that the data subsets were inﬂuenced by local weather
and/or seasonal effects that were not evenly distributed among the
AMBT categories.
The most important meteorological parameter affecting aerosol
levels was temperature, as it often directly impacted domestic heating
related species (mainly LVG, K, Zn, Pb, and As, whose mean concentrations were at least twice as high for T b 0 °C than during the warmest
days, which had an average of T N 15 °C; Fig. S2). During this study,
the average temperatures were similar for all air masses (Econt 8.6 °C,
SW 9.3 °C, Wcont 10.6 °C), except NW AMBT (5.2 °C), which also had
the lowest median temperature. Among all AMBT categories, both the
average and median PM2.5 concentrations were the lowest for the
NW. Average and median wind speeds were also the highest (NW average 2.1 m/s) for this AMBT, which contribute to PM2.5 concentration reduction in contrast with wind speeds for the other air masses (Econt
1.5 m/s, SW 1.5 m/s, Wcont 1.6 m/s).
+
The highest concentrations of PM2.5, SO2−
4 , NH4 , Zn, and Pb were recorded during Econt AMBT. Average temperatures, wind speed, and RH
under this air mass were similar to the other two air mass categories,
while median temperatures were the second highest. Thus, higher concentrations in this category cannot be directly related to meteorological
conditions, but, rather, must be associated with the air mass origin. In
this case, elevated pollution associated with these air masses were probably a result of emissions in the industrial region of Salesia, located in
the NE of the Czech Republic, southern Poland, and the large urban agglomerations of Vienna and Budapest (around 5 million inhabitants
combined). SO2 sources in southeastern Europe (Pouliot et, al. 2012)
may have also increased levels of pollutants from this direction.
The inﬂuence of wind speed on PM2.5 levels is largely reﬂected in
local, or relatively local, emissions and proximity to aerosol sources.
Under low wind speeds (b1 m s− 1), levels increased for LVG, K, Mn,
and EC, indicating that these components have a local source, most likely biomass burning and trafﬁc.

Fig. 4. Ratios of each AMBT average concentrations to the overall average concentration of individual species.
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Fig. 5. Ratios of each AMBT average percentage to the overall average percentage of individual species in PM2.5 mass.

4. Conclusions
A comprehensive study of PM2.5 chemical composition at the Central
European rural background site, Košetice, is presented and discussed,
and the data are compared with recently published data from other
rural background sites in Europe. The results showed similar levels of
PM2.5 to other Central European rural background sites.
Chemical analysis showed that carbonaceous aerosols form about
half of PM2.5 mass. The remaining half is mostly composed of secondary
inorganic aerosol, with a higher share of sulphates relative to nitrates. A
typical Central European seasonal variability of PM2.5, with winter maxima and summer minima, was found.
The seasonal variability of LVG, potassium, zinc, and lead, with
high winter maxima, revealed the strong inﬂuence of residential
heating via both wood and coal combustion. Similar seasonal
behaviour of OC, with a slightly higher share in winter, suggested
the higher inﬂuence of combustion aerosol in winter than the
inﬂuence of SOA formation in summer. A less pronounced seasonality of EC than OC, despite residential heating combustion emissions
in winter, supports the similar inﬂuence of trafﬁc throughout the
year.
Thermodynamically driven behaviour, with maximum in winter and
very low minima in summer, was common for nitrates and chlorides,
supporting the major inﬂuence of ammonium salts on their concentrations throughout the year. Although a small amount of sea salt was occasionally present, most of the chlorides were replaced by nitrates
during transport to the site. Crustal elements were the only species
with maxima during summer.
Mass closure showed that, on average, 45% of PM2.5 was formed of
OM, of which one-third (14% of PM2.5) was, based on LVG analysis,
formed by OMBB.
The seasonal share of OMBB in PM2.5 was 4% in summer and 19% in
winter, totalling almost 40% of OM at this site. This high biomass combustion inﬂuence was also seen from the analysis of the Spearman correlation coefﬁcients matrix with PM2.5, individual species, and particle
number concentrations in several size fractions.
The analysis showed the prevailing inﬂuence of aged aerosol, especially during the NHS, when aged industrial and coal combustion
sources probably dominated PM2.5 aerosol. SOA formation could be inferred only indirectly from our results, while some biomass combustion
inﬂuence was seen clearly.
While aged industrial and coal combustion sources remained mainly
connected with the largest particle size fraction measured by SMPS during the HS, biomass and wood combustion tracers exhibited a closer
connection with smaller particles, showing the presence of fresher aerosol. This inﬂuence was also reﬂected in PM2.5 correlations with particle
size fractions due to the high inﬂuence of biomass burning during the
HS.

Air mass back trajectory analysis revealed that Easterly continental
air masses are more loaded with higher levels of PM2.5 than westerly
air masses, including those that remained above the continent for 96 h
before arriving to the site. The cleanest air mass comes from fast moving
NW air masses. A dilution effect connected with these clean air masses
was observed via the correlation of the smallest particle size fractions
with Na.
These different correlations of individual species with different size
fractions suggests externally mixed particles at least during the heating
season, even at this rural background site. They also show that there is
some inﬂuence of local sources and that, consequently, care must be applied if the data are used for long-range transport assessment.
More data are needed to enable full PMF source apportionment analysis of PM2.5 at this site.
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