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 PMF revealed wood combustion for home heating to outclass industrial source.
 Mannosan and levoglucosan in PM1 supported PMF receptor model results.
 Lignite combustion was indicated by the homohopane index of 0.05.
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Industries in close proximity to residential districts are a historical phenomenon of urban development
 Boleslav, the long-time centre of the
frequently causing air quality problem in European cities. Mlada
automobile industry in the Czech Republic, is typical example of urban development. However, this air
pollution source reconnaissance study found a source of currently increasing importance for the European cities, wood burning. Receptor modelling, time series of organic tracers for wood and coal burning,
small-scale multiple-site PM10 monitoring and mobile PM10 measurement were combined to identify
a Boleslav in
sources of ﬁne (PM0.15-1.15) and coarse (PM1.15-10) particles in a residential district of Mlad
winter 2013. The receptor model was applied to hourly concentrations of organic and elemental carbon
in ﬁne and 27 elements in ﬁne and coarse aerosol particles at a receptor site. Multiple-site measurements
with PM10 monitors showed no statistically signiﬁcant differences among the monitors. Thus, the source
apportionment derived from the central site data should apply to the entire residential district.
Campaign average PM10 (33.9 mgm3) consisted of 88% ﬁne particles. Wood burning (49%), coal combustion (34%), trafﬁc (16%), and industry (1%) were identiﬁed as the ﬁne particle sources while combined
wood burning and coal dust (80%), road dust with salt (14%), and abrasion of car brakes (6%) were
identiﬁed the coarse particle sources. The large contributions of wood and coal combustion were surprising for this residential district that is a block of ﬂats with district heating. High correlations were
observed between the wood combustion contributions and the levoglucosan and mannosan concentrations. The homohopane index of 0.05 indicated lignite combustion. Peak concentrations in excess of
500 mgm3 of PM10 recorded during mobile measurements along with visible plumes from home
heating, support the source apportionment of the ﬁne particle mass.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
The deterioration of air quality in residential areas close to industrial facilities is a worldwide phenomenon. Problem areas have

* Corresponding author.
E-mail address: jan.hovorka@natur.cuni.cz (J. Hovorka).
http://dx.doi.org/10.1016/j.atmosenv.2015.04.068
1352-2310/© 2015 Elsevier Ltd. All rights reserved.

been observed in Jamshedpur (Sivacoumar et al., 2001), Kolkata
(Karar and Gupta, 2006) in India, IfeeIbadan, Nigeria (Owoade
et al., 2015) and Beijing, China (Sun et al., 2004; Fang et al.,
2009). In Europe, there were recent studies on air quality degradation from industry in Huelva, Spain (Querol et al., 2007), in Milan
and Genoa, Italy (Vecchi et al., 2008), in Katowice, Poland (JudaRezler et al., 2011), and in Port Talbot, United Kingdom (Taiwo
et al., 2014). In the Czech Republic, Central Europe, coal
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combustion and landﬁll technology in a village Brezno (Pokorn
a
et al., 2013) and coal combustion and the steel industry in
 et al., 2015) were found to be the main causes of
Ostrava (Pokorna
local air pollution.
The city of Mlad
a Boleslav is situated about 64 km northeast of
Prague in the Czech Republic, (Fig. 1) and has been a center of the
Czech automobile industry for more than 110 years. The factory was
founded and has grown continuously within the urbanised area of
the city. Currently, the factory occupies about one third (3.23 km2)
of the urban area of Mlad
a Boleslav (Fig. 1). Across the street to the
northwest of the factory, is the most populated district (population
19,000 of 45,000) of the city including a block-of-ﬂats (Fig. 1). There
were 55, 33, and 26 exceedances of the 24 h limit values for PM10 in
the district recorded in 2011, 2012 and 2013, respectively (CHMI,
2013). All of the exceedances were recorded in January or
February. The city administration is planning to take measures to
lower the air pollution. However, the development of cost-effective
strategies depends critically upon a quantitative knowledge of the
contribution of different sources to PM concentrations (Taiwo et al.,
2014) and thus, this study will help guide their future actions.
Receptor models have proven to be useful tool to apportion PM
sources in an ambient air (Viana et al., 2008; Belis et al., 2013). To
obtain most accurate results in source apportionment studies,
highly time resolved, size-segregated particle composition data is
required (Zhou et al., 2004; Ogulei et al., 2005; Han et al., 2006;
-Trepart et al., 2007; Vecchi et al., 2009; Richard et al., 2011).
Pere
Also, the measurement of levoglucosan, mannosan, and homohopane provides organic tracers for biomass or coal combustion
within the cold, low photochemical activity time of year. This
additional data helps to ensure an accurate aerosol source apportionment (Wang et al., 2012; Crilley et al., 2014; Qadir et al., 2014).
Positive Matrix Factorization (PMF) (Paatero, 1997) was applied
to the hourly-resolved elemental composition and organic/
elemental carbon concentrations of size-segregated particles
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measured during the second half of February 2013 to identify
sources of coarse and ﬁne aerosol in the residential district of Mlad
a
Boleslav. Multiple-site measurements using PM10 monitors complemented the source apportionment measurements conducted at
the central site. The time series of the resolved sources and the
concentrations of the organic tracers for wood and brown coal
burning were correlated. Also, the mobile PM10 measurements
conducted during perambulations in the urbanized areas helped to
identify the causes of the observed elevated PM concentrations.
2. Material and methods
2.1. PM measurements
2.1.1. Monitoring station and PM sampling
The campaign was conducted between 14 and 28 February 2013.
A mobile monitoring station was placed at a central site in a sports
 Boleslav (50 250 32.5000 N e
ﬁeld in a residential district of Mlada
14 540 54.4200 E) (Fig. 1). The site is very close to a large industrial
complex spanning from the North-East to the South of the sampling
site. A Davis Rotating-drum Uniform-size-cut Monitor - 3DRUM
(Delta Group UC Davis) (Raabe et al., 1988) was used to collect
particles in three size ranges. This sampler was the same as pre et al., 2015). Particles of
viously used in Ostrava study (Pokorna
aerodynamic diameter of 1.15e10 mm (PM1.15e10) were considered
to be the coarse aerosol, while other two size ranges, 0.34e1.15 mm
(denoted as B fraction), and 0.15e0.34 mm (denoted as C fraction),
were summed to provide a 0.15e1.15 mm fraction designated as the
ﬁne aerosol (PM0.15-1.15). Particles were collected at a ﬂow rate of
21.5 Lmin1 on Mylar substrates lightly greased with Apiezon-LTM.
The strips were analyzed for 27 elements with synchrotron XRF
(Perry et al., 2007) with a PM sample integration time of 1 h. PM
sampling and analysis followed the DRUM Quality Assurance Protocols (Cahill et al., 2008). Hourly PM mass concentrations were

 Boleslav and detailed map of the sampling site with location of the monitoring station, network of PM10 DustTrak
Fig. 1. Outline map of Czech Republic showing city Mlada
monitors e DT5-13.
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calculated from ﬁve minute integrations of the number size distributions for 0.542e10 mm size range recorded by an Aerodynamic
Particle Sizer (APS-3321, TSI) and within the 0.018e0.545 mm
aerodynamic particle diameter range measured using a Scanning
Mobility Particle Sizer (SMPS 3963L25, TSI) assuming a particle
density of 1.5 gcm3 (Shen et al., 2002). Five minute integrated
PM10 mass concentrations were measured with a beta attenuation
monitor (FH 62 I-R, Thermo ESM Andersen). A strong linear
regression between SMPS-APS and hourly beta PM10 concentrations was found (slope ¼ 1.04 ± 0.02, r2 ¼ 0.87, Fig. S1) that supported the assignment of the particle density used for number-tomass size distribution conversion.
Hourly concentrations of organic and elemental carbon (OC/EC)
in PM2.5 (Sunset Laboratories) were measured semi-continuously
(45 min collection and 15 min analysis) using the NIOSH protocol
(Birch and Cary, 1996). Size-integrated samples of 24 h PM1 were
collected on quartz ﬁber ﬁlters (150 mm diameter, Whatman QMA) using a high-volume (30 m3 h1) sampler (DHA-80, Digitel)
equipped with a PM1 size selective inlet. Complete meteorological
data including wind speed (WS) and wind direction (WD) (WindSonic M, Gill), temperature e T (Comet 200-80/E), and precipitation
by disdrometer (Laser Precipitation Monitor, Thies) were recorded
concurrently.
2.1.2. PM10 monitoring network and mobile measurements
Along with the measurements at the central station, a smallscale network of 9 laser photometers, DustTrak e DT (8520, TSI),
was deployed to measure 5-min PM10 concentrations. This PM10
measurement network was operated for the period of 17 February
to 18 March 2013. Initially, these units were collocated at the central site to permit intercomparison of their performance and calibration of the individual monitors. Eight instruments (DT6-13)
 Boleslav and
were distributed in the urbanized district of Mlada
DT5 was placed in the steeple of a church in the village of Plazy
located east of the automobile factory (Fig. 1). The DTs were positioned on roofs at an average height of 16 m, to avoid recording of
intermittent sources, with exceptions of the DT13 and DT8, which
were placed on the roof of monitoring station of the Czech Hydrometeorological Institute (CHMI) and the ﬁrehouse, respectively.
Inter-DT distances ranged from 600 to 2780 m, and the network
 Boleslav
covers approximately 4.4 km2 of the urban area of Mlada
(Fig. 1).
Besides PM10 monitoring at ﬁxed sites, a series of nine approximately hour-long mobile PM10 measurements were conducted in
the Plazy and Mlad
a Boleslav urbanised areas. During the perambulations, a DT monitor recorded 10 s integrates of PM10 and was
carried in a backpack with an omnidirectional inlet at a height of
1.5 m. A vertical inlet protruded about 20 cm from the backpack.
Concurrently with PM10 measurements, geographical coordinates
were recorded using a hand-held GPS receiver (GPSMAP 60CSx,
Garmin).
To calibrate the photometric PM10 detection, DT values were
linearly regressed against the 5 min PM10 values recorded by the
beta attenuation monitor. The regression with the intercept forced
to zero yielding a slope 0.320 ± 0.001 (r2 ¼ 0.96). Therefore, the DT
values were multiplied by 0.32 to correct the DT PM10 values for the
whole campaign.

polycyclic aromatic hydrocarbons (PAHs), hopanes, aaa(20R)-cholestane, alkanes, acyclic isoprenoids, monosaccharide anhydrides,
saccharides, and resin acids. Details of the GCeMS analysis procedures are provided by Kr
umal et al. (2010, 2013). In this study, the
results for levoglucosan, mannosan, and 22R þ S-17a(H), 21b(H)homohopane are presented and discussed.
The DRUM samples were analyzed for 27 elements (Mg, Al, Si, P,
S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Br, Rb, Sr, Y, Zr,
Mo and Pb) using synchrotron X-ray ﬂuorescence (S-XRF) at Lawrence Berkeley National Laboratory (DELTA Group, 2008; Cahill,
2011)
2.3. Data analysis
2.3.1. PM10 spatial variability
Spatial variability of the PM10 values was evaluated using the
pairwise coefﬁcient of divergence (COD) (Kim et al., 2005). The COD
approaches zero or unity if there is substantial similarity or difference between the sites, respectively. The critical value of the COD
was set at 0.2 above which the samples are deemed to be dissimilar.
(Pinto et al., 2004)
2.3.2. Positive Matrix Factorization
Positive Matrix Factorization (EPA PMF 4.2.0.0.) was applied to
the data to obtain source proﬁles and their contributions. The data
matrix was prepared in compliance with the procedure described
in Polissar et al. (1998) based on analytical errors provided by
Lawrence Berkeley National Laboratory. The below detection limit
(BDL) values were replaced with the DL/2 and (5/6)*DL was used as
corresponding uncertainty values. The fraction of BDL values
ranged up to 29% according to species and the size fraction. Missing
data were replaced by geometric mean species values and uncertainty values by triple of the arithmetic mean. The fraction of
missing values ranged up to 14% according to species and size
fraction. Eliminated elements were Ga (in all fractions) and As (in
fraction A and C) because of the large percentage of missing data
(>40%). The analytical uncertainties of OC/EC were multiplied by a
factor of 4, similar to the approach used in the earlier Ostrava study
 et al., 2015).
(Pokorna
In the PMF model, the species were classiﬁed according to the
signal to noise ratio as strong, weak and bad variable (Paatero and
Hopke, 2003). Mg, P, Se, Br, Rb, Sr, Y, Zr, Mo, Pb were bad in all of the
size fractions and excluded from the ﬁt. Al, S, Cl, K, Mn, Co were
classiﬁed as weak in the A fraction and Al, Si, Cl, OC, EC in B þ C
fraction. The appropriate PM values were set to be the total variable
and therefore as weak.
The data matrices for the model consisted of hourly PM masses
and the elemental concentrations for PM0.15-0.34, PM0.34-1.15, PM0.151.15 and PM1.15-10. For PM2.5, the OC/EC data were included in the
matrix. The ﬁnal matrices had 320 rows (samples) and 28/26 columns (species/elements) for ﬁne and coarse matrices, respectively.
Initially, all the three aerosol size fractions were modelled
separately and then B and C fractions were combined into a ﬁne
fraction data set and analyzed. The PMF results for the separate B
and C fractions are presented in the Supplement Material
(Figs. S1eS6). Only the PMF results for the ﬁne and coarse fractions
are presented here, but PMF results for each of the three separate
size fractions will be discussed.

2.2. Gravimetric and chemical analyses
The quartz ﬁlters for the high-volume sampler were heated in a
mufﬂe furnace at 500  C for 24 h prior-to sampling. The PM1 mass
was determined by weighing ﬁlters on a microbalance (M5P,
Sartorius) equipped with a large plate to allow weighing the
150 mm quartz ﬁlters. The particle samples were analyzed for

2.3.3. Conditional probability function
To determine directionality of local sources, the conditional
probability function (CPF) (Ashbaugh et al., 1985; Kim et al., 2003)
was calculated using source contribution estimates resolved by the
PMF analyses and the wind speed and direction values measured at
the site. Here, the hourly factor mass contributions were combined
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Fig. 2. Temporal variation of PM10 and meteorological data recorded during the measurement campaign (WD/WS e grey dots, T/Precipitation e black line).

with 5 min meteorological data. CPF is deﬁned as:

3.1. Spatial PM10 variability

CPF ¼ mDq =nDq

There were no statistically signiﬁcant differences among the DT
values within the small-scale monitoring network for PM10 according to their COD values (Table 2). Nevertheless, the time series
and basic statistics of PM10 data (Table 3) show substantially higher

where, mDq is the number of occurrences from wind sector Dq that
are in the upper 10th percentile of the fractional contributions and
nDq is the total number of observations from the same wind sector.
In this study, Dq was set at 30 and about 38% of observations of
wind speeds < 1 m s1 were excluded from this analysis. The
sources are likely to be located in the directions that have high
conditional probability values.

3. Results and discussion
The campaign was characterized by mild winter temperatures
(median ¼ 2.2  C), low WS (median ¼ 1.3 ms1), WD prevailing
from NW (Fig. S7) and PM10 values below admissible EU daily limit
for PM10 (median ¼ 28.2 mgm3) (Fig. 2). On average, ﬁne and
coarse PM constituted 87.6% and 12.4% of PM10 (Table 1).

Table 1
Basic statistics of mass concentration in mgm3 of the three aerosol size fractions.
Percentile

5%
25%
50%
75%
95%
Mean

Size fraction
A 1.15e10 mm

B 0.34e1.15 mm

C 0.15e0.34 mm

0.5
1.2
2.5
5.4
12.8
4.2

3.7
10.5
17.3
29.9
46.8
21.2

2.8
5.9
8.4
10.5
15.2
8.5

Table 2
The COD of 5 min PM10 values determined by DustTrak e DT monitors for the period
of the 17the28th Feb 2013.

DT5
DT6
DT7
DT8
DT9
DT10
DT11
DT12

DT6

DT7

DT8

DT9

DT10

DT11

DT12

DT13

0.157

0.137
0.141

0.134
0.125
0.094

0.144
0.161
0.077
0.107

0.128
0.121
0.085
0.077
0.081

0.141
0.089
0.114
0.109
0.129
0.087

0.127
0.117
0.098
0.104
0.117
0.087
0.089

0.176
0.168
0.080
0.106
0.072
0.097
0.128
0.115

Table 3
Descriptive statistics of 5 min PM10 recorded by DustTrak - DT monitors for the
period of the 17th Febe18th Mar 2013.
Monitor

DT5
DT6
DT7
DT8
DT9
DT10
DT11
DT12
DT13

PM10/mgm3
5%

25%

50%

75%

95%

Mean

Max

4.7
6.7
4.5
4.8
5.1
4.9
5.1
3.7
4.7

13.4
16.0
12.0
13.1
11.8
12.5
14.3
13.2
12.5

23.3
24.9
20.9
23.0
20.0
22.4
24.8
22.5
20.0

32.1
32.7
27.1
29.6
26.7
31.0
34.0
31.4
26.7

56.6
45.7
40.1
43.6
40.3
44.5
46.7
41.9
38.3

25.9
25.2
20.9
22.7
20.6
23.1
25.2
22.8
20.4

539.4
76.4
69.9
92.1
92.9
83.3
62.0
62.2
66.8
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Fig. 3. Weekend average of diurnal variation of hourly the excesses PM10 in Plazy
during the campaign.

95th percentile values and very high maxima for PM10 measured in
the steeple in Plazy mainly during weekends. To evaluate the statistical signiﬁcance of such 5-min weekend PM10 peak values,
hourly mean PM10 values were calculated; separately for Plazy
along with combined mean values for the remaining sites. Then the
corresponding weekend hourly PM10 values from the remaining
sites were subtracted from those in Plazy and the differences, larger

than 3 mgm3 PM10, were considered as excess PM10. Diurnal
variation of the excess value in Plazy averaged over 4 weekends
showed large maxima (13 mg m3 PM10) between 18 and 21 h
(Fig. 3) in accordance with known building heating patterns. The
excess PM10 values always coincided with calm winds, and
changing wind direction from NE to W (Fig. 2), pointing to local
home heating emissions from low heights. Also, the effect of home
heating on PM10 values was recorded with the mobile measurements. Concentrations higher than 500 mgm3 of PM10 were
recorded when the observer passed through an intermittent plume
originating from a home chimney in Plazy (Fig. S2).
In Mlad
a Boleslav urbanized area, there were peak PM10 values
usually in the 30e60 mgm3 range (Figs. S3eS6, S8), but up to
260 mgm3 (Fig. S7) of PM10 was recorded during perambulation in
a district of family houses heated by local heating. In contrast to
home heating peaks, transportation-associated peak PM10 values
that were on average ranged from 10 to 30 mgm3 were recorded
near busy roads or crossroads similar to the values recorded during
mobile measurements in Leipzig (Birmili et al., 2013). Similar to
Leipzig measurements, a peak of 70 mgm3 of PM10 was recorded
(Fig. S3) when passing a cigarette smoker during the
perambulation.
3.2. PMF results
To determine the optimal number of sources, 2 to 7 factors were
tested. The resulting Q values, the resulting source proﬁles, and the
scaled residuals were examined. The optimum number of factors

Fig. 4. Factor proﬁles for the PMF resolved factors from the ﬁne fraction data.
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was chosen based on the most physically reasonable results and an
adequate ﬁt of the model to the data. The optimal factor number
was 4 for ﬁne fraction (C fraction 3 and B fraction 5) and 3 for coarse
fraction. The FPEAK parameter (0.5, 0.4, 0.3, 0.2, 0.1, 0, 0.1,
0.2, 0.3, 0.4, 0.5) was used to reﬁne the source proﬁles. The optimum solution was chosen to be no rotation (FPEAK ¼ 0) for all of
the fractions.
3.2.1. Sources of ﬁne aerosol
The four resolved ﬁne fraction factors were assigned as wood
combustion, coal combustion, trafﬁc, and industry. The factor
proﬁles and the time-series plots of the estimated hourly PM0.15e1.15
mass contributions are shown in Figs. 4 and 5.
The ﬁrst factor, wood combustion, was associated with high
concentrations of Cl, K, Zn, OC and EC (Kleeman et al., 1999; Watson
et al., 2001; Kim et al., 2003). Factor contributions were signiﬁcant
primarily during the weekend of February 16th e 17th and on the
23rd and 24th of February. The contributions increased in the afternoon with midnight maxima, which suggests wood burning in
the local heating boilers in the suburban area of the city. On
average, wood combustion contributes by 49% to mass of ﬁne
aerosol particles. This factor correlates well with wood combustion
factor derived for the B fraction (r ¼ 0.84) and with wood and coal
combustion assigned for C fraction (r ¼ 0.84). Also, the wood
combustion factor contributions correlated well (Fig. 6, r2 ¼ 0.88)
with concentrations of levoglucosan and mannosan, speciﬁc tracers

Fig. 6. Comparison of 24 h average concentrations between wood burning contributions for ﬁne aerosol and levoglucosan and manosan in PM1.

Fig. 5. Temporal variations of hourly source contributions to the mass of ﬁne aerosol particles resolved by PMF.
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for wood burning (Simoneit et al., 1999; Wang et al., 2012; Qadir
et al., 2014). Levoglucosan was the most abundant organic compound determined in PM1 samples collected during the campaign.
The CPF plots point to the northeast-east (Fig. 7).
The second factor was associated with S, K, EC, and OC (Almeida
et al., 2005; Han et al., 2005; Rogula-Kozłowska et al., 2012), and
was ascribed to coal combustion. The factor contributed signiﬁcantly at the beginning of the campaign when the meteorology was
characterized by calm winds and mild temperatures
averaging 2  C. The campaign's average factor contribution was
34%. The contributions correlated well with coal combustion factor
for the only B fraction (r ¼ 0.91) and moderately with the wood and
coal combustion solely for the C fraction (r ¼ 0.54). Coal combustion can be indicated by homohopane index, the ratio of the concentration of R- and S- isomer of the 17a(H), 21b(H)-homohopane,
[S/(S þ R)] (Oros and Simoneit, 2000; Qadir et al., 2013). The higher
the R/S ratio indicates coal combustion with the contributions of
trafﬁc emissions being small. The homohopane index ranged
0.012e0.074 (mean 0.05) pointing to lignite combustion (Kr
umal
et al., 2013). The coal factor CPF plot was similar to the wood
combustion factor, indicating co-combustion of wood and coal for

home heating. Nevertheless, additional CPF branch from the south
(Fig. 7) indicates the contribution from coal heating plant (icon in
Fig. 1), which combusts lignite and wood pellets and contributes to
the coal factor by 24%.
The third factor assigned as trafﬁc contained road dust elements,
OC and EC and Cu, indicating metal brake wear particles (Vecchi et
al., 2008; Richard et al., 2011). This factor includes tailpipe and nontailpipe vehicular emissions. Factor contributions to PM0.15e1.15
were constant with minor diurnal variation over the whole
campaign. It contributes 16% to the mean PM0.15e1.15 mass concentration. The time series plots of the trafﬁc factor with the
comparable factors of the B and C fractions having identical factor
time series showing good to moderate correlations with r ¼ 0.75
and r ¼ 0.54 for the B and C fractions, respectively (Figs. S9eS13).
The CPF plots show weak directionality and points to the west to
the nearby streets (Fig. 7).
The fourth factor was ascribed to industry I. Its proﬁle shows
high concentrations of Mn, Fe, Cu and Zn (Querol et al., 2007; Zhou
et al., 2004; Cohen et al., 2010). The signiﬁcant contribution peaks
on 15th and 25th February were related to a wind-direction shift
with wind coming from the east. The mean PM0.15e1.15 mass


Fig. 7. CPF plots for wood and coal combustion, trafﬁc and industry contributing to ﬁne aerosol and road dust and abrasion contributing to coarse aerosol particles in Mlada
Boleslav.
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contribution was 1%. The time series plots for ﬁne fraction show
correlations (r ¼ 0.46 and r ¼ 0.94) with B and C fractions,
respectively. The CPF plots indicated contributions from eastnortheast, where the automobile factory is situated (Fig. 7).
Factor of B fraction assigned as the industry II contained Cu and
metals. The factor correlates well with industry factor of ﬁne fraction (r ¼ 0.93). The mean PM0.34e1.15 mass contribution was 2%. The
CPF plots indicated easterly contributions from the automobile
factory (Fig. 7).

3.2.2. Sources of coarse aerosol
The three resolved coarse fraction factors were assigned to
combined wood and coal dust, road dust with salt, and metallic
brake wear particles. Their proﬁles and time-series plots of contributions are shown in Figs. 8 and 9, respectively.
The ﬁrst factor, wood combustion and coal dust, was associated
with S, K, and metals (Almeida et al., 2005; Han et al., 2005; Hien
et al., 2001), and its 80% contribution to the coarse fraction was
dominant. The wood combustion can be explained as ﬂy ash from
local heating boilers and agrees with WD analysis for the ﬁne
particle wood combustion factor. The coal dust can be attributed to
fugitive emissions from exposed coal piles near the heating plant in
the industrial complex and signiﬁcantly decreased with a snowfall
(Fig. 2). The CPF plot points northeast-east and matches plots of the
corresponding ﬁne fraction factors (Fig. 7).
The second factor assigned as road dust with salt was represented by high contributions of soil components and Cl (Han et al.,
2005; Cheung et al., 2012). It represents re-suspended road dust
and salt used for road clearing after the snowfall episodes. The
factor contributed by 14% to the PM1.15e10 mass during the whole
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campaign. The CPF plot primarily points to south-southeast (Fig. 7)
to the car park of the sports ﬁeld and shopping center (Fig. 1).
The third factor, abrasion of car brakes was characterized by Cu
-Trepart et al., 2007; Thorpe and Harrison, 2008). The
and Zn (Pere
factor contributed to the PM1.15e10 mass by 6%. The CPF plots points
to the nearby streets (Fig. 7).
3.2.3. Sources of PM10
Combining the results of the ﬁne and coarse fraction analyses
provided the apportionment of PM10. Wood and coal combustion
was the dominant source of PM10 (82%) followed by trafﬁc (17%)
and industry (1%).
4. Conclusions
Wood burning was found to be the dominant source of PM10
mass followed by coal combustion in the residential district of the
 Boleslav during the winter. The large industrial source
city of Mlada
had a minor inﬂuence. Dominance of wood combustion was supported by elevated mannosan and levoglucosan concentrations in
PM1, while lignite combustion was indicated by the homohopane
index of 0.05. Also, peak values about 13 mgm3 of PM10 in village of
Plazy occurred regularly in late afternoon on weekends due to
home heating, recorded by ﬁxed PM10 monitor. Peak values of PM10
up to 500 mgm3, attributable to plumes from chimneys of local
home heating, were recorded by the mobile measurements
providing additional support for the PM10 source attribution.
Dominance of wood burning contrasts to the expectation that
local industrial sources would dominate the PM pollution based on
the results of our source apportionment studies conducted in

Fig. 8. Factor proﬁles for the resolved factors of coarse fraction by PMF.
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Fig. 9. Temporal variations of factor hourly contributions to the coarse particle mass resolved by PMF.

residential areas in proximity to an industry in Ostrava (Pokorn
a
et al., 2015) or in Prague (Thimmaiah et al., 2009).
This study agrees with other recent studies indicating the
increasing importance of wood burning on air quality in Europe.
There was a wood burning contribution of 59% to PM10 mass found
in Dettenhausen near Stuttgart (Bari et al., 2010), 20% in Augsburg
(Gu et al., 2013), and 25% in Lens, Northern France (Waked et al.,
2014).
To conclude, our study provides an afﬁrmative answer to the
question “Time to tackle urban wood burning?” raised by Fuller
et al. (2013) in New directions as also being applicable to air
quality in Central and Eastern Europe.
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