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• Composition and sources of PM2.5 were
studied in urban site inWarsaw, Poland.

• Asmuch as 45% of PM2.5 inWarsaw con-
sists of secondary species.

• Six sources of origin of PM were identi-
fied by Positive Matrix Factorization
(PMF).

• Local traffic and residential heating in
the outskirts constitute 77% of PM2.5

mass.
• Specificmarkers of PM sourceswere de-
termined for Warsaw.
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For the purposes of this work, a first in Poland, full-year collection of daily PM2.5 (particulatematterwith aerody-
namic diameter smaller than 2.5 μm) samples was chemically analyzed to determine the contents of elemental
and organic carbon,water-soluble inorganic ions and 21minor and trace elements in PM in an urban background
site inWarsaw. AnnualmeanPM2.5 concentration reached18.8 μg/m3,with the lowest levels in summer (11.5 μg/
m3 on average) and the highest inwinter (27.5 μg/m3), with several episodes reaching over 80 μg/m3. Strong sea-
sonal differences were observed mainly for the contents of nitrate and secondary organic carbon (SOC), while
sulphate showed the least variability. Secondary species constituted on average 45% of PM2.5 mass, suggesting
large influence of regional and long-range transport of pollutants. Source apportionmentwith the use of positive
matrix factorization (PMF) method, supported by the analysis of enrichment factors, led to identification of six
main sources of PM2.5 origin: residential combustion (fresh & aged aerosol) (46% of PM2.5 mass), traffic exhaust
(21%) and non-exhaust (10%) emissions, mineral dust/construction works (12%), high-temperature processes
(8%) and steel processing (3%). Including primary organic carbon (POC) and SOC as two separate constituents
helped to distinguish between the primary and secondary sources of the aerosol. The identification of sources
was also supported by investigating their yearly andweekly profiles, aswell as the correlation of PM constituents
withmeteorological conditions,which are one of themaindrivers of heat generation activities.We found that the
most distinctive markers of PM sources in Warsaw are SOC, Cl− and As for residential combustion, NH4

+, Sb and
POC for road transport, Ca and Mg for construction works and SO4

2− for long-range transport of PM.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
. Juda-Rezler), magdalena.reizer@pw.edu.pl (M. Reizer), katarzyna.maciejewska@pw.edu.pl (K. Maciejewska),
klejnowski@ipis.zabrze.pl (K. Klejnowski).
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1. Introduction
Atmospheric dust, commonly called particulate matter (PM), was
the first air pollutant which drew attention of our ancestors. Particulate
air pollution has been present in the Earth's atmosphere since the do-
mestication of fire, which is believed to had happened already one mil-
lion years ago (Kaplan, 2012). Nowadays, air pollution is unequivocally
a serious threat to human health and to the environment as a whole –
both locally and on regional and global scale. At the same time, it is a
key environmental and social issue and is a complex problem posing
multiple challenges in terms of management and mitigation of harmful
pollutants (EEA, 2017). Air quality in Europe has notably improved over
the last decades, due to implementation of European legislation and
technological improvements leading to reduction of emission of air pol-
lutants (see e.g. Turnock et al., 2016). However, substantial challenges
remain: particulate matter, ozone (O3), reactive nitrogen substances
and some organic compounds, as e.g. Polycyclic Aromatic Hydrocarbons
(PAHs) still pose a significant threat to human health and to the envi-
ronment. In particular, in 2015, a total of 19% of the EU-28 urban popu-
lation was exposed to PM10 (particles of b10 μm in aerodynamic
diameter) levels above the EU daily limit value, and approximately
53% was exposed to concentrations exceeding the stricter WHO Air
Quality Guidelines (AQGs) (EEA, 2017).

Atmospheric PM varies in size and composition and consists of a
mixture of primary (emitted directly from anthropogenic and natural
sources) and secondary (formed in the atmosphere through reactions
of primary pollutants) compounds. Fossil fuel combustion in the
power and metallurgical industries, residential sector and road trans-
port are themost important anthropogenic sources of both primary par-
ticulates and gaseous precursors of secondary particles, such as sulphur
dioxide (SO2), nitrogen oxides (NOx) and Volatile Organic Compounds
(VOCs). Main components of PM mixture are organic matter, including
PAHs, mineral dust, secondary inorganic aerosols (which include sul-
phates, nitrates and ammonia) and water. However, a number of
other components is bound to PM, including minor elements such as
e.g. silicon (Si), aluminum (Al), calcium (Ca), magnesium (Mg), potas-
sium (K), titanium (Ti), as well as the trace ones, among them harmful
heavy metals such as e.g. arsenic (As), cadmium (Cd), chromium (Cr),
copper (Cu), lead (Pb) and zinc (Zn). Chemical composition of particu-
late matter, as well as other PM characteristics, can vary within wide
limits in different areas, depending on the main emission sources, dis-
persion conditions and chemical reactions that take place in the atmo-
sphere (see e.g. Van Dingenen et al., 2004; Putaud et al., 2004; Thunis
et al., 2016; Błaszczak et al., 2019), as well as on the influence of the
air masses transported from both neighboring and remote areas (e.g.
Querol et al., 2004; Juda-Rezler et al., 2011; Holnicki et al., 2017).

Most of the current studies concerning PM are focused especially on
the so called fine PM2.5 particles (with aerodynamic diameter smaller
than 2.5 μm), which are believed to be the most harmful, as when in-
haled they can penetrate deep into the lungs. Globally, ambient air pol-
lution caused some 4.2 million deaths in 2016, attributed to the
exposure to PM2.5, causing diseases such as stroke, heart disease, lung
cancer, chronic obstructive pulmonary diseases and respiratory infec-
tions, including pneumonia (WHO, 2018). According to the latest
WHOdatabase of observed annualmean PM2.5 concentrations, air qual-
ity in Poland is one of the worst in Europe, with 36 of the continent's 50
most polluted cities (WHO, 2018).

In recent years, a number of serious PM episodes occurred in Central
European areas (EEA, 2017; Box 4.1). In Polish cities, the most severe
cases are observed during the so-called heating period in winter sea-
sons. Low air temperatures, that are well correlated with the significant
rise in solid fuels use for heating purposes, together with low surface
wind speeds, high air pressure, as well as inversion layers through the
lower troposphere, are found to be the main meteorological factors
that contribute to the occurrence of events of increased PM pollution
(Pastuszka et al., 2010; Reizer and Juda-Rezler, 2016).
For the identification of the factors (e.g. formation of secondary pol-
lutants in the atmosphere) and emission sources responsible for the
exceedances of air quality standards and of the relative importance of
these different contributing sources to the concentration of pollutants
at a given site, source apportionment (SA) methodology is used. SA al-
lows for a better delimitation of the air pollution problem and therefore
to allocate resources to study in depth the more relevant sectors of ac-
tivity (Viaene et al., 2016). In general, receptor models (RMs) and dis-
persion models (Lagrangian, Eulerian and Gaussian) are widely used
for the identification of sources in Europe (see Thunis et al., 2016).
RMs are based on the statistical evaluation of PMchemical data acquired
at receptor sites, with the fundamental principles that mass and species
conservation can be assumed, and a mass balance analysis can be used
to identify and apportion sources of airborne PM in the atmosphere
(for review of different RMs see e.g. Belis et al., 2013 and Hopke, 2016).

Over the last 10 years, source apportionment of PM pollution by re-
ceptor modelling have been performed for scientific purposes in Poland
for few cities and using different RMs. Chemicalmass balancemodelling
(CMB) and positive matrix factorization (PMF) were applied for PM10

and B(a)P in Kraków (Junninen et al., 2009), PMF for PM2.5 in Kraków
(Samek et al., 2017), Principal Component Analysis (PCA) for PM10 in
5 cities (Juda-Rezler et al., 2011), while PCAwith multivariate linear re-
gression analysis (PCA-MLRA) for PM2.5 in Wrocław (Lower Silesia,
Sówka et al., 2012) and in Zabrze and Katowice (Upper Silesia,
Rogula-Kozłowska et al., 2013), and for PM10 in 4 selected cities
(Reizer and Juda-Rezler, 2016). Recently, PCA-MLRA was also applied
for submicron PM1 fraction in Warsaw (Majewski et al., 2018).

The first case study using RMs conducted in Kraków showed that
household stoves and furnaces from residential sector constitute the
primary source of PM10 and B(a)P air pollution, exceeding that of traffic,
industrial activities and coal-fired power plants. The similar results
were obtained by the rest of thementioned studies, except forWrocław,
where road transport was found as the most important source of PM.

Reizer and Juda-Rezler (2016) found also that themain drivers of PM
episodic pollution differ along the country, being either related to re-
gional background pollution (in the central part of the country) or to
local emission sources (in the southern part), and that elevated pollu-
tion levels are most commonly associated with the influence of high-
pressure systems that bring extremely cold and stable air masses from
the East or South of Europe. In a recent study, Majewski et al. (2018)
found that secondary aerosol, originating from transformations of gas-
eous precursors (VOCs, SO2, NOx and ammonia (NH3)), accounts for
approx. 62% of the PM1 mass over Warsaw.

Studies mentioned above have been carried out using relatively
short time series of a few weeks to a few months or limited number of
investigated PM chemical components. The main aim of the research
presented in this paperwas tofill the important knowledge gaps related
to PM source-specific composition in Central European urban areas. To
this end, we conducted the first comprehensive, long term study on
PM2.5 pollution in Poland at the Warsaw University of Technology
(WUT)Monitoring Site located in the central part ofWarsaw, the capital
of the country. A full year (2016) of daily measurements of PM2.5 con-
centrations and its chemical composition was carried out. Analyses of
collected data, including carbonaceous species, 8 major water-soluble
ions, 21 minor and trace elements and of local meteorological condi-
tions were used for evaluation of the “nature” and seasonal variability
of PM aerosol in Warsaw, as well as for identification of the contribu-
tions of natural and anthropogenic sources to the aerosol levels.

2. Material and methods

2.1. Study area and measurement campaign

The research was conducted inWarsaw, which is a 1.74-million city
located in the Masovian Province, in the lowlands (78–112 m a.s.l.)
around the Vistula River. Warsaw is surrounded by numerous smaller
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suburb towns, jointly constituting the 3.34-millionWarsawAgglomera-
tion. The city, with an average density of 3372 inhabitants per km2, is
highly urbanized, with a dense network of railways and roads with
high traffic intensity – the number of cars per 1000 inhabitants reaches
in Warsaw 750 and it is the highest value in Poland. The level of indus-
trialization is rather low, especially in comparison with the cities of
SouthernPoland (Silesia region). However, there are several point emis-
sion sources, including the two large cogenerationplants, fueled byhard
coal: Siekierki (heat capacity 2078 MWth, power generation capacity
620 MWe) and Żerań (1280 MWth, 373 MWe), as well as a steel plant
with annual production of 600,000 tons of carbon steel and special
steel long products.

Despite the strongly anthropogenic character, around 22% of
Warsaw's surface are green areas, including forests (14%) and parks
(8%) (see Fig. 1). The city is situated in a moderately warm, transitional
climate zone, with average temperature of 8.2 °C andmean annual pre-
cipitation of 584 mm. The most common are theWestern winds (25%),
while the least common – the Northern ones (IMGW, 2016). The phe-
nomenon of heat island is observed for the city throughout the year,
with temperature increase over city center of 1.04–2.26 °C (Gawuć
and Strużewska, 2016).

As shown by Holnicki et al. (2017), the quality of atmospheric air is
determined inWarsawmainly by road transport (traffic) emissions (es-
pecially in the central part of the city) and by residential, individual
Fig. 1. Location of WUT measurement site in Warsaw. (For interpretation of the references
heating – mainly in the outskirts, as the majority of households in the
central districts of the city are connected to central heating supply sys-
tem, which covers around 80% of Warsaw's heat demand. The third
main sector of emissions includes power generation and industry. Do-
mestic combustion is dominated by hard coal followed by wood, how-
ever reliable statistics of their consumption in this sector are not
available. Not negligible is also the problem of combusting very low-
quality solid fuels, used engine oil and also wastes, which is primarily
due to financial reasons (the so-called energy poverty), as well as to
still low public awareness. Total yearly PM2.5 emission volume in the
whole Warsaw Agglomeration (including suburbs) is estimated at
3008 Mg, including 1603 Mg originating from residential sector,
1141Mg from transport and 264Mg fromenergy production and indus-
try (Holnicki et al., 2016). PM2.5 concentrations are routinelymonitored
inWarsaw since 2004, and in the last decade their annualmean level os-
cillated around 25 μg/m3 (22–29 μg/m3).

Particulate matter measurement campaign was conducted for the
whole year 2016 with the use of two low volume samplers from PNS
18 T Comde Derenda GmbH with 2.3 m3/h flow, working simulta-
neously. It was the first such comprehensive long-term study on fine
PM levels and composition in Poland. WUT sampling site, set up partic-
ularly for this campaign, was situated in the central part of Warsaw –
see Fig. 1, within a 34-ha area of the city's water treatment station.
Such location allowed monitoring urban background concentrations,
to color in this figure legend, the reader is referred to the web version of this article.)
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limiting at the same time the direct impacts of any local sources of emis-
sion. Two 24-h samples of PM2.5 were collected each day on 47 mm
Whatmann™ QMA quartz filters. Due to large variability of both mete-
orological conditions, as well as emission structure and intensity in
the course of the year, which is characteristic for Poland, comparative
analysis of PM2.5 concentration, chemical composition and sources of
origin was conducted for the whole year, for the so-called heating
(from October till March) and non-heating (from April till September)
periods and for four seasons of the year: winter (January, February
and December – DJF), spring (March, April and May – MAM), summer
(June, July and August – JJA) and autumn (September, October and No-
vember – SON).

2.2. Chemical analysis

Chemical analyseswere performed in the Central Laboratory of Insti-
tute of Environmental Engineering, Polish Academy of Sciences in Zab-
rze (Poland). PM2.5 concentrations were determined according to the
PN-EN 12341:2014-07 standard: Ambient air – Standard gravimetric
measurement method to determine the concentration of mass fractions
PM10 or PM2.5 particulate matter. Before and after exposure, all filters
were conditioned in a weighing room (48 h, relative humidity 50 ±
5%, air temperature 20±1 °C) andweighed twicewith an analyticalmi-
crobalance Mettler Toledo (resolution: 2 μg). Daily PM2.5 concentration
was taken as an average from two filters. Afterwards, chemical compo-
sition of PM2.5 was analyzed to determine the contents of 31 species in-
cluding: EC (elemental carbon), OC (organic carbon), water-soluble
inorganic ions: secondary inorganic aerosols (SIA, sum of NO3

−, SO4
2−,

NH4
+), Cl−, Na+, K+, Ca2+, and Mg2+ (from the first filter), as well as

21 selected elements (Al, As, Ba, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, K, Mg,
Mn, Ni, Pb, Sb, Sr, Ti, V, Zn) (from the second filter). EC and OC contents
were determined from a 1.0-cm2 piece of a filter with the use of Sunset
Laboratory Thermal-Optical Carbon Aerosol analyzer, equipped with
flame ionization detector, using “EUSAAR_2” protocol (Cavalli et al.,
2010).

The ionic constituents were determined from a 3/4 part of the first
filter, reduced by 1.0 cm2 filter punch, with the use of ion chromatogra-
phy (Dionex ICS 1100, Thermo Scientific, USA). The water extracts of
PM2.5 were made by ultrasonizing the sample in 10 cm3 of de-ionized
water for 60 min at 15 °C, then shaking for about 12 h (18 °C, 60 r/
min). Anions determination was performed by means of IonPac™
AS22 column (Dionex), while cations determination – by means of
IonPac™ CS16 column (Dionex). Total uncertainties of the measure-
ment ranged from 4.3% (Na+) to 11.2% (for SO4

2−).
The second filter was used to determine the selected elements with

the use of Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES; model Optima 2000, Perkin Elmer) in the case of 5 elements
(Al, Ca, Fe, K, Mg), as well as Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS; Elan 6100 DRC-e, Perkin Elmer) for the remaining el-
ements. Digestion of the daily PM2.5 samples was made with a
microwave 3000 digestion system (Anton Paar, Austria), using a mix-
ture of distilled water (5 ml), and spectrally pure nitric acid HNO3

(10 ml, concentration of 65%, Merck) and hydrogen oxide H2O2 (3 ml,
concentration of 30%, Merck) (according to PN-EN 14902:2010, pt. 6).
The limits of detection for both ICP methods were from 0.0014 μg/l
(As) to 0.21 μg/l (Ti). The total uncertainties of the measurement were
in the range 12% (Sr)–35% (Cr).

In order to determine the distribution of OC mass between primary
(POC) and secondary (SOC) organic carbon, minimum slope method
was applied. This method is based on determination of the minimal
OC/EC ratio, and subsequently the SOC and POC concentrations in
each day are calculated as follows (Pio et al., 2011):

SOC ¼ OC−
OC
EC

� �
min

� EC ð1Þ
POC ¼ OC−SOC ð2Þ

In the present study, due to large discrepancies between the heating
and non-heating seasons, the minimal OC/EC ratios were determined
separately for these periods.

2.3. Source apportionment

2.3.1. Enrichment factors
Natural and anthropogenic origin of elements were assessed by the

Enrichment Factors (EF) analysis. EF compares the ratio of ambient air
concentrations of a given element and the reference element with the
corresponding ratio of concentrations in the Earth's crust, and it can
be expressed by Eq. (3) (Belis et al., 2013):

EF ¼ XPM=RPM

Xcrust=Rcrust
ð3Þ

where X and R are the concentrations of the element under consider-
ation and the reference element, respectively, while the subscripts PM
and crust indicate concentrations in PM and in the Earth's crust, respec-
tively. The element sources were classified into three groups:
(1) EF b 10 indicated the crustal origin of the element;
(2) 10 b EF b 100 indicated mixed origin of the elements with contribu-
tion of both anthropogenic and crustal sources; (3) EF N 100 elements
were considered being originated from anthropogenic sources.

In this study, Al was used as the reference element. Consequently,
EFAl = 1. The chemical composition of the upper continental crust
was taken from McLennan (2001). For comparison, EFs calculations
were also performed using Wedepohl (1995) upper continental crust
composition, leading to the same conclusions regarding the crustal or
anthropogenic origin of elements.

2.3.2. PMF analysis
Identification and quantification of the main PM2.5 sources was per-

formed using Positive Matrix Factorization (PMF) receptor model, by
means of the US EPA PMF 5.0 software. PMF is amultivariate factor anal-
ysis model widely used in air quality studies (Hopke, 2016), that im-
poses non-negativity constraints in the optimization process, as well
as provides PM source profiles and their contributions to the PM load,
based on a weighted least-squares approach (Paatero and Tapper,
1994). Besides concentrations of different chemical species, the uncer-
tainties of each measurement are used by the model to weigh the indi-
vidual data points. Briefly, PMF model decomposes a matrix of
measurement data (X) into two matrices to be determined: factor con-
tributions (G) and factor profiles (F), and can be expressed as indicated
by Eq. (4) (Paatero and Tapper, 1994):

X ¼ G � Fþ E ð4Þ

where X is the n × m matrix of the measurement data of m chemical
species in n samples, G is the n × p matrix of p sources' contribution, F
is the p ×mmatrix of profiles of p sources, and E is the residual matrix.

PMF model solves the mass balance equation (Eq. (4)) by minimiz-
ing the object function Q given by Eq. (5) (Paatero, 1997):

Q ¼ X−G � Fð Þσ
����

����
2

F
ð5Þ

where σ is the matrix of uncertainties for measurement data.
In this study, input data were prepared using the procedure sug-

gested by Polissar et al. (1998). Species concentrations below the limit
of quantification (LOQ) were replaced by half of the LOQ values and
their uncertainties were set at 5/6 of the LOQ values. Missing data
were replaced by the geometric mean of the concentrations and their
uncertainties were set at four times of the geometric mean



Fig. 2.Annualmean PM2.5 levels observed in 2016 inWarsaw (orange bar), selected Polish
(blue bars) and Northern Italian (grey bars) agglomerations, as well as in selected
European capital cities (green bars). Data for Warsaw were obtained in this study, while
for other cities were extracted from the Air Quality e-Reporting Database of European En-
vironment Agency. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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concentration. The uncertainties (σij) for the detected concentrations
were calculated based on Zabalza et al. (2006) according to the follow-
ing Eqs. (6) and (7):

σ ij ¼ 0:2xij þ
2
3

DLj
� �

;DLjbxijb3DLj ð6Þ

σ ij ¼ 0:1xij þ
2
3

DLj
� �

; xijN3DLj ð7Þ

where xij is the concentration for species j in the ith sample, and DLj is
the detection limit for species j. The coefficients 0.2 and 0.1 in
Eqs. (6) and (7) were determined empirically by Zabalza et al. (2006).

The input variables that retained a significant signal were separated
from that dominated by noise, following the Signal-to-Noise (S/N)
criteria (Paatero and Hopke, 2003). Species with S/N b 0.2 were consid-
ered as “bad variables” and removed from the analysis (this criterion
was met only for Cs), species with 0.2 b S/N b 2 were classified as
“weak variables” and downweighted by a factor of 3, while species
with S/N N 2 were defined as “strong variables” and used in PMF as
they are. The percentage of data above the LOQ was used as a comple-
mentary criterion (Amato et al., 2016; Cesari et al., 2018). In order to
distinguish primary and secondary sources of PM, POC and SOCwere in-
troduced into the PMF model, instead of OC. In total, 28 input variables
were used, namely: POC, SOC, EC, NO3

−, SO4
2−, Cl−, NH4

+, Na+, Al, Ca, Fe,
K, Mg, V, Mn, Co, Cu, Zn, Sr, Cd, Ba, Pb, Ga, Sb, Ti, As, Ni and Cr, all of
which, except As (“week variable”), appeared to be “strong variables”.
For Ca, Mg and K, the total concentrations obtained by ICP-AES were
used, while the concentrations of the respective soluble ions were ex-
cluded to avoid double counting of mass.

A variety of factor numbers between 3 and 10were tested tofindout
the most optimal solution. In order to examine the quality of the ob-
tained solution several criteria were applied, including extracting realis-
tic source profiles, distribution of scaled residuals and the comparison
between the modelled and observed PM2.5 mass. The best solution
was obtained using 6 factors; it represents a reasonable physical inter-
pretation and reproduced reasonably well the measured PM2.5 concen-
trations (with R2 = 0.86). For almost all variables, scaled residuals
estimated by PMF were distributed between −3 and + 3. In order to
check the stability of PMF solution the bootstrapping method with
100 runs and minimum correlation R-value of 0.6 was applied.

3. Results and discussion

3.1. Characterization of the fine urban aerosol in Warsaw

3.1.1. PM2.5 time series and main constituents
Average PM2.5 concentration inWarsaw in 2016 equaled 18.8 μg/m3

(standard deviation±11.9 μg/m3),whichwas lower than the EU annual
limit value for PM2.5 (25 μg/m3), however the WHO annual air quality
guideline (10 μg/m3) has not been met. Our result is in agreement
with the routine observations of PM2.5 levels carried out in the recent
years on Warsaw's monitoring stations (the number of sites in which
PM2.5 is monitored evolved in the last decade from 3 to 5). In 2016,
therewere 4 stations (two urban background and two traffic), monitor-
ing PM2.5 levels in Warsaw, and their average yearly concentration
reached 23 μg/m3. Correlation coefficient between our series of mea-
surements and the data from all monitoring stations in Warsaw in
2016 ranged from 0.862 to 0.936. In general, the highest PM2.5 concen-
trations in Europe are noted in Polish (mainly Southern) and Northern
Italian cities. The comparison of the annual mean PM2.5 levels obtained
in this study with the levels observed in 2016 in selected Polish and
Northern Italian agglomerations aswell as selected European capital cit-
ies is presented in Fig. 2.

In 2016, Warsaw's annual mean PM2.5 level was lower than those
observed in agglomerations of Southern (Kraków, Katowice, Wrocław)
and Central (Łódź, Poznań) Poland, characterized by more intensive in-
dustrialization. Conversely, the concentrations are lower in Gdańsk sit-
uated on the Baltic coast in Northern Poland. Warsaw's PM2.5 annual
mean levels are comparable with those in a number of selected capitals
of Central andWestern Europe (values around15–17 μg/m3) and higher
than in Vienna, Paris, Amsterdam, Madrid and Lisbon (values around
11–13.5 μg/m3). Comparing to Northern Italian cities, the yearly average
of PM2.5 in Warsaw presents one of the lowest values, surpassing only
the level reported for Bologna.

High standard deviation of annual mean PM2.5 concentration mea-
sured in Warsaw is typical for the majority of Polish cities due to the
characteristic seasonal trend, directly related to high coal exploitation,
which is a predominant cause of elevated PM concentrations especially
during winter. In Poland, hard coal and lignite are still the main energy
carriers, amounting to approximately 50%, 80% and 75% in the struc-
tures of primary energy consumption, electricity generation and heat
production, respectively. InWarsaw, we have observed this characteris-
tic seasonal trendwith the highest PM2.5 mean level in winter (27.5 μg/
m3) and the lowest in summer (11.5 μg/m3). The cause of the observed
variability lies in the increased activity of local emission sources in the
cold season, as well as meteorological conditions during this period
(shallowmixing layer, frequent temperature inversions), which hinder
pollutant dispersion and removal (Pastuszka et al., 2010; Reizer and
Juda-Rezler, 2016). The decrease of PM2.5 concentrations in the non-
heating season results from the lower emissions and conditions favor-
ing the dispersion of pollutants, such as higher air temperature and
wind speed, responsible for the increase of the height of the mixing
layer, and more frequent and intensive precipitation, contributing to a
more efficientwashing out of atmospheric aerosol particles. The highest
daily concentration equaled to 81.7 μg/m3, andwas observed on January
17, during a series of several subsequent PM episodes, which altogether
lasted over 2 weeks.

The time series of daily concentrations of the components of PM2.5

throughout 2016, as well as their average absolute and relative contri-
butions to PM2.5 mass are presented in Fig. 3. The main components of
fine particulate matter in Warsaw were carbonaceous matter and SIA.
These macro components are also abundant in PM2.5 observed in
other areas in Europe (e.g. Błaszczak et al., 2019 and references therein).
However, in Warsaw their contents in both cases reach on average
about 30% (SD ±5.6% and ± 8.7% for OC and SIA, respectively) of
PM2.5 mass, which exceeds the values reported by Amato et al. (2016)
for urban background sites, where in most cases neither OC nor SIA
exceeded 25%. The share of the remaining PM2.5 components was
much smaller: EC constitutes about 8% (±2.5%), inorganic ions other



Fig. 3. Time series of daily concentrations of PM2.5 [μg/m3] components and their average concentrations and shares in total PM2.5 mass inWarsaw in 2016.Missing data of EC, OC and ions
between August 30th and September 15th are due to measurement device failure. (For interpretation of the references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)
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than SIA (Na+, K+, Ca2+, Mg2+, Cl−) – around 5% (±5.5%), and the sum
of 21 investigated elements – around 4% (±4.3%) of PM2.5.

Among the determined elements, Ca (annual average: 260 ng/m3),
Mg (109 ng/m3), As (0.61 ng/m3), Cr (2.39 ng/m3), Cd (0.42 ng/m3)
and Ga (0.59 ng/m3) presented concentrations higher than observed
in the cities of Southern Europe, as reported by Amato et al. (2016). In
the case of calcium and magnesium, this fact can be explained by fre-
quent and intensive construction works that take place in Warsaw,
being a source of Ca- andMg-reach PM emission. In terms of othermen-
tioned elements, according to Juda-Rezler and Kowalczyk (2013), Polish
coal is characterized by higher contents of many metallic elements, as
compared with data reported worldwide, with As and Cr being some
of the explicit examples. Very large consumption of coal for electricity
and heat production, both in large and in small-scale domestic/local in-
stallations, may therefore be the cause of the observed elevated con-
tents of the mentioned elements in PM2.5.

About 22.5% of PM2.5mass has remained unidentified by the applied
analyticalmethods (see Fig. 3). Probably, the unidentified part of the PM
mass constituted elements not analyzed within this work, as well as
water associated with PM particles, which contribution in some loca-
tions may be very high (Canepari et al., 2017; Rogula-Kozłowska et al.,
2019).

Both the concentrations and the shares in total PM mass vary sea-
sonally for some of the components, while others remain at similar
levels regardless the season. In the heating period, a remarkable in-
crease of concentrations is observed mainly for OC, EC, NO3

−, NH4
+ and

Cl−. The concentration of the sum of minor and trace elements is the
least variable, however some particular elements show seasonal fluctu-
ation. The elements, whose mean concentration is significantly higher
(p b 0.05) in the heating season include: K, Mg, Co, As and Pb. These el-
ements originate mostly from sources which are more active during
winter months, i.e. heat generation installations, including both LCP
(large combustion plants) and small-scale coal/biomass combustion in-
stallations, such as domestic stoves/local boiler houses. The second
group of elements: Fe, Mn, Ba, and Ti is characterized by higher mean
concentrations in the non-heating season; these metals are associated
with crustal material and road dust. For other elements (Al, Ca, V, Ni,
Cu, Zn, Sr, Cd, Ga, Cr and Sb) no statistically significant differences
were found.

3.1.2. Carbonaceous matter and secondary species in PM2.5

Carbonaceous compounds, both primary (EC, POC) and secondary
(SOC), as well as SIA, present different levels of seasonal variability
(see Fig. 4).

Concentrations of primary carbonaceous species (EC+ POC) appear
fairly stable from spring to autumn, however in winter their levels are
over 1.5-fold higher than the average in other seasons. Conversely, rel-
ative shares of both EC and POC in total PM2.5 mass are the highest in
summer and reach 9.7% and 17.8%, respectively. This may suggest an
important role of traffic emissions in carbonaceous aerosol air pollution,
as also evidenced by the observed inWarsawyearly average OC/EC ratio
of 3.7, which is typical for emissions from gasoline car engines (Amato
et al., 2016). In winter, this ratio increases to 4.1, indicating elevated
share of fossil fuel and biomass combustion – for the purposes of heat
production (Zhang et al., 2011). The observed ratios are in agreement
with the sampling site location in the city center, with dominance of
local transport emissions and limited influence of individual heating
(Cesari et al., 2018). However, residential emissions do exist in
Warsaw and its suburbs, and the observed K+/EC ratio below 0.1
(0.094) – according to Andreae and Merlet (2001) – shows vast domi-
nation of fossil fuels over biomass used for heating purposes in this area.

SOC and POC concentrationswere calculated based on theminimum
slope method, in which the (OC/EC)min ratios were determined as 1.91
and 1.83 for the heating and non-heating seasons, respectively. The ob-
served difference of the ratio is related to different relative shares of res-
idential coal combustion and road transport in seasonal PM emissions
(Pavuluri et al., 2011;Mancilla et al., 2015). POC and SOC concentrations
show strong seasonal variability – their levels inwinterwere 1.7 and 2.8
times higher than in summer, respectively. In summer, the share of SOC
in total OCwas 44% and it increased inwinter up to 50% of OC. Such pat-
tern is observed elsewhere (e.g. in Delhi, India (Tiwari et al., 2014); in
Lecce, Italy (Cesari et al., 2018) and in Fresno, USA (Kim et al., 2019)).

As seen in Fig. 4, large differences between mean concentrations in
the seasons are observed mainly in the case of secondary species: SOC
and NO3

−. Also, their relative share in total PM2.5 mass varies between
seasons: in the case of SOC the range is from 12.3% (autumn) to 17.0%
(winter), while for NO3

− from 4.6% (summer) to 15.4% (winter). Total
share of the secondary pollutants (SOC + SIA) in PM2.5 alters from
39.6% in summer to 48.7% in winter, with annual mean at 45.6% (see
Fig. 5).

Transformed, aged aerosol constitutes therefore a large portion of
PM2.5 in Warsaw, indicating that regional and long-range transport of
pollutants has important impact on air quality in the city as concluded
before by Reizer and Juda-Rezler (2016) by PCA-MLRA analyses and
byHolnicki et al. (2017) by the use of dispersionmodelling. Similar con-
clusions were drawn for other Central-European cities, such as Erfurt
(Germany) (Vallius et al., 2005), Prague (Czech Republic) (Sillanpää
et al., 2006) or Budapest (Hungary) (Szigeti et al., 2015).

Larger total contribution of secondary species inwinter than in sum-
mer may seem contradictory to the fact that during summer meteoro-
logical conditions (temperature and insolation) are more favorable for
secondary species formation in the atmosphere. However, those



Fig. 4. Average concentrations of PM2.5 [μg/m3]main primary and secondary components inWarsaw in 2016 and in the seasons of the year. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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products remainmainly in the gaseous form anddonot undergo gas-to-
particle partitioning, and therefore do not become secondary PM – con-
versely to the situation inwinter, when condensation to liquid and solid
phases is enhanced (Błaszczak et al., 2016; Kim et al., 2019;Wang et al.,
2019).

The yearly profile of summary concentrations of secondary inorganic
ions was similar to carbonaceous compounds, with the highest value in
winter (8.71 μg/m3, 31.7% of total PM2.5 mass) and over 3 times lower
level (2.80 μg/m3, 24.4%) in summer (Fig. 4). The least seasonal variabil-
ity among SIA is observed for the SO4

2− ion; the mean concentration in
winter (2.73 μg/m3) is only 1.5-fold higher than the average for summer
(1.77 μg/m3). Such difference is much smaller than the values reported
for southern Polish cities, e.g. almost 4-fold divergence in Kraków
(Samek et al., 2017). Sulphate contents in PM during winter are related
to substantial SO2 emission from coal combustion, while in summer
long-range transport of sulphate-rich aerosol creates an additional con-
tribution to the observed SO4

2- concentrations. This conclusion is sup-
ported by the fact that in Warsaw the correlation between SO4

2- and
gaseous SO2 is much stronger in the heating period (r = 0.522) than
in the non-heating period (r = 0.268). The highest ionic variation in
Fig. 5. Relative shares of secondary species in total PM2.5 mass in Warsaw in 2016 and in
the seasons of the year. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
Warsaw is observed for NO3
− aerosol, whose absolute and equivalent

concentrations (see Figs. 4 and 6) decrease 8-fold during summer in
comparison with thewinter levels. This can be explained by the consid-
erable variability of meteorological conditions during the annual mea-
surement period, in particular air temperature and relative humidity,
which largely determine the rate of ammonium nitrate formation in re-
actions occurring in the water phase (Trebs et al., 2005; Qiao et al.,
2019). This is clearly visible from the results obtained in this work: dur-
ing winter the aerosol is reach in nitrate, thanks to enhanced heteroge-
nous conversion of NOx in high RH (86% on average) and in the face of
the abundancy of primary particles (higher air pollution). Conversely,
in summer low relative humidity (67%) is unfavorable for NO3

− creation,
as NOx undergoes other photochemical reactions. It should be men-
tioned that the intensity of formation of individual SIA components de-
pends to a large extent on the concentration of precursor gases,
atmospheric oxidants and the concentration of neutralizing substances,
such as ammonia (Rodelas et al., 2019; Wang et al., 2019).

Precise determination of concentrations of all components constitut-
ing the secondary inorganic aerosol is very difficult, as the mechanisms
of formation of SIA are very complex and include many chemical reac-
tions (Seinfeld and Pandis, 2016). The formation of the main com-
pounds of SIA ions (i.e. (NH4)2SO4, NH4HSO4, NH4NO3) is driven by
their relative abundance, as ammonium is firstly neutralized by sul-
phate to form ammonium bisulphate and sulphate, and only if there is
still excessive NH4

+, ammonium nitrate is produced. The composition
of the aerosol can be investigated by the analysis of molar ratios (in
[μeq/m3], see Fig. 6) of all SIA components.

Throughout 2016, a relatively high NH4
+ content has been observed

in PM2.5 in Warsaw, suggesting that both ammonium sulphate and ni-
trate were present in the aerosol. However seasonal differences of the
aerosol composition are remarkable. During the warmest months, i.e.
from July till September (summer), the molar ratio of [NH4

+]/[SO4
2−]

was b2 (on average 1.5), indicating that there was not enough ammo-
nium to completely neutralize sulphate, thus most likely NH4HSO4

coexisted with (NH4)2SO4 in the aerosol. High temperatures and low
relative humidity in this period promote the existence of NH3 in gas
phase rather than as NH4

+ aqueous solution, limiting ammonium salts
formation. Indeed, NH4

+ mean concentration between June and



Fig. 6. Equivalent concentrations of SIA components of PM2.5 inWarsaw in 2016 and in the seasons of the year. NH4
+/SO4

2−molar ratios are given in yellow boxes. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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September (0.43 μg/m3) was around one third of its average level in the
rest of the year (1.37 μg/m3). In the periods: January –May and October
– December (winter, spring and autumn), the molar ratio of [NH4

+]/
[SO4

2−] exceeded 2, indicating that apart from (NH4)2SO4, another im-
portant compound of secondary aerosol in Warsaw was NH4NO3, with
varying contribution: from 5% in autumn to 47% in spring (see Fig. 7).

3.1.3. Influence of meteorological conditions on PM2.5 and its components
In Warsaw, typical annual mean temperature reaches 8.5 °C, while

annual sum of precipitation is around 530 mm (data for 1981–2010).1

The coolest month is January (−1.9 °C), and the warmest – July
(19.0 °C) which is also characterized by the highest precipitation
(72.9 mm). The driest month is February with only 26.1 mm of precip-
itation. In 2016 the temperature inWarsawwas 1.5 °Cwarmer than the
long-term average, and this was the case in the whole country as well.
Monthly temperature amplitude in Warsaw was however wider than
usual: from−2.8 °C in January to 20.7 °C in July. The biggest deviations
from long-term monthly averages were noted in February (N4 °C
warmer), June (N3 °C) and September (N3 °C). In terms of precipitation
in Warsaw, the 2016 sum of 699 mm was over 30% higher than the
long-term average, and the seasonal pattern was significantly shifted.
The greatest anomalies were observed in February and October, when
precipitation reached around 300% and 400% of the typical values, re-
spectively, while the precipitation sum in July was 30% less than long-
term average for this month. The advection to Warsaw in 2016 was
dominated by W and SE directions (27% and 17%, respectively), while
N advection was the rarest (5%). The boundary layer height over
Warsaw is roughly 700–900 m during winter, while up to 1.6 km in
summer, as observed by remote sensing (Stachlewska et al., 2012).

Temperature plays important role as both primary PM emission
driver, as well as a factor affecting atmospheric processes leading to sec-
ondary particles formation. As temperature decreases, combustion of
fuels for the purpose of heating in both large- and small-scale installa-
tions increases, leading to bigger emissions of primary PM2.5 and its gas-
eous precursors. Strong negative correlations (r = −0.5 ÷ −0.6) were
observed between air temperature and PM2.5 mass, as well as tempera-
ture and a few PM components, namely: OC, SO4

2−, Cl−, K and As. The
concentrations of these components were also higher during the days
with advection from south-eastern directions. This region of Warsaw,
along with the SE-outskirts of the city is characterized by particularly
numerous households with individual heating installations. Therefore,
the abovementioned constituents could be recognized as markers of
emission from the residential sector. At the same time, as this list in-
cludes both primary and secondary species, it suggests that it is a mix-
ture of fresh and aged aerosol, the latter being likely transported from
the outskirts and in the regional scale. It is worth mentioning, that in
general the worst air quality in Warsaw, including strong PM episodes
in winter, was shown to be associated with the inflow of air masses
from E, S-E and S directions, i.e. with long-range transport of air
1 All meteorological data comes from the Institute of Meteorology and Water Manage-
ment – National Research Institute, on-line access on 28/02/2019.
pollutants from Russia, Belarus, Ukraine and the Balkans (Juda-Rezler
et al., 2011).

Moderate positive correlations (r = +0.3 ÷ +0.6) were observed
between air temperature and EC, NH4

+, Fe and Sb. These substances
are typical for vehicle emissions and therefore may serve as markers
of road traffic, whose emissions are more stable throughout the year,
however their relative share in total PM mass is much higher in
summer.

3.2. Source apportionment

3.2.1. Preliminary identification of PM2.5 sources: enrichment factors
In Fig. 8, the boxplots of EF values in a decreasing order are pre-

sented. Elements with mean EF N 100, including Cd, Sb, As, Zn, Cu and
Pb, were found to be highly enriched, indicating their strong anthropo-
genic origin. Themean values of EFs ranged from around 100 (Pb) up to
N1400 (Cd) with substantially higher levels in winter. All these ele-
ments derive mainly from anthropogenic sources, i.e.: from coal com-
bustion (As, Cd), industrial processes (Cd, Cu, Pb, Zn), vehicle exhaust
emission (Cu, Pb, Zn) and non-exhaust emission, including wear of
brake linings, clutches and tires (Cd, Cu, Sb, Zn) (Pant and Harrison,
2013; Banerjee et al., 2015 and references therein).

As explained in Section 2.3.1, elements presenting the mean EFs be-
tween 10 and 100 are generally considered to be ofmixed origins. In our
analyses such origin was found for Ga, Cr, Ni and Mg, which have the
mean EFs ranging from 12 (Mg) to 28 (Ga). Emissions of Ni are usually
associated with oil combustion or traffic emissions (Pant and Harrison,
2013), while Ga is considered as important marker of high-
temperature coal combustion (Pekney et al., 2006). Cr is commonly at-
tributed to traffic and industrial emissions (Banerjee et al., 2015), but
also coal burning in small domestic boilers was identified as its source
(Juda-Rezler et al., 2011). Mg is typically of crustal origin (Nayebare
et al., 2016), however it can be associatedwith construction and cement
works (Crilley et al., 2017). The EFs of elements recognized as crustal,
i.e.: K, Co, Mn, V, Fe and Ba show mean values below 10 indicating
their predominant natural origin. However, it cannot be asserted that
these elements are associated with natural sources only, as a variety of
anthropogenic emissions contribute to their presence in PM. As can be
seen in Fig. 8, in 2016 during a number of days EFs of these elements
Fig. 7. Seasonal variability of relative concentrations of ammonium sulphate and
ammonium nitrate in SIA. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)



Fig. 8. Boxplot of enrichment factors for minor and trace elements in PM2.5. Horizontal
lines and black dots in the center of the boxes correspond to the median and mean
values, respectively; red dashed lines indicate the values of 10 (below which element is
being of crustal origin) and 100 (above which element is considered to be of
anthropogenic origin), respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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were substantially higher than 10 and, in many cases, close to 100,
pointing to their anthropogenic origin. K has been clearly recognized
as amarker of biomass burning (Belis et al., 2013), while Ca can be asso-
ciated with construction and cementworks (Crilley et al., 2017). Ba, Mn
and Co usually originate from brakes and tires abrasion,whereas Ba and
Mn can also be linked with fuel additives emissions (Pant and Harrison,
2013). The presence of Mn and Co may be also attributed to industrial
processes (Amato et al., 2014). Only the typical crustal elements, i.e.:
Sr and Ti, presenting the lowestmeanEFs equal to 1.26 and 0.66, respec-
tively, can be identified as predominantly of natural origin.

3.2.2. Identification of PM2.5 sources: PMF analyses
As it was described in Section 2.3.2, a 6-factor solution has been ob-

tained by PMF. The identified sources, whose profiles are shown in
Fig. 9, are the following: (1) residential combustion (fresh & aged aero-
sol), two traffic-related sources characterized by (2) exhaust and
(3) non-exhaust emissions, plus (4) mineral dust/construction works,
(5) high-temperature processes and (6) steel processing.

3.2.2.1. Residential combustion (fresh & aged aerosol). This factor,
explaining the largest fraction of PM2.5 levels, is characterized by high
contributions of the following compounds, representing important per-
centage of their totalmass: Cl− (68% of Cl−mass), NO3

− (65%), As (47%),
SOC (46%), NH4

+ (42%), K (39%), Pb (32%), SO4
2− (31%), Na+ (30%) and,

to a lesser extent, of POC (27%), EC (24%), Ga (20%) and Cd (20%). The
aforementioned compounds have been attributed to small-scale resi-
dential combustion, as the selected species, as well as their mixture,
show associationwith this type of source. K and Cl− are themajor com-
pounds emitted from wood, straw and other agricultural residue burn-
ing (Nava et al., 2015) and arewell-knownmarkers of biomass burning.
In addition, Pb emissions may occur during waste wood combustion
(Nava et al., 2015), while the combustion of wood pellets can generate
high amounts of Pb andNa (Vicente et al., 2015). Although coal combus-
tion in power plants is the main anthropogenic source of As (Wang
et al., 2018) and Ga (Qin et al., 2015), a large amount of As and Ga can
also be emitted when coal is burnt in residential sector (Zhao and Luo,
2018; IARC, 2012). High temperature processes in industry and power
generation are the predominant sources of Cd emission (Pacyna,
1987), however high loads of Cdwere also found in wood fly ash gener-
ated in domestic boilers (Świetlik et al., 2013). The contribution of pri-
mary carbonaceous species (EC and POC) in this source denotes that
notable part of atmospheric PM in Warsaw is primary, emitted directly
from combustion of different solid fuels. The source profile shows also
high contributions of SIA that are commonly identified as markers of
secondary aerosols, as well as of SOC, clearly suggesting that the share
of aged aerosol transported from the outskirts of the city is substantial,
and strengthening the identification of this source as residential com-
bustion of both primary and secondary origin. This confirms the find-
ings of Holnicki et al. (2017) from source-apportionment study using
CALPUFF dispersion model, as well as of Reizer and Juda-Rezler (2016)
applying Lenschow approach. In addition, all elements included in this
source are of dominantly or at least partly anthropogenic origin, as it
was confirmed by the analysis of the enrichment factors (see
Section 3.2.1).

3.2.2.2. Exhaust traffic emissions. The factor is associated with high load-
ing of Sb (58% of Sb mass), Fe (41%), POC (31%), EC (30%), NH4

+ (30%),
Cu (30%) and, to a lesser extent, of SO4

2− (26%) and Mn (28%). All
these species have previously been linkedwith fuel combustion in vehi-
cles engines. Sb has been reported to be present in emissions from gas-
oline, liquefied petroleumgas and diesel engines,while Cu andMn have
been found to be associated with gasoline (Pant and Harrison, 2013).
Some amount of Fe, which is supplied as the fuel additive, can be emit-
ted from diesel engines (Bugarski et al., 2016). Vehicles are also known
as a major source of carbonaceous compounds (OC and EC), with gaso-
line engines releasing a higher fraction of OC, whereas diesel engines
emitting more EC (Pant and Harrison, 2013). The presence of EC and
POC in this factor highlights the primary origin of fuel combustion in ve-
hicle engines. Furthermore, since the introduction of three-way cata-
lytic converters, motor vehicles have become significant contributors
to elevated post-catalyst emission of NH3, that transforms in the atmo-
sphere into secondary particles of ammonium sulphate and ammonium
nitrate (Kean et al., 2009). As small amounts of sulphur components
exist in gasoline, different forms of sulphur such as sulphates, sulphides
or oxysulphides can also be formed in three-way catalytic converters
(Cai et al., 2014). The analysis of EFs shows that elements in this source
may be of different origin. Sb and Cu have a strong anthropogenic origin.
Mn (15.3) and Fe (9.0) can be classified as being of mixed and natural
origin, respectively, however their presence in this factor suggests a rel-
evant anthropogenic contribution to PM2.5 mass.

3.2.2.3. Non-exhaust traffic emissions. This factor reconstructs N80% of the
mass of Ti, and notable part of the mass of V (34%), Sr (30%), Fe (28%),
Mn (28%) and, to a lesser extent, of Ba (21%) and Co (17%). All these pol-
lutants may be emitted from abrasion of road (Ti, V, Sr, Fe), brake pads
(Ba, Fe, Mn, V, Co) and tires (Mn, Fe, Co) (Adachi and Tainosho, 2004;
Pant and Harrison, 2013; Banerjee et al., 2015). Likewise the exhaust
emission source, the elements of mixed origin are present in the profile
of this source. This factor was assigned to non-exhaust emission, as the
analysis of EFs confirmed the crustal origin of Ti (2.0) and Sr (2.7) and
the mean values of EFs for the rest of elements, ranging from 7.3
(V) to 19.8 (Co), indicate that both road-wear and brake-wear particles
can be present in PM.

3.2.2.4. Mineral dust/construction works. Almost 80% of the mass of Mg
and Ca, almost half of the Al mass and notable part of K mass (26%)
are found in this factor. These elements are typically crustal species
(e.g. Amato et al., 2014; Banerjee et al., 2015). However, relatively
high mean enrichment factors with respect to Al for Mg (16.9) and Ca
(12.3) may indicate the contamination by PM originating from con-
struction works in this source. As numerous buildings, roads and the
second line of metro were under construction during the sampling pe-
riod in Warsaw, this source was identified as mixed source, consisting
of mineral dust with substantial contribution of PM arising from con-
struction activities.

3.2.2.5. High-temperature processes. This factor is characterized by high
loadings of Zn (59% of Zn mass), Pb (37%), Cu (35%), Mn (26%), and
some amounts of POC (18%), EC (18%), Ba (18%), Ga (14%), Na+ (14%),
Cd (14%) andAs (13%), amongwhichmost of the elements demonstrate
strong anthropogenic origin. Zn, Pb, Cu, Mn and Cd are commonly



Fig. 9. PMF profiles (bars, left y axis) and explained variations (black diamonds, right y axis) of the identified PM2.5 sources. Error bars indicate uncertainties obtained with bootstrap
method.
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recognized as elements emitted from industrial processes, such as fer-
rous and non-ferrous metal processing, and steel industries (e.g.
Banerjee et al., 2015; Amato et al., 2016). As it was mentioned above,
As and Ga are well known markers of coal combustion in power indus-
try, while Pb andNa can be emitted fromwood combustion and thus in-
dicate the biomass co-firing in power/cogeneration plants.

3.2.2.6. Steel processing. This factor is dominated by Cr (75% of Cr mass)
and Ni (34% of Nimass). A number of studies have shown that Cr and Ni
can be emitted from industrial activities such as smelting of ores, coal
consumption, steel production and metal processing (see e.g. Guan
et al., 2018 and references therein). One of the biggest Polish steel plants
with an electric arc furnace is located in the northern part of Warsaw,
around 10 km from the sampling site.

3.2.2.7. The bootstrap (BS) analysis (100 runs, 0.6 minimum correlation R-
value) has shown that for “Residential combustion” and “Mineral dust/Con-
struction works” sources, all BS factors were assigned to base case factors in
100% of every BS resample. Rest of sources have also met the criteria of
overall reproducibility suggested by EPA PMF guide, i.e. 80%, being
mapped in 83–97%. In the case of “High-temperature processes” and
“Steel processing” factors, 3% of BS factors were not assigned to any
base case factor. Furthermore, displacement analysis has shown no fac-
tors swaps for any values of dQmax, indicating that this waswell-defined
PMF solution. For most of the specific tracers of the identified sources,
the relative uncertainties estimated as BS interquartile ranges
accounted for 6–20%.

3.2.3. Temporal variability of the identified PM2.5 sources
Fig. 10 presents the absolute and relative contributions of the identi-

fied sources to PM2.5 mass on a yearly basis, as well as averaged for four
seasons,while Fig. 11 shows the time series plots of daily concentrations
of each identified source (yearly and weekly patterns).

On a yearly basis, the residential combustion (fresh & aged aerosol)
has the largest contribution to PM2.5 levels in Warsaw, equal to almost
46% (6.7 μg/m3), followed by traffic sources (exhaust and non-exhaust
emissions) together accounting for N31% (4.6 μg/m3). The third major
source of PM2.5 is construction works/mineral dust, with the annual
contribution of 12% (1.8 μg/m3). High-temperature processes have the
contribution to PM2.5 levels accounting for 8% (1.2 μg/m3). Steel pro-
cessing has the lowest contribution to PM amounting to b3% (0.4 μg/
m3). As shown by Holnicki et al. (2017), the bulk of primary PM2.5 re-
leased inWarsawAgglomeration (defined the city in the administrative
borders and the surrounding belt of approximately 30 km width) con-
sists in about 53.3% of residential emissions, in 37.9% of transport and
in 8.8% of power generation and industry. Therefore, the results of the
source apportionment conducted within this study reflect well the pro-
portions of the emission structurewithin the city, combinedwith the in-
fluence of both short- and long-range transport of pollutants. The
contribution to PM2.5 levels from residential combustion shows the
strongest seasonality (Fig. 10) among all identified factors, with the
minimum contribution of b10% (0.8 μg/m3) in summer and maximum
contribution of almost 65% (13.0 μg/m3) in winter. During winter, the
concentrations of residential combustion source up to 40 μg/m3 are ob-
served, while summer concentrations fluctuate around 1–3 μg/m3, with
occasional peaks not exceeding 5 μg/m3 (Fig. 11). This is mainly due to
higher emissions from fossil fuel and biomass combustion, unfavorable
meteorological conditions during coldmonths and shallowmixing layer
(see Section 3.1.3). The source concentrations strongly correlate (r =
−0.59) with air temperature, which highlights the identification of
this source as residential combustion.

The joint contribution of both traffic sources varies from over 17%
(3.5 μg/m3) in winter to over 52% (4.3 μg/m3) in summer. Due to the
lack of a complete bypass road,Warsaw is oneof themost congested cit-
ies in Poland, where most of the traffic is routed through the streets
within the city. Separately, contribution of exhaust emissions ranges
from 14% (2.8 μg/m3) in winter to 33% (2.7 μg/m3) in summer, while
contribution of non-exhaust emissions varies from 3.5% (0.7 μg/m3) in
winter to 19.5% (1.6 μg/m3) in summer (Fig. 10). A small and moderate
seasonality is observed for exhaust and non-exhaust traffic emissions,
respectively, with slightly higher concentrations in summer (Fig. 11).

The concentrations of other sources show no clear seasonal variabil-
ity, being dominated by many narrow peaks at almost the same level
across seasons (Fig. 11).

Weekly variation of the source concentrations (Fig. 11) shows
higher contribution of the residential combustion source during week-
ends, when people spend more time at homes. Completely different
patterns can be observed for both traffic-related sources with typical
higher source concentrations during working days, when increase in
the use of vehicles is common. Similarly, for high-temperature pro-
cesses, higher concentrations are observed during working days when
the activity of the industrial sources is higher. The weekly evolution of
the mineral dust/construction works and steel processing show no
clear variability.
4. Conclusions

First long-term comprehensive analysis of PM2.5 particulate matter
concentrations and its composition conducted at an urban background
site in Warsaw (Central Europe) allowed for extending knowledge
about nature, origin, and variability of particulate pollution.

Observed annual mean PM2.5 level of 18.8 μg/m3 was in 2016 higher
than the values reported for a number of European capital cities, but
lower than the concentrations in Northern Italian cities (Po Valley)
and in Southern Polish ones. Organic carbon and inorganic secondary
aerosol significantly contribute to the observed PM2.5 mass (in total
60% of PM; around 30% each). As much as 45% of PM2.5 mass is second-
ary (SIA and SOC), including NO3

− (13%), SO4
2− (11.5%), NH4

+ (6%) and
SOC (15%), which is in accordance with previous studies (Majewski
et al., 2018; Rogula-Kozłowska et al., 2019). Among all constituents sul-
phate shows the smallest seasonal variation with concentrations
around 2 μg/m3, which suggests its mainly regional/transboundary ori-
gin, while SOC and nitrate concentrations show a significant seasonal
cycle with the lowest levels in summer (1.8 μg/m3 and 0.5 μg/m3, re-
spectively) and the highest in winter (4.7 μg/m3 and 4.3 μg/m3, respec-
tively), suggesting important local and regional sources as well as
essential role of nitrate chemistry. In comparison with data reported
for southern European urban locations investigated within the AIRUSE
project (Amato et al., 2016), one of the characteristic features of PM2.5

in Warsaw seems to be quite high content of calcium and magnesium,
as well as of several elements related to coal burning emissions (mainly
Cr and As).

Comparison of yearly profiles of the analyzed PM components
against air temperature has revealed that strong negative correlation
is observed especially for As and Cl−, confirming their connection
with emissions from heat generation activities. On the contrary, the
weakest correlation was obtained for Sb and Fe – two metals related
to emissions from road transport, whose intensity is not dependent on
the season of the year. The analysis of enrichment factors revealed
that among all investigated in Warsaw elements contained in PM2.5,
Cd, Sb, Zn, As, Cu and Pb have the strongest anthropogenic character.
These elements are related mainly to industrial and traffic emissions.

Residential sector (with input of 46%) and road transport (31%) rep-
resent the predominant sources for PMpollution inWarsaw. In residen-
tial sector source, aerosol is both fresh and aged, showing both local as
well as sub-regional nature. Road transport source is comprising of ex-
haust (21%) and non-exhaust (10%) emissions. The third source (with
input of 12%)was identified to bemixed soil source consisted ofmineral
dust and PM originating from construction works which are quite fre-
quent in Warsaw. The remaining sources include high-temperature
processes and steel processing.



Fig. 10. Absolute [μg/m3] and relative [%] contributions to PM2.5 concentrations identified by the PMF model averaged for seasons: winter (December–February), spring (March–May),
summer (June–August) and autumn (September–November), as well as for the whole 2016 year. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 11. Annual (left) and weekly (right) patterns of the identified PM2.5 source concentrations.
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Our study shed new light on the role of specific PM components and
allowed recognizing them as markers for certain PM sources. Imple-
mentation of SOC and POC instead of OC in our SA analyses enabled bet-
ter distinction between primary and secondary origin of the urban
aerosol. Both SOC and to a lesser extent POC were associated with resi-
dential combustion representing aged and fresh aerosol, respectively,
while POC was also related with primary vehicle exhaust emission.
NH4

+, which according to our knowledge was not studied in previous
Polish studies, showed quite high (1.17 μg/m3) annual mean concentra-
tion inWarsawand turned out to be an indicator of road transport emis-
sions (three-way catalytic converters), as typical agricultural NH3

sources are not present in the city. The NO3
− yearly variability, with 8-

fold lower concentrations during summer in comparison with the win-
ter levels, imply the importance of chemical reactions of aerosol in
urban environment, including Warsaw. Conversely, the least variable
yearly profile of SO4

2− indicates that besides its formation from primary
SO2 emitted in Poland mainly in winter, transport from remote sources
largely contributes to SO4

2− concentrations. Therefore, among all SIA
species, SO4

2− can be considered as the most distinctive marker of
long-range transport of PM in Warsaw.

This study shows that different methods used for identification of
PM sources can result in not completely consistent outcomes, as each
of thesemethods focuses on different aspects of PM pollution. However,
these methods are at the same time complementary, therefore a com-
prehensive source identification procedure requires the use of various
SAmethods and only then it can serve as an efficient air qualitymanage-
ment tool. Thanks to recognizing themarkers which clearly indicate the
origin of PM2.5, it was possible to identify the sources responsible for
urban air pollution. Distinct identification of these sources gives strong
scientific justification for the implementation of the respective air pollu-
tion control measures. In the Warsaw's case, these measures should be
applied in the road transport sectors within the city, as well as in the
residential sector - especially in the surrounding suburban areas.
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