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Abstract: This study assesses the air quality in Zabrze (southern Poland) based on the ambient
concentrations of equivalent black carbon (eBC). eBC measurement campaigns were carried out from
April 2019 to March 2020 using a modern AE33 Aethalometer, accompanied by parallel measurements
of gaseous pollutants, PMjy and meteorological parameters. The use of the two-component AE33
model allows for the determination of the eBC from fossil fuel combustion (eBCg) and biomass
burning (eBCyy,). The obtained results showed a clear seasonal variability of eBC concentrations,
with higher average levels in the heating season (4.70 pug-m~3) compared to the non-heating one
1.79 ug-m*“”). In both seasons, the eBCg component had a dominant share in total eBC, which
indicates significant emissions from the combustion of fossil fuels for heating purposes and from
local traffic sources. The obtained results showed high correlation coefficients with gaseous and
particulate pollutants, with the strongest relationship for eBC and carbon monoxide (CO). During
the non-heating and heating period, both anticyclone and cyclone systems played an important role
in shaping eBC, eBCg and eBCyy, concentrations. High concentrations of all components occurred
with a significant decrease in air temperature and solar radiation in winter.

Keywords: black carbon; soot; carbonaceous matter; fossil fuels; biomass burning; soot; Aethalometer;
meteorology; Southern Poland

1. Introduction

Atmospheric aerosols are receiving increasing attention in scientific research primarily
due to their importance in influencing climate, restricting visibility, and causing harmful
effects on human health and ecosystem stability [1-3]. One of the most important compo-
nents of atmospheric aerosols is a carbonaceous component which can be in the range of
about 20-45% of PM;.5 (particles with aerodynamic diameter dae < 2.5 um) and slightly
less (20-35%) of PM1, (dae < 10 um), on an annual basis [4,5].

The carbon fraction exists in aerosols in many different chemical and physical forms,
and its total content in particulate matter, total carbon (TC) can be determined by elemental
analysis. A specific subset of aerosol carbon—generally a small fraction of aerosol TC—
is called e.g., black carbon (BC) or elemental carbon (EC). In reality, however, such a
homogeneous fraction does not exist because it cannot be uniquely separated from organic
carbon by any method [6]. The difference between EC and BC concerns the analytical
method used to evaluate their content. The term EC is based on thermal methods, while
BC refers to the optical properties of aerosol particles which are determined by optical
methods [7]. In the optical method, the mass concentration of BC is obtained indirectly
from light attenuation measurements; therefore, the term of equivalent black carbon (eBC)
should be used [2]. However, in the literature, both definitions are found in the part
concerning the results obtained from the optical method [8,9]. Black carbon (BC) is the
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most important light-absorbing aerosol that is co-emitted with another important fraction
called brown carbon (BrC) [10,11].

Brown carbon is often a by-product of biomass burning and is distinguished by its
preference to absorb at near-UV wavelengths while the interference of brown carbon or
mineral dust in the red and near-infrared wavelengths is minimal [12-15]. The recent
discovery of the presence of BrC raises a lot of controversy because it may severely bias
measurements of BC vast parts of the troposphere, especially those strongly polluted by
biomass burning, where the mass concentration of brown carbon is high relative to that
of black carbon. For this reason, it is extremely important to confirm the presence of
brown carbon and its quantitative determination in order to recognize the BC as a precisely
defined and well-determined unit in the entire troposphere; however, this fact is commonly
omitted in black carbon monitoring [13].

The carbonaceous substance contained in atmospheric dust is of great importance due
to its properties. First of all, the direct impact of the carbonaceous fraction on the Earth’s
natural energy balance should be emphasized [16-19]. Black carbon absorbs solar radiation
over a wide range of wavelengths. Due to such specific properties, BC is considered to
be one of the factors associated with the problems of global warming [2,18,19]. BC can
also influence the climate indirectly. This component affects cloud albedo by changing
the hygroscopicity of cloud condensation nuclei, which in turn can lead to changes in
cloudiness and precipitation rates [20-22]. Being chemically inert and concentrated in
submicron-sized particles, BC has a long atmospheric lifetime (of several days to weeks)
and hence—with favorable atmospheric conditions such as no precipitation—can be subject
to long-range transport processes [1,17,23,24]. Transported BC particles can accumulate on
a surface covered with snow or ice, and therefore can contribute to accelerating the melting
of glaciers by increasing the temperature of their surface [25]. In addition to various climate
impacts, BC has adverse effects on terrestrial and aquatic ecosystems [26] as well as on
public health [27]. Due to their submicron size, BC particles can penetrate deep into the
human respiratory system, causing both physical and chemical interactions with lung
tissues [28,29]. The chemical interactions are the result of a highly developed surface of
BC particles, where the sorption of harmful substances occurs, e.g., heavy metals and
polycyclic aromatic hydrocarbons (PAHs).

The harmful effect of black carbon on the climate, environment, and human health
makes it an important parameter shaping the air quality. Black carbon is emitted only
as a primary pollutant, and its formation occurs as a result of incomplete combustion
of biomass and fossil fuels [30-32]. BC sources in urban areas are usually dominated by
anthropogenic activities, such as transportation, industry, and residential combustion [2,33].
It has been estimated that, globally, 24% and 60% of anthropogenic BC emissions are from
transport and residential combustion sources, respectively [33]. The high health risk of
urban residents associated with exposure to BC and other air pollutants is also affected by
compact urban buildings, which impede horizontal air ventilation [34,35]. The influence of
local meteorological conditions—air temperature, relative humidity, atmospheric pressure,
wind speed and direction—which determine the transport of substances in atmospheric air
is not without significance [22]. Moreover, atmospheric circulation is also important, and
some authors have shown that it is a better predictor of the weather impact on health than
a single meteorological variable [36].

Growing urbanization is associated with an increase in the volume of traffic in cities,
the intensification of industry, and the intensive burning of fossil fuels and biomass. Despite
the substantial spatial and temporal variability in the BC emissions, the decline in the
significance of vehicular traffic—due to technology advancements and legislation—is
generally observed. On the other hand, the role of residential combustion, which is not
currently regulated in most European countries, is increasing [33,37]. Although eBC is
not covered by air quality standards, it has been recognized as an important parameter
in the tools used to manage air quality in cities [38—40]. It is important to continue BC
measurements and improve monitoring techniques, especially in areas such as southern
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Poland, where numerous anthropogenic sources are located which lead to an overall high
level of air pollution. The use of modern automatic equipment—like aethalometers—
allows for obtaining results in high time resolution and estimating the different sources of
eBC [32,41-45].

Taking into account the above considerations, a year-long measurement campaign of
eBC concentrations from the urban area of Zabrze was examined for assessment of daily
and seasonal variations. The southern region of Poland is one of the most polluted regions
in Europe in terms of air quality due to the impact of numerous small and large-scale
industries, low-level emission sources, and high vehicular density [46]. By analyzing the
quantitative distribution of eBC in two different seasons (heating/non-heating), the impact
of local sources and meteorological parameters in the intensity of pollutant emissions from
anthropogenic sources on air quality in southern Poland was determined.

Moreover, the use of the modern AE33 Aethalometer allowed estimating the amount
of eBC from the combustion of fossil fuels (eBCg) and biomass (eBCyp). In addition, the
work includes the impact of selected gaseous pollutants as well as meteorological condi-
tions and air circulation types on the eBC concentration course. The results obtained as
part of the work will enhance the existing knowledge about the status of black carbon
in urban areas. On the other hand, understanding the origin sources of BC could pro-
vide tools for improving decision-making, including city planning and relevant source
emission restrictions.

2. Materials and Methods
2.1. Study Area

eBC and meteorological parameters were measured in Zabrze (50.3° N, 18.7° E)
localized within the Silesia Province (southern Poland) (Figure 1a) from 1 April 2019 to 31
March 2020. The measurements covered two periods: non-heating (1 April-30 September
2019) and heating (1 October 2019-31 March 2020) season. The measurement site met the
requirements for urban background locations [47] and was situated in the area belonging
to the Institute of Environmental Engineering Polish Academy of Sciences (IEE PAS).
Figure 1b shows that the immediate surroundings of the measuring point are mainly
residential buildings and houses—connected to the central heating network or heated by
coal-fired boilers—as well as allotment gardens. The nearest road with high traffic intensity
is located at a distance of about 300 m from the sampling site.

2.2. Instrumentation and Data Sources

eBC mass concentrations were monitored continuously using an automated measur-
ing device—a modern Aethalometer AE33 (see Section 2.3)—located on the roof of the
Institute’s building (6 m above the ground). To assess the utility of the eBC source from
the AE33, we derived the fossil fuels combustion (eBC) and biomass-burning (eBCyy,)
contributions to total eBC. Data on concentrations of selected gaseous (SO,, NOy, NOy, NO,
O3, CO) and particulate (PMjg) pollutants were obtained from the Regional Inspectorate
for the Environmental Protection (RIEP) database [48]. RIEP measurements were carried
out at a station approximately 70 m from the IEE PAS. The sampling site of the Institute
was also equipped with a meteorological station, thanks to which the basic meteorological
parameters (air temperature, humidity, pressure, solar radiation) were measured in parallel
with eBC measurements. For the assessment of probable source regions of eBC, clima-
tological daily statistics were used. They specify the so-called types of circulation—the
adopted parameterization based on the analysis of selected parameters of meteorological
fields and the location of baric systems. The classification of circulation types according
to Niedzwiedz [49] was used in the study. It is similar to the known British typology of
Lamb [50] and includes 21 types of circulation—including 10 cyclonal and 10 anticyclonal
(see Table 1). In addition, the classification of circulation types by NiedZzwiedz [49] also
includes dominant directions of air advection (16 types), as well as types without the
direction of advection (Ca, Ka, Cc, Bc).
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Figure 1. The location of the sampling point (50.3° N, 18.7° E) shown on the map of Poland with the Silesian voivodeship
marked (a) and with an indication of the specified land development in Zabrze (b). (The land development map was made
using the generally available QGIS 3.6.3 software).

Table 1. A list of the atmospheric circulation types according to Niedzwiedz (2017).

Type of Circulation Explanation
Na (1), Nc (11) Situations with advection from the north
NEa (2), NEc (12) Situations with advection from the northeast
Ea (3), Ec (13) Situations with advection from the east
SEa (4), SEc (14) Situations with advection from the southeast
Sa (5), Sc (15) Situations with advection from the south
SWa (6), SWc (16) Situations with advection from the southwest
Wa (7), We (17) Situations with advection from the west
NWa (8), NWc (18) Situations with advection from the northwest

Situations without a specific direction of advection

Ca (9) Central anticyclone situation (high center)
Ka (10) Anticyclonic wedge or ridge of high pressure
Cc (19) Central cyclonic, center of low

Through of low pressure (different directions

Bc (20) of air flow and frontal system in the axis of

through)

x (21) Unclassified situations or pressure col

a—anticyclonic situation; c—cyclonic situation.

2.3. Aethalometer AE33

The Aethalometer AE33 (Magee Scientific) is a high-sensitivity automatic measuring
device designed for continuous measurements of the light absorption by BC particles. This
apparatus has been commonly used in numerous research studies regarding the assessment
of equivalent BC content in atmospheric air [32,51-54]. During operation of the device, the
air stream with a volume of 5 L-m~! was passed through a point on the filter tape made of
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TFE-coated glass fiber (no. M8020). The inlet cut-off size was 1 um (sharp cut cyclone, BGI
model SCC1.197) and the measurement time resolution was set to 10 s.

The AE33 calculates light attenuation (ATN) due to particle deposit on the filter
relative to a clean part of the filter, called the reference point—Equation (1) [52-55]:

ATN =100 - In(Ip/T) 1)

where: [—signal from the point with the sample; Iy—signal from the reference point. The
mass concentration is determined by measuring the rate of change in light attenuation
assumed due solely to absorption by BC. It should be noted that the result is a mathematical
combination of a measurement carried out simultaneously at two aerosol-loaded points
with two different flows and at a reference point without flow. Measurements at two points
with aerosol are necessary due to the filter loading artifacts, resulting from the deposition
of aerosol particles on the filter tape. In order to measure the filter load and calculate the
compensation parameter, a real-time compensation algorithm was developed for the AE33
device. In turn, the attenuation factor is determined based on the modification of the light
attenuation as a function of time, volume flow rate and filter surface area [52,54].

In the case of AE33, aerosol light absorption was measured at seven different wave-
lengths (A) from near-ultraviolet to near-infrared (A = 370, 470, 520, 590, 660, 880, and
950 nm). The total BC mass concentration (or eBC) is here reported at a wavelength of 880
nm (channel 6) because other particles—e.g., mineral dust—absorb light at this wavelength
to a much lesser extent [45]. The use of the multi-wavelengths AE33 allows us to estimate
the effects of the combustion of fossil fuels (eBC¢) and biomass burning (eBCyy,) on the
total BC mass. Aerosols from fossil fuel sources (assuming light absorption mostly by
BC) can efficiently absorb solar radiation from the near ultraviolet (UV) throughout the
visible and to the near-infrared (IR) wavelengths almost inversely proportional to the
wavelength, while aerosols from biomass burning sources (light absorption by both BC and
BrC) may absorb relatively more at the near-UV than at the IR (predicted by the inverse
wavelength dependence). This relationship (absorption vs. wavelength) is represented by
the Angstrom Absorption Exponent (AAE) [15,55,56].

This assumption is the basis of the built-in Aethalometer model [57,58] which as-
sumes that the total light-absorbing sample (baps_tota1) is determined by two types of light-
absorbing particles—from fossil fuels combustion (b,ps_¢f) and biomass burning (baps_pp):

Babs—total = Babs—ff + Babs—bb (2)

The basis of the presented Aethalometer model are the values of the absorption expo-
nent Angstrbm (), which on the basis of several emission measurements was determined
for BC from the fossil fuels combustion and biomass burning. For example, Sandradewi et al.
(2008) suggested that o was 1.1 and o, was 1.8-1.9 from the light absorption at 470 and
950 nm. The a priori assumptions of Angstrém absorption for both sources are therefore
the basis for determining both sources in the Aethalometer model.

Although the Aethalometer model is widespread, there are some uncertainties related
to the adoption of constant parameters to determine the share of BC mass concentration
from fossil fuel combustion and biomass burning. For this reason, along with the mea-
surements with AE33, measurements should be made with the reference method, e.g., the
radiocarbon (14C) method, because it allows for the validation of the selection of absorption
exponents for fossil fuels combustion and biomass burning, which should be assumed a
priori in the Aethalometer model [59]. In addition, reference methods are used simultane-
ously with AE33 measurements [60], which question the usefulness of the Aethalometer
model due to additional combustion sources (BrC) that can significantly affect the mass
concentration of BC from the above sources.

In the absence of standard reference material, it is recommended to report the aerosol
light absorption coefficient, which eliminates the uncertainty resulting from adopting a
specific mass-specific absorption coefficient (MAC). When reporting to the eBC, it is crucial
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to identify the MAC value used for the conversion and to define the approach used to
separate the potential contribution of BrC or mineral dust to the aerosol light absorption
coefficient [61].

The results of previous studies show that the reference method for the determination
of absorption exponents for fossil fuels combustion and biomass burning is important and
should be performed using the Aethalometer model. However, when the reference method
is not used, the assumption of one set of absorption exponents gives acceptable results and
the BC apportionment by sources should only be interpreted qualitatively [59].

As mentioned in many scientific articles [10,13,15], it should be remembered that
aerosols from biomass combustion, apart from BC, may contain a significant part of
organic substances absorbing ultraviolet radiation (the so-called brown carbon—BrC).
Accurate separation of BCbb from BrC is complex and requires additional methodological
improvements or a parallel measurement of indicator compounds, such as Levoglucosan,
which was not done in this study. Undoubtedly, this fact should be taken into account in
future scientific research. However, this will not significantly affect the assessment of the
impact of these two groups of sources on the degree of air pollution with carbon aerosol,
and the results should be treated in terms of the quality assessment of the atmospheric air
in Zabrze.

2.4. Data Processing and Statistical Analyses

In order to document the results of measurements of eBC and its two components
eBCyp, €BCy concentrations, as well as concentrations of other particulate and gaseous
pollutants, a source database was prepared in the MsExcel 2013 spreadsheet. With regard to
the data obtained from the RIEP website, the database included 1-h averaged concentrations
of SO, NO;, NOy, NO, O3, CO, and PMjj. In the case of the total eBC and its components
(eBC¢ and eBCy,y,), the database was a set of raw data recorded by the AE33 over a period
of 10 s. On their basis, the mean 1-h concentrations were further calculated, which were
used to obtain the mean daily mass concentrations (Section 3.1) and to prepare graphs
of the monthly-diurnal variations of the mass concentrations of eBC, eBCy},, and eBCy
(Section 3.2).

Before proceeding to statistical analysis, the measurement results carried out in the
period from 1 January 2019 to 31 March 2020 were subject to initial verification based on
the provisions of Directive 2008/50/EC regarding data quality objectives, especially the
required proportion of valid data, which is 75% or 90%, respectively, when the hourly/daily
and annual mean concentrations are estimated. These criteria were also applied to con-
centrations of eBC, eBCy and eBCy,;,, however, it should be remembered that eBC is not
a pollutant covered by air quality standards. The analysis of the results showed that in
the case of total eBC and the two eBC fractions, a time coverage of 100% was obtained—
therefore, the requirement of data reliability was met.

The next step in the verification of the results was the assessment of the normality of
the distribution of the 24-h data sets. It was related to the possibility of using the parametric
Student’s t-test, which is much more powerful compared to typical non-parametric tests
such as the U-Mann Whitney test [62-64]. First, the frequency distributions of the daily
averaged mass concentrations of the analyzed pollutants were prepared, both for the data
from the entire measurement period as well as by the heating and non-heating season
(Figure 2). The dataset distribution was evaluated using the Kolmogorov-Smirnov test
(o« = 0.05)—among the tested pollutants, only O3 daily mass concentrations showed a
normal distribution. The remaining data were log-transformed. Subsequently, the seasonal
variability of the mass concentrations of the measured substances was analyzed (Student’s
t-test, « = 0.05). The interrelationships between eBC concentration and meteorological
parameters as well as the mass concentration of selected gaseous pollutants measured at
the sampling site were examined by Pearson correlation analysis (x = 0.05), separately
for the data set from the heating and non-heating season. All statistical analyses were
performed using the Stat Soft software package Statistica 12.0.
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3. Results and Discussion
3.1. Diurnal Variations of eBC Concentrations

During the annual measurement period, 1-h averages of eBC, eBC¢, and eBCy,, con-
centrations were in the range 0.01-65.99, 0.00-64.14, and 0.00-17.20 pg~m’3, respectively
(Figure 3). Similar to the city station in Wuhan [65], the minimum concentrations of eBC,
eBCy and eBCy,, were recorded in the non-heating season, while the maximum concen-
trations were in the heating one. In Zabrze, a much larger spread of the results around
the mean value was observed in the heating season, which may indicate a significant
contribution of local sources to air pollution by black carbon [66]. To get more insight
into the daily fluctuations of the concentrations of the 3 components under consideration,
hourly eBC, eBCy, and eBCy,, concentrations in monthly courses were presented (Figure 4).
It was found that—besides the seasonal variations—eBC, eBCy;, and eBCy,;, concentrations
also exhibit pronounced diurnal variability, which could be associated with the combined
effect of variations in the production of eBC, meteorology, and the associated boundary
layer dynamics [23]. Distinct daily fluctuations in eBC concentrations were also identified
at two research stations in Gucheng and Shangri-La, China [67].

70

A eBCbb . eBCﬁ eBC
| © Extreme values

60
&
£ 50+t
o
=2
u 40 t &
2
® 30t
= q
8 q
c 20 3
o
O o

10+

NH H

Figure 3. Box and Whisker plots for hourly averaged concentrations of eBC, eBCy;, and eBCyy,, sepa-
rately for the non-heating (NH) and heating (H) season. (The dot represents the median value;
the box is marked by the 10th and 90th percentiles, and the whiskers—by the minimum and
maximum values).

The lowest levels of eBC were recorded in the afternoon and from May to October and
they did not exceed 1 ptg-m~3. The minimum values of BC mass concentrations occurred
at around 14:00-17:00 in July. In the case of two fractions—eBC¢ and eBCy,—relatively
low mass concentrations in the non-heating season were also recorded before noon (eBCy,
10:00-17:00) from morning to evening (eBCyy,, 8:00-18:00). Such low eBC concentrations
at this time of day may have been caused by the diurnal variability of the meteorological
conditions [22].
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Figure 4. Monthly-hourly variations of surface: eBC (a), eBC (b), and eBCyy, (c) mass concentrations
(1g-m~3). (Monthly-hourly variations of surface: eBC, eBCg and eBCy,, were made using the SURFER
8 software).

With the start of the heating season (from September 2019 to March 2020), the concen-
trations of eBC and its components begin to increase systematically. At this time of the
year, there are two distinct periods of maximum eBC mass concentrations—the first in the
morning (7:00-9:00) and the second, more intense, in the evening and night hours (17:00-
23:00). The obtained results are consistent with the results of numerous literature studies,
which indicate that the reason for this diurnal maxima was related to the atmospheric
stability and the increase of human activities [1,21,68,69]. The morning peak corresponds
with increases of morning traffic during work commutes. It could be also associated with
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the fumigation effect in the boundary layer, which brings aerosols from the nocturnal
residual layer shortly after the sunrise [1]. The increasing eBC concentrations towards
the evening might be influenced by both the residential cooking and heating, as well
as the homecoming traffic overlapping gradually [21,32]. It should be noted that in the
non-heating season, especially in the summer months (June-August), the two mentioned
maxima are very poorly visible. The reason may be a significant decrease in the intensity
of eBC emissions from anthropogenic sources and the presence of conditions favoring the
dispersion of pollutants, including higher air temperature and wind speed, responsible for
the increase in the height of the mixing layer, and more frequent and intense precipitation
contributing to a more efficient washing of BC associated with atmospheric PM [26,69].

As depicted in Figure 4, isolines of maximum eBC and eBC¢ mass concentrations
are very similar. A different situation was observed in the eBCy}, mass concentration
distribution scheme. Whereas the eBC and eBCy diurnal profile was generally bimodal,
the diurnal profile of eBCy, showed an increase towards the night hours (1:00-4:00),
which was also observed in Tiwari [22] and Helin [32]. Very low mass concentrations
of eBCyy, in the non-heating season and the lack of a morning maximum should not be
questionable due to the high impact of communication sources of emissions in these
periods [70,71]. Generally, evening and night hours are conducive to intensifying BC
concentrations from the combustion of fossil fuels (eBCg). However, in addition to coal
burning, wood, shrubs and various waste plant materials are also burnt in households
during cold winter months [1,32]. This may explain the observed monthly-hourly variation
of eBCj,p, mass concentrations and indicate the high impact of municipal emission sources—
which are largely difficult to control—on air quality in Zabrze.

3.2. Daily Variations of eBC—A Seasonal Behavior

Day-to-day variability of eBCy and eBCy,, mass concentrations, along with their aver-
age seasonal contribution in total eBC, is displayed in Figure 5. In the entire measurement
period, eBC, eBCy, and eBCy, mass concentrations were in the range 0.39-20.48 ug-m_3,
0.32-16.08 pug-m 2, and 0.06-4.40 pg-m 3, respectively (Table 2). The average annual eBC
concentration was 3.22 & 2.80 pg-m~3, similar to the value obtained for the urban back-
ground station in Barcelona, Spain (3 pg-m~2) [72] and urban station in Ostrava, Czech
Republic (3.48 pug-m~3) [73]. Lower concentrations of eBC were reported in some European
locations—e.g., Istanbul, Turkey (2.76 pug m~3; 1 May 2019-1 February 2020) [74] and three
urban stations in the UK (2015): Birmingham (1.1 ug~m’3), Glasgow (0.9 ug-m73), and
North Kensington (1.0 ug-m~3) [63]. Higher than the values obtained in Zabrze, concentra-
tions of eBC are recorded at many measurement sites in Asia, e.g., at the urban background
station in Pulchowk Campus, Nepal (8.60 ug-m’?’, May 2009-April 2010) [75] and in Xi’an,
China (above 10 ug-m_3, 2006-2015) [65].

There were clear seasonal variations of eBC, eBCy, and eBCy,, concentration levels
(Table 2, Figure 5). They were strongly elevated during the heating season, which was
also noted in other studies conducted in sites under the influence of “residential heating
sources” [32]. The observed seasonal fluctuations may also be related to the prevailing
meteorological situation. In the winter, a set of unfavorable weather conditions (such as
low air temperatures, low wind speeds, and frequent occurrence of the inversion layer)
significantly impedes the dispersion and removal of air pollutants [41,44,76-78]. Similar
seasonal variability was also observed for the remaining gaseous and particulate pollutants
measured at measurement sites in Zabrze (Table 2). An exception may be ozone, which
is a typical secondary air pollutant, and its maximum concentrations occur in spring-
summer months.



Atmosphere 2021, 12, 119 11 of 23

Table 2. Descriptive statistics of the series of eBC, eBCy, eBCy,p, and other pollutants concentration measurements—24-h
concentrations over the entire period, divided into non-heating and heating seasons.

Concentration [pug-m—3]

Substance Entire Non-Heating Heating H/NH Ratio ©
Limit Value
Ave £+ SD Range Ave £+ SD Range Ave £+ SD Range
eBC - 322+281 0.39-20.48 1.75+1.26 0.39-8.02 470 £3.13 0.88-20.48 2.69
eBCy - 2.33+2.16 0.32-16.08 1.28 +0.93 0.32-5.92 3.39 £2.51 0.53-16.08 2.65
eBCyp - 0.93 £0.76 0.06-6.33 0.55 £ 0.61 0.06-6.33 1.32 £0.69 0.27-4.40 241
SO, 1252 10.31 4+ 6.34 1.97-38.50 6.60 + 2.95 1.97-17.03 14.02 & 6.65 1.99-38.50 212
b
NO, zfgc 20.30 & 8.95 2.88-47.04 16.95 & 6.66 2.88-41.67 23.65 + 9.69 4.54-47.04 1.40
NOy - 31.52 +26.95 3.79-197.38 21.50 + 11.03 3.79-65.96 41.55 + 33.65 5.75-197.38 1.93
NO - 7.32 £13.03 0.04-103.00 297 £3.42 0.04-21.42 11.68 +17.05 0.42-103.00 3.93
O3 1204 48.45 + 22.66 3.42-109.54 63.55 + 16.93 18.71-109.54 33.35 4+ 17.00 3.42-76.79 0.52
cO 10,000 ¢ 364.81 £ 228.28 129.17-1778.13 240.94 + 93.20 129.17-706.75 488.74 £ 254.84 180.33-1778.13 2.03
502 34.49 £ 24.00 2471 £11.49 44.28 £+ 28.83
PMyg 40¢ (episodes f, 6.67-195.04 (episodes f, 6.67-75.67 (episodes f: 9.67-195.04 1.79
68 days) 9 days) 59 days)

Designations: Limit value—for the protection of human health (according to Directive 2008/50/EC); Ave + SD—average + standard
deviation; range—minimum-maximum. ® Averaging period: day; ® averaging period: 1 h; ¢ averaging period: calendar year; ¢ averaging
period: 8 h; © H/NH ratio—ratio of the average concentration of a given substance during the heating (H) and non-heating (NH) period;
the bold and underlined type indicates statistically significant differences between daily averaged concentrations of a given substance

recorded during the compared periods (the Student’s t-test, a = 0.05); f the episode was considered as a case of exceeding the limit value for
the average daily concentration of PMj.
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Figure 5. The daily BC¢ and BCy,, concentration courses (ug-m*3 ) and their average share in the total BC (%) recorded for
the heating and non-heating season.

Regardless of the season, the obtained results indicate much higher concentrations of
eBCys compared to eBCy, (Figure 5). Moreover, in the entire measurement periods, there
were as many as 22 episodes (16—non-heating period, 6—heating period) during which
eBCy accounted for 100% of the total eBCy content; for eBCyy,, there was only one such
episode in the non-heating season. Obtained results are in line with the results of numerous
literature studies—long-term measurement trends confirm the dominant role of fossil fuel
combustion in urban air pollution by carbonaceous compounds [64,79,80]. The share of
biomass burning will be visible mainly in areas of dense rural development [32,81]. In the
non-heating season, the concentration of eBC¢ was 1.28 ug-m’3 and eBCy, 0.55 pg-m’3,
which corresponded to 73% and 27% of the total BC content, respectively. In the heating
season, the concentrations of eBC¢ and eBCyp, were more than twice as high, with average
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values of 3.39 pg-m 2 and 1.32 ug-m~3, respectively. Despite this, the percentage of both
fractions in the total BC content was similar (average: 71% and 29%, respectively). The
slight increase in the share of eBCy in total eBC recorded in the non-heating season may
result from the increased importance of the combustion of liquid fossil fuels in motor
vehicles at this time of the year.

3.3. eBC Concentrations vs. Gaseous Pollution and PMjy

The results of the parametric correlation analysis between the average daily con-
centrations of eBC, eBCy, and eBCy,p, and the concentrations of gaseous and particulate
pollutants (RIEP data) are presented in Table 3. For the remaining data included in Table 2,
it should be noted that the concentrations of the measured gaseous pollutants did not
exceed the normative levels regulated by the provisions of European law [47]. The poor air
quality in the analyzed area resulted from the relatively high concentrations of PMj, as
evidenced by the high number of days with exceedance of the limit value for the average
daily concentration of PM;p—68 days in the entire measurement period, almost twice as
much as the accepted 35 days [47]. Much worse living conditions of the inhabitants of
the urban area of Zabrze, related to the exposure to PM;, occurred in the heating season,
when the average concentrations of PMjy were almost twice as high. This is consistent
with numerous literature reports on the relatively regular occurrence of very unfavorable
air quality at the beginning and the end of the year [81-83].

The correlation analysis was performed for the annual measurement period—in order
to capture some general relationships—as well as separately for the dataset from the heat-
ing and non-heating season—due to the emission specificity of both measurement periods.
Considering the entire measurement period, all correlations between eBC, eBCy;, eBCyy,,
and other substances were statistically significant. High and very high correlations were
noted especially in the heating season, with positive values of the correlation coefficients.
This suggests common sources of origin of the black carbon and measured gaseous and
particulate pollutants in the urban area of Zabrze—such as road transport and/or the
burning of fossil fuels and biomass. The only exception is ozone—a typical secondary
air pollutant with high levels during the non-heating season (see Figure 2)—with which
concentrations of eBC and eBC fractions correlated negatively. In the non-heating season, a
slight weakening of the relationship between concentrations of eBC and other substances
was observed due to a marked decrease in the activity of local emission sources in this pe-
riod, especially fuel combustion for heating purposes, and much more favorable conditions
for the dispersion of pollutants [71,76,84].

Table 3. Results of the Pearson correlation analysis (¢ = 0.05) between concentrations of eBC, eBCg,
eBCpyp, and concentrations of gaseous and particulate pollutants.

Year Non-Heating Heating
Specification
eBC eBCff eBCbb eBC eBCff eBCbb eBC eBC“ eBCbb
SO, 0.76 0.75 0.75 0.55 0.58 0.60 0.66 0.65 0.64
NO, 0.78 0.80 0.67 0.67 0.71 0.57 0.83 0.84 0.75
NO 0.84 0.86 0.71 0.72 0.75 0.60 0.90 0.90 0.83
NO 0.82 0.84 0.70 0.65 0.68 0.52 0.89 0.89 0.83
O3 —0.69 —0.68 —0.64 —0.27 —0.26 -0.27 —0.67 —0.68 —0.57
co 0.87 0.86 0.84 0.80 0.79 0.83 0.80 0.80 0.73
PMyo 0.83 0.86 0.75 0.67 0.70 0.66 0.90 0.90 0.85

Italic type indicates that the correlation is statistically significant (« = 0.05).

Taking into account the data from the entire measurement period, the strongest
positive correlation was recorded for eBC, eBCy, and eBCy, vs. CO (r = 0.84-0.87). A
very high positive correlation between eBC and eBC fractions and CO was maintained
both in the heating and non-heating season, which is typical for traffic-influenced urban
monitoring sites [43,67]. However, in the non-heating season, slightly higher values of
correlation coefficients were recorded for the relation eBCy, vs. CO (r = 0.83). This can
be explained by the influence of incomplete biomass combustion processes in municipal
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sources, including open-burning activities, which can also be important sources of carbon
monoxide emissions in the air at this time of the year [85].

In the heating season, the highest values of the correlation coefficient were noted
for the relation eBC, eBCy, and eBCy, vs. NOy and PMyg (r = 0.83-0.90). This is due to
an additional source of NOyx and PMjy emissions in this period, i.e., the combustion of
fossil fuels and biomass in individual heating sector and transport, the impact of which,
however, is rather constant throughout the calendar year [29,64]. In general, the concen-
trations of eBCy correlated more strongly with the concentrations of gaseous nitrogen
oxides in comparison to eBCy,, mainly due to the common source of origin, which is
road transport [71,79,82]. Stronger correlations of eBC/NOy and eBCg/PMjg compared
to eBCy, /NOx and eBCyp, /PM;jp have been observed mainly in the non-heating season,
when the influence of traffic sources is often more pronounced [76,86,87]. Nevertheless,
the correlations noted between eBCy,, and the mentioned gaseous substances and PMjg
were also high and statistically significant, especially during the heating season. Such a
phenomenon is quite common during the heating season because one of the main sources
of NO, emissions is the burning of municipal solid waste or the burning of biomass to
generate energy [88,89].

Two measured eBC fractions also showed a very high correlation with SO,, with
comparable values of the correlation coefficients for eBCy and eBCyy, (r = 0.75, entire
measurement period). Sulfur dioxide is a pollutant generated by domestic and industrial
combustion of various fuels, including coal and biomass [90]. A relatively greater im-
portance of this group of emission sources was recorded in the heating season, which is
supported by slightly higher values of correlation coefficients between eBC, eBCy;, eBCyy,
and SO,. As indicated in numerous scientific publications, low air quality, both in urban
and rural areas, will correspond to emissions from municipal sources, the intensity of
which increases significantly during the heating season [90-92].

3.4. eBC Concentrations vs. Meteorological Parameters

The presented fluctuations in the concentrations of eBC, eBCy, and eBCy,p, may depend,
on the one hand, directly on the emission sources, and, on the other hand, on the current
meteorological conditions. Similarly to the concentrations of eBC, eBCy, and eBCyy, the
daily variability of such parameters as temperature, relative humidity, pressure, solar
radiation, wind speed and rainfall total throughout the measurement year was presented
(Figure 6). In order to estimate the influence of meteorological conditions on the distribution
of eBC, eBCy, and eBCy,y, concentrations, a correlation matrix was prepared (Table 4).
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Figure 6. The monthly course of selected meteorological parameters: air temperature (°C) (a), relative humidity (%) (b),

pressure (hPa) (c), solar radiation (W/ m?) (d), wind speed (m-s~1) (e) and precipitation (1/ m?) (). (Monthly-hourly
variations of surface of meteorological parameters were made using the SURFER 8 software).

Table 4. The results of the Pearson correlation analysis (« = 0.05) between concentrations of eBC,
eBCy;, eBCpyp, and selected meteorological parameters.

Specification
Period Parameter

eBC eBCff eBCbb

T —0.54 —0.49 —0.61

RH 0.27 0.27 0.25

Bar 0.07 0.07 0.05

Year SI —0.47 —0.45 —051
WS —0.14 —0.17 —0.06

Pr —023 —0.22 021

T —0.41 —0.31 —031
RH ~0.06 ~0.06 ~0.07

. Bar 0.10 0.17 0.18
Non-heating SI —0.12 —0.11 —0.07
WS —0.11 —0.19 —0.20
Pr —0.17 —0.16 —0.15

T 0.00 0.06 0.04

RH 0.11 0.16 0.15

Heating Bar 0.05 0.04 0.04
SI —0.02 ~0.03 ~0.03
WS —0.54 —0.60 —0.60
Pr 027 —027 —0.24

Italics indicate that the correlation is statistically significant (« = 0.05).

As for the concentrations of eBC, eBC¢, and eBCyy,, all the discussed meteorological
parameters show seasonal variation. The diurnal variation is noticeable in the non-heating
season for humidity (Figure 6b), wind speed, and precipitation (Figure 6e,f), and in the
heating season for air temperature (Figure 6a). The intensity of solar radiation varies
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throughout the measurement year and was most intensively recorded during the day
(Figure 6d). Air pressure (Figure 6¢) was relatively stable throughout the day in both
seasons, with both the maximum and the minimum occurring in the heating season. In the
non-heating season, the minimum relative air humidity, relatively low air pressure, strong
sunlight, and relatively strong wind were recorded, which may favor the dispersion of
eBC, eBCy;, and eBCyy, in the atmospheric air. During the heating season, air temperature
and solar radiation decreased, and humidity and pressure increased. Such meteorological
conditions reduce the dispersion of pollutants in the air [93], which could have led to the
intensification of eBC, eBCy and eBCy,, concentrations.

In the entire measurement period, the strongest correlations were recorded for eBC,
eBCy;, and eBCy,,, and for all selected meteorological parameters, except for atmospheric
pressure (Table 4). This mainly applies to eBC/T (r = —0.54), e eBCy/T (r = —0.49), and
eBCpp /T (r = —0.61). The influence of air temperature on air quality is a common phe-
nomenon because the atmospheric stability decreases with the temperature increase, which
favors the development of convective conditions near the ground and, as a result, leads to
the diffusion of pollutants. On the other hand, low air temperature increases the activity
of anthropogenic emission sources, such as burning solid fuels and biomass for heating
purposes [70]. Moderate correlation was also noted in the case of solar radiation and BC
(r=—0.47), eBC (r = —0.45), and eBCyy, (r = —0.51). Similarly, in the non-heating season,
the strongest correlation was noted for eBC, eBCy;, eBCy),, and temperature (r = —0.41,
—0.31, and —0.31, respectively). In the case of other meteorological parameters, the ob-
served correlations with eBC, eBCy, and eBCy, were relatively low, and for humidity
and solar radiation they were not statistically significant. A different situation was noted
in the heating season, during which no significant correlations between eBC, eBCy, and
eBCpp, and air temperature were noticed. On the other hand, the impact of wind speed
increased as the observed correlations with eBC, eBC¢, and eBCy,, were the strongest in this
case (r = —0.54, —0.60, and —0.60 respectively). The analysis of the relationship between
the concentration of eBC and meteorological parameters indicates the compliance with
other studies at city stations (Delhi, India and Ostrava, Czech Republic), in which for the
measurement year eBC was the strongest negatively correlated with air temperature [22,69].
The negative correlation of pollutant concentrations with air temperature, wind speed, and
precipitation is a common phenomenon and has been noted, among others, in for PM;.5
at municipal stations in China [94], Japan [95], and the United States [96]. Moreover, it
was noticed that in the city station in the Czech Republic, the correlations are also usually
higher on the annual average than in the case of the average for the non-heating and
heating season. The lack of statistically significant relationships with the temperature of
the analyzed substances in the heating season may indicate that other factors, such as
long-range transport events, episodes of regional recirculation, or complex photochemical
reactions, may have a greater influence on high concentrations of these substances [97,98].
A similar situation was also observed in other studies [99] and it may indicate the dominant
influence of local emission sources. Due to the clear variability of the relationship between
eBC, eBCy, and eBCyp, with meteorological parameters, the variability of the share of these
substances in relation to the type of circulation in the heating season was checked.

3.5. BC Concentrations vs. Air Circulation

The analysis of the influence of atmospheric circulation types and the type of air masses
on the distribution of eBC, eBCy;, and eBCyy, concentrations (Figure 7) showed seasonal
differences in terms of the dominant sectors. In both measurement seasons, differences
were observed in the distribution of eBC, eBCy, and eBCy,, concentrations for individual
types of circulation. Moreover, the distributions of the components eBC¢ and eBCy,, for
individual types of circulation were analogous to the distribution of eBC. In the non-heating
season (Figure 7a), both anticyclonal and cyclonal circulations played an important role in
shaping the level of eBC, eBCy;, and eBCy,. During anticyclonal circulations, the greatest
importance in shaping elevated levels of BC (>2 pg‘m_3), eBCy (>1 pg pg~m_3) and eBCy,
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(>0.5 ug-m’e’ ) was the inflow of air masses from the eastern sector (Ea), Northeast (NEa),
and South (Sa). In the case of cyclones, these were inflows from the south-eastern (SEc),
southern (Sc), and eastern (Ec) sectors and unclassified situations (x).

The maximum concentration of eBC, eBCy, and eBCyy, (9.37, 7.06 and 2.31 ug-m’3,
respectively) occurred in the heating season during the anticyclonal circulation and was
related to the Ca situation (Figure 7b). In the heating season, the anticyclonal circulation
of the Sa, SWa, and Wa types also had a significant influence on the high concentrations
of eBC (~6 ug~m’3), eBCy (~4 ug~m’3), and eBCyy, (~1 pg-m’3). The effect of anticyclone
circulation types Sa, SWa, and Wa on the presence of high concentrations of air pollutants
(PMj9) was also observed in Pilguj et al. (2018) [100]. High concentrations of air pollutants
during anticyclonal circulation are a common phenomenon due to the fact that they are
associated with unfavorable meteorological conditions (the state of equilibrium in the
lower boundary layer of the atmosphere), the occurrence of which limits the dispersion of
pollutants [101]. Pollution intensification, e.g., PM; in winter during circulation related to
the high-pressure center what was observed, among others in Lesniok [102] Pietras [103]
and Pilguj [100].
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Figure 7. The average eBC, eBCy;, and eBCy, (11g-m~3) concentration values corresponding to
particular types of circulation in the non-heating (a) and heating (b) period.

Regardless of the nature of the circulation, the highest concentrations of eBC, eBCy;,
and eBCy,, occurred during advection of air masses from the southern sector. In the group
of cyclonal types, increased concentrations of eBC, eBCy, and eBCy,, were characteristic of
advection from the southern (Sc) and south-western (SWc) sectors. The effect of unclassified
synoptic situations on elevated concentrations of eBC, eBCy, and eBCy, was also observed
(x: 5.13,3.81 and 1.32 ug-m~3, respectively).

Based on the conducted analyzes, it was shown that the circulation conditions influ-
ence the distribution of high concentrations of BC, BC¢, and BCy,y, in Zabrze. Relatively low
concentrations occurred during anticyclonal and cyclonal circulations (including unclassi-
tied synoptic situations) in the non-heating season. In addition, increased concentrations of
the substances in question were associated with advection from the south (SEc, Sc), north
(NEa), and east (Ea). During the heating season, the types of anticyclonal circulation were
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much more often accompanied by high concentrations of eBC, eBCy, and eBCy, than the
cyclonal types, and their maximum concentrations occurred when the high-pressure center
was over Poland (Ca). In addition, high values of eBC, eBCy;, and eBCy,, concentrations,
regardless of the circulation type, occurred most frequently during the advection of air
masses from the south. It was noticed that both during the heating season and outside the
heating season, increased concentrations of BC and its components occurred in the case of
the influx of air masses from the east, which may indicate a significant share of road traffic
in shaping the level of the measured substances. In the heating season, the intensification of
BC and its components was associated with the advection of air masses from the NE, SW, S,
and SE sectors, i.e., from areas characterized by residential buildings, houses and allotment
areas. Such distribution of BC and its components indicates the combustion of solid fuels
for heating purposes as the dominant source of emissions of the pollutants in question. In
addition, the heating season is associated with the illegal burning of biomass in allotment
gardens, which could also significantly increase the concentration of BC, BCg, and BCyy,.
In the non-heating period, in addition to advection of the masses from the eastern sector,
the south-eastern sector was of great importance in shaping the level of the substances in
question, which indicates industry as the main source of BC, BC¢, and BCy,. In this case,
the impact of emissions of the substances in question from allotments (NE sector) was also
noticed, which may result from the increased use of common food preparation equipment,
such as garden grills.

4. Conclusions

The annual eBC measurement campaign (between 1 April 2019 and 1 October 2020)
concerned the urban background station located in the city center of Zabrze. The seasonal
variability of BC mass concentrations was examined as well as the share of emissions from
fossil fuel combustion (eBC¢f) and biomass (eBCpy,) in the total BC content for the heating
(1 October 2019-31 March 2020) and non-heating season (1 April 2019-30 September 2019).
It was found that the annual mean eBC concentrations (3.22 & 2.80 pg-m~3) in Zabrze were
generally comparable to several urban stations in Europe and lower than for urban stations
in Asia and the United States. The poor air quality in the analyzed area resulted from
relatively high concentrations of PM, especially the high number of days with exceedance
of the limit value for the average daily concentration of PMjj.

It was noticed that both in the non-heating and heating season, the share of eBCy
in total eBC (average: 73 and 71%, respectively) was significantly higher compared to
eBCyy, (average: 27 and 29%, respectively). This indicated the dominant influence of fossil
fuel combustion processes—both solid (households) and liquid (road transport)—on air
pollution by eBC in the urban area of Zabrze. In the heating season, the concentration of
the discussed eBC fractions was much higher than in the non-heating season; moreover, the
diurnal fluctuations of eBCy,, and eBCy; concentrations were definitely more pronounced.
Hourly eBC concentrations follow a diurnal cycle that has been seen in other literature data,
with two distinct periods of maximum eBCy concentrations—the first in the morning (7:00-
9:00) and the second in the evening and night hours (17:00-23:00)—which occurrence was
primarily associated with an increase in the intensity of human activities. On the contrary,
the highest concentrations of eBCy,, were recorded only during the night hours, which may
indicate a large impact of the combustion processes of wood, shrubs and various waste
plant materials in households during cold winter months.

The impact of fossil fuel and wood biomass burning emissions on the measured eBC
concentrations was supported by the Pearson correlation analysis between concentrations
of eBC, eBCy;, eBCy,,, and gaseous and particulate pollutants. High correlation coefficients—
with a maximum for the relationships: eBC, eBC¢, eBCyp, vs. CO and eBC, eBCy vs. NOx—
were recorded especially during the heating season, when the share of local emission
sources is intense and the conditions of dispersion of pollutants are unfavorable.

The significant negative correlation between the concentrations of the eBC component
and air temperature, wind speed, and the sum of precipitation indicates a significant influ-
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ence of meteorological parameters in the non-heating season. On the other hand, in the
heating season, a significant weakening of the relationship with temperature was observed,
for eBC, eBCy, and eBCyy,, which may indicate a dominant influence of local emission
sources, perhaps as well as other factors, such as long-range transport events, regional
recirculation episodes, or complex photochemical reactions. In addition, the distribution of
eBC, eBCy, and eBCy,, concentrations depends on the occurrence of individual types of
air mass circulation. In the heating season, significantly elevated concentrations of eBC,
eBCy, and eBCy,, were more often observed in high-pressure situations, and the maximum
was associated with the high-pressure center. During the heating season, increased concen-
trations for both types of circulation (anticyclonal and cyclonal) were associated with the
advection of air masses from the southern sector.

The results of this research on high correlations with normative air pollutants indicate
that in the future the AE33 Aethalometer may be an effective device for quick and direct air
quality measurement, especially in urban areas where there is a high risk of intensification
of anthropogenic pollution. The monitoring of air in terms of eBC measurements and
its components should be especially taken into account during the heating season, when,
regardless of meteorological conditions, increased concentrations of these substances
persist for most of the day. In addition, the Aethalometer is a device that quickly and easily
provides information about the eBC share of biomass burning.

The results obtained in this study are valuable primarily for cognitive reasons—they
enable deepening the knowledge about the content of black carbon in the ambient air and
determining its emission sources. This is all the more important as in Poland—where high
concentrations of particulate matter are recorded compared to many European countries—
there are no systematic measurements of eBC, which due to its original nature can be a direct
indicator of the impact of air pollution on the environment, climate, and population health.
Such measurements may also provide important information for improving decision
making, e.g., city planning and relevant source emission restrictions. It is advisable to
continue the conducted research in the future, in conjunction with the extension of the
scope of meteorological parameters measurements, including the assessment of the height
of the mixing layer.
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