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Preface

Air pollution poses a significant risk to human health. Emissions from industrial activities,

energy production, transport, waste management activities, and natural sources contribute to the

many air pollution-induced problems, such as reduced visibility, adverse health effects, and global

climate change. Air pollution is not a local concern. The residence time of pollutants in the

atmosphere can extend from several days to months, and the corresponding spatial transportation

scales are proportionally large, ranging from local to continental. Even though there is no region not

affected by air pollution at some level, the situation is significantly worse in urban areas.

The aim of this Special Issue was to gather up-to-date research knowledge aiming at assessing

air pollution at the urban and regional level, including both experimental and monitoring studies

and mathematical/numerical modeling studies. The publications of the issue covered the subjects

of air pollution with particulates and gaseous pollutants, Particulate Matter (PM) sources and source

apportionment, Carbonaceous species (Organic and Elemental or Black Carbon) in the atmosphere,

and Ozon-related pollution.
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1. Introduction

Air pollution poses a significant risk to human health. Emissions from industrial
activities, energy production, transport, waste management activities, and natural sources
contribute to the many air-pollution-induced problems, such as reduced visibility, adverse
health effects, and global climate change. Air pollution is not a local concern. The residence
time of pollutants in the atmosphere can extend from several days to months, and the
corresponding spatial transportation scales are proportionally large, ranging from local to
continental. Even though there is no region not affected by air pollution at some level, the
situation is significantly worse in urban areas. Urban areas are hotspots of air pollution,
especially the large and densely populated metropolitan areas. Air pollutants can vary in
type and characteristics, can be of gaseous or particulate form, and can either be directly
emitted or formed in the atmosphere from their precursor molecules.

The aim of this Special Issue was to gather up-to-date research knowledge aiming at
assessing air pollution at the urban and regional level, including both experimental and
monitoring studies and mathematical/numerical modeling studies.

2. Results

The publications of the issue cover the subjects of air pollution with particulates
and gaseous pollutants (five), Particulate Matter (PM) sources and source apportionment
(three), Carbonaceous species (Organic and Elemental or Black Carbon) in the atmosphere
(two), and Ozone-related pollution (one). The relatively large geographical coverage of the
studies included in this issue provides a good overview of particulate-related pollution
on an intercontinental level. The Special Issue contains ten published studies referring to
different regions around the world: Europe (five), Asia (three), and the Middle East (two).
A brief overview of the main finding and conclusions of the studies included in the Special
Issue will be presented below in chronological order of publication.

In the first publication, the authors used modeling approaches to study the atmospheric
composition in Sofia, Bulgaria [1]. The models used were WRF as a meteorological pre-
processor, CMAQ as a chemical transport model, and SMOKE as the emission pre-processor
of Models-3 system. Based on the findings of the study, it was identified that the daily
concentration variation of the two main air pollution species—NO2 and PM2.5—have different
magnitudes, and the effect of different emission sources on the relative contributions to
the concentration of the species is highly variant. The results produced by the CMAQ
“integrated process rate analysis” demonstrate the complex behavior and interaction of the
different processes. Further analysis of these processes; their spatial, diurnal, and seasonal
variability; and their interactions can be helpful for an explanation of the overall picture
and origin of the pollution in the considered region.

The second paper tackled the subject of the effect of vehicular emissions on air pollu-
tion in Warsaw, Poland, and specifically the impact a modernization of the fleet composition
could have in reducing pollutant concentrations in the region [2]. Using the Calpuff model,
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simulations of the yearly averaged concentrations of NOx, CO, PM10, and PM2.5 were
estimated, together with an assessment of the population’s exposure to individual pollu-
tants. The simulations indicated that a fleet modernization following the latest European
standards would reduce NOx concentrations due to reduced emissions from passenger
cars, heavy-duty vehicles, and public transport. On the other hand, improving air quality
in terms of CO concentration is based exclusively upon the modernization of gasoline-
powered cars. Finally, it is suggested that despite the substantial contribution of traffic to
the overall PM concentrations in the area, modernization of the fleet leads to only minor
effects because PM pollution in Warsaw originates mainly from the municipal sector and
transboundary inflow.

The authors of the third publication investigated the concentrations of organic (OC) and
elemental carbon (EC) between May 2018 and March 2019 in Amman, Jordan [3]. The results
show that the OC and EC annual mean concentrations in PM2.5 samples were 5.9 ± 2.8 µg m−3

and 1.7 ± 1.1 µg m−3, respectively. It was found that OC and EC concentrations were
mostly in the fine fraction of PM. During sand and dust storm (SDS) episodes, OC and
EC concentrations were higher than the annual means. Based on this observation, the
SDS episodes were identified as being responsible for an increased carbonaceous aerosol
content in addition to the overall increase in PM2.5 and PM10 concentrations, which may
have direct implications on human health.

The fourth publication was focused on the determination of black carbon (BC) in
PM2.5, using both experimental and modeling approaches in two Bulgarian cities—Sofia
and Burgas—during October 2020 and January 2022 [4]. For the experimental evaluation of
BC, the Multi-Wavelength Absorption Black Carbon Instrument (MABI) was used, while
for the modeled ones, data from the chemical transport models (CTM) of the European
(regional) air quality system established at the Copernicus Atmosphere Monitoring Service
(CAMS) were utilized. The BC and PM2.5 concentrations were higher in January than in
October for both cities. It was identified that in October, the model underestimated the
observed BC concentrations (Sofia 2.44 µg m−3, Burgas 1.63 µg m−3) by 17% and 51%,
respectively. In January 2021, the observed monthly BC concentrations were higher (Sofia
3.62 µg m−3, Burgas 1.75 µg m−3), and the model’s bias was less than in October, with an
observed overestimation of 22% for Sofia. Regarding PM2.5, the relative bias in October
(17% for Sofia, and 6% for Burgas) was less than the relative bias in January when the model
underestimated PM2.5 monthly mean concentrations by 20% (Sofia) and 42% (Burgas).

In the fifth publication, the authors investigated the effect of cooking processes in
Dammam City, Saudi Arabia, by directly measuring the emissions from the chimneys
of different types of restaurants and the surrounding ambient air [5]. Five air pollu-
tants were measured simultaneously. The highest mean levels of CO (64.8 ± 44.3 ppm),
CO2 (916.7 ± 463.4 ppm), VOCs (105.1 ± 61.3 ppm), NO2 (4.2 ± 2.4 ppm), and SO2
(8.0 ± 7.4 ppm) were recorded in chimneys of grilling restaurants. Similarly, the high-
est pollutant concentrations were recorded in the areas adjacent to the grilling restaurants
compared to other restaurants using different cooking processes.

The authors of the sixth publication analyze the relationships between the particulate
matter concentration and land use changes in the Beijing–Tianjin–Hebei region, China,
from 2015 to 2018 [6]. The obtained results are sumarazed in three main conclusions: (1) an
improved sine function model can suitably fit the periodic changes in the particulate matter
concentration, with the average R2 value increasing to 0.65 from the traditional model value
of 0.49, while each model coefficient effectively estimates the change characteristics of each
stage; (2) among all land use types, the particulate matter concentrations in construction
land and farmland are high, with a large annual difference between high and low values;
(3) the landscape pattern of land use exerts a significant influence on the particulate matter
concentration.

The characteristics of the difference between the concentration of resuspended dust
(Ci) and the background concentration of roads (CBg) and the background of city atmo-
sphere (Bg) concentration measured were compared with the effects of traffic and weather
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conditions discussed in the seventh publication [7]. The PM reduction measures are be-
ing implemented according to the occurrence of high concentrations of PM10 and PM2.5
provided by the city Bg observations in South Korea. The work mainly focuses on the
following four topics: (1) the increased level of resuspended dust according to vehicle
speed and silt loading (sL) level; (2) the difference between atmospheric pollution concen-
tration at adjacent monitoring stations and background concentration levels on roads due
to atmospheric weather changes; (3) the correlation between traffic and weather factors
with resuspended dust levels; (4) the evaluation of resuspended dust levels by road section.
The results of this study suggested the need for an efficient alternative considering the
effect of yellow dust over time, because, due to the occurrence of yellow dust, Bg can differ
from the resuspended dust concentration. Additionally, the concentration of resuspended
dust on roads may differ significantly from that of the adjacent Bg observation caused by
vehicles driving on roads. Therefore, it is suggested that a more frequent occurrence of high
levels of resuspended dust may occur, and research should be continued to quantify the
influence of dust collected through mobile measurements and to provide accurate forecasts.

The authors of the eighth publication studied the O3 pollution situation in Tai’an,
China, from May to September in the period from 2016 to 2021 [8]. They found that the
pollution during this period was mainly light pollution, accounting for 69% to 100% of the
total polluted days, with June being the most polluted month. High temperature (>30 ◦C),
low relative humidity (20~40%), and low wind speed (1~3 m/s) provided favourable
meteorological conditions for the generation of O3, especially with a prevailing southerly
wind, resulting in light and air pollution in Tai’an. The results of backward trajectory
analysis showed that in the summer pollution trajectories, the pollution trajectories in the
southwest direction accounted for the highest proportion of all kinds of trajectories. When
the southerly winds dominated, the accumulated O3 concentrations were significantly
higher than those of the surrounding cities due to the blocking of the northern mountains.
The comparison of the average O3 concentration obtained for three monitoring stations
in Tai’an (Renkou School station closer to the mountain, and the Dianli College and the
Shandong First Medical University stations relatively far away from the mountains) in-
dicated 13~15 µg/m3 higher O3 concentration at the Renkou School station than at other
stations, indicating that the Renkou School station was more affected by the obstructions of
the mountains. The application of WRF-CMAQ in this study to quantify the blocking effect
of the mountains indicated that the average O3 concentrations in Tai’an decreased by about
1.7~7.5 µg/m3 after reducing the terrain height of Mount Tai in the model.

The study presented in the ninth publication is an analysis the consequences of
implementing the official scenario prepared for air quality improvement in Warsaw, Poland,
particularly in terms of population exposure and the associated health risks at the end of
the present decade. The main tool used was a Gaussian system, CALPUFF, for modelling
atmospheric pollution dispersion [9]. Four pollutants, NOx, PM10, PM2.5, and BaP, all
of which presently exceed environmental limits in Warsaw, were considered. The results
show a reduction in population exposure attributed to the specific pollutants and scenarios
being implemented. The final reduction in population exposure to NOx is about 28% which
means that the base avoidable mortality assigned to this pollutant is 743 avoidable deaths,
which would be reduced by about 204 cases. The analogous result for PM2.5 was a more
significant (~30%) reduction in population exposure would reduce the number of avoidable
yearly deaths by 607 cases from the initial value of 2023 avoidable deaths. The reduction in
exposure to PM10 was similar, amounting to about 28%, while for carcinogenic BaP, it is as
much as approximately 50%.

The last publication in this Special Issue is on the application of the EPA PMF 5.0 model to
the PM2.5 chemical composition and hygroscopicity for the period August 2016–July 2017 in
Athens, Greece [10]. Source apportionment analysis identified six major sources, including
four anthropogenic sources (vehicle exhaust and no exhaust, heavy oil combustion, and a
mixed source of secondary aerosol formation and biomass combustion) and two natural
sources (mineral dust and aged sea salt). The authors found that the mixed source is

3
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the main contributor to PM2.5 levels (44%), followed by heavy oil combustion (26%) and
automotive emissions from road traffic and non-exhaust emissions (15%). The aerosol hy-
groscopic growth factor is mainly related to mixed source (36%) and heavy oil combustion
(24%), and to a lower extent with vehicle exhaust (by 19%), aged sea salt (by 14%), and
unburned vehicle exhaust (c 6%).

3. Conclusions

Urban air quality is determined by many factors: air masses, characteristic local flow
and meteorology, low dispersion ability in built-up environments, the concentration of
emission sources of different types, and various chemical processes. The publications in this
Special Issue address the topics of air pollution with particulates (PM10, PM2.5) and gaseous
pollutants (NOx, NO2, SO2, CO, VOCs, O3); PM sources and source apportionment; and
Carbonaceous species such as Organic and Elemental or Black Carbon. Both experimental
and modelling approaches are applied. The relatively wide geographic range of the studies
provides a good overview of particulate matter pollution at the intercontinental level.
All ten published studies cover different regions of the world: Europe (Poland, Greece,
Bulgaria), Asia (South Korea, China), and the Middle East (Saudi Arabia, Jordan).

Since the chemical composition of PM remains a reflection of complex, site-specific
processes, research aimed at better understanding the sources of PM, and the processes they
undergo in the atmosphere remains very relevant. Therefore, this Special Issue will continue
to summarise the research in this field (https://www.mdpi.com/journal/atmosphere/
special_issues/0Q62Z8ZMZQ, 6 January 2023).
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PM2.5 Source Apportionment and Implications for Particle
Hygroscopicity at an Urban Background Site in Athens, Greece
Evangelia Diapouli * , Prodromos Fetfatzis , Pavlos Panteliadis, Christina Spitieri, Maria I. Gini ,
Stefanos Papagiannis, Vasiliki Vasilatou and Konstantinos Eleftheriadis

Institute of Nuclear & Radiological Science & Technology, Energy & Safety, National Centre of Scientific
Research “Demokritos”, 15341 Athens, Greece
* Correspondence: ldiapouli@ipta.demokritos.gr

Abstract: Aerosol hygroscopicity is a key aerosol property, influencing a number of other physical
properties, and the impacts of PM pollution on the environment, climate change, and health. The
present work aims to provide insight into the contribution of major PM sources to aerosol hygro-
scopicity, focusing on an urban background site, with a significant impact from both primary and
secondary sources. The EPA PMF 5.0 model was applied to PM2.5 chemical composition and hy-
groscopicity data collected from August 2016 to July 2017 in Athens, Greece. Source apportionment
analysis resulted in six major sources, including four anthropogenic sources (vehicular exhaust and
non-exhaust, heavy oil combustion, and a mixed source of secondary aerosol formation and biomass
burning) and two natural sources (mineral dust and aged sea salt). The mixed source was found to
be the main contributor to PM2.5 levels (44%), followed by heavy oil combustion (26%) and vehicular
traffic exhaust and non-exhaust emissions (15%). The aerosol hygroscopic growth factor (GF) was
found to be mainly associated with the mixed source (by 36%) and heavy oil combustion (by 24%)
and, to a lesser extent, with vehicle exhaust (by 19%), aged sea salt (by 14%), and vehicle non-exhaust
(by 6%).

Keywords: PM2.5; hygroscopicity; source apportionment; positive matrix factorization; urban
background

1. Introduction

Suspended particulate matter (PM) remains an atmospheric pollutant of great concern,
especially in urban centres, where anthropogenic emission sources are concentrated and a
large share of the global population resides. Particulate pollution contributes to climate
change and visibility degradation; impacts the atmospheric chemical processes, affecting
the concentration of gaseous pollutants; and displays documented adverse effects on human
health [1,2]. In order to fully understand the different impacts of particulate pollution, a
comprehensive characterization of the atmospheric aerosol is needed, including its physical
and chemical properties.

Aerosol hygroscopicity, i.e., the ability of particles to absorb water in response to in-
creasing relative humidity, is a key aerosol property, influencing a number of other physical
properties, and the impacts of PM pollution on the environment, climate, and health. The
water content of particles affects their size and surface area, as well as the total aerosol
mass, acidity, chemical reactivity, and atmospheric lifetime [3,4]. Particle hygroscopicity
also affects the aerosol optical properties, with significant implications for visibility and
radiative forcing [5–7]. In addition, hygroscopic growth is directly associated with aerosol
cloud droplet activation properties, which impact climate change [8]. Hygroscopicity is also
strongly associated with particle health impacts. Hygroscopic particles grow significantly
in the near supersaturated environment of the respiratory tract; this may substantially alter
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particle deposition (both with respect to lung deposition probability and place of deposi-
tion), as well as the metabolic pathway after deposition, in comparison with non-soluble
particles [9,10].

The atmospheric aerosol ability to absorb water depends on its chemical composition
and mixing state [11,12]. Fossil fuel combustion processes usually emit hydrophobic
or slightly hygroscopic particles [9], while biomass burning emissions may also contain
hygroscopic particles [13]. Secondary inorganic aerosols (e.g., ammonium sulfate and
nitrate) are hydrophilic. With respect to primary natural particles, sea salt particles are
hygroscopic, while soil dust particles are normally insoluble [4]. Among the different
aerosol species, the less characterized in terms of hygroscopic growth is organic aerosol,
owing to the wide range of organic compounds found in the atmosphere. It is generally
expected that aged and more oxidized organic aerosol will be more hygroscopic [14];
nevertheless, it has been shown that hygroscopic growth is not always correlated with
the O=C ratio, demonstrating that other factors also play an important role (such as the
different functional groups, carbon chain length, and so on) [15]. These uncertainties related
to organic aerosol hygroscopic properties hamper a better understanding of the role of
primary and secondary organic matter in the atmospheric environment and climate [16].

Several studies have attempted to link aerosol hygroscopic behavior with chemical
composition [15,17–21] or to characterize hygroscopic properties of various aerosol types,
based on air mass back trajectories or specific pollution episodes [22–24]. In addition,
the hygroscopic properties of particles emitted by typical combustion processes, such as
diesel vehicle exhaust [25,26] and biomass burning emissions [27–30], have been assessed.
Nevertheless, while it has been acknowledged that hygroscopicity is highly dependent on
both aerosol emission sources and atmospheric transformations, the hygroscopic proper-
ties of the various sources in receptor sites, where freshly emitted and aged aerosol are
mixed, have been scarcely explored. To the best of our knowledge, only two very recent
studies have attempted to evaluate the hygroscopicity of major PM sources identified
by receptor modelling. Li et al. performed a source apportionment study combining
PM2.5 chemical composition data with hygroscopicity measurements from a 3-month pe-
riod, during 2019–2020, in an urban site of Guangzhou, China [31]. Vu et al. applied
receptor modelling for source apportionment of sub-micrometer particles, using particle
number size distribution data together with hygroscopicity data, collected at an urban
background site in London, United Kingdom, during two 2-month campaigns in 2012,
covering cold and warm season [32]. Both studies confirmed the good potential of PMF in
characterizing the hygroscopic properties of particles originating from different primary
and secondary sources. The most hydrophilic sources were related to secondary inorganic
aerosol and mixed secondary organic and inorganic aerosol; the less-hygroscopic particles
were associated with primary combustion emissions and soil dust [31,32].

The present work aims to provide further insight into the contribution of PM sources
to aerosol hygroscopicity, focusing on an urban background site, with a significant impact
from both primary and secondary sources. A year-long measurement campaign was
performed during 2016–2017 at the Demokritos (DEM) urban background station, in
Athens, Greece, including PM2.5 chemical speciation and hygroscopicity measurements.
Limited hygroscopicity data are available for Southern Europe, and Greece in particular.
Hygroscopicity measurements were performed at a regional background site in the island
of Crete [22] and a background site in the island of Lemnos [33]. Data on urban aerosol
hygroscopicity in Greece have been reported only for Athens, during a short campaign
(11–26 June 2003) at a suburban background site, and at DEM station for the year-long
campaign of 2016–2017 [34,35]. In the present work, these latter data were used together
with concurrent PM2.5 chemical composition data in order to apply receptor modelling for
PM and hygroscopicity source apportionment. Source apportionment analysis resulted
in six major sources, including four anthropogenic sources (vehicular exhaust and non-
exhaust, heavy oil combustion, and a mixed source of secondary aerosol formation and
biomass burning) and two natural sources (mineral dust and aged sea salt). The aerosol
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hygroscopic growth factor (GF) was found mainly associated with the mixed source (by
36%) and heavy oil combustion (by 24%) and, to a lesser extent, with vehicle exhaust (by
19%), aged sea salt (by 14%), and vehicle non-exhaust (by 6%).

2. Materials and Methods
2.1. PM Sampling and Analysis

A year-long measurement campaign was conducted from August 2016 to July 2017 at
the Demokritos (DEM) urban background station, in Athens, Greece (37.995◦ N 23.816◦ E, at
270 m above sea level (a.s.l.)), a member of GAW and part of the ACTRIS and PANACEA
infrastructures (Figure 1). The station is away from direct emissions; the site is partially
influenced by the urban area (i.e., under most atmospheric conditions) and partially by the
incoming regional aerosol (i.e., under northern or southern winds), and can be considered as
typical for a suburban Mediterranean atmospheric environment [36]. The climate is charac-
terized by hot dry summers and wet mild winters. During the measurement campaign, the
ambient temperature was measured to be equal to 10.9 ± 4.4 ◦C in the cold period (15 October
2016–14 April 2017) and 23.5 ± 4.7 ◦C in the warm period (1 August–14 October 2016 and
15 April–31 July 2017).

Figure 1. The Demokritos (DEM) urban background station in Ag. Paraskevi, Athens, Greece
(37.995◦ N 23.816◦ E, at 270 m above sea level (a.s.l.)).

In this research, 24 h PM2.5 samples were collected by a low-volume reference sampler
(Sequential 47/50-CD, Sven Leckel GmbH, Berlin, Germany) at a flow rate of 2.3 m3/h
on Teflon filters and were analyzed gravimetrically for the determination of PM mass
concentrations, according to EN12341. The samples were also analyzed by X-ray fluores-
cence (XRF) with the use of an energy dispersive x-ray fluorescence spectrometer (ED-XRF)
laboratory instrument (Epsilon 5, PANalytical, Malvern, UK). The following major and
trace elements were determined: Na, Mg, Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn,
Br, Ba, and Pb. Detection limits ranged from 0.2 ng/m3 (for Cr) to 16.2 ng/m3 (for Ba).
Details on the method may be found in Manousakas et al. [37].

Near-real time elemental (EC) and organic carbon (OC) concentrations in PM2.5 were
recorded on a 3 h basis, using the thermo-optical transmittance (TOT) method, using a semi-
continuous OC-EC field analyzer (Model-4, Sunset Laboratory, Inc., Tigard, OR, U.S.A.),
equipped with an in-line parallel carbon denuder for the removal of organic gases. The
EUSAAR2 protocol was employed for analysis. The output of the analyzer includes the
different OC fractions (OC1 to OC4) corresponding to the four temperature steps of the
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EUSAAR2 protocol (at 200 ◦C, 300 ◦C, 450 ◦C, and 650 ◦C); the pyrolytic organic carbon
(POC), formed through pyrolysis during the thermal volatilization of OC; and the elemental
carbon (EC). The OC fractions provide insight into the volatility of the different organic
compounds, with OC1 representing the more volatile OC fractions and OC4 and POC the
less volatile fractions [38]. Details on the method may be found in Panteliadis et al. [39].

In addition, a custom-built humidified tandem differential mobility analyzer (HT-
DMA) was used to measure the hygroscopic growth factor distributions of ambient aerosol
particles with selected dry diameters (D0) of 30 nm, 50 nm, 80 nm, and 250 nm (at a relative
humidity of 30 ± 3%), exposed to a relative humidity (RH) of 90 ± 2%. Owing to water up-
take, the diameter of the humidified particles (D(RH)) increased and the ratio between the
humidified (D(RH)) and dry particle diameter (D0) was defined as the growth factor (GF):

GF =
D(RH)

D0
(1)

The particle concentration at the HTDMA outlet as a function of the growth factor
is referred to as the measurement distribution function (MDF). An inversion algorithm
was applied to the measured MDF to retrieve the actual growth factor probability density
functions (GF-PDFs), which describe the probability that a particle with a defined dry size
exhibits a certain GF at the specified relative humidity. Details on the HTDMA system and
the inversion algorithm applied may be found in Spitieri et al. [35].

2.2. Source Apportionment by Positive Matrix Factorization

Source apportionment was performed by means of receptor modeling, specifically the
positive matrix factorization (PMF) model. PMF is a widely used receptor model, which
allows for the identification of the major PM sources, based on their chemical profiles, as
well as the quantification of their contribution to the measured PM concentration levels [40].
The model is based on the following mass balance equation:

cij = ∑p
k=1 gik· fkj + eij (2)

where cij is the concentration of chemical element j measured in sample i, p is the number
of factors (sources) that contribute to the measured concentrations, gik is the contribution of
source k to sample i, fkj is the concentration of the chemical element j in source k, and eij is
the residual (the difference between the measured value and the value fitted by the model)
for chemical element j in sample i.

The model solves Equation (2) by minimizing the sum of squared residuals, as shown
in Equation (3) below:

Q = ∑n
i=1 ∑m

j=1

(
cij − ∑

p
k=1 gik· fkj

uij

)2

= ∑n
i=1 ∑m

j=1

(
eij

uij

)2

(3)

where uij is the uncertainty of the concentration value cij. PMF produces two matrices
(F—factor profiles and G—factor contributions) under the constraint of non-negativity for
matrix F and non-significant negativity for matrix G.

In the present work, the EPA PMF 5.0 model was applied to the PM2.5 chemical compo-
sition database in order to quantify the contribution of the different sources to the observed
PM2.5 concentration levels; at a second stage, the model was applied to the combined
chemical composition and hygroscopicity data in order to explore the hygroscopicity of
the major PM sources identified. The hygroscopic growth factor (GF) of particles with dry
diameters (D0) of 250 nm was used in this analysis. This particle size fraction corresponds
to the accumulation mode and may be thus considered representative of the PM2.5 hygro-
scopic properties. The OC/EC and hygroscopicity data were averaged to match the 24 h
PM2.5 concentration data. Overall, the database comprised 265 sampling days and 26 input
variables, including 24 variables defined as “strong”: EC, OC1, OC2, OC3, OC4, Na, Mg,
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Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Br, Ba, Pb, and GF, and two variables defined as
“weak”: POC and Zn. PM2.5 mass concentration was included as the total variable in the
initial analysis (without GF as an input variable). The expanded uncertainty (including
sampling and analytical uncertainties) was calculated for all input data and ranged from
10 to 40% for values above the detection limit. For values below the detection limit, the
uncertainty was set equal to 5/6 of the detection limit. Missing values in the datasets
were substituted by the median of the respective time series, calculated separately for each
season. The uncertainty for these values was set equal to four times the concentration
value. An extra modeling uncertainty of 5% was added to account for modeling errors. The
model was run for different numbers of sources, ranging from 4 to 10 sources. The best
solution was identified through the use of key performance indicators, including the lowest
Q values, distribution of scaled residuals, and fit of measured PM concentrations, as well
as by assessing the physical meaning of the obtained source profiles and contributions. The
final solutions were based on 100 runs, while the uncertainty of the solutions was assessed
by implementing the bootstrapping and displacement error estimation tools provided by
EPA PMF 5.0 [41].

3. Results
3.1. PM2.5 Chemical Composition and Hygroscopicity

The mean annual PM2.5 concentration was measured equal to 10.5 ± 4.0 µg/m3, below
the EU annual limit value of 25 µg/m3. Carbonaceous particles accounted for a large
fraction of the PM mass. OC and EC were measured on average equal to 2.1 ± 1.0 µg/m3

and 0.4 ± 0.3 µg/m3, respectively. The average OC-to-EC concentration ratio (OC/EC) was
calculated equal to 5.4 ± 2.5, indicative of the urban background character of the site [42].
Assuming an organic mass (OM) to organic carbon (OC) ratio of 1.7 [43], carbonaceous
aerosol (OM + EC) was calculated to comprise on average 42 ± 22% of the total PM2.5
mass. The most abundant species, following carbonaceous matter, was S, with an average
concentration of 0.5 ± 0.5 µg/m3.

The seasonal variability of all measured concentrations is provided in Table 1. PM2.5,
as well as many PM components, displayed a significant difference (at p = 0.01) between
cold and warm period concentrations. Carbonaceous aerosol was higher during the cold
period, pointing towards an additional carbon source, related to residential heating. The
OC/EC ratio, however, did not display a significant difference between heating (cold)
and non-heating (warm) periods, suggesting a limited contribution from residential wood
burning. The concentrations of S and crustal components (Al, Si, K, Ca, Ti, and Fe) were
higher during the warm period. Sulphate, which is the main form of S in the atmosphere,
is formed photochemically, and thus is expected to be present in higher concentrations
during the warm months, when solar radiation is more intense. The high levels of crustal
components during this season are also expected as a result of the dry conditions that
promote soil dust resuspension.

Table 1. Seasonal variability of PM2.5 and measured chemical components’ concentrations. PM2.5

concentrations are provided in µg/m3 and all components’ concentrations in ng/m3. Species that
display statistically significant difference in concentrations between warm and cold periods (at
p = 0.01) are marked in bold.

Cold Period Warm Period

Median Range Median Range

PM2.5 9.4 2.9 18.8 10.5 4.8 24.7
OC 2280 436 6582 1762 737 4067
EC 469 99 1725 327 BDL 1 1096

OC/EC 4.5 2.0 12.5 4.6 1.9 17.0
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Table 1. Cont.

Cold Period Warm Period

Median Range Median Range

Na 36.4 BDL 594 31.1 BDL 369
Mg 3.6 BDL 319 2.2 BDL 252
Al 4.8 BDL 517 34.7 BDL 567
Si 5.4 BDL 1295 76.1 BDL 1238
S 109 12.7 1595 526 23.2 1812
Cl 1.2 BDL 638 0.8 BDL 53.5
K 16.4 3.3 342 78.5 1.6 345
Ca 11.8 0.7 431 82.5 2.6 437
Ti 0.8 BDL 40.5 3.3 BDL 39.2
V 0.5 BDL 6.9 0.6 BDL 7.2
Cr 0.4 BDL 4.1 0.3 BDL 3.5
Mn 1.0 BDL 5.4 1.0 BDL 7.2
Fe 10.5 1.0 369 63.3 3.0 361
Ni 0.8 BDL 12.4 0.6 BDL 11.2
Cu 0.6 BDL 15.8 0.6 BDL 13.4
Zn 2.8 BDL 36.0 3.5 BDL 49.5
Br 1.1 BDL 7.6 1.1 BDL 6.3
Ba 13.5 BDL 13.5 8.1 BDL 18.4
Pb 1.9 BDL 17.6 1.4 BDL 18.4

1 Value below the detection limit.

The median value of the hygroscopic growth factor, at 90% relative humidity, for
particles with a dry diameter at 250 nm, was measured equal to 1.21 ± 0.07. The cold and
warm period values were 1.22 ± 0.06 and 1.18 ± 0.07, respectively.

3.2. PM2.5 and Hygroscopicity Source Apportionment

The assessment of the different PMF solutions, in terms of the goodness of fit of input
data and physical meaning of the obtained factors, led to the identification of the six-factor
solution as the one that best described the input data, for both cases of model application
(including and without the hygroscopicity as an input parameter). The source profiles
obtained for the full dataset (including the hygroscopic growth factor) are presented in
Figure 2. The apportionment of different species to each factor/source is presented in
Figure 3. The initial PMF analysis, without hygroscopicity data, provided almost identical
source profiles to the ones displayed in Figure 3, in terms of the relative mass contribution
of the different chemical components to the profiles. The six major PM2.5 sources identified
were as follows: vehicle exhaust, vehicle non-exhaust, heavy oil combustion, mixed source
related to secondary aerosol formation and biomass burning, mineral dust, and aged
sea salt.

The vehicle exhaust profile accounted for most of the carbonaceous species’ mass (60%
of EC and 75–86% of OC1–OC3 fractions). OC1–OC3 have been associated with combustion
sources, including traffic, as emissions from these sources are rich in semi-volatile organic
compounds [44]. The vehicle exhaust profile displayed high loadings of EC and OC1–OC4,
while POC’s contribution was negligible, in agreement with diesel and gasoline vehicle
emission profiles reported in the literature [45,46]. The OC/EC ratio in the profile was
calculated equal to 4.6, which suggests a mixture of fresh and aged exhaust emissions, in
agreement with the urban background character of the site. Vehicle exhaust emissions
contributed 16% (1.5 µg/m3) during the cold period and 10% (1.1 µg/m3) during the
warm period.

The vehicle non-exhaust profile accounted for most of Cu (88%) and Pb (50%) mass. Cu
and Pb are emitted during brake wear, while Pb has been also linked to asphalt wear [47].
Non-exhaust emissions’ contribution to PM2.5 was low (2% during the cold period and 3%
during the warm period), as expected, as they are related to coarse rather than fine particles.
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Figure 2. PM2.5 source profiles identified by applying PMF to the combined chemical composition
and hygroscopicity data set. Chemical components’ values relate to relative mass, while GF values
relate to the amount apportioned to each source by the model.

The heavy oil combustion profile was identified by V and Ni. Most of V mass (89%) and
a large fraction of Ni mass (58%) were associated with this source. The profile displayed
high loadings of carbonaceous species and S, as well as Fe, Ca, and K, in accordance
with heavy oil combustion profiles found in the literature [48,49]. Heavy oil combustion
emissions were associated with less volatile OC fractions in comparison with vehicle
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exhaust [45]. This source contributed 23% (2.2 µg/m3) during the cold period and 29%
(3.4 µg/m3) during the warm period.

Figure 3. Relative amount of species (%) apportioned to each factor/source, obtained by applying
PMF to the combined chemical composition and hygroscopicity dataset.

The fourth source identified was a mixed source of secondary aerosol formation and
biomass burning. The source profile was characterized by high loadings of S and OC and
accounted for 65% of total S mass, 53% of POC mass, and 62% of K mass. POC has been
linked to both secondary organic aerosol formation and biomass burning emissions [44,50];
on the other hand, the biomass burning profiles reported by Liu et al. [51] demonstrate large
amounts of OC1–OC4 fractions. The lack of key secondary ionic species (i.e., nitrate and
ammonium) in the PM2.5 chemical speciation database did not allow for the identification
of a separate source related to secondary aerosol formation. The mixed secondary aerosol
formation and biomass burning source did not display significant seasonal variability
(Figure S1, Supplementary Materials), contributing 46% to total PM2.5 concentrations
(4.5 µg/m3) during the cold period and 41% (4.7 µg/m3) during the warm period.

The mineral dust profile was identified by the high loadings of crustal elements (Al,
Si, K, Ca, Ti, and Fe). This profile accounted for more than 80% of the total mass of Al and
Si and 65% of Ti. Mineral dust contributed 3% (0.3 µg/m3) during the cold period and 8%
(0.9 µg/m3) during the warm period.

The aged sea salt profile was identified by the high loading of Na, while it accounted
for most of Na and Cl total mass (90% and 79%, respectively). The Cl/Na mass ratio in the
profile was much lower than the ratio reported for seawater, suggesting Cl depletion due
to transformation of fresh sea salt aerosol through mixing with urban gaseous emissions.
Aged sea salt profiles, containing high loadings of nitrate, have been previously reported
for the monitoring site [43,52]. Aged sea salt contributed 5% (0.4 µg/m3) during the cold
period and 2% (0.2 µg/m3) during the warm period.

According to PMF analysis, the aerosol hygroscopic growth factor (GF) was mainly
associated with the mixed source of secondary aerosol formation and biomass burning
(36%) and heavy oil combustion (24%). To a lesser extent, GF was also associated with
vehicle exhaust (19%), aged sea salt (14%), and vehicle non-exhaust (6%). Mineral dust was
found to be hydrophobic.

PMF analysis performed only on the chemical composition database, including PM2.5
as a total variable, allowed for the quantification of source contributions. The average
source contributions over the whole year are presented in Figure 4. The mixed source
related to secondary aerosol formation and biomass burning was found to be the main
contributor to PM2.5 levels (44%), followed by heavy oil combustion (26%) and vehicular
traffic exhaust and non-exhaust emissions (15%). Contributions from the two natural
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sources (mineral dust and aged sea salt) were much lower, owing to the coarse nature of
these particles.

Figure 4. Average contribution (in µg/m3 and as % of total PM2.5 concentration) of the different
sources obtained by PMF to the PM2.5 concentration levels measured during August 2016–July 2017.

4. Discussion

The measured concentration levels of PM2.5 and chemical constituents were generally
in agreement with previous studies [43,52,53]. Over the last decade, PM2.5 concentrations
at the site were relatively low in comparison with the EU annual limit value of 25 µg/m3.
Nevertheless, the levels are higher than the WHO guidelines, which recommend an annual
limit value of 5 µg/m3 and a 24 h limit value of 15 µg/m3. Carbonaceous aerosol com-
prised a significant fraction of total PM2.5, but a modest decrease in the total carbon (TC)
concentrations was observed, with TC accounting for 24% of PM2.5, in comparison with
27–30% during 2011–2013. This decrease was related to OC rather than EC, leading to a
significant reduction in the observed OC/EC ratio (5.4 on average in this study, as opposed
to 7.6–10.5 in previous years). K concentration levels were also lower in this study and
the warm period levels were higher than those observed during the cold period. These
results suggest that residential biomass burning was not so prominent during 2016–2017,
in comparison with previous years.

The PM2.5 chemical composition data collected during a full year (August 2016–
July 2017) were combined with concurrent hygroscopicity data in order to apply PMF
for source apportionment. Source apportionment of PM2.5 concentrations resulted in six
major emission sources, including four anthropogenic sources (vehicular exhaust and
non-exhaust, heavy oil combustion, and a mixed source of secondary aerosol formation
and biomass burning) and two natural sources (mineral dust and aged sea salt). The
contribution of the natural sources to the observed PM2.5 levels was limited (less than 10%);
fine particles are known to originate mainly from anthropogenic sources.

The contribution from vehicular traffic (for both exhaust and non-exhaust emis-
sions) was found to be slightly lower than in 2013–2014 (1.6 µg/m3 in comparison with
2.1–2.3 µg/m3). The contribution of heavy oil combustion, on the contrary, was found to
be elevated (2.8 µg/m3 in the present study, versus 2.0 µg/m3 in 2014 and 0.8 µg/m3 in
2013). This source is considered to be related to shipping emissions, as well as industrial
emissions from oil refineries located in the west of the Athens metropolitan area [54]. The
increase in the heavy oil combustion contribution over the last years may be related to
enhanced economic activities due to the gradual recovery of the Greek economy following
the financial crisis.

The fourth anthropogenic source found in the present study was a mixed source of
secondary aerosol formation and biomass burning. Previous studies have found separate
sources related to secondary sulphates and nitrates and to biomass burning. The use of
ionic species in some of these studies allowed for a better characterization of the impact
of secondary aerosol formation on PM concentration levels [43,52]. In the present study, a
secondary aerosol formation source with high loadings of S and organics was identified
and may be associated with regional pollution [52]; however, it was not possible to identify
locally produced secondary aerosol, which is usually traced by high loadings of nitrate [55].
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Regarding the impact from biomass burning, as already discussed, the low OC/EC
ratios measured during the cold period (average and median values equal to 5.0 and 4.5,
respectively) and the low K levels suggest that biomass burning emissions during the study
period were mainly related to the transport of wildfire smoke plumes, rather than local
biomass burning for residential heating. According to the JRC Annual Fire Reports, Greece
experienced increased levels of fire activity during the 2016 and 2017 fire seasons, which
may have resulted in frequent transport events of aged biomass burning plumes, mixing
with the regional pollution reaching the measurement site. The contribution of the mixed
source (secondary aerosol formation and biomass burning) did not display significant
temporal variability; specific peak contributions, though, may be associated with known
wildfire events, such as the intense wildfires in Evia in August 2016 (at a distance of less
than 100 km from the measurement site) (Figure S1, Supplementary Materials).

The inclusion of the hygroscopic growth factor (GF) in PMF analysis provided insight
into the source apportionment of aerosol hygroscopicity, i.e., the contribution of the differ-
ent particle sources to the total hygroscopity of ambient aerosol. The mixed source related
to secondary aerosol formation and biomass burning was found to be the most hydrophilic
source, in agreement with previous source apportionment studies [31,32]. This source
displayed high contributions by S and organics, as well as EC and K in lower loadings.
Secondary inorganic aerosol, such as sulphate, is known to contribute significantly to
atmospheric aerosol hygroscopicity [56]. In addition, highly oxidized secondary organic
species have been found to play a major role in organic aerosol hygroscopicity [15,57]. On
the other hand, the hygroscopic properties of biomass burning smoke plumes reported
in the literature vary significantly, depending on biofuel characteristics, combustion con-
ditions, plume’s age (freshly emitted or aged plumes), and the presence of inorganic
constituents [28]. Mochida and Kawamura [58] demonstrated that biomass burning emis-
sions contain oxygenated organics that may significantly increase aerosol hygroscopicity.
In addition, atmospheric ageing of biomass burning plumes is expected to lead to enhanced
hygroscopic properties [9].

The hygroscopic growth rate was also associated with heavy oil combustion (24%) and
vehicular exhaust emissions (19%). Li et al. have also found a small part of aerosol hygro-
scopicity associated with vehicular traffic and ship emissions [31]. The nearly hydrophobic
particles emitted from fossil fuel combustion may be transformed into less-hygroscopic
particles during atmospheric ageing processes, such as through condensation of secondary
organic aerosols formed by photo-oxidation of volatile organic compounds emitted with
exhaust gases [59,60]. The high S loading in the heavy oil combustion profile further
promotes hygroscopicity.

Aged sea salt was also associated with hygroscopic growth (14%). Sea spray particles
are inherently hygroscopic. Zieger et al. have demonstrated that the hygroscopic growth
factor of sea salt particles is significantly lower than NaCl [61]. The presence of organ-
ics, also evident in the aged sea salt profile obtained by PMF, may further decrease the
hygroscopicity of the ambient sea spray particles.

Vehicle non-exhaust emissions contributed very little to aerosol hygroscopicity, while
mineral dust was the only source with no contribution to the hydroscopic GF, in agree-
ment with Li et al. [31]. Given that major crustal components, such as Al- and Si-based
compounds, are non-hygroscopic, mineral dust is generally considered insoluble and may
supress aerosol hygroscopicity [62,63].

The application of PMF analysis on combined chemical composition and hygroscopic-
ity data may enhance our understanding of the hygroscopic properties of ambient aerosol
in different types of environments, by identifying the various kinds of hygroscopic particles
emitted by anthropogenic and natural sources or formed during atmospheric ageing. In ad-
dition, the inclusion in PMF analysis of OC carbon fractions (as provided by TOT method)
may provide further insight with respect to the role of organics in aerosol hygroscopicity.
The results of this study highlight the influence of the different source emissions and atmo-
spheric ageing on the chemical composition and hygroscopic properties of atmospheric
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aerosol. Good knowledge of the hygroscopic properties of ambient aerosol is important for
air quality and visibility management, as well as climate research. Aerosol hygroscopicity
has also been identified as a key parameter in terms of exposure to airborne particles and
related health impacts. Taking into account that a large fraction of urban populations
resides in suburban and urban background areas, understanding how the transformed
emissions reaching the receptor site affect local aerosol hygroscopicity is crucial when
developing mitigation measures for air quality and the protection of public health.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13101685/s1, Figure S1: Temporal variability of source
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Abstract: Very low air quality in the Warsaw conurbation, Poland, similarly to the case in many large
European cities, poses a serious threat to the residents’ health, being a significant source of premature
mortality. Many results presented in earlier publications indicated local heating installations and car
traffic as the main emission categories responsible for this adverse population exposure, where the
dominant polluting compounds are NOx, PM10, PM2.5, and BaP. The last two mainly originate from
individual household heating installations, both in the city of Warsaw and in its vicinity. To reduce
the health risk of air pollution, the city authorities have recently made fundamental decisions, related
to the individual housing sector, aimed at the radical decarbonization of all heating installations in
Warsaw and its surroundings. On the other hand, the ongoing modernization of the city’s car fleet
(including individual and public transport), taking into account the restrictive EU emission standards,
as well as the quickly growing share of electric and hybrid cars (BEVs and PHEVs), gives a good
prospect of a fundamental improvement in air quality in Warsaw conurbation. The main subject of
the paper is a quantitative assessment of the air quality improvement in the current decade (by 2030),
resulting from the above modernization activities. The final results are expressed as the attributed
reduction in population exposure, which was found to be 28–30% with respect to NOx and PM, and
the associated health risk, i.e., 204 fewer avoidable deaths with respect to NOx and 607 fewer with
respect to PM2.5.

Keywords: urban air quality; emission abatement; emission Euro norms; BEV/PHEV cars;
population exposure

1. Introduction

More than 70% of European citizens live in urban areas [1], where, due to high popula-
tion densities and economic activities, they are exposed to high levels of air pollution [2–5].
The adverse concentrations often exceed the WHO guidelines, especially the currently es-
tablished, more restrictive limits [6]. Exposure to particulate matter, ozone, nitrogen oxides,
and other pollutants is associated with serious health problems [7], including premature
mortality in European cities.

According to the above EEA reports, the most premature deaths related to nitrogen
dioxide pollution in Europe were recorded in the main Western Europe conurbations, e.g.,
in Spain, Italy, France, and Belgium [8,9]. Although in Polish cities, particularly in Warsaw,
the NO2 concentrations are comparatively slightly lower (Warsaw’s position is 24th in the
NO2 ranking list of 1000 most polluted European cities [9], with 743 avoidable deaths,
estimated according to the current WHO recommendations [6]), the overall air quality in
Warsaw is much worse compared to other European capitals, mainly due to extremely high
PM2.5 concentrations. A similar situation is also observed in most other Polish conurbations,
which is the main reason for Poland suffering some of the lowest air quality [10–12] in
Europe. This, in part, results from the burning of low-quality fuels in residential heating, as
well as due to the country’s reliance on coal.
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The municipal and housing sectors in Poland mainly use coal fuel [13–15]. Emitters
related to the individual heating of apartments and buildings are located in residential
areas, and the related pollutions usually occur at a low height above the ground level. As
a result, these emissions directly affect concentrations of the pollutants in places where
people live and often exceed the air quality standards, especially for PM2.5. In 2018, the
emissions in Poland from this source category accounted for approximately 47% of total
PM10 dust emissions and 52% of total PM2.5 emissions. In the abovementioned list of 1000
most PM2.5 polluted European cities [9], Warsaw’s ranking position was 20 (with five other
Polish cities having an even higher rank), with 2023 avoidable deaths according to WHO
regulations [6]. It was also confirmed by [8,12] that the annual mean concentration of PM2.5
particles in Poland was worst in all the EU, where 30 Polish cities were among 100 most
polluted European ones.

This situation means that any effective scenario of air quality improvement in Warsaw
must simultaneously take into account a reduction in both dominating pollution categories,
the road traffic-induced NOx concentrations, as well as PM2.5 and BaP (benzo[α]pyrene)
pollutions, also emitted mainly by the municipal sector. The effectiveness of possible
corrective actions in both cases will be directly dependent on the government’s energy and
climate policy implemented in the coming years.

The Fit for 55 package adopted on 14 July 2021 by the European Commission [16]
modifies the existing climate and energy legislation to meet the new EU objective of a
minimum 55% reduction in greenhouse gas (GHG) emissions by 2030 (as compared with
1990 levels). Directly related to the Commission’s 2030 Climate Target Plan [17–19], it not
only explicitly supports the 55% GHG target, but also indicates that 38–40% renewable
energy sources (RES) share by 2030 is the minimum necessary to meet this goal.

As stated above, many Polish conurbations are among the most polluted ones in
Europe. Recent years have seen grassroots initiatives, as well as very little governmental
effort aiming to reduce pollution levels, with minor results. In 2021, the share of coal in
the energy mix for the first time dropped below 70%, with a simultaneous 17% share of
RES [20]. The current economic and political situation in Europe forces a radical reduction
in fossil fuels; however, in the case of Poland, the achievement of the EC strategic goals
is rather unrealistic [21,22]. However, an announcement [23] was aimed at bringing the
Polish fuel mix closer to EU requirements. At the same time, local authorities of the
most polluted conurbations are taking their own initiatives to reduce the level of the most
troublesome pollutants, while researchers are looking for the adequate strategies to obtain
this goal. For example, the authors of [24–27] identified the main sources responsible for
standards violations and presented selected results focused on air pollution mitigation in
Polish cities (Cracow and Warsaw). There are also numerous case studies dealing with air
quality deterioration in major European cities, caused by both urban transport and other
municipal sources. Most of the studies (e.g., [28–30]) focused on assessing the impact of
urban transport on air quality in the city, where the authors of [30] additionally utilized
the AERMOD modeling system to assess emission scenarios to reduce the high level of
population exposure caused by the traffic-related NOx pollution in Trabzon, Turkey region.
Furthermore, the authors of [31–33] analyzed hypothetical emission reduction strategies
related to PM and NOx pollutions of urban areas.

This study was aimed at a quantitative assessment of the possible improvement of
air quality in Warsaw, Poland, resulting from a reduction in pollution emissions mainly
caused by road traffic and coal-fueled municipal installations. Projects recently launched
by the Warsaw authorities are considered, regarding both residential heating and urban
transportation, where the general trends in the transportation sector development and
modernization were additionally taken into account. To fully assess environmental benefits
coming from implementation of these corrective actions, the emission inventory for the
year 2018/2019 (prior to the project initialization) was taken as the baseline dataset.
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2. Methods

Modeling of atmospheric pollution dispersion in the city was carried out using the
Gaussian modeling system CALPUFF, v.7.0 [34] with the CALMET meteorological prepro-
cessor. The linear structure of the CAPUFF model enables independent analysis of the
impact of the municipal and transportation sectors, while utilizing superposition of the
results to estimate the final assessment of the decarbonization scenario. This linearity prop-
erty was also used in the estimation of the final environmental effects (more information
on CALPUFF system calculations and the model prediction accuracy and uncertainty can
be found in [35–37]). Using this system, spatial maps of the annual average concentrations
of the main air pollutants were obtained in order to determine areas where the permissible
concentration levels of individual pollutants were exceeded and to identify the sources of
emissions responsible for these exceedances.

The study domain considered in the computer simulation includes the Warsaw
metropolitan domain (inside the capital administrative boundary), as well as the sur-
rounding vicinity belt, about 30 km wide (Figure 1). The emission field combines a large
number of sources that differ in technological parameters, emission characteristics, compo-
sition of emitted compounds, and assigned uncertainty [27,38]. In this study, the sources
were divided into three basic categories, according to their emission parameters: (a) point
sources (4073), (b) line sources of the transport networks (1806 + 4918), and (c) area sources
of the municipal sector (1452 + 5819). All emitters for the pointwise sources were kept in
one file (the number of sources in brackets). In the area and line sources, the emitters were
divided into two subsets: sources located within the city domain and those in the outer belt
(the respective components are shown in brackets) to help in assessing the contribution
of the surrounding emission field to the total urban pollution. The external inflow of
pollutants entering the study domain was also taken into account, calculated offline using
the regional-scale CAMx model, with all categories of emission sources located in Poland,
outside the analyzed region. The resulting concentration field, including primary and
secondary pollutants (e.g., aerosols), was the pollution background to which the CALPUFF
forecast was added.
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For calculation of the pollutant concentrations, the Warsaw metropolitan area (about
520 km2 within administrative boundaries) was digitized with a homogeneous grid
0.5 km × 0.5 km. The aggregated resolution of 1 km × 1 km was applied in the surround-
ing belt, where the satellite cities were also discretized using a fine-resolution grid. Using
emission data given in these grids, the resulting concentrations were calculated in 2111
elementary mesh receptors inside Warsaw’s administrative area (compare Figure 1). The
calculations were performed for emission and meteorological data in 2018 [14,15]. Accord-
ing to the goal of this study, the following pollutants characterizing the urban atmosphere
were analyzed: PM10, PM2.5, NOx, and BaP. The average annual concentration values of
individual pollutants, averaged over the area of a unit grid element, were adopted as the
final value for each receptor.

3. Air Pollution in the Baseline Year

Computer simulations provided annual mean concentration maps, showing distribu-
tions of the main pollutants that characterize the urban atmospheric environment. They
also indicated which pollutants exceeded the WHO limit values and where these violations
were the highest. The linear structure of the CALPUFF model allowed indication of the
emission categories responsible for standards violation (source apportionment). Moreover,
it was possible to quantify the percentage share of an individual emission source category
in the total concentration at a given receptor point or in a district. This is very useful for
elaborating an abatement strategy to improve the city air quality.

Figure 2 presents the resulting concentration maps of the key pollutants, NOx and
PM2.5, calculated for the baseline emission dataset in 2018. As compared with the previously
obtained outputs [27,38,39], computation results differed in the spatial distribution of some
pollutants, particularly PM and BaP, although not particularly in the overall health pollution
impacts. This was mainly due to different meteorological conditions but also to some extent
to conurbation development. The wind field in Warsaw, similarly to the entire territory of
Poland, is usually dominated by western circulation. In 2018, however, the westerly and
easterly winds were more balanced (compare Figure S1). Comparison of this and previous
spatial distributions also indirectly indicated the high impact of pollutions inflowing from
the surrounding belt on pollution concentrations in the city itself.
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As shown in Figure 2, the air quality standards for the polluting compounds con-
sidered were exceeded in a large part of the city area. In particular, according to the
current Polish regulations, as well as EU Air Quality Directives [40], the annual mean
NOx concentration limit (30 µg/m3) was exceeded in 50% of the receptor points, while
the respective limit value for PM2.5 (25 µg/m3) was exceeded in about 62% of receptors.
The calculated PM10 and BaP pollution concentrations also exceeded the respective limit
values (40 µg/m3) for PM10 in 33% of the receptors, as well as that (1 ng/m3) for BaP in
the entire urban area. This reflects a general situation related to the strong domination of
coal in the fuel mix in Poland [4,10,26,38,41]. Furthermore, the modified and much more
restrictive WHO air quality guidelines [6] for the pollutants discussed here were exceeded
in the entire study domain.

The quoted above shares of receptor points where the limits were exceeded are smaller
than those calculated for 2012 emission dataset [27,38], which were equal to 64% for NOx
and 75% for PM2.5. At the same time, the spatial distributions of pollutants for 2012 and
2018 differed quite significantly from each other. This was mainly seen for NOx, whose
concentrations were strongly dispersed in the 2012 case study, with the maximum values
in the central districts. On the other hand, in the year 2018, the car-induced pollutions were
much less dispersed, but clearly concentrated along the main streets. This was caused, first
of all, by strong administrative limits imposed in last few years on the car traffic in the city
center. Moreover, the S8 expressway, launched in stages in 2013–2015, currently crosses the
northern districts of the city (compare Figure 2) and handles very heavy traffic, including
the intensive truck transit. This results in high pollution around the entire street, with
the maximum NOx concentrations occurring just along this route. Spatial distributions
of PM concentrations (including PM2.5) for 2012 and 2018 case studies differed mainly
due to different dominating wind directions (as stated above). However, the average BaP
concentrations showed a significant increase (about 50%) in 2018 compared to 2012. This
increase was, in similar proportions, due to three basic groups of the area sources: Warsaw’s
local emitters, sources located in the immediate vicinity of Warsaw, and the external inflow.

4. Projected Decarbonization Modernization
4.1. Official Plans and Scenarios Considered

The official document of the Ministry of Climate and Environment On the state’s energy
policy until 2040 [23] presents activities aimed at bringing Polish fuel mix closer to the EU
requirements, despite the existing limitations. According to this document, the share of coal
in the structure of energy consumption in 2030 will be at most 56%, with a simultaneous
increase in the share of RES to at least 23% in gross final energy consumption (at least 32%
in the electricity sector). The increase in the share of renewable energy sources is expected
to be mainly possible thanks to new onshore and offshore wind farms, photovoltaics, and
heat pumps in the individual housing installations.

According to the program launched in 2020 by the Warsaw authorities [42], it is
planned to substantially modernize municipal coal fueled installations within the next few
years and substantially reduce PM2.5 and BaP exposures. Currently, the impact of this
program will be radically strengthened and extended to the entire Mazovian Voivodeship
thanks to the initiative presented in Section 4.2 [42].

In the sequel, two emission abatement scenarios are discussed. They are connected
with: (a) particulate matter pollutions (including PM10, PM2.5, and BaP), mainly depending
on residential sector activity, and (b) NOx pollution where urban road traffic is the dominant
contributing sector. However, the municipal emissions also partially contribute to NOx
pollution, and the transport sector activity affects particulate matter concentrations.

The three basic scenarios considered in this study are as follows:

A. Baseline share of main emission categories (2018 emission dataset),
B. Reduction in the area emission from municipal sector, due to regulations on the limit

on coal fired installations in Warsaw and vicinity, and the national level act on fuel
mix decarbonization (horizon 2030)—Section 4.2,

24



Atmosphere 2022, 13, 1613

C. On top of B, imposing the restrictive emission standard for the car fleet in Warsaw
(to E4 norm at least) and taking into account the forecasted increase in the share of
electric cars (horizon 2030)—Section 4.3.

4.2. Municipal Sector Modernization

Particulate matter, PM10 and PM2.5, including carcinogenic BaP, constitutes a group of
hazardous to health pollutants, whose dominant share comes from the area sources of the
municipal sector (mainly due to coal combustion), located both in the city and in its vicinity.
In this case, the transboundary inflow (Figure 1) of pollutants also plays an important role,
while the impact of road traffic is generally minor.

Regulations on the Anti-Smog Resolution [39] for Warsaw and its wide surroundings
approved (26.04.2022) by the authorities of the Mazovian Voivodeship introduced the
ban on burning coal in ordinary fireplaces in Warsaw from 2023 and throughout the
Mazovian Voivodeship from 2028. The only approved furnace type is the low-emission
class 5 boiler [43], which guarantees a radical reduction in particulate matter and organic
compounds (BaP) emissions (compare Table S4). Thus, the above regulations mean a
significant reduction in PM and BaP emissions from area sources, located both in the city
and in its vicinity. The calculations performed for the baseline data show that this category
of emission sources was responsible for about 50% of particulate matter pollutants and
more than 70% of BaP.

Actually, efficiency of this modernization ranged from 20% to 60% and depended
primarily on the parameters of the replaced boiler (Table S4). Since rather low-quality
boilers (mostly of class 3) are expected in the case considered, the value 50% was assumed
in the calculations as the average emission reduction factor. In the case of an action covering
such a large area and a number of replaced sources, a certain number of installations usually
cannot be modernized (for various reasons). Thus, it was assumed that the modernization
would be implemented in at least 80% of the considered installations, which in turn would
mean about a 40% reduction in the baseline emissions for PM10 and PM2.5.

According to the official documents of the Ministry of Climate and Environment
concerning decarbonization policy of the Polish economy [23], by the end of this decade,
the share of coal in the country’s energy needs is to drop to at least 56% (from the current
70%), with an equivalent increase in the use of renewable sources. This means about a
20% decrease in the volume of pollutants emitted nationwide, which translates into a
corresponding reduction in the transboundary inflow.

A similar efficiency of BaP emission reduction ranges from 30% to 75% (Table S4)
column OGC (organic gaseous carbon) that includes, in addition to BaP, other harmful
PAHs (polycyclic aromatic hydrocarbons) and dioxins. Thus, on the basis of the same
arguments, 50% can be taken as the average value of BaP emission abatement from the area
sources. The overall BaP concentration is about 70% contributed from the area sources and
about 30% contributed from the transboundary inflow (Figure 6 (A)). Application of class
5 boilers denotes in this case about a 60% reduction in BaP emission. Moreover, the planned
fuel-mix decarbonization causes, as previously, a 20% reduction in the transboundary
component. The resulting concentration at the end of 2030 is shown -in Section 5.

As shown in Figure 3(A), the area sources significantly contribute (about 20%) to the
final NOx concentration for the baseline emission dataset. On the other hand, as follows
from [43], low-emission class 5 boilers, meeting the Ecodesign Directive, also reduce NOx
emissions by about 50–60%, as compared with the currently used, low-class installations
(see also Table S4). Moreover, taking into account the approximately 16% reduction in the
transboundary NOx inflow, due to the fuel mix modifications, we obtain an additional
reduction of approximately 10% in the overall NOx exposure.
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4.3. Urban Transport Modernization

The scenario connected with the environmental influence of urban road transport takes
into account several factors that, taken together, should visibly reduce the negative impact
of this sector. First of all, on the basis of earlier results [27,28], effects of the passenger
fleet modernization in terms of meeting EU emission standards should be considered.
The analysis utilizes results of [28,29] where, using the national emission data, the NO2
emission rates per fuel and Euro Norm for 30 European cities were collected. Furthermore,
the Warsaw transportation system was fully specified there, including the fleet composition,
fuel type used, yearly distance driven, and emission rates connected with the Euro norms
depending on car production years. These data can be used to assess the emission reduction
rate that may relate to the emission scenario being implemented. Below, we assume the
respective emission rate reduction of cars from E0–E3 categories, which will be replaced by
newer ones, meeting the Euro 4 standard, at least. The required emission data are shown in
Table 1, which is an aggregated form of the detailed specification in [27,29].

Table 1. Reference NO2 passenger car emissions in Warsaw per fuel and Euro norm.

Euro
Norm

Distance
[km × 106]

Share
[%]

Emiss. Rate
[g/km]

Emission
[kg × 103]

Share
[%]

Gasoline

E0-E3 52,894 32% 0.32 17,000 19%

E4-E6 13,684 9% 0.1 1368 2%

distance 66,678 41% emission 18,368 21%

Diesel

E0-E3 67,895 42% 0.77 51,190 59%

E4-E6 26,316 16% 0.65 17,105 20%

distance 94,211 59% emission 68,295 79%

TOTAL 160,789 100% 86,663 100%

Table 1 shows a dominant share of high emission (pre-E4) cars in Warsaw’s car fleet.
Using these data, it can be estimated that implementation of the assumed modernization
scenario implies about a 22% emission reduction in the passenger car category.

The rapidly growing segment of electric cars will also contribute to reducing air
pollution coming from road transport. This upward trend is additionally accelerated by
appropriate financial incentives, as well as by the general EU policy in this field. Thus,
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the resulting cumulative number of battery electric vehicle (BEV) registrations in 2030
may exceed 955,000 cars [44,45]. There should be added to this number plug-in hybrids
vehicles (PHEV), which in Poland in 2030 is forecasted at 653,000 cars. Thus, in 2030, up to
1.6 million electric cars (mainly passenger vehicles) may exist on Polish roads. According
to estimates [45], about one-quarter of all electric vehicles have been registered in Warsaw,
which means a cumulative number of about 400,000 electric cars in 2030, representing
approximately 30% of all passenger cars in the city. Given the approximately 60% share of
BEVs among electric vehicles, an additional reduction in emissions for this vehicle category
can be estimated at about 15%.

Fulfilling the Euro 4 emission standard by the truck/van vehicles and taking into
account a minor share of electric units will also result in a certain reduction in this category’s
emission. Taking into account appropriate unit norms for HDV cars (Table S3), the overall
reduction for this vehicle category was estimated at about 22%.

At the end of 2021, 27% of the public transport buses were low-emission vehicles,
i.e., LNG/CNG, along with rather few electric units. According to the plans of the Public
Transport Authorities [46] in Warsaw, by the end of 2022, the share of this class of vehicles is
to be 38%, while, in 2030, whole bus transport in the city will be performed by low-emission
and zero-emission (electric) vehicles. The corresponding emission reduction resulting from
this modernization has been estimated to be at around 16%.

The carbon monoxide (CO) concentration in the city mainly depends on the emissions
of gasoline passenger cars. However, the calculations on the baseline dataset showed that
the CO concentrations in the city are well below the relevant WHO limits [6].

Modernization of the car fleet also affects the total dust pollution, but rather insignif-
icantly, as the contribution of this sector is 23% and 14% in the case of PM10 and PM2.5
pollutants, respectively (compare Figures 4 and 5 (A)). In addition, in the case of particulate
matter, the modernization process only reduces the emissions coming from the fuel combus-
tion (primary), approximately 18% for PM10 and 40% for PM2.5 of these emissions [13,27],
while the secondary emissions (resuspended) dominate, especially in the case of PM10.
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Table 1 shows that pre-E4 cars cover 75% of the total distance traveled by passenger
vehicles. Extending this relation to other car vehicles and taking into account Euro Norm
limits for dust (Tables S1–S3), it is possible to estimate the related reduction in PM emissions
as 6% for PM10 and 11% for PM2.5. The increase in the number of electric cars, mainly
passenger ones, projected at the end of the decade, will also contribute to the reduction
in dust emissions. As indicated earlier, the estimated share of BEV/HPEV cars is around
30% of all passenger cars. Taking into account the share of passenger cars in the entire
vehicle fleet, the resulting emission reduction can be estimated at 3% and 5%, for the
considered PM categories. In addition, a slight reduction in PM concentrations resulting
from the modernization of truck/van vehicles should be taken into account (respectively
3% and 5%). Thus, the overall reduction in PM emission related to the contribution of the
transportation sector can be estimated at 13% and 21% for PM10 and PM2.5, respectively
(see also Figures 4 and 5).

5. Comparative Simulation Results

The results presented below illustrate the environmental impact of the implementation
of the emission reduction scenarios on the appropriate reduction of the negative influence
of the four key pollutants discussed in the previous sections, NOx, PM10, PM2.5, and BaP.
The final impact of each scenario defined in Section 4 is expressed as population exposure
to the individual pollutant, calculated as the population-weighted averaged concentration
within the Warsaw’s receptor field (Figure 1, inside the administrative border).

For each pollutant, one of the scenarios is predominant, while the other has a comple-
mentary effect. In order to standardize the message, the same sequence of scenarios in all
figures was adopted. Scenario B (municipal sector and national economy decarbonization)
is a natural approach for particulate matter pollutants, while scenario C (car fleet modern-
ization added to B scenario) gives obviously the most significant benefit for NOx, which
can be seen when comparing B and C steps. However, the municipal sector contributes
quite significantly to NOx pollution, via both the area and the transboundary inflow. Since
low-emission boilers installed in municipal sector also reduce NOx emission, scenario B
implementation implies approximately a 10% reduction in NOx pollution.

In the case of PMs pollutions, scenario B has a dominant impact on the emission
reduction, which is visible in Figures 3–6 (B). The effect of modifying the transport sector,
by reducing pollution from fuel combustion, is insignificant in this case. This is because
resuspended particulate matter (secondary emissions) is predominant in PM10 emissions,
while, in PM2.5, where secondary emissions have a lower share, the total influence of linear
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sources is small. The total reduction attributable to the line sources is about 2%, which can
be seen in the transition from scenarios B to C in Figures 4 and 5.
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The concentration of BaP depends entirely on the emission of area sources, located
both in the city and in its surroundings (the share of other types of sources is below 1%).
As the low-emission boiler technology enables a significant reduction in BaP emission
(Table S4), the total improvement in air quality in this case is close to 50%.

6. Discussion

According to many assessments [8,9,12], ambient air quality in Warsaw is one of
the worst among large European cities. One, although not dominant reason, is the high
level of car traffic and the associated emissions of nitrogen oxides, NOx. However, the
main factor that determines bad air quality in Warsaw is the extremely high (for European
conditions)concentration of particulate matter, especially PM2.5 and the carcinogenic BaP.
This is due to many years of dependence on coal (hard coal and lignite) of the Polish national
energy and the municipal sectors. Therefore, high concentrations of PMs in Warsaw come
from overlapping impacts of local sources, including to a large extent those located in the
city’s surroundings, as well as the transboundary inflow. As a result, the concentrations of
PMs pollutants in a large area of the city exceed the WHO limit values, which were recently
significantly tightened [6].

Emission abatement strategies discussed in the paper take into account technological
progress and general trends observed, for example, in the transportation sector, as well as
pro-ecological policies implemented by the EU regulations, including relevant legislative
initiatives referring to both a national and a regional level. Using the 2018 emission inven-
tory as the baseline dataset, two scenarios of emission reduction are considered. Scenario
B, related mainly to PM pollution, follows the very restrictive legislative decision [47] of
the Mazovian Voivodship concerning coal-fired installations in Warsaw and its vicinity
(the latter emission abatement decisions are to be implemented by 2028), as well as the
national-level legislation related to coal share reduction in the fuel mix with a simultaneous
increase in the use of renewable sources. Scenario C, which mainly reflects the car fleet
modernization (reduction of pre-E4 vehicles) and rapidly increasing share of electric cars
(BEV/PHEV), is mainly responsible for NOx pollution.

A key factor of this strategy is the carbon footprint of electric cars, primarily related to
battery manufacturing. As shown in the ICCT report [48], even when the battery-related
footprint is added to the total life cycle of car production, the overall carbon footprint is
definitely lower than that attributed to a comparable combustion car. The main problem in
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this case is the share of fossil fuels in the fuel mix of the electrical energy sector used for
charging the car batteries, which is high in Poland. However, as shown in [49–51], even
with such an unfavorable energy mix as for Poland in 2018, usage of electric cars lead to
a reduction (albeit small one) in the carbon footprint. Therefore, taking into account the
results presented above, the implementation of emission abatement scenarios discussed in
this paper can result in a further reduction in the carbon footprint, associated with both the
road traffic and the municipal sector.

In addition to the air pollution-related deaths, the climate policy will result in reduction
in diet-related deaths and deaths due to physical inactivity [52]. The latter is related with
active transportation [53], particularly cycling, which has been developed quite extensively
in Warsaw. Although this change in transportation only marginally improves the air
quality [27], the health impact connected with intensified physical activity is definitely
positive in Warsaw air pollution conditions [54]. A negative factor of more intensive cycling
and walking is caused by the connected increased rates of traffic incidents, although this
is estimated to be minor in comparison with the health benefits gained by the physical
activity [53].

An additional advantage of transportation changes is related to the reduction in
noise. Driving technologically more advanced cars, particularly hybrid and electric ones,
using electric scooters, cycling, or walking instead of driving significantly lowers the noise
level coming from transportation, which is a main source of urban noise and reduces the
connected health risk [39,53].

7. Conclusions

The paper presented an analysis of consequences of implementing the official scenario
prepared for air quality improvement in Warsaw, Poland, particularly in terms of the
population exposure and the associated health risk at the end of the present decade. The
main tool used was a Gaussian system CALPUFF for modeling atmospheric pollution
dispersion. Four pollutants, NOx, PM10, PM2.5, and BaP, all of which presently exceed
environmental limits in Warsaw, were considered.

Results showed a reduction in population exposure attributed to the specific pollutants
and scenarios being implemented. The final reduction in population exposure to NOx was
about 28%, as depicted in Figure 3. This means that the base avoidable mortality assigned
to this pollutant, 743 avoidable deaths [9], would be reduced by about 204 cases. The
analogous result for PM2.5 was more significant (Figure 5). Here again, the ~30% reduction
in population exposure would reduce the avoidable yearly deaths by 607 cases, from the
initial value of 2023 avoidable deaths. The reduction in exposure to PM10 (Figure 4) was
similar, amounting to about 28%, while, for carcinogenic BaP (Figure 6), it was as much as
approximately 50%. In the latter case, the concentration depended solely on the municipal
sector emissions and the transboundary inflow, while the influence of other sources was
negligible.

The considered undertakings would considerably improve air quality, but they are
not sufficient. However, the processes of reducing the main polluting compounds, which
are essential for air quality in the city and are presented in this paper, will be continued in
the next decade. The basic EU regulations [16,18] will force the acceleration of the national
economy decarbonization processes and a significant increase in the share of renewable
energy sources in the fuel mix. European Union has an ambitious goal to become a climate-
neutral continent by 2050 [40]. As a consequence, this will also force a further reduction
in dust emissions, both from the local sources and from the transboundary inflow. In line
with the above policy, electric vehicles (BEVs/PHEVs) are expected to have a dominant
share in the car fleet, in both private and public transport [55,56]. To achieve this target, the
European Commission announced a multitude of new legislative proposals in the coming
years, where many of them target transport [57]. In particular, the European Parliament
approved an effective EU ban on the sale of new petrol and diesel cars from 2035, to speed
Europe’s shift to electric vehicles [58].
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Paradoxically, due to the country’s significant backwardness compared to the EU
average, Poland has potential opportunities to effectively implement recovery plans and
to clearly improve air quality. This depends substantially on policies of the city, province,
and country authorities. Implementation of these plans is subject to high uncertainty.
Imagination of future conditions in even a couple of years may be far from reality. Recent
events such as the COVID-19 pandemic, the energy resource crisis connected with the
war in Ukraine, or economic turbulences caused by both these events, make this clear.
During the pandemic, air quality tended to improve due to highly limited transportation
because virtual meeting technologies reduced commuting and business travel. On the other
hand, home delivery caused enhanced delivery truck and van traffic. Both these trends
are seemingly continuing, despite being rather difficult to foresee when plans were made
a few years ago. The energy resource crisis made the achievement of the presupposed
goals questionable, also affected by the more difficult economic conditions. However, our
considerations span to rather many years ahead; hence, we hope that these important
environmental plans will not be substantially reduced or abandoned by these unforeseen
perturbations.
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Abstract: Through the analyses of the observed concentrations of ozone (O3) in Tai’an from 2016 to
2021, the results show that O3 pollution was relatively serious, with the mean concentrations of the
90th percentile of daily maximum 8-h O3 (O3-8h-90per) above 180 µg/m3. O3 pollution in Tai’an
mainly occurred from May to September, accounting for 69%~100% of the total O3 pollution days,
of which the most serious pollution occurred in June. Combined with the analyses of temperature,
humidity, and wind speeds, the probability of O3 exceedances in Tai’an increased significantly under
the conditions with the temperatures higher than 30 ◦C, the relative humidity of 20%~40%, and the
wind speeds of 1~3 m/s. The dominant wind directions on O3 pollution days in Tai’an were southerly
winds, based on the analyses of wind directions and their clustering trajectories. Based on the results
at three monitoring stations at different distances from Mount Tai from May to September in 2021, the
average O3 concentrations at the Renkou School station near the mountain was about 13~15 µg/m3

higher than those at the other two stations (Dianli College and Shandong First Medical University)
which are far away from the mountain, indicating that the Renkou School site was more affected
by the obstruction of the mountain. In addition, the WRF-CMAQ model was used to simulate ten
O3 pollution events in 2021, showing that the average O3 concentrations in Tai’an were reduced by
1.7~7.5 µg/m3 after changing the topographic height of Mount Tai.

Keywords: ozone; pollution characteristics; terrain; mount tai; WRF-CMAQ

1. Introduction

In recent years, ozone (O3) has gradually become the primary pollutant affecting air
quality in China, and it has shown a rapid growth and deterioration trend in vast areas
of China [1–5]. Ground-level O3 is generated due to complex photochemical reactions
of volatile organic compounds (VOCs) and nitrogen oxides (NOx) under sunlight [6–9].
The surface O3 can stimulate the respiratory tract and cause changes in lung function and
respiratory inflammation and asthma, seriously threatening human health [10–13]. In order
to improve the regional air quality and reduce the serious harm of O3 pollution to the
human body, effectively reducing the concentrations of surface O3 has become an arduous
task for local environmental protection departments.

Since 2016, O3 pollution in Tai’an has been serious. In 2016, the 90% percentile of
annual O3 concentrations ranked 168th among 168 key cities specially selected by the
Ministry of Ecology and Environment for the national urban air quality ranking in China.
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In 2021, it ranked 166th among 168 cities, showing that O3 has become the primary pollutant
affecting air quality in Tai’an [14,15]. Tai’an city has a special geographical environment,
with the terrain high in the north and low in the south. It is located at the foot of Mount Tai,
with the Taishan Mountains in the north and the Culai Mountain in the east, being favorable
for pollutants to accumulate at the foot of the mountain and the downtown area [15]. VOCs
and NOx are transported northward by the southerly winds, providing precursors for the
photochemical reactions of O3. In addition, Mount Tai is rich in vegetation, thus VOCs
emitted by vegetation can provide certain precursors to O3 generations in Tai’an. This
study analyzed the characteristics of O3 pollution in Tai’an from 2016 to 2021, and explored
the effects of Mount Tai on O3 concentrations. It may provide scientific basis and technical
support for the causes of O3 pollution and air pollution prevention and control measures
in Tai’an.

2. Materials and Methods
2.1. Observation Data

The observation data of O3, CO, SO2, NO2, PM2.5, and PM10 at six air quality stations
of Tai’an, as shown in Figure 1, from 2016 to 2021 were obtained from the Tai’an ambient
air quality automatic monitoring system. The daily data were obtained from the average
of observations at these six air quality observation stations, and the monthly and annual
average O3 concentrations were taken as the 90th percentile of the maximum 8 h average
concentration of O3 (O3-8h-90per). The O3 observation data of other cities were from
China National Environmental Monitoring Centre. The observational data of temperatures,
relative humidity, and wind speeds in Tai’an were provided by the Tai’an ambient air
quality automatic monitoring system, and the wind direction data were obtained from the
weather post report website (http://tianqihoubao.com/weather/top/taian.html) (accessed
on 1 January 2022).

Figure 1. Map of Tai’an and distributions of six air quality monitoring stations in Tai’an.Map data
© 2022, Gaode Map.

2.2. Analytical Method

According to the relevant regulations of the “Ambient Air Quality Standards” in China
(GB 3095-2012), this study defined an O3 pollution day when the maximum 8 h average
concentration of O3 (O3-8h) exceeded 160 µg/m3, and then conducted monthly and annual
compliance evaluations based on the “Ambient Air Quality Assessment Technical Speci-
fications (Trial)” (HJ 663-2013). According to the relevant requirements of the “Ambient
Air Quality Index (AQI) Technical Regulations (Trial)” (HJ 633-2012), the air quality was
divided into five levels depending on the concentrations of O3-8h: excellent (0–100 µg/m3),
good (101–160 µg/m3), mild (161–215 µg/m3), moderate (216–265 µg/m3), and heavy
pollutions (266–800 µg/m3).

2.3. Model Settings

The Community Multiscale Air Quality model (CMAQ) was applied to simulate the O3
concentrations in Tai’an (https://www.epa.gov/cmaq) (accessed on 9 August 2022). The
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model meteorological field was provided by the Weather Research and Forecasting Model
(WRF) (https://www.mmm.ucar.edu/weather-research-and-forecasting-model) (accessed
on 9 August 2022). The input data for the WRF model were obtained from the Meteorologi-
cal Reanalysis Data (FNL) of the US National Center of Environmental Prediction (NCEP).
The CMAQ model adopted the CB05 carbon bond chemistry mechanism and the AERO6
aerosol chemistry mechanism [16,17]. The model had a horizontal resolution of 36 km
and covered central and eastern China, as shown in Figure 2. Figure 2b,c show the terrain
heights in the baseline simulation and the sensitivity simulation scenario, respectively, and
the difference in the height of Mount Tai, as can be seen in Figure 2d. The anthropogenic
emission sources were provided by the Multi-resolution Emission Inventory for China
(MEIC) developed by Tsinghua University, and the biological sources were calculated by
the online Biogenic Emission Inventory System version 3.14 (BEISv3.14).

Figure 2. Map of (a) the model domain; (b) default terrain height (m); (c) modified terrain height (m);
and (d) the terrain height difference between (b) and (c) in the model.

3. Results and Discussion
3.1. Overview of Ozone Pollutions in Tai’an

The annual average concentrations of O3-8h in Tai’an from 2016 to 2021 were selected
to analyze the interannual variation characteristics of O3 pollution. As shown in Table 1,
the annual average concentrations of O3-8h-90per in Tai’an from 2016 to 2021 were above
180 µg/m3 (except in 2018), suggesting that the O3 pollution in Tai’an has been very serious
in recent years. Among them, the highest annual average concentration of O3-8h occurred
in 2019, reaching 195 µg/m3, while the lowest concentration was in 2018. From 2019 to
2020, the O3 concentrations in Tai’an showed a decreasing trend with the reduction of
12 µg/m3, while O3 concentrations in 2021 were similar to those in 2020, indicating that the
O3 pollution situation in Tai’an was still relatively severe.
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Table 1. Annual average concentrations of pollutants from 2016 to 2021 and O3 pollution days
for different wind directions in Tai’an during May–September from 2016 to 2021. The quantities
in parenthesis represent the proportion of polluted days in a certain wind direction to the total
polluted days.

Year Pollutants (µg/m3)
O3 Pollution Days (%)

with Different Wind Directions

O3-8h-90per CO-95per SO2 NO2 PM2.5 PM10 Southerly Northerly Easterly

2016 180 2.0 34 35 61 108 46 (74) 15 (24) 1 (2)
2017 193 1.6 23 36 53 97 58 (82) 12 (17) 1 (1)
2018 178 1.6 17 33 48 96 37 (74) 9 (18) 4 (8)
2019 195 1.5 15 34 53 98 62 (79) 16 (20) 1 (1)
2020 183 1.5 14 30 47 83 46 (78) 13 (22) 0 (0)
2021 182 1.3 12 28 42 76 52 (80) 12 (18) 1 (2)

Ground-level O3 is mainly produced due to complex photochemical reactions of
volatile organic compounds (VOCs) and nitrogen oxides (NOx) under the conditions
of strong light, high temperature, and low humidity [18–21]. In view of the strong solar
radiation, high temperature, and low humidity from May to September in Tai’an (Figure S1),
these meteorological factors are favorable for generation of near-surface O3. Therefore,
this study selected the period of May–September to conduct a statistical analysis of the O3
pollution in Tai’an from 2016 to 2021 (Figure 3a).

Figure 3. The number of days of O3 pollution in different levels in Tai’an for (a) the annual values
from 2016 to 2021 and (b) monthly values during May–September from 2016 to 2021, scatter plots
between hourly O3 concentrations and temperature (c); relative humidity (d); and wind speeds (e) in
Tai’an during May–September from 2016 to 2021.

37



Atmosphere 2022, 13, 1299

As seen from Figure 3a, the number of O3 pollution days in Tai’an from May to Septem-
ber was in the range of 50~79 days from 2016 to 2021 for the annual values, accounting for
32.7% to 51.6% of the total days from May to September every year. Among them, the num-
ber of pollution days in 2019 was the most (79 days), and in 2021 it was 65 days, indicating
that the O3 pollution in Tai’an was still relatively severe. From the perspective of pollution
extent, O3 pollution in Tai’an was mainly mild pollution, accounting for 69.0%~94.0% of
the total pollution days from 2016 to 2021. The number of days with moderate and above
O3 pollution gradually decreased from 16 days in 2019 to 14 days in 2020, and then to
10 days in 2021 (Table 2). The O3-8h-90per concentrations also decreased year by year in
the recent three years. This shows that Tai’an achieved certain improvements in O3 controls
in recent years.

Table 2. Monthly mean concentrations of maximum 8 h O3 and NO2 (µg/m3) in Tai’an during
May–September from 2016 to 2021.

Year
May June July August September Average

O3 NO2 O3 NO2 O3 NO2 O3 NO2 O3 NO2 O3 NO2

2016 185 31 208 24 183 19 167 23 203 35 193 26
2017 240 30 236 31 177 22 190 21 182 28 225 26
2018 186 26 212 22 182 16 189 15 148 32 192 22
2019 186 27 225 22 211 22 169 22 211 31 216 25
2020 211 23 244 22 186 19 183 19 183 31 214 23
2021 206 19 239 20 188 14 190 17 188 17 200 17

Table 2 shows the statistical results of O3-8h-90per in Tai’an during May–September
from 2016 to 2021. The concentrations of O3-8h-90per in May from 2020 to 2021 were
both above 200 µg/m3, indicating that the occurrence times of O3 pollution in Tai’an
had a tendency to advance. June was the most polluted month, with the most days of
pollution exceedance, the concentrations of O3-8h-90per ranging from 208–244 µg/m3 and
a total of 130 pollution days from 2016 to 2021, accounting for 34.7% of the total pollution
days (Figure 3b). In addition, the moderate and above pollution in Tai’an occurred most
frequently in June, with 43 days of O3 moderate pollution, accounting for 61.4% of the
total days of O3 moderate pollution from 2016 to 2021. Notably, the four heavy pollution
processes from 2016 to 2021 all occurred in June, which may be attributed to the relatively
strong solar radiation and high temperature in June, resulting in strong photochemical
reactions of O3 in the atmosphere and high concentrations of ground-level O3 [17].

3.2. Analyses of Ozone Precursors and Meteorology

Based on the analyses of NO2 concentrations in Tai’an from 2016 to 2021, it was found
that the overall NO2 concentrations showed a downward trend, as shown in Table 2 and
Figure S2. The average NO2 concentration during May–September in 2021 was 17 µg/m3,
while the NO2 concentration in 2018 was relatively low, which might be caused by meteo-
rological conditions such as typhoons. The NO2 concentrations were relatively high from
May to June in 2017, being consistent with the high levels of O3 concentrations. From 2018
to 2020, the NO2 concentrations were the highest in September, followed by May, while
the highest NO2 concentration occurred in June (20 µg/m3) and May (19 µg/m3) in 2021,
being consistent with the months with high O3 levels.

According to the analysis of temperature, humidity, and wind speed during the high-
O3 period (May–September) in Tai’an from 2016 to 2021, the probability of O3 exceedances
rose sharply under the conditions with the temperature higher than 30 ◦C, relative humidity
of 20–40%, and wind speeds of 1–3 m/s, as shown in Figure 3c–e.
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According to the statistical analysis of the wind directions during the O3 pollution
periods in Tai’an from 2016 to 2021, the dominant wind directions leading to O3 pollution
days were southerly (southwest, south, and southeast), accounting for 65%~100% of the
total number of pollution days each year (see Table 1). The pollution days dominated
by the northerly winds accounted for 17%~24%, and those dominated by easterly winds
accounted for 0%~8%. In 2021, number of the O3 pollution days in Tai’an dominated by
southerly winds were 52 days, accounting for 80% of the total pollution days from May
to September.

In order to study the effects of air flow trajectory differences on O3 concentrations
in Tai’an, cluster analysis was performed on the hourly backward trajectory during
May–September from 2020 to 2021. Results show that the summer winds were domi-
nated by southwesterly, northeasterly, and southeasterly winds, and the proportion of
trajectory sources varied slightly between different years (see Table 3). Moreover, combin-
ing the hourly O3 observation values in Tai’an with the backward trajectories, the trajectory
pollution characteristics were explored. Referring to the secondary standard of O3-8h
(160 µg/m3) in “Ambient Air Quality Standards” (GB 3095-2012), the backward trajectories
were divided into clean and polluted trajectories: the polluted trajectory was defined as
the one with the corresponding O3 concentrations greater than 160 µg/m3, otherwise as
the clean trajectory [22]. The statistical results of various trajectories are shown in Figure 4
and Table 3. Results show that there were significant differences in the O3 concentrations
corresponding to different airflow trajectories and the proportions of pollution trajectories.
In summer, the pollution trajectories in the southwesterly wind direction accounted for the
highest proportion. The above analysis shows that due to the effects of southern transport
and local topography, the proportion of O3 pollution in Tai’an increased significantly under
the southerly winds. The transports of ozone and its precursors were considered in the all
simulation cases. Since Tai’an is located in the south of Mount Tai, O3 concentrations in
the other eight cases decreased after reducing the height of Mount Tai, indicating that the
existence of Mount Tai led to the accumulation of pollutants blown from the south and
east in Tai’an. A typical O3 pollution event on 21 June 2021 was selected to compare the O3
concentrations in Tai’an, Jinan, and Jining, and analyze the O3 and NO2 data in Tai’an. On
21 June 2021, the maximum concentration of O3-8h in Tai’an was 254 µg/m3 (corresponding
to AQI of 189), which reached a moderate pollution level, significantly higher than that
those in Jining (219 µg/m3) and Jinan (230 µg/m3) (Figure 5a). For the hourly variations of
O3 concentrations in Tai’an (Figure 5b), the O3 concentrations gradually decreased from
0:00 to 7:00 (stage 1) due to the titration of nitrogen oxides (NOx) on O3 [23,24]. From 7:00
to 13:00, the O3 concentrations gradually increased and reached a peak at 13:00, and O3
and NO2 showed a significant negative correlation during the hours of 7:00–15:00 (stage 2),
indicating that the near-surface O3 during this period was mainly generated from the pho-
tochemical reactions [22]. From 13:00 to 20:00, the NO2 concentrations gradually increased,
which may be affected by the upwind transports and local effects. From 13:00 to 18:00,
the O3 concentrations remained above 250 µg/m3 for 6 consecutive hours, significantly
higher than that those in Jining and Jinan. Considering that the dominant wind direction
in Tai’an was southerly with the wind power of 2~3 during this period, the persistent high
O3 in Tai’an was caused by the mountain blocking effects, and then the O3 concentrations
gradually decreased due to the titration of NOx.
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Table 3. Statistics of occurrence frequencies of O3 trajectories and their corresponding mean O3

concentrations in Tai’an during May–September in 2020 and 2021.

Year Type Through Regions
All Trajectories Pollution Trajectories

Percentage
(%)

O3
(µg/m3)

O3
(µg/m3)

The Class
Percentage (%)

The Year
Percentage (%)

2021

1 Bohai Sea, Dongying, Binzhou,
Zibo, Jinan, Tai’an 11.4 97 183 9.8 6.8

2 Rizhao, Linyi, Tai’an 19.7 111 199 16.3 19.7
3 Huaibei, Xuzhou, Jining, Taian 29.9 121 187 23.1 42.4

4 Yellow Sea, Rizhao, Linyi, Jinan,
Tai’an 12.9 93 198 6.8 5.3

5
Inner Mongolia, North of Shanxi,
Center of Hebei, Dezhou, Jinan,

Tai’an
4.9 104 175 8.3 2.50

6 Jinan, Tai’an 21.1 107 192 17.9 23.2

2020

1 Cangzhou, Dezhou, Jinan, Tai’an 18.0 94 196 9.1 10.6

2 Bohai Sea, Dongying, Zibo, Jinan,
Tai’an 13.2 102 196 13.8 11.8

3 Heze, Jining, Tai’an 19.9 111 201 20.9 26.9
4 Linyi, Tai’an 23.8 99 191 14.3 22.1

5 Yellow Sea, Rizhao, Linyi, Jinan,
Tai’an 9.5 102 194 10.9 6.7

6 Lianyungang, Linyi, Jining, Tai’an 15.6 123 196 21.7 21.9

Figure 4. Clusters of average trajectory pathways of O3 in Tai’an during May–September in 2020 (a)
and 2021 (b).
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Figure 5. Comparisons of (a) diurnal variations of O3 among Tai’an and surrounding cities and
(b) diurnal variations of hourly O3 and NO2 concentrations in Tai’an on 21 June 2021; wind rise of
observed O3 concentrations in Tai’an during (c) 3–9 July and (d) 7–12 August 2021.

3.3. The Effects of Mount Tai on O3

Three air quality stations in Tai’an, namely, Renkou School, Dianli College, and Shandong
First Medical University, were selected to analyze the effects of the mountain on O3 (see
Table 4). The Renkou School, Dianli College, and the Shandong First Medical University
stations are about 0.5, 3.5, and 8 km away from the mountain, respectively. The specific
distributions of the three stations are shown in Figure 1. Based on the comparisons of
monthly average concentrations of O3 at the three stations from May to October 2021,
the average O3 concentration at the Renkou School station closer to the mountain was
118 µg/m3, significantly higher than that at the Dianli College and Shandong First Medical
University stations, which were relatively far away from the mountain. For different
months from May to October 2021, the O3 concentrations at the Renkou School station were
8~19 µg/m3 higher than those at the Dianli College station, and 10~20 µg/m3 higher than
those at the Shandong First Medical University station. In summary, the Renkou School
station was relatively more affected by the blocking of the mountain due to being closer
to the mountain, leading to the significantly higher O3 concentrations relative to those of
other stations.

Table 4. Comparison of mean O3-8h-90per concentrations (µg/m3) at three monitoring stations in
Tai’an from May to September 2021.

Stations May June July August September Average

Renkou School 120 144 104 120 102 118
Dianli College 112 125 91 105 84 103

Medical University 109 130 94 100 90 105

By setting the baseline simulations and sensitivity simulation scenarios of reducing the
Mount Tai terrain heights to 150 m (Tai’an terrain height) (see Figure 2), the WRF-CMAQ air
quality model was applied to simulate the changes of O3 concentrations in Tai’an through
the adjustment of topographic heights of Mount Tai. Note that biogenic VOCs in Mount
Tai were not removed in the sensitivity simulations. A total of 10 O3 pollution events that
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occurred in Tai’an from May to September 2021 were selected to compare the changes of
O3 concentrations between the baseline and sensitivity simulations. Results show that
after changing the terrain height of Mount Tai in the 10 selected pollution events, the
simulated O3 concentrations in eight pollution events decreased by 1.7~7.5 µg/m3 relative
to the baseline simulations, suggesting the positive contributions of the topography of
Mount Tai to the occurrences of ozone pollutions in Tai’an (see Table 5). The simulated
O3 concentrations after reducing the height of Mount Tai in another two pollution events
increased relative to the base simulations. Among the three monitoring stations, the
reductions of O3 concentrations caused by reducing terrain height were 2.4~8.8, 2.4~8.8,
and 0.3~6.3 µg/m3 for the Renkou School, Dianli College, and Shandong First Medical
University stations, respectively. In the simulations, Renkou School and Dianli College
were on the same grid, so the reductions of O3 concentrations were the same. Through the
analyses of the wind directions in the two pollution events in which the O3 concentrations
increased (3–9 July 2021 and 7–12 August 2021), it was found that the prevailing wind
directions in Tai’an were northeasterly during the two pollution events (see Figure 5c,d).
This might affect the transports of ozone and precursors from the upwind areas and result
in an increase in O3 concentrations after reducing the terrain heights of Mount Tai.

Table 5. Comparisons of O3 concentrations between the baseline and scenario simulations by reducing
the Mount Tai terrain heights for ten O3 pollution events in 2021 in Tai’an (µg/m3).

Pollution
Events

Average O3 ≥ 160 (µg/m3) O3 ≥ 200 (µg/m3)

Observation Base Scenario Observation Base Scenario Observation Base Scenario

2021.5.9–5.12 119.1 122.7 115.3 189.5 167.6 163.6 213.9 197.9 193.9
2021.5.18–5.21 125.8 130.9 129.2 169.6 180.2 177.4 / / /
2021.5.29–6.2 155.2 146.1 143.0 198.9 180.6 176.0 220.2 199.2 193.1
2021.6.4–6.13 151.6 138.1 136.1 212.3 180.7 176.6 233.8 195.2 190.9
2021.6.18–7.1 137.4 138.5 136.6 205.4 189.9 185.5 235.8 209.3 197.9
2021.7.3–7.9 124.2 132.3 142.0 188.0 185.0 195.0 207.2 209.9 214.6
2021.8.2–8.4 131.3 110.0 102.6 180.5 161.8 154.9 206.9 197.4 183.7
2021.8.7–8.12 119.6 128.9 124.8 187.5 168.5 172.2 218.4 190.5 186.4

2021.8.15–8.21 122.8 111.8 105.3 183.1 175.6 173.1 211.5 199.7 199.7
2021.9.3–9.6 84.3 69.1 63.8 / / / / / /

4. Conclusions

In recent years, Tai’an has suffered from serious O3 pollution, with the annual average
concentrations of O3-8h-90per above 180 µg/m3 from 2016 to 2021. In this study, we
analyzed the O3 pollution situation in Tai’an from May to September, and found that the
pollution during this period was mainly light pollution, accounting for 69% to 100% of the
total polluted days, with June being the most polluted month. High temperature (>30 ◦C),
low relative humidity (20%~40%), and low wind speed (1~3 m/s) provided favorable
meteorological conditions for the generation of O3, especially with prevailing southerly
wind, resulting in light and above pollution in Tai’an. The results of backward trajectory
analysis showed that in the summer pollution trajectories, the pollution trajectories in the
southwest direction accounted for the highest proportion of all kinds of trajectories. When
the southerly winds dominated, the accumulated O3 concentrations were significantly
higher than those of the surrounding cities due to the blocking of the northern mountains.
Comparing the three monitoring stations in Tai’an, the average O3 concentrations from May
to September 2021 at the Renkou School station closer to the mountain were 13~15 µg/m3

higher than those at the Dianli College and the Shandong First Medical University stations,
which are relatively far away from the mountains, indicating that the Renkou School station
was more affected by the obstructions of the mountains. The WRF-CMAQ was applied
in this study to quantify the blocking effect of mountains, and results indicated that the
average O3 concentrations in Tai’an decreased about 1.7~7.5 µg/m3 after reducing the
terrain height of Mount Tai in the model. Our results are of great significance for guiding
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Tai’an to control O3 in the future, and measures can be formulated in advance based on
our conclusions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13081299/s1. Figure S1: The variations of average monthly
concentrations of temperature, relative humidity, precipitation, and wind speed in Tai’an from 2016
to 2021; Figure S2: The monthly mean concentrations of maximum 8-h O3 (a) and NO2 (b) in Tai’an
during May-September from 2016 to 2021.
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Abstract: Characterizing the influencing factors of resuspended dust on paved roads according to the
atmospheric environment and traffic conditions is important to provide a basis for road atmospheric
pollution control measures suitable for various road environments in the future. This study attempts
to identify factors in the concentration of resuspended dust according to the level of road dust
loading and PM10 emission characteristics according to atmospheric weather environment and traffic
conditions using real-time vehicle-based resuspended PM10 concentration measuring equipment.
This study mainly focuses on the following main topics: (1) the increased level of resuspended
dust according to vehicle speed and silt loading (sL) level; (2) difference between atmospheric
pollution at adjacent monitoring station concentration and background concentration levels on roads
due to atmospheric weather changes; (3) the correlation between traffic and weather factors with
resuspended dust levels; (4) the evaluation of resuspended dust levels by road section. Based on the
results, the necessity of research to more appropriately set the focus of analysis in order to characterize
the resuspended dust according to changes in the traffic and weather environment in urban areas
is presented.

Keywords: silt loading; resuspended dust and lane traffic level; vehicle-based real-time PM measured
system; yellow dust; PM10

1. Introduction

Particulate matter (PM) with diameters of less than 10 µm can cause various damages
to the human body, such as respiratory failure and mental illness [1]. Additionally, their
concentrations are often elevated close to roadways [2]. PM is caused through the contribu-
tion of effective road management, so the degree of contamination must be determined by
including a quantitative analysis of contamination to determine if it is important enough
to implement control measures. Road dust (RD) is generated and diffused by traffic, and
it is one of the main causes of road pollution in cities. It is categorized as an exhaust
emission (EE). For example, exhaust emissions include emissions from internal combustion
locomotives and automobiles. In addition, nonexhaust emissions (NEEs) are generated by
vehicles driving on roads [3]. In recent decades, it has been known that direct emissions
from tailpipes have been reduced significantly due to the strengthening of exhaust emission
standards applied to vehicle air masses and the extensive implementation of catalytic
converters and diesel particulate filters [4]. However, it has been suggested that the main
cause of failure to derive an effective reduction in PM10 in large cities is the undervaluation
and neglect of NEEs, which consist of road dust, tire wear, road wear, and brake wear
particles caused by tire–road friction [5]. It also emphasizes that emissions from road traffic
contribute to PM concentrations to at least the same extent as exhaust emissions [3,4,6–8].

According to the 2017 Clean Air Policy Support System (CAPSS), which provides
the extent of the emissions of air pollutants in the Republic of Korea, resuspended dust
from roadways makes up 45% of the total concentration of dust. Therefore, as an alter-
native to the main management of suspended dust in urban components, road cleaning
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programs by local governments are used extensively. It is important to properly design
and implement road cleaning in consideration of road dust characteristics and climate
and weather characteristics because of the economic uncertainty caused by short-term
effects without considering cleaning methods, regional characteristics, and weather char-
acteristics [9]. However, the reason for the difficulty of establishing the characteristics of
dust that is resuspended from roadways is that the study to estimate the concentration
of resuspended dust through the establishment of related processes and modeling is still
at the basic level [10,11]. Furthermore, due to the large fluidity characteristics of very
small substances, i.e., smaller than PM10, research to determine the chemical profile of
dust on roads composed of meteorological environments, transportation activities, and
construction requires significant resources and time.

In this study, the concentration of silt loading (sL), resuspended dust of PM10, and
floating dust PM10 on paved roads separated by space was measured, and the results were
used to analyze the concentration of resuspended dust on paved roads in urban areas.
The PM10 concentration measured during operation quantified the characteristics of PM10
based on the analysis of PM10 information of the air pollution monitoring station, weather
information of the competent meteorological station, and traffic information measured
through the use of a vehicle detection system (VDS). Previous studies have shown the
physical and chemical properties of fine dust on Mars by testing re-entrained aerosol kinetic
emissions from road (TRAKER) equipment for real-time monitoring. The equipment has
the advantage of being able to immediately investigate dust emissions on many roads with
long sections [12–14]. This clearly states that the fine dust concentration measured by the
system can be used to quantify the relationship between major factors for increasing road
particle emissions by utilizing repeated measurements of resuspended dust to supplement
the realistic limitations of AP-42. Various studies in these fields were mainly for identifying
the emission characteristics or chemical profiles of the resuspended dust from roads [15–21]
and a few studies considered the spatial and time variations in the major parameters [22].

The main purpose of this study was to provide an experimental basis for future road
environmental changes by analyzing and characterizing the main emission characteristics
of the PM10 concentrations measured on paved roads that are caused by sL, air pollution,
meteorological variables, and traffic conditions. In this study, we focused on this and
tried to establish a process to secure data reliability by constructing a resuspended PM10
measurements system and by observing the concentration of resuspended dust in separate
sections of a road, i.e., sections less than 500 m in length.

2. Materials and Methods
2.1. Study Area

To present a reasonable classification of the characteristics of PM10 emissions on
roads, locations were selected that were representative of vehicle-operating conditions and
environmental characteristics. Measurements were held during periods without traffic
impact observed in four sections from September to October 2021. During the measurement
period, there were no weather events such as rainfall (0.01 inches of rain) that could have
had a major effect on the fine dust concentration [23,24]. In addition, another measurement
was determined on the concentration of resuspended dust on paved roads where traffic
operated (Figure 1). Additionally, background PM10 data (Bg) and weather variables and
traffic condition data were collected through the urban atmosphere and traffic monitoring
system at the same time. The traffic data were collected in six directions in three adjacent
areas where traffic volume VDS was installed (Table 1).
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Figure 1. Study area in South Korea (Controlled traffic location and urban road location).

Table 1. Road conditions of the measurement section and distance from the observation.

Category Site
Length

(m)
Road

Width/Condition

Distance of the Observation

City Bg PM10
Meteorological

Variables

Controlled Traffic

Testbed 500 One-lane road With a radius of 2.5 km With a radius of 24 km
Construction Site 500 Two-lane road With a radius of 3.5 km With a radius of 20 km

Univ. 200 One-lane road With a radius of 1.6 km With a radius of 14.5 km
Rural 350 Two-lane road With a radius of 2.8 km With a radius of 17.5 km

Operating road

A 500 Four-lane road/
905 (Veh/time/day) With a radius of 8 km With a radius of 14.5 km

B 350 Three-lane road/
633 (Veh/time/day) With a radius of 5 km With a radius of 11.5 km

C 300 Four-lane road/
1006 (Veh/time/day) With a radius of 1 km With a radius of 8.2 km

D 300 Four-lane road/
850 (Veh/time/day) With a radius of 8 km With a radius of 13.2 km

E 500 Three-lane road/
431 (Veh/time/day) With a radius of 5 km With a radius of 11 km

F 450 Four-lane road/
697 (Veh/time/day) With a radius of 1 km With a radius of 8.5 km

2.2. Resuspended PM10 Measuring System

Road dust generated by vehicles driving on urban roads is known to have the greatest
impact on the concentration of PM depending on the size of the sL collected on the surface of
the road and the load and speed of the vehicles being driven on the road [11,14]. However,
the method of measuring fine dust by performing and comparing direct dust collection
activities through human activities on roads has safety and efficiency problems, and there
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are practical limitations in observing real-time concentrations. Mobile resuspended dust
measurement systems were developed and implemented in the early 2000s. Scamper,
TRAKER, and others generally use a method to calculate the difference between background
concentration and tire measurements [12].

By establishing a real-time mobile dust measurement system based on the Desert
Research Institute (DRI)’s TRAKER method, the temporal and spatial distribution char-
acteristics of the resuspended dust on urban pavement can be checked and the impact of
road dust sources can be confirmed by traffic and environmental factors [25].

The resuspended PM10 measurement system (Figure 2) used an optical sensor that
inhaled PM every second to determine the PM10 concentration on the road through the
front (mounted on the hood) inlet of the vehicle and the rear (right front wheel) inlet of the
tire [25]. In quantifying the optical and physical characteristics of resuspended dust, the
measurement of real-time dust concentration used scattered light to measure the weight of
dust passing through. The measurement method clearly states that the concentration of
resuspended dust can be measured [26].
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Figure 2. Configuration of the resuspended PM10 measurement system.

To summarize, the equipment contains six main components, i.e.,:

1. Vehicle specifications: 2016 SUV Sportage 2.02 WD, Tire Model 225/60R17.
2. PM10 Sensor: The 8530 Dust-Trak Optical PM Sensor Model (TSI Company, Shoreview,

MN, USA) with PM10 inlet is a portable device that can measure the concentrations of
various sizes of dust particles in real time, such as PM10 and PM2.5.

3. Inlet: The right tire line inlet is 175 mm above the ground and 50 mm behind the
tire. The PM10 concentration (Ci) obtained from the back of the tire during movement
indicates that the air velocity measured along the center of the tire was not affected
significantly by the surrounding wind direction at a distance less than 100 mm from
the tire [27].

4. Uniform Velocity Flow Sampling Inhalation: A vacuum pump is controlled by a
customized suction port to adjust the pressure of the suction port appropriately,
thereby producing a pressure-free suction port, so the air flow that is being sampled
has the same fluid flow as the surrounding air flow.

5. Data Collection System: Laptop computers were used to collect and transmit Dust-
Trak data at one-second intervals.

6. Monitoring Camera: A camera capable of monitoring the inside and outside of the
vehicle can be installed to visually cross-verify the measurement data in the driving
section and monitor the speed observed on the vehicle’s speedometer.
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2.3. AP-42 Silt Loading Collection

In order to collect fine dust on the surface of a paved road, a section of the road was
sampled using an 800 W vacuum cleaner, 3 m2 frame of silt loading sampling, a fine dust
brush, and a 3 kW gasoline generator [23].

Dust was immediately collected in the chamber, and it was eventually collected from
the quartz fiber filters. At least three samples with different aerodynamic diameters were
taken from a surface area of 3 m2 for field sampling to reduce errors [28]. The samples were
weighed using 200 mesh, standard Taylor screens, and a sieve filter machine.

2.4. Collecting City PM10, Meteorological Variables, and Traffic Data

The data were collected as external impact indicators to analyze the effects of changes
in the meteorological variables and traffic conditions on the PM10 concentration levels
observed through the resuspended PM10 measurements system [29,30]. The collected
elements were PM10, the temperature of the ground (Gr temp), relative humidity (RH),
wind speed (WS), sea level pressure, visibility, and time of after rainfall (rainfall time). The
traffic data observed with adjacent VDS devices were divided into sections during the
measurement period.

3. Results and Discussion
3.1. Verification of the Real-Time Measuring System

As a method of quantifying the concentration of road dust by sections using a mobile,
real-time, PM10 monitoring system, the concentration data measured with the inlet built
into the front bumper of the vehicle were set to the background PM10 concentration (CBg).
This value was obtained by subtracting the background concentration from the resuspended
PM10 concentration (Ci) measured using the dust resuspended on the road along with
the background concentration on the road through friction between the tires and the
surface of the road. This value was quantified [31]. Cres was calculated according to the
following equation:

Cres =
1
n
·

n

∑
i=1

Ci − CBg (1)

where Cres is the concentration of resuspended dust from the road surface (µg/m3), Ci
is the PM10 concentration measured in inches on the back of the tire resuspended dust
concentration (µg/m3), CBg is the PM10 concentration measured at the front bumper inlet
of the vehicle background concentration (µg/m3).

Monitoring was performed to analyze the change in the concentration of resuspended
dust due to sL in the space and time, where the concentration measured during the interval
transit time varied by the inlet. The large changes meant that the CBg measurement was
more than 100 µg/m3 within a short measurement period, and Ci measured on the back of
the tire was more than 1000 µg/m3. Unlike the sL effects, this was proven to be an effect of
the road dust as well as the external effects, such as the exhaust gas of other vehicles and
the addition and deceleration of vehicles. Considering the average PM10 concentration was
50 µg/m3 and the 24 h average PM10 concentration was 100 µg/m3 level, it was excluded
as an outlier. This was based on previous studies that indicated that the change in the CBg
level when the vehicle was not moving was not affected significantly by the exhaust of
other vehicles, and the concentration of Ci measured on the back of the tire could be used
as the concentration of resuspended dust [13].

The process of verifying that the monitoring system can perform data collection
functions for quantifying the concentration of road dust was conducted under three experi-
mental conditions that could determine whether the measured concentration of the dust
was significant when the vehicle moved.

(1) We ensured that the measured concentration did not vary significantly when the
vehicle stopped, and tried to calculate the range of the measured speed by comparing
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the concentration measured by increasing the speed as it passed the section at a
constant speed.

(2) If a certain measurement speed was maintained, the average Cres concentration
measured in a short section and the amount of dust accumulated on the surface of
the road and the concentration of the resuspended dust due to vehicle travel were
quantified by the sL collected at three different locations in the section.

(3) The correlation was analyzed by comparing the concentration of Cres measured by
the size of sL in different sections (regions) selected by classification according to the
major causes of the inflow of the expected material.

In the absence of peripheral vehicles, the monitoring system maintained a constant
stop period and a constant speed, and the CBg value measured during the driving period
maintained a constant slight change of approximately 2 to 6 µg/m3 per second. When
the sL level collected in the section was 0.43 g/m2 for the mean and 0.16 g/m2 for the SD,
the concentration was measured by maintaining 30, 40, 50, and 60 km/h, respectively, to
analyze the effect on changes in the Cres concentration as the speed increased during the
section (Table 2).

Table 2. Cres concentration mean and standard deviation value measured with car speed in testbed.

Car Speed
(km/h)

Cres Mean
(µg/m3)

Cres SD
(µg/m3)

30 23.0 3.4
40 54.6 14.8
50 69.1 18.9
60 93.0 21.3

The expression for increasing Cres concentration by velocity was the same as in Equa-
tion (2) (Figure 3).

y = 7.2971e0.0442x (2)
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Figure 3. Increased Cres due to increased driving speed at sL (0.043 g/m2).

3.2. sL and Resuspended Dust on Paved Roads with Different Inflow Conditions

The results of measuring the concentration of sL and resuspended dust in sections with
different fine dust generation and management environments while maintaining a speed
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of 50 km/h, which usually is used as the speed limit on roads operating in the center of the
city, are presented in Table 3 and Figure 4. The sL collected at the entrance and exit of the
construction vehicle next to the cement plant, where the traffic of medium-sized vehicles
mainly occurred, was the highest at 0.093 g/m2, and the concentration of resuspended
dust was observed to be 225 µg/m3. For four consecutive days on the controlled testbed
and low-traffic, university roads, the sL levels measured at the same time were found
to continue to increase in deposition in the absence of specific events for rainfall, and
the weather conditions observed were at a 11 µg/m3 Cres concentration (Table 3). As an
influencing factor of resuspended dust generated on paved roads, it is known that the
concentration level deposited on the section varies greatly depending on the heavy vehicle
configuration and characteristics of traffic [32]. It has been shown that the resuspended
dust from the road due to vehicle travel can be deposited, removed, moved into the air [23],
or affected by weather conditions, geometric conditions, building geometry, etc. [29,33,34],
or by regular road cleaning [9].

Table 3. Concentration of sL, resuspended PM10 on paved roads without any traffic.

Section sL 1
(g/m2)

sL 2
(g/m2)

sL 3
(g/m2)

Mean sL
(g/m2)

Bg
PM10

(µg/m3)

Mean
Ci PM10
(µg/m3)

Mean
CBg PM10
(µg/m3)

Mean
Cres PM10
(µg/m3)

Construction Site Road 0.115 0.089 0.074 0.093 30 242 17 225

Testbed
Road

Day 1 0.024 0.038 0.039 0.034 13 51 4 47
Day 2 0.043 0.044 0.042 0.043 18 77 4 73
Day 3 0.062 0.068 0.063 0.064 26 93 11 81
Day 4 0.069 0.08 0.075 0.075 21 91 10 81

Univ. Site
Road

Day 1 0.002 0.002 0.002 0.002 10 40 11 29
Day 2 0.003 0.003 0.003 0.003 16 41 17 24
Day 3 0.005 0.005 0.007 0.006 23 50 22 28
Day 4 0.009 0.01 0.008 0.009 36 58 37 21

Rural Road 0.007 0.006 0.003 0.005 58 77 66 11
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An analysis of the correlation between the Cres concentration and the collected sL
measured when no ambient traffic occurred during the measurement and the space main-
tained was constant at 50 km/h speed on other roads showed a strong correlation, i.e.,
R2 = 0.7586 (Figure 4). Depending on the increase in the sL level, the amount of Cres
increases depended on the site being measured, which could vary depending on the source
of the dust, but roughly represented a pattern in which the amount of resuspended dust
along with the sL increased with the size of the sL.

3.3. Relationship between Section Background Concentration of Dust and Its Resuspended PM10

Due to the relationship between CBg measured through the monitoring system and
dust Ci resuspended due to driving, the impact of the sL size varied from site to site
(Figure 5). If the observed concentration level was closer to the Y-axis, the tendency to
increase the concentration of Ci compared to CBg was stronger, and the size of sL was less
than 0.002 to 0.009 g/m2 compared to 0.034 to 0.093 g/m2, and the inclination of the CBg
and Ci concentrations were closer to one. When the size of the sL gradually became higher
than 0.034 g/m2, it was observed that the concentration level of Ci increased linearly to
show a difference of more than 47 to 225 µg/m3. In the 0.002 to 0.009 g/m2 range, the
difference of the Ci level of CBg was 11 to 29 µg/m3.
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Figure 5. CBg vs. Ci concentration with sL in other measured sites.

Such a level of sL below 0.01 g/m2 was a level that could be collected on roads
where traffic was continuous, such as general highways and highways where particulate
matter was not special [35] and low resuspended dust was observed. CBg measured in a
surrounding vehicle-free environment was found to increase with the level of air pollution
(Bg) measured at adjacent stations at each measurement site, but the correlations were
analyzed and found to have a strong correlation of R2 = 0.8484 (Figure 6).
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Figure 6. Compared concentration of Bg and CBg on paved roads (without any traffic).

The measured CBg was 4 to 14 µg/m3, in Bg 10 to 20 µg/m3, 10 to 22 µg/m3, in Bg 20 to
30 µg/m3, 17 to 37 µg/m3, in Bg 30 to 40 µg/m3, and 50 to 60 µg/m3 in Bg 50 to 60 µg/m3.
However, the increase may have varied depending on the spatial difference between the
observed sections. This level was considered to be a significant result when comparing the
report [36,37] that the mortality rates of all diseases, cardiopulmonary disease, and lung
cancer increased significantly by 4%, 6%, and 8%, respectively, for every 10 µg/m3 increase
in the concentration of particulate matter.

The relationship between Bg and CBg, measured during the running of the monitoring
system on urban roads, was divided into two main patterns, i.e., (1) the yellow dust storm
effect and (2) the no yellow dust storm effect. The yellow dust storm effect is a kind of
dust fog, which is a phenomenon in which a large amount of yellow dust, which is called
the continental yellow dust, drifts over a given area [38], indicating that the level of Bg
and CBg measured at adjacent stations can vary greatly. The correlation between Bg and
CBg measured on roads during traffic operation was relatively low compared to that of
Bg and CBg measured on roads with limited traffic, and R2 = 0.4697 was shown when the
yellow dust phenomenon was excluded (Figure 7). It was found that differences in CBg also
existed between sections in the same Bg and weather conditions observed by time zones
at adjacent measuring stations. The difference was 20.45 µg/m3, with different levels of
CBg on roads where the main sources of fine dust and inflow were judged to be similar. In
addition, the occurrence of yellow dust was characterized by the opposite characteristics of
the correlation R2 = 0.1033 as the Bg level of the adjacent station became very high. The
Regional Bg could be expected to have a quantitative impact on the overall pollution on
roads, but when yellow dust occurred, the difference between CBg and Bg on roads could
cause different concentration levels of Cres in the process of the continuous floating of road
resuspended dust.
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Figure 7. Concentration of Bg vs. CBg on paved roads during traffic operation (classification due to
the effects of yellow dust).

The correlation between CBg and Ci concentrations measured on roads during traffic
operation showed a strong correlation of R2 = 9253 without the influence of yellow dust, a
weak correlation of R2 = 0.4256 with yellow dust, and a correlation of R2 = 0.8031 in respect
to the overall concentration (Figure 8). The average concentration at which Ci was derived
was 226 µg/m3, and the Ci concentration measured at the rear of the tire was the highest
compared to CBg.
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3.4. Analysis of PM10 Concentration Characteristics of Resuspended Dust by Influencing Factors

For the correlation analysis between the concentration of resuspended dust measured
on the road, atmosphere, meteorological variables, and traffic factors, dust measured data
were collected (excluding yellow dust days data from the entire data) in six sections.

To analyze the effects of the average Cres concentration observed by road section
on atmospheric and meteorological environments and traffic conditions, the Cres data
samples were divided into five grades within the statistical analysis. (Lower quartile (25th):
7.7 µg/m3; median: 12.7 µg/m3; upper quartile (75th): 15.6 µg/m3; high Cres (sL level:
over 0.009 g/m2): 29 µg/m3 were used.)

- Low-level type: under 7.7 µg/m3.
- Low- to middle-level type: 7.7 to 12.7 µg/m3.
- Middle- to high-level type: 12.7 to 15.6 µg/m3.
- High-level type: 15.6 to 29 µg/m3.
- Bad-level type: over 29 µg/m3 and the number of measurements by Cres grade was

the same as Figure 9.
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Figure 9. Comparison of the number of Cres level type observations.

Among them, the results of Cres measured as the bad level by section were observed
in a wide range of Bg up to 15 to 113 µg/m3 (Table 4). In different measured sections,
Cres with the bad level was observed even at 15 µg/m3 in the level of concentration of Bg,
and did not increase linearly. It is known that the Bg concentration and weather effects
have a major influence on road atmosphere pollution, but it is difficult to represent them
thoroughly, and it can be expected that external factors that are applied differently for each
section are measured in the same time.

Since PM10 on roads is known to be generated and diffused through various traffic ele-
ments, including traffic volume, traffic speed, road environment, and virtual elements [33],
it is important to quantify the effect on the PM10 concentration by reflecting the traffic
characteristics of each section. The order of average Cres concentration and traffic by liver
level was Location 2—Section B (18.0 µg/m3, 296 veh/time/lane) > Location 1—Section A
(17.1 µg/m3, 324 veh/time/lane) > Location 3—Section C (12.7 µg/m3, 341 veh/time/lane)
> Location 1—Section D (10.0 µg/m3, 318 veh/time/lane) > Location 2—Section E
(9.4 µg/m3, 212 veh/time/lane) > Location 3—Section F (8.5 µg/m3, 245 veh/time/lane)
(Figure 10).
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Table 4. Comparison of observed Cres bad level concentrations by section and Bg concentration of
the same time zone.

Section Cres
(µg/m3)

Bg
(µg/m3)

A 33.1 103
34.4 39
47.6 55

B 31.4 15
33.5 55
36.7 46
46.7 113
69.4 104

C 56.7 58
D 32.6 55
E 29.5 58
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Figure 10. Comparison of lane traffic level and average values of Ci and CBg in the measurement
section (the location of each measurement section was compared with Locations 1, 2, and 3, and the
direction of the vehicle was the opposite side).

Ci and CBg showed a relatively high consistent tendency when traffic was high by
location, and Cres results when traveling in the eastern direction were higher than Cres
when traveling in the western direction, but the Cres concentration did not appear in order
depending on the traffic difference. In order to confirm the distribution of the lane traffic
volume data sample, the lower quartile (25th) value or less were classified into lane traffic
low level, the lower quartile (25th) value to median (50th) value were divided into lane
traffic low to middle level, the median(50th) value to upper quartile (75th) value were
divided into middle to high level, and the upper quartile (75th) value or higher value was
divided into high level type (Figure 11).
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Figure 11. (a) Lane traffic level type classification considering lane traffic volume data distribution;
(b) definition of boxplot used in this study.

Figure 12 shows the graph of the level type and road pollution levels Ci and CBg of
lane traffic generated for each section. Relatively high Cres values were observed in sections
with a relatively high frequency of occurrence of high-level lane traffic by location, and the
results were as follows: Location 1—Section A (11 times, Cres: 17.1 µg/m3) vs. Section D
(7 times, Cres: 10 µg/m3); Location 2—Section B (5 times, Cres: 18 µg/m3) vs. Section E
(1 time, Cres: 9.4 µg/m3); Location 3—Section C (16 times, Cres: 12.8 µg/m3) vs. Section F
(0 time, Cres: 8.5 µg/m3).

Atmosphere 2022, 13, x FOR PEER REVIEW 14 of 21 
 

 

 
Figure 11. (a) Lane traffic level type classification considering lane traffic volume data distribution; 
(b) definition of boxplot used in this study. 

 
Figure 12. Comparison of the number of lane traffic level type observations and Cres concentrations. 

  

Figure 12. Comparison of the number of lane traffic level type observations and Cres concentrations.

57



Atmosphere 2022, 13, 1215

In addition, the lowest average CBg (47.5 µg/m3) and average Ci (56.9 µg/m3) concen-
trations were measured in Section E, where low-level lane traffic appeared 22 times.

3.5. Characteristics of Ci, CBg Resuspended Dust by Lane Traffic Level by Measurement Section
through Statistical Probability Comparison

As Table 5, the weather factor of Bg and the correlation coefficient R ≥ 0.4 were derived
as the rainfall time, and a positive (+) correlation of R: 0.41 was observed. Additionally, as
the visibility decreased, a negative (−) correlation of R: 0.35 was observed, CBg for each
observed section also derived a positive (+) correlation between the rainfall time and R: 0.35
to 0.50, and a negative (−) correlation between visibility and R: 0.33 to 0.60, and rainfall
time and visibility, were shown to affect Bg and CBg with similar properties.

Table 5. Bg, CBg, Ci by interval and correlation analysis of major factors.

Independent
Correlation R-Value

Ci Bg Lane
Traffic

Gr
Temp. RH WS Sea Level

Pressure Visibility Rainfall
Time

Bg 0.66 0.04 −0.12 −0.14 −0.13 0.19 −0.35 0.41

Section A
CBg 0.95 0.62 −0.21 −0.24 0.36 −0.30 0.35 −0.60 0.44
Ci 0.71 −0.14 −0.12 0.24 −0.27 0.25 −0.52 0.34

Section B
CBg 0.93 0.67 0.05 −0.28 0.29 −0.29 0.47 −0.59 0.48
Ci 0.77 0.00 −0.11 0.18 −0.21 0.35 −0.46 0.43

Section C
CBg 0.96 0.70 −0.09 −0.29 0.16 −0.32 0.38 −0.50 0.44
Ci 0.74 −0.17 −0.27 0.14 −0.30 0.34 −0.41 0.38

Section D
CBg 0.99 0.49 0.29 −0.14 0.08 −0.36 0.47 −0.40 0.35
Ci 0.52 0.27 −0.14 0.04 −0.32 0.45 −0.35 0.34

Section E
CBg 0.98 0.52 0.53 −0.19 0.26 −0.33 0.35 −0.36 0.49
Ci 0.56 0.55 −0.22 0.24 −0.29 0.34 −0.28 0.43

Section F
CBg 0.99 0.69 0.35 −0.31 0.23 −0.30 0.48 −0.56 0.47
Ci 0.70 0.34 −0.30 0.24 −0.27 0.47 −0.53 0.46

This was similar to the results of a study that showed that the fine dust on the road
increased over time after rainfall [39]. Additionally, the correlation coefficient between CBg
and other weather factors was R: −0.13 to −0.31 in Gr temp., R: −0.16 to −0.36 in WS, R:
0.27 to 0.48 in sea level pressure, and the correlation coefficient between Bg and factors was
higher than the Gr temp. (R: −0.12), WS (R: −0.13) and sea level pressure (R: 0.19).

As a result of analyzing the correlation between CBg and Ci concentrations and meteo-
rological factors by section, the correlation R-value with Ci was consistently lower than
the CBg correlation R-value and major weather factors (sea level pressure, visibility, and
rainfall time) with R ≥ 0.4. However, a consistent trend was not observed in the correlation
R-value with Ci and CBg concentrations according to the change of lane traffic by section.

We tried to analyze the characteristics of resuspended PM10 concentration according
to the lane traffic level type by classifying lane traffic into level types and comparing the
observed atmospheric weather environment level and resuspended PM10 concentration.

Table 6 shows the average, 75th, median, and 25th values classified to compare Cres
and Bg and the distribution of weather factor data according to the lane traffic level type.
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Table 6. Distribution of 25th, median, mean, and 75th percentile data by lane traffic level factors.

Lane
Traffic
Level

Percentile
of Data

Cres
(µg/m3)

Bg
(µg/m3)

Gr
Temp
(◦C)

RH
(%)

WS
(m/s)

Sea Level
Pressure

(hPa)

Visibility
(m)

Rainfall
Time

(Days)

High
(over 350

veh/time/lane)

75th 14.0 93.0 19.6 54.0 4.0 1025.9 1996.3 7.0
Mean 11.9 53.2 15.9 48.1 3.0 1022.1 1685.2 5.4

Median 9.6 50.0 13.3 49.5 3.1 1020.6 1932.0 4.0
25th 6.1 23.5 11.5 36.8 1.6 1019.5 1635.0 3.0

Middle to high
(309 to 350

veh/time/lane)

75th 16.5 93.0 26.0 68.0 3.7 1021.6 1995.0 7.0
Mean 12.6 57.8 21.0 47.5 2.6 1019.6 1703.5 5.9

Median 11.1 56.0 21.4 44.0 2.5 1019.5 1937.0 6.0
25th 7.2 34.0 13.3 31.0 1.5 1018.0 1527 4.0

Low to middle
(235 to 309

veh/time/lane)

75th 20.1 70.0 24.8 53.0 3.8 1025.6 1995.0 6.0
Mean 15.3 54.0 19.0 46.1 2.8 1021.1 1736.0 4.7

Median 10.7 51.0 19.6 46.0 2.8 1020.5 1932.0 4.0
25th 8.0 34.0 13.3 31.0 1.6 1018.8 1685.0 4.0

Low
(under 235

veh/time/lane)

75th 11.6 61.0 25.5 68.3 3.8 1024.8 1986.8 6.0
Mean 10.1 54.4 17.0 53.0 2.6 1021.0 1588.0 4.8

Median 8.9 51.0 18.7 52.0 2.5 1020.6 1895.5 5.0
25th 8.3 35.5 9.8 35.0 1.6 1018.0 913 3.8

Among the data samples classified by the lane traffic level type, the order in which the
Cres mean observed was found to be large was lane traffic low to middle level
(15.3 µg/m3) > lane traffic middle to high level (12.6 µg/m3) > lane traffic high level
(11.9 µg/m3) > lane traffic low level (10.1 µg/m3). Results measured at the lane traffic
high-level Bg were mean: 53.2 µg/m3; median: 50.0 µg/m3; 25th to 75th value: 23.5 µg/m3

to 93.0 µg/m3; then, the Bg of the good level (under the results measured at the broadest
range of Bg levels, from 31 µg/m3) to the bad level (81 to 151 µg/m3). Relatively high WS,
sea level pressure, rainfall time 75th value (7.0 days), and high visibility 25th value (1635 m)
were measured.

Results measured at the lane traffic middle to high level Bg were: mean: 57.8 µg/m3;
median: 56.0 µg/m3; 25th to 75th value: 34.0 µg/m3 to 93.0 µg/m3; highest Bg concentra-
tion and Gr temp; rainfall time values were measured.

Results measured at the lane traffic low to middle level Bg were: mean: 54.0 µg/m3;
median: 51.0 µg/m3; 25th to 75th value: 34.0 µg/m3 to 70.0 µg/m3; relatively high WS
(1.6 to 3.8 m/s); sea level pressure (1018.8 to 1025.6 hPa); visibility (1685 to 1995 m) in a
wide range.

Results measured at the lane traffic low level at the Bg level in the narrowest range
were: mean: 54.4 µg/m3; median: 51.0 µg/m3; 25th to 75th values: 35.5 µg/m3 to
61.0 µg/m3. RH had a relatively high 75th value (68.3%); the visibility 25th value (913 m)
was the lowest.

Figure 13 shows a box plot that compares the CBg and Ci mean values and the 25th,
median, and 75th values calculated by the lane traffic level type, comparing the distribution
of data samples, and analyzing the characteristics of road resuspended dust concentrations
measured by traffic class. The maximum 25th value of CBg was 19.7 µg/m3 (lane traffic
high level), and the minimum value was 18.1 µg/m3 (lane traffic low to middle level). The
maximum median value of CBg was 47.8 µg/m3 (lane traffic low level), and the minimum
value was 32.7 µg/m3 (lane traffic low to middle level). The maximum 75th value of
CBg was 75.3 µg/m3 (lane traffic high Level), and the minimum value was 67.1 µg/m3

(lane traffic low Level). The maximum 25th% value of Ci was 36.6 µg/m3 (lane traffic
low to Middle level), and the minimum value was 30.4 µg/m3 (lane traffic low level), The
maximum median value of Ci was 63.9 µg/m3 (lane traffic low Level), and the minimum
value was 54.5 µg/m3 (lane traffic low to middle Level). The maximum 75th value was
85.1 µg/m3 (lane traffic high level), and the minimum value was 77.7 µg/m3 (lane traffic
low level).
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The average level of lane traffic level for CBg was observed to be relatively high
in the order of lane traffic low to middle level (45.0 µg/m3) < lane traffic low level
(47.9 µg/m3) < lane traffic middle to high level (49.6 µg/m3) < lane traffic high level
(56.7 µg/m3). The average level of Ci was observed in the order of lane traffic low level
(58.0 µg/m3) < lane traffic low to middle level (60.3 µg/m3) < lane traffic middle to high
level (62.3 µg/m3) < lane traffic high level (68.6 µg/m3). Compared to over the middle-level
lane traffic, under middle-level lane traffic produced an average small difference of Bg and
observed high CBg and Ci levels, resulting in low Ci and CBg for relatively low volumes
of traffic and high Ci and CBg for high volumes of traffic. The overall pollution level of
the road may have increased as the lane traffic level increased. However, when the traffic
volume increased, the relative road atmospheric pollution also increased, so the Cres level
did not differ significantly.

4. Conclusions

The main goal in this paper was to quantify the characteristics of weather and traffic
conditions on PM10 concentrations measured using the resuspended PM10 measurements
system and to identify the main characteristics of PM10 concentrations. Technical statistics,
a correlation analysis, and a comparison and analysis were carried out according to changes
in the traffic levels.

The four roads, which varied by region with limited traffic, were easy sections to ob-
serve the concentration of resuspended dust (Cres) increased by speed and dust load (sL) on
the road. In addition, the six roads where traffic was observed were composed of auxiliary
highways in urban areas, where it was easy to collect traffic information at the same time as
conducting air pollution monitoring of adjacent stations and have conditions to grasp the
effect of PM10 concentration. The following are the results identifying the characteristics of
sL measured on roads with limited traffic, the PM10 concentration of resuspended dust,
and PM10 measured in six sections of the urban area during traffic operation.

60



Atmosphere 2022, 13, 1215

Ci increased with increasing speed from 30 km/h to 60 km/h, and the highest increase
was when the speed increased from 30 km/h to 40 km/h. At this time, CBg showed little
change in the same measured environment. Therefore, the dispersion of the resuspended
dust measured was expected to have an effect on the sL in the section due to the wind
generated by the speed of driving.

On different measured roads, higher sL was observed compared with urban roads
operating in areas with a clear external dust inflow, such as roads in construction complexes.
In addition to the empty site, the sL collected on the same road was observed to increase
over time without an adjustment of the external environment and traffic intervention.

The sL measured on paved roads in the testbed (restricted access to traffic) and
on the construction site was observed to be 0.034 g/m2 to 0.093 g/m2. In the case of
0.034 g/m2 with sL, the concentration of resuspended dust was found to be in the range
of 47 µg/m3~225 µg/m3. Compared to this value, an sL distribution below 0.009 g/m2

could produce from 11 µg/m3 up to 29 µg/m3 of resuspended dust, which was judged to
be lower than 0.034 g/m2 of sL. Therefore, with a higher level of sL, one can generate a
high level of road resuspended dust.

Even if sL could produce effective road resuspended dust, the background concen-
tration (CBg) during driving was not affected by the surrounding area. Although it had
almost the same level as the concentration of adjacent stations (Bg) (R2 = 0.84), it had a
low correlation with the concentration of fine dust floating due to it being suspended
continuously on roads where traffic operated. In the event of yellow dust, the difference
between the background concentration level and the air pollution level on the road was
large, indicating a negative correlation (R2 = 0.10).

Using the resuspended dust PM10 monitoring results for six sections of roads under
traffic operation during the same period, the correlation analysis results between traffic
and atmospheric weather environmental factors were as follows:

- A significant correlation coefficient between Bg and R > 0.3 was derived from time
after rain (R = 0.41) and visibility (R = −0.35), CBg by section was time after rain
(R = 0.35 to 0.50) and visibility (R = −0.60 to –0.33), and time after rain and visibility
were found to have similar characteristics to Bg and CBg.

As a result of analyzing the correlation between CBg and Ci concentrations and meteo-
rological factors by section, the correlation R-value with Ci was consistently lower than
the CBg correlation R-value and major weather factors (sea level pressure, visibility, and
rainfall time) with R ≥ 0.4. However, a consistent trend was not observed in the correlation
R-value with Ci and CBg concentrations according to the change of lane traffic by section.

The results of resuspended dust PM10 monitoring of six road sections operating during
the same period were compared and analyzed by location, direction, and lane traffic level
types in the measurement areas as follows:

- A lane traffic level type for whole data was compared by dividing the upper distri-
bution of the lower quartile (25th) value into a high-level type, median to 75th value
distribution grade into middle to high-level type, and the 25th to median value range
distribution grade into low-level type.

- Higher Cres values were observed consistently in sections with a relatively high
frequency of occurrence of high levels of lane traffic among sections traveling in the
same direction on roads divided by location.

- The lowest average CBg (45.0 µg/m3) and average Ci (56.7 µg/m3) concentrations
were measured in Section E, where low levels of lane traffic were observed the most,
i.e., 22 times.

- Among the data samples classified by lane traffic level type, the order in which the
Cres mean was observed and found to be large was lane traffic low to middle level
(15.3 µg/m3) > lane traffic middle to high level (12.7 µg/m3) > lane traffic high level
(11.9 µg/m3) > lane traffic low level (10.1 µg/m3).
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- The average level of lane traffic level CBg was observed to be relatively high in
the order of lane traffic low to middle level (45.0 µg/m3) < lane traffic low level
(47.9 µg/m3) < lane traffic middle to high level (49.6 µg/m3) < lane traffic high level
(56.7 µg/m3). The average level of Ci was observed in the order of lane traffic low
level (47.9 µg/m3) < lane traffic low to middle level (49.6 µg/m3) < lane traffic middle
to high level (62.3 µg/m3) < lane traffic high level (68.6 µg/m3).

- The overall pollution level of the road may have increased as lane traffic level increased.
However, when the traffic volume increased, the relative road atmospheric pollution
also increased, so the Cres level did not differ significantly.

The characteristics of the difference between the concentration of resuspended dust
(Ci) and the background concentration of roads (CBg) and the background of city atmo-
sphere (Bg) concentration measured were compared with the effects of traffic and weather
conditions. In the case of Korea, PM reduction measures are being implemented accord-
ing to the occurrence of high concentrations of PM10 and PM2.5 provided by the city Bg
observations. However, results of this study suggested the need for an efficient alternative
considering the effect of yellow dust over time, because due to the occurrence of yellow
dust, Bg can differ to the resuspended dust concentration. Additionally, the concentration
of resuspended dust on roads may differ significantly from that of the adjacent Bg observa-
tion caused by vehicles driving on roads. Therefore, it is suggested that a more frequent
occurrence of high levels of resuspended dust may occur, and research should be continued
to quantify the influence of dust collected through mobile measurements and to provide
accurate forecasts.
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Abstract: The increasing frequency of human activities has accelerated changes in land use types and
consequently affected the atmospheric environment. In this manuscript, we analyze the relationships
between the particulate matter concentration and land use changes in the Beijing–Tianjin–Hebei
(BTH) region, China, from 2015 to 2018. The experimental results indicate that (1) an improved
sine function model can suitably fit the periodic changes in the particulate matter concentration,
with the average R2 value increasing to 0.65 from the traditional model value of 0.49, while each
model coefficient effectively estimates the change characteristics of each stage. (2) Among all land
use types, the particulate matter concentrations in construction land and farmland are high, with a
large annual difference between high and low values. The concentration decreases slowly in spring
and summer but increases rapidly in autumn and winter. The concentrations in forestland and
grassland are the lowest; the difference between high and low values is small for these land use types,
and the concentration fluctuation pattern is relatively uniform. Natural sources greatly influence
the concentration fluctuations, among which frequent dusty weather conditions in spring impose a
greater influence on forestland and grassland than on the other land use types. (3) The landscape
pattern of land use exerts a significant influence on the particulate matter concentration. Generally,
the lower the aggregation degree of patches is, the higher the fragmentation degree is, the more
complex the shape is, the higher the landscape abundance is, and the lower the particulate matter
concentration is. The higher the construction land concentration is, the more easily emission sources
can be aggregated to increase the particulate matter concentration. However, when forestland areas
are suitably connected, this land use type can play a notable role in inhibiting particulate matter
concentration aggravation. This conclusion is of great relevance to urban land use planning and
sustainable development.

Keywords: land use and land cover; PM2.5; PM10; spatiotemporal characteristics; air pollution;
remote sensing; China

1. Introduction

Land not only provides an important basis of human survival but is also an essential
resource for human development [1]. Land use and land cover are two different but closely
related concepts. Land use refers to the dynamic and purposeful utilization of natural land
resources by humans, while land cover constitutes the synthesis of natural and human-
made buildings covering the Earth’s surface. Both of these concepts are important land
system attributes [2,3]. All human activities are inseparable from land. These activities
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have affected the distribution patterns and change mechanisms of the original land system
and exerted far-reaching influences on resources, the environment, geographical processes,
and biodiversity [4,5]. The urban environment is the result of the combined influence of
industrial production and urban construction. Land use types have increasingly changed
from natural types, such as farmland, forestland, and grassland, to artificial types, which is
one of the important characteristics of urbanization. The increasing frequency of human
activities has accelerated land use type changes, altered the original urban landform and
regional energy balance, damaged the natural ecological functions of the surface system,
and driven air flow exchange variations between surface particles and the atmosphere,
affecting the generation, diffusion, dilution, and collection of particles and thus affecting
the atmospheric environment [6,7]. The compositional structure, content, and properties
of the atmosphere can change due to changes in land use/land cover, and the chemical
properties and processes of the atmosphere can also be affected, which can impact the
gas-generation mechanism, thus influencing the circulation of atmospheric materials within
a given region. In the long term, these effects may alter the local climate and even affect
the global climate [8]. Landscape patterns describe the spatial distribution of landscape
patches of different shapes and sizes, which is an important manifestation of landscape
heterogeneity and can reflect the effects of various ecological processes. The study of
landscape patterns can elucidate the inherent spatial distribution of seemingly disorderly
patches and quantitatively describe their changes over time [9]. Analyzing changes in land
use/land cover types and the evolution of landscape patterns can provide insights into the
extent, directions, and characteristics of changes in particulate matter [10]. Environmental
protection, environmental improvement, and the optimization of land use patterns in
development to improve urban air quality are all major issues related to the effects of land
use/land cover on atmospheric particulate matter.

In recent years, the contribution of human activity-related emissions to particulate
matter has gradually increased. Vehicle exhaust, road dust, industrial emissions, domes-
tic emissions, fuel combustion-related emissions and building dust continuously drive
particulate matter emissions into the atmosphere, and these activities mainly occur in con-
struction land areas. Buildings in cities also have a significant impact on particulate matter
dispersion [11,12]. Many research results revealed that the higher the construction land
proportion is, the higher the air pollution degree. Xu et al. [8] found that the construction
land and road area proportion in the Changsha–Zhuzhou–Xiangtan urban agglomeration
was significantly positively correlated with the concentrations of NO2 and particles with
aerodynamic diameters of 2.5 µm or smaller (PM2.5), and the influence on NO2 was greater
than that on PM2.5. In contrast, the influence on particles with an aerodynamic diameter
of 10 µm or smaller (PM10) was unstable, which may have been because vehicle exhaust
emissions comprised the main NO2 source and were closely related to construction land
and road areas. Peng et al. [13] determined that forestland in Chengdu exerted an obvious
influence on NO2 concentration variations; urban land was highly correlated with the high-
est total suspended particulate matter concentration; and the spatial distributions of NO2
and total suspended particulate matter concentrations were highly consistent with those
of urban land, industrial and mining land, and transportation land areas. Font et al. [14]
reported that PM10 greatly increased during and after road expansion in London, but the
impact on PM2.5 was relatively limited, indicating that construction activities contributed
more notably to PM10. Zhai et al. [15] observed a highly positive correlation between
the NO2 column concentration in the troposphere and the coverage rates of impervious
surfaces in various cities and municipal districts, and the spatial distribution patterns in
these two hot-spot areas were consistent. The mean NO2 column concentration in the
troposphere above open, compact, intensive, and highly intensive municipal districts in-
creased sequentially, and the standardized concentration index of the NO2 column in the
troposphere above areas exhibiting impervious surface expansion exhibited an upward
trend. Tang et al. [10] found that hazy days in Beijing showed obvious positive correlations
with construction land, residential areas, industrial and mining land, and transportation
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land. There was a significant positive correlation between the building area and PM1.0
concentration in the 0.5- and 1-km buffer zones. Wei et al. [16] determined that an obvious
negative correlation existed between urban land use and pollution-free weather; however,
positive correlations with other weather conditions were found, and these correlations
gradually increased. Mo et al. [17] reported that the concentrations of PM2.5, PM10, and
other particulate matter types in Beijing were positively correlated with the resident popu-
lation density, regional gross domestic product (GDP), and other factors that significantly
reflected the urbanization level.

Forestland and grassland, as typical vegetation types, are generally considered to
reduce particulate matter. First, human activities in forestland and grassland are limited;
few anthropogenic emission sources occur; and natural emissions are the main source
of particulate matter. Second, vegetation cover can effectively separate the surface and
atmosphere, thus preventing floating dust near the surface from rising into the atmosphere.
Third, vegetation with a complex canopy structure can reduce the wind speed and prevent
particles from entering local areas. In addition, particles fall onto vegetation surfaces due to
dry sedimentation and are adsorbed or captured by leaves, stems, and other organs, which
can play notable roles in dust retention. Xu et al. [8] found that forestland, green land,
and cultivated land areas were negatively correlated with NO2 and PM2.5 concentrations.
Wei et al. [16] reported that forestland was positively correlated with nonpolluted and
slightly polluted weather conditions but negatively correlated with highly polluted weather
conditions. Shi et al. [11] determined that a decrease in cultivated land and forestland
areas and an increase in construction land areas contributed to a decrease in the number
of foggy days but aggravated the haze occurrence degree and frequency. Mo et al. [17]
observed that the trend of the concentrations of PM2.5, PM10, and other particulate matter
types in Beijing was the opposite of the development trend of forest coverage, exhibiting a
significant negative correlation. Tang et al. [10] found that an obvious negative correlation
existed between ecological land and cultivated land areas and the number of haze days
in Beijing, and an obvious negative correlation between the green space area proportion
and PM1.0 concentration in 0.5- and 1-km buffer zones was identified. Sun [18] reported
that the PM10 concentrations associated with various land use types in the Pearl River
Delta region followed the ascending order of forestland, grassland, farmland, construction
land, and desert wasteland. Generally, the influence of farmland on particulate matter is
bidirectional. During the crop growing season, vegetation cover causes farmland to exert a
certain dust-retention effect, but the corresponding efficiency may be lower than that of
forestland and grassland [19,20]. After crop harvesting, dust emitted during straw burning
represents an important source of particulate matter [21,22]. Moreover, in winter, without
vegetation coverage, a large amount of dust becomes exposed on the surface and is easily
lifted into the atmosphere [19,20]. The influence of water on particles is complicated. On
the one hand, when particles fall on the water surface due to sedimentation, these particles
are not resuspended. On the other hand, the presence of water causes the temperature to
decrease and the humidity to increase, which may affect the accumulation and diffusion
of particulate matter [20,23]. Due to the lack of vegetation coverage, a large amount
of floating dust is exposed near the surface of unused land and is easily lifted into the
atmosphere under the action of wind. Generally, floating dust readily becomes the main
source of particles, and the corresponding contribution to particles with a large aerodynamic
equivalent diameter is relatively high.

The temporal and spatial variability of particulate matter concentrations is a complex
system that is driven by a combination of influencing factors. The effects of meteorological
factors, human activities, and topographic conditions on particulate matter have been stud-
ied by several scholars [24–27]. In this manuscript, we focus on the intrinsic patterns of land
use, and it is essential to explore its impact on the atmospheric environment to guide land
use planning scientifically. In this paper, land use distribution and changes are analyzed
using land use classification data in the Beijing–Tianjin–Hebei (BTH) region in 2015–2018.
The differences in different land use types on the temporal changes in atmospheric particu-
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late matter concentrations are explored with the help of an improved sine function model.
The correlation between landscape patterns and atmospheric particulate matter is analyzed
using landscape ecology and statistical methods. The results of this paper are important for
the prevention and control of atmospheric pollution and the sustainable development of
resources and the environment and can also provide a scientific reference for the optimal
allocation of land resources.

2. Methods
2.1. Optimized Particle Concentration Fitting Model

Systematic mathematical models can be used to fit concentration change patterns.
Comparison of the parameters in the fitted results among different regions is a powerful
tool for analyzing the changes in pollutant concentrations. The concentration exhibits
a significant periodicity in annual cycles, with a peak and a trough in each cycle. To
analyze the characteristics of the variation in particulate matter concentration over time
quantitatively, many scholars fitted periodic quantitative mathematical function models,
among which the sinusoidal function model is the most widely adopted [28–32]. The
traditional sine model is based on the least-squares method and comprises linear and
sine functions. The general form of the sine function model is shown in Figure 1a. The
corresponding equation is defined as follows:

y = Aox + Bo + Co· sin
(

2π
Do

(x + Eo)

)
(1)

where y is the particulate matter concentration, and the first two terms on the right side
of the equal sign constitute a linear function, i.e., Aox + Bo, representing the interannual
variation trend of the particulate matter concentration. The third term is a sine function,
i.e., Co· sin

(
2π
Do

(x + Eo)
)

, which is applied to describe the periodic variation characteristics
of the particulate matter concentration on a monthly scale. Scholars evaluated and applied
this model in monthly analyses of mean particulate matter concentrations at the country,
region, and city spatial scales and confirmed that it can describe the general temporal
variation patterns of particulate matter concentrations. However, due to its relatively
simple function shape, the model is limited in its ability to provide detailed information on
the variation in particulate matter. To capture the actual trends in changes in particulate
matter concentrations more closely, describe temporal changes in monthly mean concentra-
tions more accurately, and determine the inherent mechanisms, this paper improves the
traditional sinusoidal function model in the following aspects [33]:

(1) Regarding general concentration change trends, a quadratic function is employed
instead of a linear function, and this function can suitably fit various situations, such
as initially rising and then falling, initially falling and then rising, accelerated rising
or falling, decelerated rising or falling, and steadily rising or falling concentrations.

(2) In particulate matter concentration fluctuations, when the overall concentration in-
creases, the fluctuation range also increases. When the overall concentration decreases,
the fluctuation amplitude also decreases. Therefore, the first half of a quadratic func-
tion, i.e., Atx2 + Btx + Ct, is added to the coefficient of the original sine function. This
improvement ensures that the amplitude no longer remains fixed over time but varies
with the overall concentration change trend.

(3) At the monthly scale, changes in the particulate matter concentration are often not
symmetrical periodic fluctuations, and often, the durations of periods with low values
are long, while the durations of periods with high values are short. Notably, narrower
peaks and wider valleys or the opposite, i.e., wider peaks and narrower valleys, may
occur. Considering these concentration change characteristics, this paper replaces the
original sine function sin( 2π

Dt
(x + Et)) with 2·( 1

2 ·(1 + sin( 2π
Dt
(x + Et))))Ft and adds a

deformation factor Ft to control the shape of the sine function based on its magnitude.
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(4) The particulate matter concentration variation during a given cycle is often not sym-
metrical or uniform, and the concentration increase and decrease rates in this case are
not equal. In particular, the time from one wave peak to the next wave trough is not
the same as the time from one wave trough to the next wave peak. According to this
feature, an oscillation term with the same period and a π/2-phase difference is added
to x in the sine function; x is replaced with x + Ht· sin( 2π

Dt
(x + Et)); and the left/right

shifting of the peak or trough is controlled by the magnitude of the offset factor Ht.

Figure 1. Schematic diagram of the traditional (a) and improved (b) sine function models.

After the above 4 improvements, the general form of the improved sine function
model is schematically shown in Figure 1b. The improved function is reorganized, and an
improved sine function model equation is obtained as follows:

y =
(

Atx2 + Btx + Ct

)
·
(

1 + Dt(
1
2
(1 + sin

(
2π
Et

(
x + Ht· sin(

2π
Et

(x + Gt)) + Gt

))
))

Ft
)

(2)

where y is the particulate matter concentration, and the terms on the right side of the
equal sign comprise a quadratic function and the improved sine function that captures
uneven fluctuations. There are a total of 8 parameters from At to Ht in the formula, and the
meaning and description of each parameter are shown in Table 1.

Table 1. Parameters and their descriptions in the improved sine function model.

Parameters Definition Range Description

At
Quadratic
coefficient (−∞, ∞)

At determines the opening direction and magnitude of the parabolic curve, namely:
(1) for At > 0, the parabolic curve opens upwards;
(2) for At < 0, the parabolic curve opens downwards.
Additionally, the larger the absolute value of At is, the smaller the opening of the
parabolic curve, while the smaller the absolute value of At is, the larger the opening
of the parabolic curve.

Bt
Primary term

coefficient (−∞, ∞) Bt and At jointly determine the position of the axis of symmetry.

Bt/2At
Axis of

symmetry

(1) When the axis of symmetry occurs within the studied time range, for At > 0, the
concentration first decreases and then increases. Conversely, for At < 0, the
concentration first increases and then decreases.
(2) When the axis of symmetry occurs on the left side of the studied time range, for
At > 0, the concentration continuously increases, and the rate of increase rises.
Conversely, for At < 0, the concentration continuously decreases, but the rate of
decrease rapidly declines.
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Table 1. Cont.

Parameters Definition Range Description

(3) When the axis of symmetry is located on the right side of the studied time range,
for At > 0, the concentration continuously decreases, but the rate of decrease
declines. Conversely, for At < 0, the concentration continuously increases, but the
rate of increase declines.
In addition, when the axis of symmetry is located far from the studied time range,
the concentration can be considered to increase or decrease at an approximately
constant rate.

Ct Constant (−∞, ∞) Ct determines the intersection of the parabolic curve and Y-axis and represents the
overall particulate matter concentration at the starting time of the analysis.

Dt Amplitude [0, ∞) Dt indicates the differences between peak and valley values and determines the
oscillation amplitude. The larger its value, the stronger the fluctuations are.

Et Cycle 12 Et represents the fluctuation duration. Because particulate matter fluctuation over a
year is considered in this paper, a fixed Et value of 12 is adopted.

Ft
Deformation

factor (0, ∞)

Ft indicates the duration of periods with high or low values during a given cycle:
(1) for Ft = 1, the curve of the sine function uniformly oscillates;
(2) for Ft > 1, the function curve exhibits narrow peaks and wide valleys, and the
larger the Ft value is, the stronger the deformation;
(3) for 0 < Ft < 1, the function curve exhibits wide peaks and narrow valleys, and the
closer the Ft value is to 0, the stronger the deformation.

Gt Phase [0, 12] Gt determines the occurrence positions of peaks. During a given period, the larger
the value, the later peaks and valleys occur.

Ht Offset factor (−∞, ∞)

Ht indicates the relative positions of peaks and valleys, namely:
(1) for Ht = 0, the left and right positions of valleys are located at the centers of two
adjacent peaks, i.e., the time when one peak reaches the next valley is equal to the
time when one valley rises to reach the next peak;
(2) for Ht > 0, the trough moves towards the right, i.e., the time required for one
peak to reach the next trough increases, and the time required for one trough to
reach the next peak decreases;
(3) for Ht < 0, the trough moves towards the left, i.e., the time required for one peak
to reach the next trough decreases, and the time required for one trough to reach the
next peak increases.
The larger the absolute value of Ht is, the larger the offset.

2.2. Landscape Pattern Index

In this paper, the landscape pattern changes reflected by common landscape pat-
tern indices at the landscape and patch levels were evaluated. It should be noted that
certain indices may yield different meanings at different levels and should be examined
separately [34,35].

2.2.1. Landscape Level

At the landscape level, the calculation methods and specific meanings of the patch
density (PD), largest patch index (LPI), edge density (ED), contagion index (CONTAG),
splitting index (SPLIT), Shannon’s diversity index (SHDI), Simpson’s diversity index (SIDI),
aggregation index (AI), and eight other landscape pattern indices are explained below.

PD is equal to the number of patches in the landscape divided by the total landscape
area (m2), which is then multiplied by a scaling factor of 1,000,000 (conversion into 100
hectares), with a value range of (0, +∞). Moreover, PD is expressed as the number of
patches per 100 hectares. When each unit involves an individual patch, the PD value is the
largest, which indicates that based on the number of patches per unit area, landscapes of
different sizes can be compared. PD can be calculated as follows:

PD =
N
A
·(1, 000, 000) (3)
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where N is the number of patches in the landscape, and A is the total landscape area (m2).
LPI is expressed as a percentage and is equal to the percentage coverage of the largest

patch in the area, with a value range of (0, 100). When the largest patch in the landscape de-
creases in coverage, the LPI gradually approaches 0. When the whole landscape comprises
only one patch, i.e., the largest patch accounts for 100% of the landscape area, LPI = 100.
This index is a simple way to measure dominance. The LPI equation is

LPI =
max

(
aij
)

A
·(100) (4)

where aij is the area of patch ij (m2), and A is the total landscape area (m2).
ED is equal to the sum of the lengths (m) of all edge segments related to the corre-

sponding patch types divided by the total landscape area (m2), which is then multiplied
by 10,000 (conversion into hectares), with a value range of (0, +∞) in meters per hectare.
When no graded edges occur in the landscape, i.e., when the whole landscape comprises
only one patch, ED = 0. This index can be adopted to compare landscapes of different sizes.
ED can be calculated as

ED =
∑m

k=1 eik

A
·(10, 000) (5)

where eik is the total length (m) of the edge segments in the landscape of patch type i, and
A is the total landscape area (m2).

CONTAG represents the highest possible contagion degree observed for a given
number of patch types, with a value range of (0, 100) expressed as a percentage. When the
patch types are decomposed and dispersed to the greatest extent, CONTAG approaches 0.
CONTAG = 100 when all patch types exhibit the maximum aggregation degree. CONTAG
reflects the aggregation or expansion degrees of different patches in the landscape. A high
value indicates a good relationship between certain major patch types, while a low value
indicates that the landscape encompasses a multielement intensive pattern with a high
degree of landscape fragmentation. The CONTAG calculation equation is

CONTAG =


1 +

∑m
i=1 ∑m

k=1

(
Pi· gik

∑m
k=1 gik

)
·
(

ln
(

Pi· gik
∑m

k=1 gik

))

2 ln(m)


·(100) (6)

where Pi is the proportion of the landscape occupied by patch type I; gik is the number of
connections between pixels of patch types i and k based on the double-counting method;
and m is the number of patch types in the landscape.

SPLIT is equal to the square of the total landscape area (m2) divided by the sum of
the squared patch areas (m2), and its value range is [1, n2], where n is the total number of
pixels in the area (dimensionless). When the landscape comprises a single patch, SPLIT = 1.
SPLIT reaches its maximum value when the landscape is subdivided to the greatest extent.
SPLIT is based on the regional distribution of accumulated patches and can characterize
the degrees of separation between various patch types. SPLIT can be calculated as follows:

SPLIT =
A2

∑n
1=1 ∑n

j=1 a2
ij

(7)

where aij is the area of patch ij (m2), and A is the total landscape area (m2).
SHDI denotes the proportional abundance of each patch type among all negative

patch types multiplied by the sum of the proportions, and its value range is [0, +∞). When
the landscape contains only one patch type, SHDI = 0. As the proportional distribution of
areas among various patch types becomes increasingly uniform, SHDI increases. SHDI can
reflect landscape heterogeneity and is particularly sensitive to an unbalanced distribution
of various patch types in the landscape. If the land use diversity and fragmentation degree
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are high, the information content in the uncertainty and the SHDI value will increase. The
SHDI equation is

SHDI = −
m

∑
i=1

(Pi·lnPi) (8)

where Pi is the proportion of the landscape occupied by patch type i.
SIDI is equal to 1 minus the sum of the proportional abundance of the square of each

patch type among all patch types, with a unitless range of [0, 1]. When the landscape
contains only one patch type, SIDI = 0. With an increasing number of different patch types
(i.e., increasing patch abundance), SIDI approaches 1. SIDI is another popular diversity
index borrowed from community ecology that is insensitive to the presence of rare types
and provides a more intuitive explanation than does the Shannon index. SIDI can be
calculated as follows:

SIDI = 1−
m

∑
i=1

Pi
2 (9)

where Pi is the proportion of the landscape occupied by patch type i.
AI denotes the number of similar adjacencies of a certain type divided by the maxi-

mum possible number of similar adjacencies of this type, which is then multiplied by the
landscape proportion of this type. Subsequently, the total value for all types is multiplied
by 100 (conversion into a percentage), and AI has a value range of [0, 100] expressed as
a percentage. For AI = 0, the patch types are decomposed to the greatest extent. With
increasing landscape aggregation, AI increases. When the landscape comprises a single
patch type, AI equals 100. AI represents the frequency of different patch types occurring
side by side on the map, which can reflect the patch aggregation degree. The AI equation is

AI =

[
m

∑
i=1

(
gii

max(gii)

)
Pi

]
·(100) (10)

where gii is the number of similar adjacencies between pixels of type i based on the single-
counting method; max(gii) is the maximum value of gii; and Pi is the landscape proportion
of type i.

2.2.2. Class Level

At the class level, five landscape pattern indices, including the percentage of the
landscape (PLAND), PD, LPI, largest shape index (LSI), and SPLIT, were selected, and their
calculation methods and specific meanings are explained below.

PLAND is the percentage of the area of the corresponding patch type in the total
landscape area, with a range of (0, 100) expressed as a percentage. When the number of
corresponding patch types in the landscape decreases, PLAND approaches 0. When the
whole landscape comprises a single patch type, PLAND = 100. PLAND quantifies the
proportional abundance of each patch type in the landscape, which is an important measure
of the landscape composition in many ecological applications. The PLAND calculation
equation is

PLAND = Pi =
∑n

j=1 aij

A
·(100) (11)

where Pi is the landscape proportion occupied by patch type i; aij is the area of patch ij (m2);
and A is the total landscape area (m2).

PD is equal to the number of patches of the corresponding patch type divided by the
total landscape area (m2) and multiplied by 1,000,000 (converted to 100 hectares), and its
value range is (0, +∞) in units of the patch number per 100 hectares. When each cell is
an individual patch, PD is the largest, and the final cell size determines the maximum
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number of patches per unit area. PD represents the number of patches per unit area, which
is helpful for comparing landscapes of different sizes. The formula of PD is

PD =
ni

A
·(1, 000, 000) (12)

where ni is the number of patches i of the corresponding type, and A is the total landscape
area (m2).

LPI denotes the percentage coverage of the largest patch of the corresponding type in
the total area, with a value range of (0, 100) expressed as a percentage. When the largest
patch area of the corresponding type decreases, the LPI gradually approaches 0. When the
whole landscape comprises individual patches of corresponding patch types, LPI = 100.
This is a simple method to measure the dominant position. LPI can be calculated as

LPI =
max
j=1

(
aij
)

A
·(100) (13)

where aij is the area of patch ij (m2), and A is the total landscape area (m2).
LSI is equal to 0.25 multiplied by the sum of the whole landscape boundary and the

lengths (m) of all edge segments of the corresponding patch type in the landscape boundary,
which is then divided by the square root (m2) of the total landscape area. The LSI value
range is [1, +∞] and is unitless. When the landscape contains a single square patch of the
corresponding type, LSI = 1. With increasing edge lengths of the corresponding patch type
in the landscape, LSI increases infinitely, which provides a standardized measure of the
total edges or ED. The LSI calculation equation is

LSI =
0.25·∑m

k=1 e∗ik√
A

(14)

where e∗ik is the total length (m) of lateral edges between patch types i and k, and A is the
total landscape area (m2).

SPLIT is determined as the square of the total landscape area (m2) divided by the sum
of the squares of all patch areas (m2), and its value range is [1, n2], where n is the total
number of pixels in the area (dimensionless). When the landscape contains a single patch
type, SPLIT = 1. As the area of the focal patch type gradually decreases or the focal patch
type is subdivided into smaller patches, SPLIT increases. SPLIT is based on the regional
distribution of accumulated patches and can characterize the degrees of separation between
various patch types. The SPLIT equation is

SPLIT =
A2

∑n
j=1 a2

ij
(15)

where aij is the area of patch ij (m2), and A is the total landscape area (m2).

3. Results and Discussion
3.1. Overview of the Study Area and Data

The BTH region is located between 113◦27′~119◦51′ E and 36◦05′~42◦40′ N (Figure 2).
The terrain is inclined, exhibiting high elevations in the northwest and low elevations in
the southeast, with complex and heterogeneous landforms, including plateaus, mountains,
hills, basins, and plains. From northwest to southeast, the region is roughly divided into
the Bashang Plateau, Yanshan-Taihang Mountains, and Haihe Plain. The BTH region
experiences a temperate of a semihumid continental monsoon climate, with distinct winters
and summers, and more than 67% of precipitation is concentrated in the summer. The BTH
region covers an area of approximately 217,200 square kilometers, which accounts for 2.3%
of the total land area in China. This area hosts a dynamic economy, the highest degree of
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economic openness, the strongest innovation ability, and the highest foreign population
absorption level in China. However, many particulate matter indicators seriously exceed
relevant standards due to the dense population and notable industrial agglomeration, and
smog and other air pollution phenomena frequently occur in the BTH region due to its
rapid economic development. Air pollution seriously threatens the ecological environment
and human health and affects the residential quality of life. The pollution conditions in the
BTH region are highly representative of those in China and worldwide.

Figure 2. Geographical location of the study area.

3.1.1. Land Use Data

The land use/land cover data analyzed in this experiment included the C6 version
of MCD12Q1, which is a land cover product of the Moderate Resolution Imaging Spectro-
radiometer (MODIS, https://modis.gsfc.nasa.gov/, accessed on 1 December 2021). The
temporal resolution of the data was 1 year; the spatial resolution was 500 m; and a data
mosaic of four scenes could cover the entire BTH region. Since 2001, relevant data were
updated at annual intervals and stored in the HDF4 file format. The projection method is
sinusoidal projection, which includes 8-day comprehensive MODIS observation results
obtained from Terra and Aqua satellite MODIS sensors throughout the year. Combined
with the characteristics of the surface reflectivity and surface temperature, the data were
analyzed with a supervised decision tree classification algorithm based on a high-quality
land cover training sample database. The land cover classification schemes for the dataset
include the International Geosphere-Biosphere Programme (IGBP) scheme, University
of Maryland (College Park, MD, USA), leaf area index (LAI)/fraction of the absorbed
photosynthetically active radiation (FPAR), net primary production (NPP), plant functional
type (PFT), and Food and Agriculture Organization-Land Cover Classification System
(FAO-LCCS, https://www.fao.org/home/en/, accessed on 1 December 2021) (Rome, Italy).
The PFT classification scheme, including water bodies, evergreen coniferous forestland,
evergreen broad-leaved forestland, deciduous broad-leaved forestland, shrub/forestland,
grassland, cereal crops, broad-leaved crops, built-up areas, snow and ice, bare land, and
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other types, was adopted in this experiment [36,37]. Many experiments show that the
MCD12Q1 dataset has a high classification accuracy. For more information on the accuracy
of the dataset products, please refer to Sulla-Menashe et al. [36,37]. Before conducting the
experiment, we first reclassified the data and organized them into six types (Table 2).

Table 2. Land use types and descriptions after reclassification.

Land Use Type Description

Water bodies Permanent water coverage rates not lower than 60%.
Forestland Tree cover not lower than 10%.
Grassland Dominated by herbaceous annuals (less than 2 m) with no cultivation.
Farmland Dominated by herbaceous annuals (less than 2 m) and no less than 60% cereal crops or broadleaf crops.

Construction land Impervious surface coverage, including building materials, asphalt, and vehicles, not lower than 30%.
Unused land Unvegetated barren (sand, rock, soil) with less than 10% vegetation.

3.1.2. Air Quality Monitoring Data

The air quality data obtained in this experiment included real-time monitoring data
from monitoring stations. The China National Environmental Monitoring Center (Beijing,
China) releases automatic hourly air quality monitoring results from all monitoring sta-
tions and cities in China to the public through the National Urban Air Quality Real-time
Publishing Platform (http://106.37.208.233:20035/) accessed on 1 December 2021. In this
experiment, 215 stations distributed in the BTH region and surrounding cities were selected
(as shown in Figure 3). From 0:00 on 1 December 2014, to 23:00 on 31 December 2018,
35,808 h of hourly PM2.5 and PM10 concentration data were acquired. First, the data were
calculated and integrated. For the small amount of missing data, hourly average values
on other days in the corresponding months were used to obtain PM2.5 and PM10 values
at each point. Then, the ordinary kriging interpolation method was applied to obtain
the spatial distribution of particulate matter concentrations in each time interval within
the study area, with a spatial resolution of 500 m. Moreover, the PM2.5/PM10 ratio at
each spatial position and each region was calculated. Finally, the spatial mean values of
particulate matter concentrations in the whole study area in each region and for each land
use type at different time scales were obtained by the statistical partitioning method. The
ordinary kriging method dynamically determines the values of variables according to an
optimization criterion function in the interpolation process to ensure that the interpolation
function is in the best state; this process takes into account both the positional relationship
between the observed and estimated points and the relative positional relationship among
the observed points and is more effective when the number of points is relatively sparse.

3.1.3. Accuracy Verification of the Optimization Model

To verify the accuracy of the improved model, both the traditional and improved
models were adopted to fit the monthly mean values of PM2.5 and PM10 concentrations in
the whole study area and in cities. In addition, the goodness-of-fit R2 value was compared
between these two models, and the results are listed in Table 3. Among the PM2.5 and PM10
fitting results, the average R2 values of the traditional model are 0.51 and 0.49, respectively,
and the average R2 values of the improved model are 0.65 and 0.57, respectively, which
indicate increases of approximately 0.14 and 0.08, respectively. The goodness of fit of
the improved model is considerably higher than that of the traditional model, which
verifies that the improved model achieves a higher fitting accuracy, can extract more
information from the data, and is more suitable for quantitative analyses of the variation
characteristics of particulate matter concentrations. In addition, compared to the traditional
sine function, the improved function better quantifies the general trends, amplitudes,
deformation degrees, deviation degrees, and other parameters. In addition to the particulate
matter concentration, this method can be extended to other elements conforming to the
periodic variation pattern involving a single peak and a single valley, such as the vegetation
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coverage, monthly mean temperature, and monthly mean precipitation. The corresponding
patterns of variation can be examined based on the obtained fitting results.

Figure 3. Spatial distribution of the air quality monitoring sites in the study area and surrounding areas.

Table 3. Comparison of R2 between the traditional and improved models.

PM2.5 PM10

The Traditional
Model

The Improved
Model

The Improved
Model

The Improved
Model

The BTH region 0.60 0.74 0.53 0.58
Beijing 0.36 0.50 0.29 0.32
Tianjin 0.50 0.67 0.51 0.56

Shijiazhuang 0.52 0.67 0.48 0.56
Tangshan 0.53 0.64 0.48 0.57

Qinhuangdao 0.55 0.56 0.60 0.64
Handan 0.50 0.77 0.53 0.68
Xingtai 0.64 0.81 0.63 0.68
Baoding 0.66 0.81 0.65 0.72

Zhangjiakou 0.08 0.18 0.19 0.34
Chengde 0.54 0.59 0.36 0.42

Cangzhou 0.58 0.76 0.60 0.71
Langfang 0.50 0.67 0.43 0.50
Hengshui 0.63 0.84 0.64 0.74

3.2. Influence of Land Use on the Atmospheric Particulate Matter Concentration
3.2.1. Spatiotemporal Characteristics of Land Use

The spatial distribution of land use in the study area for each year is shown in Figure 4a–d.
The eastern and southern parts of the study area are on the Haihe Plain, and the construction
land is concentrated in the built-up areas of the cities and the surrounding villages, while
the agricultural land is mostly between the cities and villages. The northeastern and
southwestern parts of the study area are in the Yanshan Mountain Range and Taihang
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Mountain Range, and forestland is mostly distributed in areas with higher elevations and
higher slopes, while grassland is distributed in areas with lower elevations and gentler
slopes. The northwestern part of the study area is in the Bashang Plateau, and grassland
is the most dominant land use type. The locations where land use changes occurred are
shown in Figure 4e. Forestland, as the largest land use type with the largest new area,
occurred mainly in the mountainous areas. The increase in grassland occurred mostly on
the gentle slopes of the mountains. New farmland is mainly present in the northwestern
Bashang Plateau, the eastern side of the Taihang Mountains, and the eastern coastal areas.
The new construction land mainly occurs on the periphery of the built-up areas of the cities
and is the spatial manifestation of urban expansion.

Figure 4. Spatial distributions of land use in 2015 (a), 2016 (b), 2017 (c), and 2018 (d) and a schematic
representation of the land use changes that occurred (e).

The area of each land use type in descending order is farmland, grassland, forestland,
construction land, water bodies, and unused land, among which the areas of farmland
and grassland are decreasing; the areas of forestland and construction land are increasing
at relatively fast and slow rates, respectively; and the area of water bodies and unused
land is small and has remained relatively unchanged. The land use conversion matrix is
shown in Table 4. Approximately 4.5% of the study area underwent land use change in
mid-2015–2018, with grassland and forestland being the two relatively active types. A
total of 8.8% of grassland was transformed, mainly to forestland and farmland. A total
of 4.8% of forestland was transformed, mainly to grassland. A total of 2.6% of farmland
was transformed into grassland, forestland, and construction land. Construction land is
the most stable of all types and is generally not converted to other types. Smaller areas of
water bodies and unused land underwent negligible conversion.
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Table 4. Land use transfer matrix from 2015 to 2018.

2018

Water Bodies Forestland Grassland Farmland Construction Land Unused Land Total

2015

Water bodies 2650 0 4 0 0 5 2658
Forestland 1 30,066 1404 107 4 0 31,582
Grassland 53 3404 57,858 2008 115 23 63,461
Farmland 7 304 1861 98,473 447 0 101,091

Construction land 0 0 0 0 16613 0 16,613
Unused land 4 0 36 0 2 348 390

Total 2714 33,773 61,163 100,588 17181 376 215,795

Unit: km2

3.2.2. Comparison of Atmospheric Particulate Matter Concentrations between Various
Land Use Types

The spatial distributions of each land use type in the study area from 2015 to 2018 were
extracted, and the extracted distributions were superimposed onto the interpolation data of
the monthly mean values of the particulate matter concentration in the corresponding year
and month to determine the monthly mean particulate matter concentrations correspond-
ing to each land use type. Moreover, the average values for the same month in each year
were calculated. The results are shown in Figure 5. The results indicate obvious differences
in particulate matter concentrations among the various land use types. Among the land
use types, the particulate matter concentrations corresponding to construction land and
farmland were higher than those corresponding to the other types. Among the various
land use types, construction land encompasses areas with the highest human activity
intensity and motor vehicle exhaust, road dust, industrial emissions, domestic emissions,
fuel combustion-related emissions, and construction dust, all of which are closely related to
particulate matter emissions. In addition, the building density and height in urban built-up
areas are high. The resultant blocking and friction effects weaken regional winds, greatly
affecting particulate matter diffusion [11,12]. The influence of farmland on particulate
matter exhibited seasonal differences. During the crop growing season, farmland is mostly
covered with vegetation, which inhibits the emission of surface particulate matter to a
certain extent, while leaves generate a certain dust-retention effect. However, due to the
relatively low heights and comparatively neat arrangements of crops, this dust-retention
effect may be lower than those of forestland and grassland [19,20]. After harvest, the dust
emitted during straw burning represents an important source of particulate matter [21,22].
Especially during the cold winter season, farmland lacking vegetation coverage is mostly
bare, and a large amount of dust becomes exposed and is easily emitted into the atmosphere
under windy weather conditions, resulting in a notable increase in the wintertime particu-
late matter concentration [19,20,38]. The particulate matter concentrations corresponding
to forestland and grassland were significantly lower than those corresponding to the other
land use types, and the intensity of particulate matter removal was positively related to
the vegetation growth degree, which was considerably higher in summer than in winter.
Vegetation stems, leaves, and other organs remove particles suspended in air via retention,
attachment, and adhesion mechanisms [39]. First, the plant canopy can block airflow and
locally reduce the wind speed, which can result in the deposition of atmospheric particles
onto the surfaces of leaves. Moreover, the turbulence between branches and leaves is very
high, which makes it easier for particles to collide with and contact branches and leaves,
thus increasing the settling rate [40]. Second, the surface structures of plant leaves and bark
are very rough, and certain groove-like tissues, cilia, waxy layers, etc. can intercept particles
that become embedded into their rough surfaces, and the deposition effect remains rela-
tively consistent [41]. Third, plant leaves often secrete sticky substances, which can cause
particle adhesion to their surfaces. This dust retention effect remains the most stable and
can withstand rain erosion. Vegetation can also create an environment conducive to particle
sedimentation. Tree canopies generate shade effects, and leaves generate transpiration
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effects, which can achieve cooling effects. Moreover, vegetation can increase the relative air
humidity and adjust the local microclimate, thus altering the viscosity and quality of parti-
cles, shortening the particle suspension time and accelerating the sedimentation process.
Furthermore, vegetation effectively inhibits chemical reactions of particles and reduces the
generation of secondary particles [42]. In addition, the PM10 concentrations in forestland
and grassland areas increased the most in spring, which is mainly attributed to frequent
dusty weather conditions. The effect of water on the particulate matter concentration is
complicated. On the one hand, the particulate matter emission levels of water bodies were
lower than those of the other types, and water simultaneously exerted a certain adsorption
effect on suspended particulate matter. On the other hand, water evaporation can increase
humidity, which can affect the secondary formation, accumulation, and diffusion of partic-
ulate matter [19,43–45]. The vegetation coverage in unused land areas is low, and bare soil
or sand on the surface can easily be entrained by wind, resulting in particulate pollution.
However, because the unused land area in the study region is small and mostly distributed
in the coastal areas and northwestern Bashang Plateau, unused land areas are mostly sur-
rounded by water bodies and grasslands. Therefore, the particulate matter concentration
mostly varied between the levels corresponding to water bodies and grasslands.

Figure 5. Monthly mean values of the PM2.5 and PM10 concentrations corresponding to each land
use type.

3.2.3. Variation Patterns of the Atmospheric Particulate Matter Concentration for Different
Land Use Types

The analysis of the temporal variation in the particulate matter concentration cor-
responding to each land use type in the study area revealed that the particulate matter
concentration corresponding to each land use type was similar to that in the whole study
area, and an obvious periodic variation pattern occurred. Therefore, the improved sine
function model was employed to fit the particulate matter concentration corresponding to
each land use type, and the inherent relationship between the land use type and particulate
matter concentration was explored by comparing the fitting parameters between various
land use types. The results are shown in Figures 6 and 7.
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Figure 6. Fitting results of the monthly PM2.5 concentration for each land use type: (a) water;
(b) forestland; (c) grassland; (d) farmland; (e) construction land; and (f) unused land.

Figure 7. Fitting results of the monthly PM10 concentration for each land use type: (a) water;
(b) forestland; (c) grassland; (d) farmland; (e) construction land; and (f) unused land.

Fitting parameters were separately obtained for the whole study area and each city,
and the results are summarized in Table 5.
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Table 5. Fitting parameters of the monthly PM concentration.

R2
Average

Concentra-
tion

At Bt
Turning

Point Overall Trend
Average
Monthly
Variation

Ct Dt Et Ft Gt Ht

PM2.5

Water bodies 0.71 64 −0.0066 −0.13 Before 2015 Descends rapidly −0.46 53.20 1.20 12 1.95 1.86 1.43
Forestland 0.63 50 0.0008 −0.45 After 2018 Descends slowly −0.41 46.92 0.97 12 1.77 2.09 1.00
Grassland 0.63 47 0.0040 −0.62 After 2018 Descends slowly −0.42 47.69 0.87 12 1.93 2.22 0.72

Farmland 0.71 69 −0.0148 0.19 2015.06 Rises and
then descends −0.54 56.19 1.48 12 2.85 1.86 1.41

Construction
land 0.79 72 −0.0154 0.24 2015.07 Rises and then

descends −0.51 56.23 1.60 12 3.12 1.84 1.25

Unused land 0.71 56 0.0026 −0.56 After 2018 Descends slowly −0.43 52.46 0.99 12 1.81 2.00 1.19

PM10

Water bodies 0.58 108 −0.0027 −0.37 Before 2015 Descends rapidly −0.50 78.17 1.09 12 0.76 1.73 1.18

Forestland 0.41 93 0.0082 −0.53 2017.08 Descends and
then rises −0.13 61.02 1.09 12 0.46 0.97 0.14

Grassland 0.38 91 0.0101 −0.60 2017.06 Descends and
then rises −0.11 62.81 1.02 12 0.58 0.54 –0.86

Farmland 0.57 117 −0.0080 −0.10 Before 2015 Descends rapidly −0.49 84.77 1.15 12 1.17 1.74 1.46
Construction

land 0.66 126 −0.0102 −0.05 Before 2015 Descends rapidly −0.55 91.18 1.26 12 1.37 1.76 1.42

Unused land 0.56 99 0.0058 −0.69 After 2018 Descends slowly −0.40 73.82 1.00 12 0.63 1.60 0.94

First, the goodness-of-fit R2 value was evaluated. The average R2 values of the
PM2.5 and PM10 concentrations corresponding to the six land use types are 0.70 and 0.53,
respectively, verifying that the improved model can better reflect the change pattern of the
monthly mean particulate matter concentration for each land use type. The fitting R2 value
of the PM2.5 concentration for all land use types is above 0.6, and the fitting effect is good.
The fitting R2 value of the PM10 concentration exceeds 0.6 for construction land; is above 0.5
for water bodies, farmland, and unused land; and is below 0.5 for forestland and grasslands.
Generally, the fitting R2 value of the PM2.5 concentration for all land use types is higher than
that of the PM10 concentration, which once again demonstrates that the periodic fluctuation
patterns of the PM2.5 concentration were stronger than those of the PM10 concentration.
Among all types, construction land exhibits the highest R values, which is attributable
to the close relationship between the seasonal patterns of human activities. Especially
after the heating period in winter, the particulate matter concentration corresponding to
construction land sharply increased, resulting in the largest differences between high and
low values for all land use types and the most notable periodicity. The fitting R2 values for
forestland and grassland are relatively low. On the one hand, periodic fluctuations were
slightly limited in forestland and grassland areas due to the presence of fewer particulate
matter emission sources and fewer anthropogenic emissions. On the other hand, particulate
matter concentrations corresponding to forestland and grassland were significantly lower
than those corresponding to the other land use types, and random factors imposed a
great influence, producing certain randomness and consequently reducing the periodic
fluctuation patterns, thus yielding slightly poor fitting effects.

The quadratic coefficient At and linear coefficient Bt reflect the overall change trends
of particulate matter concentrations in the whole study area and in cities. The PM2.5
concentrations corresponding to all land use types exhibited downward trends, with
those of water bodies exhibiting an accelerated downward trend; those in forestland,
grassland, and unused land all exhibiting gradual downward trends; and those in both
construction land and farmland first increasing and then decreasing. Additionally, the
axis of symmetry occurred in 2015, i.e., an accelerated downward trend was exhibited
throughout most of the research period. In terms of the overall change trends of PM10
concentrations for various land use types, the PM10 concentrations corresponding to water
bodies, farmland, and construction land decreased at an accelerated rate; the concentration
corresponding to unused land decreased at a low rate; the concentrations in forestland and
grassland areas first decreased and then increased; and the axis of symmetry occurred in
2017. However, the average PM10 concentration was the lowest among all types, with a
limited decline and increase; thus, the PM10 concentrations basically remained at low levels.
Overall, although the overall average concentrations in the study area exhibited downward
trends, the change rates varied between different land use types. The particulate matter
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concentrations corresponding to construction land and farmland were relatively high but
simultaneously decreased at higher rates, and the decrease rates were accelerated. The
particulate matter concentrations in forestland and grassland areas were low; the decrease
rates of the PM2.5 concentration were decelerated; and the PM10 concentrations slightly
increased after decreasing to a constant level. The particulate matter concentrations in
areas containing water bodies and unused land were lower than those in farmland and
construction land areas but higher than those in forestland and grassland areas, with the
particulate matter concentration corresponding to water bodies rapidly decreasing, while
the particulate matter concentration corresponding to grassland decreased gradually.

The amplitude Dt is the ratio of the focal concentration fluctuation amplitude to that
of the overall concentration. Construction land and farmland exhibited significantly higher
values than did the other land use types because these two types are the most affected
by human activities. Therefore, these land use types exhibited large differences between
winter and summer. Moreover, the amplitude of the PM2.5 concentration for all land use
types was obviously larger than that of the PM10 concentration, which also indicates that
the PM2.5 concentration is more closely related to human sources.

The deformation factor Ft reflects the durations of periods with high and low concen-
trations. The larger the value is, the shorter the durations of high and low concentrations
are. The deformation factor Ft of the PM2.5 concentration for each type was larger than
1, which suggests that the duration of low-value periods was longer than that of high-
value periods, with the Ft values of construction land and farmland being significantly
higher than those of the other land use types. This finding was attributable to the maximal
intensity of human activities in construction land and farmland areas producing sharp
increases in particulate matter concentrations in winter. This pattern was quite different
from the low-value periods in summer. The relatively high values further shortened the
duration of high-value periods. However, the Ft values of the PM10 concentration for water
bodies, forestland, grassland, and unused land were smaller than 1, which indicates that
the duration of high-value periods was longer than that of low-value periods for these land
use types. This pattern occurred because the frequent dusty weather conditions in spring
prolonged the duration of high-PM10-concentration periods, and high values continued to
occur in winter and spring, which imposed a particularly notable impact on water bodies,
forestland, grassland, and unused land. Farmland and construction land areas are more
affected by human activities, and the Ft values were larger than 1, i.e., the duration of
low-value periods was increased.

The phase Gt reflects the time when a peak value occurs during a period. The larger
the value, the earlier the peak and valley values are observed. There was little difference in
the phases of PM2.5 concentrations among different land use types, which indicates that
the peak and valley values for each land use type occurred at similar times. Regarding the
PM10 concentration model, the phases Gt of forestland and grassland were obviously lower
than those of the other land use types, which was attributed to the low vegetation coverage
in spring. In addition, frequent dust events slightly increased the PM10 concentration for all
land use types, while the spring season exhibited relatively low vegetation coverage, which
exerted a notable impact on vegetation types such as forestland and grassland. Therefore,
the PM10 concentrations in forestland and grassland areas were higher than the notable
peak values observed in March and April, while the peak values for the other land use
types often occurred in December or January, resulting in higher values of the phase Gt in
forestland and grassland areas.

The offset factor Ht controls the slight shift in the peaks and valleys from left to right.
A positive value indicates a rightward shift in the valleys; a negative value indicates a
leftward shift in the valleys; and the larger the absolute value is, the greater the shift. The
shift factor Ht of the PM2.5 concentration for each land use type was larger than 0, which
indicates that for all land use types, each valley was far from the previous peak and that
the next peak was closer. Notably, the concentration slowly decreased and subsequently
increased rapidly. The PM10 concentration indicates that the Ht values in forestland and
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grassland areas were smaller than or close to 0, i.e., the peak values occurred later. In
addition, the concentrations decreased faster and increased slower, which is similar to the
reason why the Gt values of the PM10 concentrations of forestland and grassland were
smaller than those of the other land use types. Among all types, the Ht value of farmland
was the largest because farmland reduced particulate matter concentrations during the crop
growth period. Hence, the particulate matter concentration exhibited a steady and gradual
downward trend. However, after crops were harvested, surface dust became exposed due
to the absence of vegetation coverage and was emitted into the air, and the particulate
matter concentration rapidly increased.

3.3. Influence of Landscape Pattern on the Atmospheric Particulate Matter Concentration

According to the division of county-level administrative regions, the study area was di-
vided into 200 county-level units, and the average PM2.5 and PM10 concentrations through-
out the whole year and during the four seasons of 2018 in each district and county were
separately determined. The landscape pattern indices of each district and county at the
landscape and class levels were obtained in Fragstats 4.2 software (University of Mas-
sachusetts Amherst, Amherst, MA, USA), and the influence of the landscape pattern on
the atmospheric particulate matter concentration was evaluated by correlation analysis.
Considering that water bodies and unused land accounted for only 1.3% and 0.2%, re-
spectively, of the total area of the study region and imposed limited regulation effects on
the large-scale particulate matter concentration, only the four most important land use
types, namely, forestland, grassland, farmland, and construction land, were examined at
the class level.

3.3.1. Atmospheric Particulate Matter Concentration Distribution

The average PM2.5 and PM10 concentrations in all districts and counties throughout
the whole year and in the four seasons were statistically analyzed. The results are shown in
Figure 8. The results reveal that the overall particulate matter concentration exhibited a
spatial distribution trend similar to that in the whole region, in which the annual average
PM2.5 concentration exhibited a trend of high values in the southeast and low values in
the northwest. High values were mainly concentrated in the Shijiazhuang–Baoding and
Handan–Xingtai areas, while the concentrations in Zhangjiakou, Chengde, and other cities
in the north were low. During each season, the spatial distribution patterns of the seasonal
average concentrations in winter and spring in all districts and counties were similar to
those of the annual average concentrations, while in spring and summer, excluding the
Shijiazhuang–Baoding and Handan–Xingtai areas, relatively high concentrations were ob-
served in Beijing, Tianjin, Langfang, and other cities. The annual average trend of the PM10
concentration was similar to that of the PM2.5 concentration, exhibiting the same distribu-
tion trend of high values in the southeast and low values in the northwest. The difference
is that Tangshan city on the eastern coast also contained relatively high-concentration areas,
with the lowest concentrations mainly concentrated in Zhangjiakou city and Chengde
city in the north. The distribution pattern during each season was similar to that of the
annual average concentration. Moreover, the frequent dusty weather conditions in spring
caused a slight increase in the concentration in Northwest China, and simultaneously, the
concentration in Tangshan increased, while relatively high-concentration areas moved
slightly northwards.
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Figure 8. Spatial distributions of the PM2.5 and PM10 concentrations at the county level.

3.3.2. Effects of Land Use Types on Atmospheric Particulate Matter Concentrations

The landscape pattern indices at the landscape level are shown in Figure 9, and the
correlation between the particle concentration and indices at the landscape level is shown
in Table 6. At the landscape level, each selected index exhibited a certain correlation
with the particulate matter concentration, but the correlation degrees were lower than
those at the class level, indicating that the distribution pattern of the whole landscape
influenced the particulate matter concentration, but the effect degree was weaker than
that observed in specific land cover types. Among the indices, LPI, AI, and CONTAG
mostly exhibited positive correlations with the particulate matter concentration, while
PD, ED, SPLIT, SHDI, and SIDI mostly showed negative correlations with the particulate
matter concentration. The remaining indices exhibited weak correlations. The lower
the aggregation degree is, the higher the fragmentation degree, the more complex the
shape, and the richer the land use types are, the more closely the landscape resembles a
natural landscape. Conversely, the opposite characteristics indicate an artificial landscape.
Compared to artificial landscapes, natural landscapes contain fewer emission sources, and
natural landscapes can simultaneously reduce and limit particulate matter concentrations.
In a comparison of the seasons, the correlation of each index in winter and summer was
generally higher than that in spring and autumn, which may be attributed to the high
particulate matter concentration and notable spatial heterogeneity in winter. In contrast, in
summer, the vegetation coverage was the highest; the reduction effect of vegetation on the
particulate matter concentration was the strongest; and the landscape pattern distribution
exerted a notable influence.
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Figure 9. Spatial distributions of the landscape pattern indices at the landscape level.

Table 6. Correlations between the particle concentrations and indices at the landscape level.

PM2.5 PM10

Winter Spring Summer Autumn All Winter Spring Summer Autumn All

PD −0.185 ** −0.108 −0.181 ** −0.158 * −0.170 * −0.155 * −0.114 −0.144 * −0.128 −0.143 *
LPI 0.401 ** 0.368 ** 0.407 ** 0.372** 0.399 ** 0.366 ** 0.291 ** 0.346 ** 0.309 ** 0.343 **
ED −0.362 ** −0.307 ** −0.395 ** −0.322 ** −0.356 ** −0.331 ** −0.280 ** −0.358 ** −0.284 ** −0.320 **

CONTAG 0.249 ** 0.200 ** 0.251 ** 0.195 ** 0.234 ** 0.227 ** 0.154 * 0.214 ** 0.168 * 0.203 **
SPLIT −0.385 ** −0.387 ** −0.419 ** −0.386 ** −0.398 ** −0.343 ** −0.330 ** −0.357 ** −0.317 ** −0.342 **
SHDI −0.446 ** −0.332 ** −0.403 ** −0.373 ** −0.415 ** −0.425 ** −0.324 ** −0.382 ** −0.362 ** −0.395 **
SIDI −0.418 ** −0.320 ** −0.386 ** −0.349 ** −0.391 ** −0.395 ** −0.293 ** −0.355 ** −0.329 ** −0.364 **
AI 0.291 ** 0.263** 0.333 ** 0.265 ** 0.293 ** 0.254 ** 0.198 ** 0.281 ** 0.205 ** 0.241 **

* indicates a significant correlation at the 0.05 level, and ** indicates a significant correlation at the 0.01 level.

The landscape pattern indices of forestland, grassland, farmland, and construction
land at the class level are shown in Figure 10, and the correlation between the particle
concentration and indices at the class level is shown in Table 7. PLAND, PD, LPI, and
LSI all exhibited negative correlations with the particulate matter concentration, with LSI
showing the highest correlation. In contrast, SPLIT exhibited no significant correlation,
indicating that the larger the area, density, dominance, and shape complexity of forestland
patches were, the lower the particulate matter concentration was, and the complexity of
the patch shape imposed the greatest influence on the particulate matter concentration.
If the forestland area within a given region is large, this land use type can become the
dominant type in the region. However, if the forestland area is concentrated and connected
as one unit, this area can reduce and inhibit particles. Among all seasons, the correlation in
summer was slightly higher than that in the other seasons, which was related to the high
vegetation coverage in forestland areas in summer and the strongest particulate matter
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inhibition effect of lush trees. Moreover, the influence of forestland areas on the PM10
concentration exceeded that on the PM2.5 concentration.

Figure 10. Spatial distributions of the landscape pattern indices at the class level.
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Table 7. Correlations between the particle concentration and indices at the class level.

PM2.5 PM10

Winter Spring Summer Autumn All Winter Spring Summer Autumn All

Forestland

PLAND −0.382 ** −0.346 ** −0.372 ** −0.359 ** −0.376 ** −0.389 ** −0.367 ** −0.424 ** −0.378 ** −0.393 **
PD −0.280 ** −0.289 ** −0.286 ** −0.269 * −0.285 ** −0.255 * −0.176 −0.255 * −0.212 −0.235 *
LPI −0.270* −0.195 −0.222 * −0.229 * −0.246 * −0.293 ** −0.252 * −0.306 ** −0.278 * −0.288 **
LSI −0.464 ** −0.551 ** −0.530 ** −0.487 ** −0.502 ** −0.444 ** −0.468 ** −0.477 ** −0.439 ** −0.457 **

SPLIT 0.099 0.113 0.088 0.070 0.095 0.106 0.053 0.094 0.070 0.088

Grassland

PLAND −0.656 ** −0.791 ** −0.713 ** −0.713 ** −0.712 ** −0.623 ** −0.515 ** −0.592 ** −0.564 ** −0.598 **
PD −0.394 ** −0.259 ** −0.351 ** −0.333 ** −0.360 ** −0.369 ** −0.325 ** −0.348 ** −0.336 ** −0.357 **
LPI −0.588 ** −0.737 ** −0.648 ** −0.653 ** −0.647 ** −0.560 ** −0.462 ** −0.530 ** −0.508 ** −0.537 **
LSI −0.528 ** −0.505 ** −0.553 ** −0.515 ** −0.535 ** −0.509 ** −0.507 ** −0.527 ** −0.487 ** −0.514 **

SPLIT 0.237 ** 0.174 * 0.212 ** 0.199 ** 0.220 ** 0.237 ** 0.162 * 0.188 * 0.183 * 0.210 **

Farmland

PLAND 0.631 ** 0.619 ** 0.618 ** 0.602 ** 0.633 ** 0.630 ** 0.512 ** 0.586 ** 0.554 ** 0.597 **
PD −0.267 ** −0.291 ** −0.278 ** −0.261 ** −0.276 ** −0.236 ** −0.138 −0.183 * −0.170 * −0.202 **
LPI 0.626 ** 0.613 ** 0.614 ** 0.597 ** 0.627 ** 0.621 ** 0.508 ** 0.576 ** 0.543 ** 0.588 **
LSI −0.507 ** −0.587 ** −0.594 ** −0.541 ** −0.549 ** −0.483 ** −0.510 ** −0.531 ** −0.471 ** −0.498 **

SPLIT −0.058 −0.014 −0.018 −0.031 −0.040 −0.081 −0.048 −0.068 −0.079 −0.075

Construction
land

PLAND 0.084 0.242 ** 0.195 ** 0.188 ** 0.150 * 0.026 0.058 0.083 0.046 0.044
PD 0.555 ** 0.503 ** 0.505 ** 0.538 ** 0.548 ** 0.551 ** 0.536 ** 0.510 ** 0.524 ** 0.545 **
LPI 0.034 0.189 ** 0.147 * 0.135 0.098 −0.021 0.015 0.043 0.002 −0.002
LSI 0.388 ** 0.365 ** 0.344 ** 0.371 ** 0.383 ** 0.370 ** 0.335 ** 0.294 ** 0.324 ** 0.349 **

SPLIT −0.378 ** −0.492 ** −0.458 ** −0.435 ** −0.428 ** −0.357 ** −0.390 ** −0.384 ** −0.356 ** −0.371 **

* indicates a significant correlation at the 0.05 level, and ** indicates a significant correlation at the 0.01 level.

PLAND and LPI reflect the proportion, dominance degree, and patch connectivity of
grassland patches, respectively, and these indices decreased spatially from northwest to
southeast. High values were mainly concentrated on the Bashang Plateau and Taihang
Mountains, indicating that these areas contained high grassland proportions and high
dominance degrees and good connectivity of grassland patches. PD reflects the density of
grassland patches, and high PD values were mostly concentrated in the Yanshan Mountains
and eastern coastal areas, indicating that although the grassland patches in these areas are
small, many patches are present, and their distribution is fragmented. LSI reflects the shape
of grassland patches, and high LSI values largely occurred in the Yanshan Mountains and
Taihang Mountains, where grassland and forestland are staggered, with complex shapes,
dense patches, and small patch sizes. High SPLIT values primarily occurred in the Haihe
Plain in the southeast, where the grassland coverage is low, and the distribution is scattered.

Among the various indices for farmland patches, PLAND and LPI exhibited strong
positive correlations with the particulate matter concentration, while PD and LSI showed
negative correlations. SPLIT exhibited no significant correlation, which indicates that the
higher the farmland proportion in the region, the higher the connectivity and the more
complete the patches, the higher the particulate matter concentration, and corresponding
regions mainly occurred in the Haihe Plain. However, the particulate matter concentration
was low in areas with high densities, scattered distributions, and irregular shapes of farm-
land patches. Among all seasons, PLAND, PD, and LPI exhibited the highest correlations
in winter or spring, and there was less vegetation coverage in farmland patches in winter
and spring. In areas where farmland dominated, bare surfaces became the main emission
particulate matter source, and the resultant correlation was high. LSI showed the highest
negative correlation in summer, which may have occurred because the more complex
the shapes of farmland patches are, the closer the landscape is to a natural landscape.
These areas were dominated by mountains, and farmlands were mostly distributed among
many forestlands and grasslands. In summer, the farmland coverage intensity increased.
Moreover, the forestland and grassland in the surrounding areas played a notable role in
blocking and settling particles, thus reducing the particulate matter concentration.

PLAND and LPI were mostly positively correlated with the PM2.5 concentration but
not significantly correlated with the PM10 concentration. Notably, the PM2.5 concentration
was higher in areas with high proportions of construction land, once again verifying that
human activities comprise the main PM2.5 source, while PM10 is more related to natural
factors. PD and LSI were positively correlated with the particulate matter concentration,

87



Atmosphere 2022, 13, 391

indicating that the denser the construction land patches and the more complex the shape
are, the higher the particulate matter concentration is. A dense distribution of construction
land patches can lead to the concentration of emission sources. In contrast, a complex
shape indicates that the city is highly developed, and the human activity intensity is high,
which produces higher particulate emissions and does not facilitate particulate matter
diffusion. SPLIT was negatively correlated with the particulate matter concentration, which
indicates that in areas where the distribution of construction land patches is scattered,
construction land is mostly separated by other land use types, and it is difficult to establish
centralized emission sources. Moreover, the other land use types limited particulate matter
concentrations, and the particulate matter concentrations were therefore low. Among
the seasons, PLAND, LPI, and SPLIT exhibited the highest correlations with the PM2.5
concentration in spring, which demonstrates that the influence of construction land on
the PM2.5 concentration was the strongest in spring. In the other seasons, the PM2.5
concentration was more notably influenced by other factors. PD and LSI showed the
highest correlations with the particulate matter concentration in winter, which may be
related to the overall high particulate matter concentration and highest spatial heterogeneity
in winter.

4. Implications and Limitations

As urbanization continues to accelerate, the extent to which human activities con-
tribute to particulate matter emissions is increasing. A large amount of harmful substances
are emitted into the atmosphere, which poses a great danger to production and living
activities and human health. The problem of atmospheric pollution is receiving more and
more attention from relevant departments and individuals. China, especially the eastern
part of the country, is one of the more serious regions in the world. Many cities have
concentrations of atmospheric pollutants that far exceed the guideline values provided
by the World Health Organization (Geneva, Switzerland). At the same time, with the
rapid expansion of built-up areas, many cities are gradually approaching saturation in
terms of space. Therefore, to control air pollution, a rational planning and layout of the
limited space available is necessary. In this experiment, an attempt was made to establish
the relationship between land use and particulate matter concentrations using geography,
landscape ecology, and statistics. Firstly, the differences in the patterns of change in partic-
ulate matter concentrations on each land use type were analyzed, and then the relationship
between landscape patterns and particulate matter concentrations was compared for each
type. These analyses can provide some theoretical support for the optimization of land use
structures. This can be useful for urban planning in the study area and can also provide
a reference for other regions and cities. The results obtained from the experiments may
be deficient due to limitations in the data sources or experimental methods. The spatial
distribution of particulate matter concentrations is obtained by spatial interpolation of the
Ordinary Kriging method based on the measured data at the stations. Due to the limited
number of stations and the uneven spatial distribution, the interpolation results may have
some errors. The experiment covers the period from 2015 to 2018, which is a limited time
span. It should also be noted that the spatial and temporal characteristics of particulate
matter concentrations are a complex system driven by a combination of influencing factors.
Land use affects air quality both through anthropogenic emissions and agricultural activi-
ties that alter pollutant emission potential, and through interactions with the atmosphere,
such as turbulence stimulation and wind speed reduction. In this manuscript, we have not
explored the influence of meteorological factors in depth. All of the above will be focused
on in subsequent experiments.

5. Conclusions

In this manuscript, we collated land use and atmospheric particulate matter concentra-
tion data pertaining to Beijing, Tianjin, and Hebei in China and analyzed the corresponding
temporal and spatial changes and correlations. The conclusions are as follows:
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(1) The optimized sine function model can better represent periodic changes in atmo-
spheric particulate matter concentrations. The experimental results reveal that the
concentrations corresponding to land use types with higher concentrations, such as
construction land and farmland, generally exhibited rapid downward trends, while
the concentrations corresponding to land use types with lower concentrations, such as
forestland and grassland, generally exhibited gradual downward or consistent trends.

(2) The concentration gradually decreased in spring and summer and rapidly increased
in autumn and winter. Human activities such as heating in winter in construction
land areas and planting and harvesting of crops in farmland areas were the main
factors affecting the concentration fluctuations. The concentrations in forestland and
grassland areas were the lowest; the differences between high and low values were
small; the fluctuation patterns of the particulate matter concentrations remained
relatively uniform; and the peak times occurred slightly later than those of the other
land use types. Natural sources greatly influenced the concentration fluctuations,
among which the frequent dusty weather conditions in spring imposed a greater
influence on forestland and grassland than on the other land use types.

(3) The landscape pattern associated with the land use type significantly affects the
particulate matter concentration. Overall, the lower the aggregation degree, the
higher the fragmentation degree, the more complex the shape, and the higher the
landscape abundance, the lower the particle concentration is. Among the land use
types, the density and diversity of forestland, grassland, farmland, and construction
land patches contribute to a reduction in the particulate matter concentration. The
higher the dominance of forestland and grassland patches in the landscape, the more
favorable the setting is to a reduction in the particulate matter concentration.

(4) The protection of the atmosphere is essential in the context of high social and economic
development. According to the experimentally observed results, the limiting effect
of vegetation such as trees and grasses on the concentration of particulate matter is
significant. Theoretically, increasing the percentage of vegetation can help control air
pollution. However, in a highly developed urban city with high population density
such as Beijing, the area of land that can be changed is very limited. Therefore, it is
more important to adjust the rationality of land use in densely populated and mo-
torized built-up areas. The area of urban green space can be appropriately increased
to create better connectivity of vegetation in order to give full play to the limiting
effect of green vegetation on particulate matter concentration. In addition, targeted
selection of tree species for urban greening and increasing the rationality of the vertical
level of vegetation are also key to improving the efficiency of urban land use and
environmental protection functions.
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Abstract: The emission of cooking fumes becomes a serious concern due to the fast development of
the restaurant business because it harms the health of restaurant workers and customers and damages
the outdoor air quality. This study was conducted to evaluate the impact of restaurant emissions
on ambient air quality. Twenty restaurants with four different types of food cooking were selected
in Dammam City, which represents a densely populated urban city in Saudi Arabia. Levels of five
air pollutants were simultaneously measured in the restaurants’ chimneys and in the surrounding
ambient air. The highest mean levels of CO (64.8 ± 44.3 ppm), CO2 (916.7 ± 463.4 ppm), VOCs
(105.1 ± 61.3 ppm), NO2 (4.2 ± 2.4 ppm), and SO2 (8.0 ± 7.4 ppm) were recorded in chimneys of the
grilling restaurants. Similarly, the highest levels of all pollutants were recorded in the areas adjacent
to the grilling restaurants rather than other types.

Keywords: restaurants; chimney emission; combustion efficiency; ambient air pollution;
emission standards

1. Introduction

Worldwide, the cooking process consumes huge amounts of energy, especially in
developing countries [1,2]. Several types of fuels are usually used for cooking including
natural gas, charcoal, wood, kerosene, liquefied petroleum gas, electricity, biogas, and
biomass [3,4]. Consequently, large amounts of harmful air pollutants and greenhouse
gases are emitted daily during the cooking processes [5,6]. Restaurants represent the most
important site for cooking where many local and foreign people tend to spend a lot of their
time. The emission of cooking fumes has become more serious due to the fast development
of the restaurant business [7]. The emitted pollutants from restaurants not only harm the
health of restaurant workers and customers but also represent a great contributor to the
outdoor air pollution levels [8–12]. Complaints against cooking fume/odor emissions from
restaurants have been increasing and recorded in some areas of the world [13].

For several years, great concern has been given to the cooking fumes, particularly
in the highly crowded cities where restaurants are usually located in densely populated
areas that are very close to residential and other sensitive buildings [13]. Emission of
pollutants from restaurants results from heating and cooking operations where several
types of food are cooked and different types of fuels are used [14]. The amounts and
composition of pollutants emitted from those sources depend greatly on the cooking
materials, cooking styles, and even cooking fuel [15]. For example, charcoal is used
extensively for barbecuing in most restaurants in the world because it has high heating
value, is cheap compared to other types of fuels, can be easily stored, and gives a unique
flavor and texture to the food [16–18]. Charcoal contains various types of organic and
inorganic compounds such as hydrocarbons, sulfur, water, and oxygen along and numerous
trace elements [19–21]. Therefore, the combustion of charcoal creates a considerable amount
of airborne toxic elements both in the solid and gaseous states. The coal-tars and soot
(fine black particulate matter) have been documented as human carcinogens since the
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late 1700s [22,23]. Several previous studies revealed that the combustion of charcoal
is considered a potential source of volatile organic compounds (VOCs) and polycyclic
aromatic hydrocarbon (PAHs) [24,25] that have several adverse health effects including
carcinogenicity in addition to its contribution to the formation of photochemical ground-
level ozone [26,27]. Sulfur—as a component of fuels that occurs primarily in coal, petrol,
kerosene, and diesel—can produce sulfur dioxide gas (SO2) when combusted during the
cooking process or any high-temperature combustion. The presence of SO2 in the air leads
to irritations of the mucous membranes and the eyes, as well as chronic bronchitis [28].
Combustion of charcoal is also considered a source of carbon monoxide (CO) in the air [29]
that is considered a chemical asphyxiant for humans [30]. The other cooking activities in
restaurants, such as charbroiling, frying, and baking, are also considered sources of the
same or different air pollutants that make significant contributions to both indoor and
outdoor air pollution [31,32].

Unfortunately, a lot of the exhaust outlets of ventilation ducting systems in restaurants
are always not located at favorable locations, in particular in densely populated urban
regions near the sensitive receptors, such as residential premises, schools, or clinics [13].
Effective control measures should be taken from the formal governmental agencies with
the cooperation of owners and operators of the restaurants to ensure that no visible cooking
fumes nor objectionable odor would be emitted causing any harm or forms of pollution.
In this regard, appropriate high-performance air pollution control equipment must be
installed at the kitchen ventilation system of the food premises for treating cooking fume
emissions before being discharged to the outdoor environment as well as it is considered a
cost-effective way to reduce indoor air pollution and the related health problems [33,34].
As a general guideline, the control equipment of the restaurant must be installed directly
above the stoves and cooking appliances and properly connected with the exhaust ducts to
prevent cooking fume from leaking through possible cracks. Moreover, the ducts must be
connected with exhaust fans of adequate capacity [35]. The range hood is one of the most
common types of ventilation [36]. It has the advantage of providing constant ventilation
for the smoke to escape [37]. The more effective type of cooker-hood is the one that extracts
the contaminated air from the cooking zone and ejects it to the ambient environment [38].
Chimneys, that must be extended to above the roof of the restaurant, are more effective
because they largely prevent the smoke from entering the kitchen or any other internal site
of the restaurant [39,40]. Additionally, the chimney plays an active role in the performance
of the stove and in reducing emissions by influencing the overall air-to-fuel ratio and
subsequently the production of CO and/or particulate matter (PM) [41]. Additionally,
chimneys keep flue gas separated from ambient conditions, providing a longer residence
time of the gas within a heated environment [42].

Numerous previous studies have been conducted concerning the impact of cooking
emissions on the indoor environment of restaurants in developed and developing coun-
tries [43–45]. Despite their importance, data on the impact of cooking emissions on the
direct surrounding environment and air pollution levels are still very scarce. This study
was conducted to fill this gap by studying the impact of the restaurant emissions on the
outdoor ambient air pollution in a densely populated urban city representing a devel-
oping country. It was conducted to quantify emissions of different pollutants from the
chimneys of various restaurants and simultaneously levels of the same pollutants in the
ambient air. It was aiming also to guide the owners and operators of restaurants, food
businesses, and corresponding governmental agencies in helping them understand and
apply the best practical control measures to minimize these emissions, thereby preventing
air pollution problems.

2. Materials and Methods
2.1. Study Area and Period

This study was conducted in Dammam City in the Eastern province of the Kingdom of
Saudi Arabia (KSA). Generally, KSA is characterized by the presence of a wide variety and
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large number of restaurants in all cities, particularly those with high dense populations or
visitors such as Mecca, Riyadh, and Dammam because of the large numbers of immigrants,
foreign workers, and people visiting the country to perform Hajj and Omrah. Dammam
is considered one of the most important cities in the Kingdom. It is the capital, the major
seaport, and one of the most populated cities in the Eastern Province of KSA. It is also
a major administrative center for the Saudi oil industry (Aramco) and about 40% of the
industrial activity of KSA is located in it. There is an increase in the migration of people to
Dammam city for obtaining jobs and studying because of the presence of a large number of
industries, universities, and different governmental centers. Due to the rapid population
growth in the city, there is an increasing demand for food and, consequently, the number of
restaurants is also increasing. All restaurants in Dammam are located close to the residential
premises, schools, hospitals, and other sensitive receptors.

A variety of cooking methods are used in restaurants, but it differs from one to another
according to the type of food that characterizes each restaurant. For example, the main
cooking methods of some restaurants include stir frying, simmering, steaming, roasting,
smoking, and stewing, while in other restaurants the main cooking methods are grilling,
broiling, and deep frying. Twenty restaurants were selected in Dammam for this study
representing four different types of food cooking; grilling (such as chicken or meat grilled
on charcoal), frying (such as fried chicken), cooking (such as cooked rice and vegetables),
and baking (such as pizza and pastry). Five restaurants from each type were selected and
the twenty restaurants were contributed to the same criteria and specifications, except
the type of food cooking. All selected restaurants were located on the ground floor of
a residential building of 3–4 floors with a chimney extended to above the building roof.
They are installed in densely populated areas adjacent to moderate traffic activity streets
(about 500 cars/h) and far from any other air pollution sources such as industrial activity
or any other restaurants. All restaurants have nearly the same size and number of cooking
appliances. The objective of this selection was to remove any factor that could affect the
results of a comparison between the emission of pollutants from the restaurants’ chimneys
and the ambient levels of the same pollutant. For confidence, confirmation, and comparison,
a building with the same characteristics was selected in an area far from any restaurants
but with the same traffic activity. This area was considered a “control area”.

Climatically, Dammam has a hot desert climate. The winter temperatures range from
mild to warm, while the summer temperatures are extremely hot, usually exceeding 40 ◦C
(104 ◦F) for about six months. Rainfall in Dammam is generally sparse and usually occurs
in small amounts in December. Heavy thunderstorms are not uncommon in winter. For
this reason, this study was conducted during the six warm and hot months (April–August)
of the year 2019.

2.2. Measurement of Chimney Emissions

The cooking fumes of all selected restaurants were extracted through an exhaust hood
and then discharged into the atmosphere near the surrounding neighbors. Owners of
restaurants did not want to make a hole in the chimney. Therefore, the sampling probe
was placed directly near the outlet center of the outdoor chimney and paralleled with
the direction of the chimney. Generally, for measuring the quality of the combustion of
the cooking tools, the probe of a flue gas analyzer (electronic sensor) was applied to the
cooking tool chimney where levels of gaseous pollutants can be measured directly on site.
The advantage of the electronic sensors is that they can be used for a long time and their
usage lies in real-time measurement. The air pollution content is determined using sensors
where there are whole ranges of measuring principles that can be employed such as flame
or photo-ionization detection for organic species, chemiluminescence for oxides of nitrogen,
non-dispersive infrared for carbon monoxide, Fourier transform infrared for sulfur dioxide,
etc. A digital readout indicates the measured value at the spot. These devices need to be
calibrated before each monitoring session. The calibration occurs through a test gas of
known pollutant concentration [42].
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During our study, the Lancom 4 Portable Flue Gas Analyzer was used for measuring
levels of combustion gases and cooking vapors in the exhaust chimneys of all restaurants.
This analyzer meets the US EPA CTM 034 reference method, and it has data acquisition
and analysis software. The analyzer is composed of a monitor, a probe hose of 3 m length,
and a probe pipe of 0.3 m length. Its monitor can read up to 17 measurement parameters
and it is a useful tool to observe trends. Moreover, it is free from any bias that can be
caused by substances in the waste gas. The measurement specifications of this analyzer are
illustrated in Table 1. The Quality Management System of Land Instruments International
is approved to BS EN ISO 9001 for the design, manufacture, and on-site servicing. For
quality assurance and quality control (QA/QC), the analyzer was recently calibrated by
the manufacturer themselves with a certificate of conformity and calibration No. 21572853,
and calibration before and after measurement using standards that are traceable to certified
reference materials was conducted. Carbon dioxide (CO2), carbon monoxide (CO), nitrogen
dioxide (NO2), and sulfur dioxide (SO2) were representing the combustion gases, while the
volatile organic compounds (VOCs) were representing cooking vapors. Concentrations of
these five pollutants were measured in parts per million (ppm). The exhaust measurements
were carried out at least twice during the peak cooking period. A real-life photograph of
the sampling setup while sampling was being undertaken is shown in Figure 1.

Table 1. Measurement specifications of the Lancom 4 Portable Flue Gas Analyzer.

Sensor Detection Limit Full Scale
Range

Upscale
Repeatability Resolution

O2 0.2% 0 to 30% v/v ±1% 0.1% v/v
CO (low) 2 ppm 0 to 6000 ppm CO (low) 2 ppm
CO (high) 20 ppm 0 to 10% ±2% * 0.1 ppm

SO2 2 ppm 0 to 4000 ppm ±2% * 0.1 ppm
NO 2 ppm 0 to 5000 ppm ±2% * 0.1 ppm
NO2 2 ppm 0 to 1000 ppm ±2% * 0.1 ppm

Hydrocarbons
(CxHy)

(Application
dependent) 0 to 5% v/v ±4% * 0.1% v/v

Flue Gas/Ambient
Temperature Measured

Draft ±50 hPa/20 “Water Gauge”
Flow (velocity) 1 to 50 m/s

* Calibration per ASTM D-6522 or LAND factory procedure.
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For each one of the four types of restaurants (grilling, frying, cooking, and baking),
the measurements were conducted for inside all chimneys of each restaurant that were
installed on the restaurant’s building roof and simultaneously from the ambient air outside
the stack. Some restaurants have only one chimney while others have two chimneys. For
each chimney, at least three measurements for each pollutant were performed for 2 h.
Each one of the 20 selected restaurants was visited twice, and the monitoring process was
performed during the evening period because this period represents the rush hours and
maximum activity of cooking and food preparation inside each type of restaurant.

2.3. Measurement of Outdoor Ambient Air Pollution

Simultaneously with the chimney measurements, levels of the same pollutants in the
outdoor air were measured at 10–20 m from the chimney in the downwind direction to
study the effect of emitted pollutants in the ambient air levels. The selection of this distance
was based on the actual presence of inhabitants’ rooms on the residential building roof
at 10 m from the chimney in some of the selected restaurants’ buildings. The above five
air pollutants were directly measured by the Gray Wolf’s DirectSense® (Shelton, CT, USA)
mobile PC-based products, AdvancedSense™ (Shelton, CT, USA) meters, and Wolf Pack™
(Shelton, CT, USA) area monitor. This monitor is composed of multi-gas detectors, and it is
equipped with a wireless radio frequency modem that allows the unit to communicate and
transmit readings and other information on a real-time basis with a remotely located base
controller. Reliably measure key specific pollutants (VOCs, CO, O3, NO2, NH3, HCHO, etc.;
choose from 25+ gas sensors), as well as particulate, ventilation rates (CO2 and airflow),
differential pressure (DP), and more. High-performance, fast-response instrumentation for
consistent use over portable, long-term, and continuous testing applications. In stand-alone
operation, it is a rugged, weather-resistant, portable monitor that can run over 24 h on
either rechargeable lithium-ion or alkaline batteries. The probe dimensions are 2 in. (5 cm)
diameter × 12.5 in. (30 cm) length. Concentrations of the five pollutants were also measured
in ppm. The measurement specifications of this gas detector are illustrated in Table 2. For
quality assurance and quality control (QA/QC), the detector was recently calibrated by the
manufacturer with a certificate of conformity and calibration No. 03-1291. Similarly, for
each measuring point in the ambient around the chimney, at least three measurements for
each pollutant were undertaken for 2 h.

Table 2. Measurement specifications of the Gray Wolf’s DirectSense Gas Detector.

Parameter Range Limit of Detection T90
Response

Sensor
Drift

SO2 0–20.0 ppm 0.2 ppm <25 s <2% per mo

NO2 0–20.0 ppm 0.1 ppm <20 s <2% per mo

NO 0–200 ppm 1 ppm <20 s <2% per mo

CO 0–500 ppm 1 ppm <35 s <2% per mo

CO2 0 to 10,000 ppm ±3% rdg ±50 ppm <25 s <2% per mo

TVOCs 0 to 10,000 ppm 0.1 ppm <25 s <2% per mo

2.4. Measuring of Meteorological Factors

So far as the dispersion of pollutants from a chimney is concerned, temporal wind
distribution is the most important factor for the concentration buildup of air pollutants in
the surrounding air basin. The most important meteorological condition in this study was
the prevailing wind at the time of measurement in the study area. Before conducting any
measurements, the prevailing wind direction was recorded by the Kestrel 4500 electronic
weather station (Kestrelmeters, Boothwyn, PA, USA). This tool calculates crosswind and
headwind/tailwind regarding a user-set target heading and stores the information along
with all the other environmental readings in its 1400 data point memory. The smoke exhaust
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is mixed fast with ambient air, in which high temperature and relative humidity (RH) is
not a major issue in the measurements. However, wind speed, temperature, and RH were
also measured by the same tool.

3. Results and Discussion
3.1. Chimney Emissions

Figure 2 represents the mean levels of the measured air pollutants in the chimney
exhaust of the four methods of food cooking (grilling, frying, cooking, and baking). The
highest levels of all pollutants were emitted from the grilling chimneys followed by frying
and baking while the lowest levels were emitted from the cooking ones. Inside the grilling
chimneys, the highest mean levels ± standard deviation (SD) of CO, CO2, VOCs, NO2, and
SO2 were (64.8 ± 44.3 ppm), (916.7 ± 463.4 ppm), (105.1 ± 61.3 ppm), (4.2 ± 2.4 ppm), and
(8.0 ± 7.4 ppm), respectively, while in the cooking chimneys the lowest mean levels were
(8.3 ± 4.4 ppm), (555.2 ± 108.7 ppm), (17.7 ± 7.1 ppm), (1.4 ± 0.6 ppm), and (1.2 ± 1.0 ppm),
respectively. In most restaurants, food is prepared under high temperatures when grilled
or fried whereas most fire-based cooking is based on the combustion of various fuel types
(e.g., coal, natural gas, liquefied petroleum gas (LPG), and electrical energy) [3,46]. The
most important chemical processes during the high-temperature treatment of food are
the degradation of sugars, pyrolysis of proteins and amino acids, and the degradation
of fats [44]. Several previous studies reported that the burning of charcoal is the major
source of emission of air pollutants and offensive odorants in the atmosphere [16,20,47]. For
example, a recent study was conducted to quantify and characterize the gaseous emissions
from charcoal combustion in a brick barbecue grill revealed that emissions of CO, CO2,
NOx, acid gases, NH3, and VOCs from the combustion of charcoal were higher than those
of the other fuels and appliances [16]. Another study which was conducted in Portugal
to assess levels of VOCs in the exhaust stacks on the roofs of a university canteen and a
charcoal-grilled chicken restaurant concluded that the cooking fumes of the barbecued
chicken contribute to emissions of VOCs higher than those of the university canteen [16].
Although the frying pan is different from the charcoal-burner, it can be used to heat food
for high temperatures, and consequently, excess air pollutants, such as PM, CO, and VOCs,
are released in the atmosphere. Numerous previous studies revealed that emission of
pollutants from frying food on a hot steel pan and broiling food on steel bars above a
charcoal burner was always higher than those of any other methods of cooking [12,48,49].
The results of my study are quite like most of these studies.
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Combustion efficiency is influenced by the fuel quality and the combustion chamber
characteristics of a stove. A simple determination of the combustion efficiency can be
conducted with the calculation of the CO/CO2 ratio. It is known that the mass of pollutants
can be related to the mass of burnt fuel or the ratio between CO and CO2. The value of
0.1 or lower for this ratio is a good indication of the combustion efficiency [28]. In the
present study, the CO/CO2 for grilling, frying, cooking, and baking was 0.071, 0.022, 0.015,
and 0.013, respectively, which reflects the good quality of combustion chambers in all
selected restaurants.

Applying the independent t-test for comparing statistically between means of pollu-
tants, indicated that there is a significant difference (p < 0.05) between mean levels of all
pollutants, except CO2, emitted from grilling and the other three methods of cooking. As
for CO2, there is a significant difference (p < 0.05) between grilling and both frying and
cooking, while there is no significant difference (p > 0.05) between grilling and baking.
The presence of the absence of statistical differences for the other three methods differs
from one pollutant to another as shown in Table 3. This means that the emission of air
pollutants from the grilling process is much higher than those of the other cooking methods,
and it reflects the great contribution of the grilling process in emitting air pollutants from
restaurants with comparing to other types of food cooking.

Table 3. Independent t-test for mean levels of pollutants in chimney exhaust.

Pollutant Food Preparation Type Frying Cooking Baking

CO
Grilling 0.000 * 0.000 * 0.005 *
Frying 0.023 * 0.146

Cooking 0.943

CO2

Grilling 0.027 * 0.008 * 0.252
Frying 0.193 0.760

Cooking 0.236

VOCs
Grilling 0.002 * 0.000 * 0.003 *
Frying 0.000 * 0.004 *

Cooking 0.899

NO2

Grilling 0.008 * 0.002 * 0.035 *
Frying 0.444 0.000 *

Cooking 0.017 *

SO2

Grilling 0.001 * 0.001 * 0.049 *
Frying 0.970 0.947

Cooking 924
* The mean difference is significant at the 0.05 level.

Unfortunately, there are no emission standards for restaurants’ chimneys. The emis-
sion standards promulgated in the U.S. by the EPA, Europe, and some countries of Asia
are standards intended to control air pollution from several industries [50–53]. From these
standards, we selected the nearest industries to restaurants such as coal-fired power plants
and municipal waste combustors (MWCs) to compare the results of my study. The purpose
of this comparison is a trial to set a range of safe limits for protecting people’s health
against restaurant fumes. Table 4 indicates the results of our study compared with the
selected emission standards for only three pollutants: CO, NO2, and SO2. I did not find any
standards for VOCs and CO2 for the same industries. All mean levels of my study were
much lower than the selected standards.
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Table 4. Mean levels of pollutants in chimneys compared to emission standards.

Pollutant
Mean Concentration of the Study (ppm) Standard (ppm)

Grilling Frying Cooking Baking

CO 64.8 14.3 8.3 9.3 100
NO2 4.2 2.0 1.4 6.0 50–150
SO2 8.0 1.4 1.2 1.3 30–80

3.2. Outdoor Air Quality

Figure 3 represents mean levels of air pollutants in the outdoor air at the surrounding
areas of the selected chimneys, in addition to the control area. Similarly, with the chim-
neys results, the highest levels of CO (5.4 ± 1.4 ppm), CO2 (427.1 ± 86.8 ppm), VOCs
(0.31 ± 0.23 ppm), NO2 (0.044 ± 0.029), and SO2 (0.18 ± 0.07 ppm) were emitted from the
grilling chimneys followed by frying and baking while the lowest levels were emitted
from the cooking chimneys. It is shown that Figure 2 has completely the same trend as
Figure 1, which indicates the direct effect of restaurant chimney exhaust in the adjacent
outdoor air quality levels. It can be confirmed by the lowest levels of all pollutants that were
recorded in the control area as shown in Figure 2. This means that any negative or positive
change in the combustion efficiency or the internal cooking process of any restaurant will
be accompanied by the same change in the outer atmosphere. No doubt, this conclusion
will help the decision-makers and regulators to effectively inspect the cooking emissions
from restaurants.
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Figure 3. Mean levels of air pollutants in the surrounding areas outdoor of restaurants.

Statistically, the one-way ANOVA test was used to compare means of pollutants at
the outdoor air for the four types of chimneys and the control area as shown in Table 5.
Similarly, and surprisingly there is nearly the same statistical significance of chimneys
results. Significant differences (p < 0.05) between mean levels of all pollutants, except CO2
and SO2, emitted from grilling were found with the other three methods of cooking. It
confirms again the role of the grilling process in polluting the indoor and outdoor air. On
the other hand, except for grilling restaurants, there is no significant difference (p > 0.05)
between the control area and areas of frying, cooking, and baking restaurants. This can be
explained by the considerable emission of the studied pollutants from the traffic activity.

Mean concentrations of CO, NO2, SO2, and VOCs of the outdoor air during this
study were compared with their Air Quality Guidelines (AQG) as adopted by the Saudi
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Environmental Law [54] and the WHO guidelines [55] and presented in Table 6. Levels of
CO and NO2 were lower in their AQGs. Levels of VOCs were higher than their AQGs in
areas of grilling and frying restaurants, while levels of SO2 exceeded their AQGs in areas
of grilling and baking restaurants. This can be easily clarified by the presence of sulfur in
both charcoal and diesel fuel which is usually used in baking stoves.

Table 5. One-way ANOVA test for mean levels of pollutants in the outdoor ambient air.

Pollutant Food Preparation Type Frying Cooking Baking Control

CO

Grilling 0.000 * 0.000 * 0.000 * 0.000 *
Frying 0.965 0.976 0.934

Cooking 0.999 0.961
Baking 0.968

CO2

Grilling 0.009 0.002 * 0.132 0.000 *
Frying 0.569 0.870 0.044 *

Cooking 0.573 0.118
Baking 0.082

VOC

Grilling 0.000 * 0.000 * 0.000 * 0.000 *
Frying 0.033 * 0.124 0.085

Cooking 0.998 0.934
Baking 0.948

NO2

Grilling 0.004 * 0.001 * 0.007 * 0.000 *
Frying 0.677 0.000 * 0.073

Cooking 0.000 * 0.145
Baking 0.000 *

SO2

Grilling 0.000 * 0.000 * 0.008 0.001 *
Frying 0.993 0.987 0.555

Cooking 982 556
Baking 0.649

* The mean difference is significant at the 0.05 level.

Table 6. Mean levels of pollutants in ambient air compared to their AQGs.

Pollutant
Mean Concentration of the Study (ppm) AQG

(ppm)Grilling Frying Cooking Baking Control

CO 5.0 2.0 2.0 3.0 2.0 9
NO2 0.04 0.03 0.01 0.02 0.01 0.08
SO2 0.18 0.12 0.11 0.15 0.01 0.14

VOCs 0.31 0.26 0.12 0.11 0.08 0.24

However, exact quantification of the contribution of restaurants’ emissions to outdoor
air is very scarce. Few previous studies were conducted to study the impact of cookstove
smoke on ambient air quality. For example, a field study was conducted in four randomly
selected households in two rural locations of southern Nepal during April 2017. This
study revealed that 66% of particulate matter is less than 2.5 microns (PM2.5) and 80% of
the black carbon emissions from biomass cookstoves directly escape into ambient air [56].
Another study was also conducted in rural Nepal revealed that a range of 6–58% of the
particulate matter emitted from the open design cookstoves is liberated to the outdoor
atmosphere [57].

Cooking emissions are produced from the stove used for cooking and the emissions
produced by cooking the food itself. Characteristics of both stove and the food being cooked
influence cooking emissions type and concentration levels. Emissions from the stove can
vary significantly depending on the fuel source [58]. For example, gas burners produce
higher particle concentrations, formaldehyde (HCHO), CO, and NO2 when compared to
electric stoves [59,60]. Solid fuel combustion in cookstoves emits a complex mixture of
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particulate and gaseous species, some of these pollutants contribute to levels of commonly
regulated pollutants in the ambient environment [61]. Many biomass fuels and coal also
contain low concentrations of chlorine that lead to low levels of emissions of dioxins and
furans [62]. Besides stove and fuel source characteristics, the type of food, method of
cooking, and cooking temperature can also impact the type and intensity of the cooking
emission. For example, high-heat cooking activities such as broiling and frying can produce
acrolein, polycyclic aromatic hydrocarbons (PAHs), and particulates, while it has also
been demonstrated that the process of charbroiling and the practice of cooking fatty foods
(such as high-fat hamburgers) yield higher particle emission concentrations compared to
lower-heat cooking and low-fat foods [63,64].

Access to clean cooking fuels and technologies is essential for maintaining human
health and achieving environmental sustainability, particularly in developing counties. A
recent study has been conducted to for the first time the environmental sustainability of
household cooking, focusing on remote communities in developing countries in the South-
east Asia-Pacific (SEAP) region and considering both life cycle and local impacts. To guide
rural development policies, the impacts of the following cooking fuels were considered:
liquefied petroleum gas, kerosene, wood, charcoal, crop residues, biogas, and electricity.
Results of the study revealed that biogas from manure is environmentally the most sus-
tainable cooking fuel, while fuelwood is the best option for climate change, with relatively
low other impacts, apart from freshwater eutrophication. Cooking using electricity is the
worst option since it is typically generated from diesel in off-grid communities. LPG and
kerosene have higher resource depletion and land use impacts compared to biomass fuels
derived from waste. Solid biomass fuels (fuelwood, charcoal, and crop residues) have
high freshwater eutrophication, terrestrial ecotoxicity, and human toxicity. In addition,
direct emissions from their combustion cause significant local health and environmental
impacts [65].

Many intervention strategies can be used to effectively mitigate the emissions of
pollutants from restaurants and protect people’s health against the restaurant fumes both
inside the restaurant and in its chimneys before discharging their contaminants to the
ambient air. For example, separate exhaust systems must be provided to those cooking
operations giving rise to oily fume and strong odor emissions and treat the emissions with
separate control equipment such as venturi and activated carbon. Control equipment must
be installed directly above the stoves and properly connected with the exhaust ducts to
prevent cooking fume from leaking through possible cracks. For exhaust outlets near the
sensitive receptors, the air pollution problem would still exist even after the application
of advanced control technologies. To avoid air nuisance likely caused to the air-sensitive
receivers, the owners and operators of the restaurants and food business should refrain
from choosing these sites for their business. Suitable siting or positioning of the outlet
of the exhaust system is of paramount importance to avoid causing or contributing to
air pollution. The exhaust outlet of the restaurant chimney must be installed as high as
possible for upward discharge.

4. Conclusions

The wide and fast spread of restaurants in all urban areas of the world cannot be
dispensed or neglected, particularly in densely populated areas. The emission of pollutants
from the restaurant chimneys has a considerable and direct effect on the outdoor ambient
air, particularly the grilling process that emits pollutants at a much higher rate than those of
the other food cooking methods used in restaurants. Any negative or positive change in the
combustion efficiency or the internal cooking process of restaurants will be accompanied
by the same change in the outer atmosphere. Fortunately, the combustion chambers and
processes in all selected restaurants for this study were working efficiently, and most of the
emitted pollutants were lower than their standards. The result of this study is expected to
help the decision-makers and regulators to effectively inspect the emissions of pollutants
from restaurants for protecting people’s health against restaurant fumes and helping the
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restaurants’ owners to take the correct actions for reducing levels of air pollution both
inside the restaurant and in its chimneys before discharging their contaminants to the outer
atmosphere. Furthermore, more studies must be conducted to separately study the effect
of each type of fuel that is used in restaurants on the outdoor air quality.
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Abstract: Black carbon (BC) is one of the particulate matter (PM) components that both affects
human health and contributes to climate change. In this study, we present the preliminary results
of the investigation of BC concentrations in PM2.5 for two Bulgarian cites—Sofia and Burgas. The
parallel PM2.5 samplings were organized in October 2020 and January 2021. The Multi-Wavelength
Absorption Black carbon Instrument (MABI) was used for the evaluation of light-absorbing carbon.
In addition, we compared the observed BC and PM2.5 values to modelled ones and analyzed the
spatial distribution over the country, using data from advanced operational chemical transport
models (CTM)—the European (regional) air quality system established at the Copernicus Atmosphere
Monitoring Service (CAMS). Generally, the observed BC and PM2.5 values were higher in January
than in October for both cities. In October, the model underestimated the observed BC concentrations
(Sofia—2.44 µg.m−3, Burgas—1.63 µg.m−3) by 17% and 51%. In January 2021, the observed monthly
BC concentrations were higher (Sofia—3.62 µg.m−3, Burgas—1.75 µg.m−3), and the bias of the model
was less than that in October, with an overestimation of 22% for Sofia. The relative bias for PM2.5

in October (17% for Sofia and −6% for Burgas) was less than the relative bias in January when the
model underestimated PM2.5 monthly mean concentrations by 20% (Sofia) and 42% (Burgas). In
addition, we also elaborate on two episodes with high observed BC concentrations in view of the
meteorological conditions.

Keywords: black carbon; PM2.5; urban air pollution; modeling of BC; CAMS

1. Introduction

Air pollution with particulate matter (PM) is still a big problem in the large urban
agglomerations in the world as well as in most of the cities of Bulgaria [1]. The urban air
quality is determined by many factors: air masses, characteristic local flow and meteorology,
low dispersion ability in built-up environments, the concentration of emission sources
of different types, and various chemical processes. The PM chemical composition, thus,
reflects site-specific complex processes. In the last decade, the studies on the chemical
composition of PM in urban areas were widely developed and were associated mainly with
the investigation of its effects on human health and understanding of its sources [2–5].

Studies on the chemical composition of PM in Bulgaria are extremely important. On
one side, regular air quality stations of the national monitoring network often report high
PM concentrations, whereas, on the other side, there is a lack of highly specialized moni-
toring sites like the ones of the EMEP (European Monitoring and Evaluation Programme)
network [6]. Studies on PM speciation were conducted during field campaigns in the past
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years for Sofia only [7–9], however, without analysis for a significant class of pollutants
such as carbon and carbonaceous compounds [10].

The carbonaceous fraction (elemental carbon (EC) and organic carbon (OC)) is a
prime constituent of atmospheric aerosol. It generally contributes 20–45% of PM2.5 (fine
particles with an aerodynamic diameter of ≤2.5 µm) and 20–30% of PM10 (particles with
an aerodynamic diameter of ≤10 µm) across Europe [5,11]. The examination of carbon
particles in urban areas is a matter of great importance for determining the contribution
of transportation and domestic heating to air pollution, and thus providing a basis for
mitigation measures towards air quality improvement.

There is no universally accepted definition of the term “black carbon” (BC) [12]. The
difference between BC and EC is in the measuring method used—BC concentrations are
obtained via the optical method, whereas EC—via the thermo-optical method. Not only
the shape but also the chemical and physical properties of BC particles can affect the
measurements of the optical instruments. Despite that, the average values of BC and EC in
urban conditions obtained with different methods appear to be similar [13,14]. Therefore,
as we go through the text, we will refer to them using the term BC.

Black carbon, a component of particulate matter, has significant effects on climate and
human health [11–18]. BC is typically formed through the incomplete combustion of fossil
fuels, biofuel, and biomass and is emitted by anthropogenic and natural sources. It consists
of pure carbon in several forms, and the relevant particle size fraction can include known
carcinogens and other toxic species [19]. BC stays in the atmosphere for periods varying
from days to weeks [11]. Sources of BC can differ widely across regions. The main sources
are on-road diesel vehicles, non-road transport, and residential combustion [14–27]. In
general, higher concentrations of BC are reported during winter, likely due to higher energy
consumption, unfavourable meteorological conditions, and the occasional but significant
influence of fires at specific locations during the spring and the summer [21–27].

Countries around the world have not yet defined an air quality standard for black
carbon concentrations and mandatory monitoring. This might explain the relatively low
number of urban observational sites, despite some environmental agencies and institutions
that monitor BC concentration levels [20]. In Europe, BC measurements were carried out
during intensive measurement campaigns at rural sites of the EMEP network [6]. Such
observational data represent snapshot information from a set number of locations and for
limited periods, but they provide valuable information for evaluating modelling results.

Numerical models that represent the atmospheric dynamics and the chemical trans-
formation of air pollutants are powerful tools to complement sparse data from air quality
monitoring networks. The models allow one to analyze the spatial and temporal dis-
tribution of pollutants and estimate the effects of different mitigation scenarios for air
quality improvement. Chemical transport models (CTM) simulating BC concentrations
were applied both at a global scale [28,29] and at a regional scale (over Europe) [30,31].
The uncertainties in modelling results are mainly associated with those in BC emissions,
estimated to be a factor of two to five on a regional scale [32]. Another important source of
uncertainty is linked to parameterizations of chemical mechanisms describing the black
carbon ageing process [33]. The performance of models for BC concentrations in Europe
was studied in model intercomparison exercises, comparing results from several CTMs to
observations at background sites of the EMEP network [34,35]. The underestimation of EC
in PM2.5 was approximately 20–60% for 2005 [34] and a maximum of 60% for the intensive
measurement campaigns in different seasons in the years 2006–2009 [35]. Modelling studies
for other parts of the world also showed underestimation of BC by CTMs, for example, in
South Africa, mean monthly BC concentrations were underestimated by approximately
50% [36]; in Japan, seasonal BC concentrations observed at urban sites were underestimated
by a factor from 0.3 to 0.6; and in South Asia, daily BC concentrations were underestimated
by CTM on average by a factor of 4 at urban sites [37,38]

Studies on BC concentration in Bulgaria are limited in number and are not executed
regularly. Only a few studies on monitoring BC concentration in PM2.5 in Bulgaria are
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available, conducted within the framework of the project “CARBOAEROSOL” [39,40], with
an application of methods for estimation of BC from different sources.

In this study, we present and discuss preliminary results on BC concentrations in fine
particulate matter. They were observed for months in two main Bulgarian cities: Sofia,
found in a valley, and Burgas, located on the Black Sea coast. Furthermore, we compare
the observed BC and PM2.5 values to modelled ones and analyze the spatial distribution
over the country, using data from an advanced operational CTM, which is the European
(regional) air quality system established at the Copernicus Atmosphere Monitoring Service
(CAMS) [41]. Two episodes with high observed BC concentrations are discussed in view of
the meteorological conditions.

2. Materials and Methods
2.1. Sampling Sites Description

The PM2.5 sampling field campaigns were organized in two large cities—Sofia and
Burgas (Figure 1)—in the framework of the project “CARBOAEROSOL”. Sofia, located
in the western part of the country, is the capital and the largest city in Bulgaria, with a
population of 1.3 million inhabitants [42]. It is located in the semi-closed Sofia valley at
approximately 550 m a.s.l., surrounded by different mountains, where the topography pre-
vents the dispersion of pollutants and determines unfavourable air quality conditions [10].
The climate is continental with a mean temperature of −0.6 ◦C in January and a maximum
of 21.1 ◦C in July.
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Burgas—blue), adapted from https://www.worldometers.info/maps/bulgaria-map/ (accessed on
29 September 2021).

Burgas, located on the Black Sea coast in eastern Bulgaria, is a regional and municipal
center. It is the fourth largest town in Bulgaria, housing 277,922 inhabitants [42]. The
climate is moderately continental with a clearly expressed sea influence and frequent sea
breeze, most notable during the warm period of the year. Mean monthly temperatures are
positive all over the year; the mean wind speed is ≥4.0 ms−1 with a maximum of 4.8 ms−1

in March. The city is surrounded by four large water bodies with different salinity, which
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determines the high relative humidity throughout the year. The winter is mild, usually
without any snow. During the winter season, the average air temperature is 4.6 ◦C, and
that of the sea water is 7.4 ◦C. Due to the influence of the sea, autumn at this site is long
and significantly warmer than in inland regions, whereas spring tends to be cold and
arrives a month later. These more dynamic atmospheric conditions affect the processes
of atmospheric chemistry. The fewer residential, transport, and industrial sources are
expected to lead to lower PM2.5, BC, and nitrogen dioxide (NO2) concentrations [43,44].

2.2. PM2.5 and BC Emissions

Annual emissions of PM2.5 and BC in Bulgaria reported to the Convention on Long-
Range Transboundary Air Pollution (CLRTAP) [45] allow the analysis of the trend both of
national totals and the contribution by different sectors (Figure 2). The PM2.5 emissions
in 2019 were 30 kt, which is slightly lower than in the previous few years. The main
contributors were the sectors “other stationary combustion” (residential heating), with a
share of 77%, road transportation, with a share of 7%, and industry (8%). The BC emissions
in 2019 were 3.63 kt, representing 12% of the annual PM2.5 emissions. The annual BC
emissions in the period 2008–2019 exhibited little variation, with a maximum of 4.13 kt
in 2012. In 2019, 63% of the BC emissions were attributed to residential heating, 33% to
road transport. The emissions are unevenly distributed throughout the year. Although the
residential sources prevail during winter months (November to February), the transport
emissions are almost constant.
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Figure 2. Annual emissions (kilotons) of PM2.5 (a) and BC (b) in Bulgaria; national totals and the
contribution by different sectors, adapted from https://www.ceip.at/data-viewer (accessed on
3 October 2021).

There have been no reliable estimations of emissions of particulate matter at city
levels so far. Some estimates were made at the two municipalities concerning dispersion
modelling for air quality planning. For example, the contribution from residential heating
to PM2.5 emissions in the Sofia region (about 20 km) in 2018 was estimated to be 73% [46].
For Burgas, the share of residential emissions to PM2.5 in 2014 was estimated to be 68% [47].

A recent study for Sofia, based on the Positive Matrix Factorization (PMF) receptor
model for source contribution of different groups of emission sources to PM10 concentra-
tions [10], indicated 23% for biomass burning and 9% for transport on an annual basis for
2019. Another recent study on the determination of the local pollution of PM and PAH in
the Sofia municipality by the Gaussian dispersion-based ADMS-Urban model showed that
domestic heating contributed 59% of the PM2.5 concentrations [48].
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2.3. Sampling Procedure, Equipment, and Black Carbon Analysis

The parallel 24 h PM2.5 sampling was performed at the Central Meteorological Ob-
servatory, Sofia (42.655 N, 23.384 E, at 586 m a.s.l.) and at “Prof. Dr Assen Zlatarov”
University, Burgas (42.314 N, 27.264 E, at 30 m a.s.l.) during autumn (October 2020) and
winter (January 2021). Both sampling sites can be classified as ‘urban background’. A total
of 69 daily PM2.5 samples on polytetrafluoroethylene membrane filters (PTFE) Whatman®

(47 mm) were collected with low volume air samplers following the EN-12341 standard
(38.3 l min−1). Although the PTFE filters are optically thinner and less homogeneous than
the fiber media, they avoid interference from adsorbed organic gases that is associated with
quartz and glass fiber media. This provides flexibility to perform subsequent analysis of the
same filters using other techniques such as X-ray fluorescence, ICP, IC, etc. The samplers
were installed on a grass field, and the sampling heads were at 2 m. a.g.l. Before and after
sampling, the filters were weighed by analytical balances (in Sofia with Mettler Toledo,
AG135 and in Burgas with KERN & Sohn GmbH, ABT 100-5M). PM2.5 mass concentrations
were determined from the weight differences and sampled air volume.

All collected PM2.5 samples were analyzed for light-absorbing carbon (LAC) with the
Multi-Wavelength Absorption Black carbon Instrument (MABI) at the National Institute of
Meteorology and Hydrology (NIMH). This instrument consists of an optical module with a
multi-wavelength light source (7 LEDs), a sampling holder, and a photodetector. Moreover,
opaque glass is used in the MABI units to scatter the scattered light back through the filter
to the detector. The MABI instrument measures light absorption at seven wavelengths,
spanning from ultraviolet to infrared (405 nm, 465 nm, 525 nm, 639 nm, 870 nm, 940 nm, and
1050 nm). This allows the differentiation of the contributions from biomass burning (BCbb)
and fossil fuels combustion (BCff) based on different light absorption from different type
particles at different wavelengths. The values obtained by subtracting the BC (1050 nm)
data from BC (450 nm) data represent mainly BC from biomass burning [49,50].

The MABI is a research instrument developed at the Australian Nuclear Science and
Technology Organisation that does not perform LAC or BC calculation [49,50]. This is done
by the user, which ensures full control, understanding, and interpretation of the obtained
BC values. MABI scans are initially performed on unexposed “blank filters” to determine
the absorption at each wavelength from the filter substrate. These data for blank filters are
referred to as Io. The MABI scans are then repeated on the same filters after exposure and
the collection of particulate matter, i.e., “exposed filters”, which represent the absorption at
each wavelength from both the collected particles and the filter substrate. This transmission
data are referred to as I [49,50]. Both of these values along with the filter area (10.75 cm2)
and sampled air volume (~55 m3) are used to determine the black carbon light absorption
coefficient (babs) in (Mm−1]) at each wavelength (Equation (1)):

babs = 102 A
V

ln
(

Io

I

)
(1)

where
A—filter collection area in cm2;
V—volume of air sampled through the filter in m3;
Io—measured light transmission through blank (unexposed) filter;
I—measured light transmission through an exposed filter.
The obtained values for babs (λ = 639 nm) in this study are in the range 6.74–45.10 Mm−1

for Sofia and 1.19–24.3 Mm−1 for Burgas.
The LAC mass concentration in [ng.m−3] is determined using a mass absorption

coefficient (ε) in (m2.g−1) at each wavelength (Equation (2)):

LAC
(

ng.m−3
)
=

105 A
εV

ln
(

Io

I

)
(2)
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The mass absorption coefficient (ε) is a function of wavelength (λ): ε = a*λ−b and was
obtained following the procedure presented by [49,50]. A plot of the log of all wavelength
data against the log of all λ = 639 nm data is made to determinate the values of ε for
each wavelength (example in Figure S1, Supplementary). According to authors [49], the
mass absorption coefficient ε at λ = 639 is standard baseline data with a known value—
6.6 m2.g−1. The received values of ε as a function of λ for Sofia and Burgas are presented in
Figure S2 in the Supplementary. These values are in the range of 4.9–8.4 m2.g−1, which is
in correspondence with literature for fine particulate size fraction PM2.5 [49,50].

The light source calibration was made automatically in two calibration cycles. During
measurements, the calibration was checked at regular intervals.

Filter-based optical methods for estimation of BC concentration suffer from two major
artifacts—the filter loading (or shadowing) effect and the multiple scattering effect [51–59].
The filter loading effect (FLE) is a bias that affects the apparent concentrations relative to
the ambient ones. The multiple scattering from aerosols on the filter and from the filter
material leads also to attenuation, which might be misinterpreted as due to absorption.

Different approaches have been developed over time for compensating for these effects,
proposing various empirically estimated correction procedures [53–62]. The correction
algorithms depend on the wavelength and make use of parameters that account for instru-
ment details. As there is no worldwide consensus on the most representative correction
procedure [60], inter-comparison workshops and studies applying different laboratory and
field instruments propose algorithms for widely used instruments (e.g., for AE-31, PSAP).

Most of the correction algorithms were developed specifically for quartz or glass fiber
filters. Correcting for loading effect is treated as quite straightforward [57], and it has
already been implemented in an aethalometer using a dual-spot technology [58].

In our study we used a relatively new research type instrument (MABI) with a PTFE
filter. There are still a limited number of published studies with this device [49,50], and,
to our knowledge, they do not have details as to whether it is necessary to apply a filter
loading correction.

In a recent work on MABI measurements [49], comparison of data from MABI with
data from a MAGEE AE-33 aethalometer (instrument with automatic dual-spot ‘load-
ing compensation’) for almost one year was addressed. The correlation coefficient of
R2 = 0.96 was reasonable for these two quite different instruments measuring the fine
PM2.5 black carbon concentrations at the same site. On average, the AE_33 aethalometer
estimates were 12% higher than the MABI estimates. Furthermore, they quoted each MABI
LAC measurement as having an error of ±14% at 639 nm.

The precision of the measurements in our study was verified by conducting repeated
measurements on 20 samples. The results showed the difference between measurements on
the same filter was <0.1% for all readings of Io and I. The minimum detection limit of LAC
ranges from 60 to 70 ng.m−3. Considering the presented information in [49] and the [60]
approach, the raw data could be further modified if researchers agree upon a correction
method that could be used in combination with the MABI instrument. Therefore, in the
next sections we will present and discuss raw BC (uncorrected) data.

2.4. Modelling Systems

We analysed data provided by the European (regional) air quality system established
at the Copernicus Atmosphere Monitoring Service [63]. The system, further denoted as
CAMS-ENS, is based on an ensemble approach, including results from nine state-of-the-art
chemistry transport models [63]. All models use common data regarding meteorology, emis-
sions, and boundary conditions. The meteorological driver is the Integrated Forecast system
of the European Centre for Medium-range Weather Forecasts (ECMWF-IFS), [64]. The indi-
vidual models use common anthropogenic emission input, the CAMS-REG-AP emission
inventory, developed under the Copernicus Global and Regional emissions service [65].
The reference emission input (CAMS-REG-v.4.2) is for the year 2017, with upgrades in
version 4.2 for 2018 and 2019 [66]. There are ongoing activities on including emissions
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of EC in the PM2.5 fraction, still facing difficulties due to differences in reporting wood-
burning emissions by several countries [67]. All models use common wildfire emission
input, provided by the Global Fire Assimilation System at CAMS. The individual models
use various chemistry algorithms and parameterizations and assimilation of in situ obser-
vations; further details can be found in [67]. The CAMS-ENS results (analysis and 4-day
forecast hourly values) are available on a grid of 0.1◦ × 0.1◦ at eight vertical levels (from the
surface to 5000 m) and refer to more than 20 species. For this study, we downloaded and
assessed 1-h analysis data for PM10, PM2.5, and total elementary carbon from the CAMS
atmosphere data store [68].

To investigate the effects of long-range transport, we considered back-trajectories
from the Hybrid Single-Particle Lagrangian Integrated Trajectories (HYSPLIT) trajectory
model [69,70]. For analysis of selected episodes, back-trajectories arriving at the sampling
sites at 500 m, 1500 m, and 3000 m a.g.l. were calculated for three days, using GFS0p25
meteorological input with resolution 0.25◦ × 0.25◦.

2.5. Data Analyses

We analyzed data for PM2.5 and BC concentrations for October 2020 and January 2021
in Sofia and Burgas. We selected these months to investigate the variability of concentrations
from the two cities under different thermal and dynamic conditions. Moreover, October is
the month before the start of the heating season, whereas January is in the middle of it. The
data for observed black carbon concentrations presented in our study are a sum of fossil
fuels (BCff) and biomass burning (BCbb) and are marked as BC.

Furthermore, the obtained data for PM2.5 and BC concentrations, together with ba-
sic meteorological parameters provided by NIMH for both cities, were processed with
statistical software R and StatSoft v.6.0.

The observed BC and PM2.5 mean concentrations were compared with modelled ones
for October 2020 and January 2021. Additionally, they were compared for two selected
episodes with elevated BC concentrations. For briefly commenting on the synoptic situation
during the two selected episodes, we analysed the spatial distribution of some meteorologi-
cal variables from the global reanalysis dataset of the National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR) [71]. NCEP/NCAR
reanalysis products have been widely used to investigate large-scale meteorological con-
ditions and transport paths linked to air pollution episodes. This reanalysis dataset was
selected as it provides a possibility for fast visualisation of composite maps. The composite
(mean) maps can be produced for selected dates and hours, facilitating evidence of large
scale differences in the meteorological fields for low and high pollution days, or for periods
in different seasons. We produced composite maps of the geopotential height and the wind
at 700 hPa for each of the two selected episodes using the web tool at the National Oceanic
and Atmospheric Administration, Earth System Research Laboratories (NOAA/ESRL) [72].

3. Results
3.1. Observed PM2.5 and BC Concentrations in Sofia and Burgas

The comparison of daily PM2.5 mass concentrations in Sofia and Burgas for October 2020
and January 2021 is presented in Figure 3. The number of the PM2.5 samples in Burgas (10) is
fewer than that in Sofia (19) for January due to technical problems during the experimental
campaign. The PM2.5 concentrations in Sofia were in the range 4.9–25.5 µg.m−3 in October
and from 5.1 to 46.9 µg.m−3 in January. For Burgas, the PM2.5 concentrations varied from
3.3 to 27.1 µg.m−3 in October and from 2.2 to 30.4 µg.m−3 in January.
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Figure 3. Daily PM2.5 mass concentration (µg.m−3) in Sofia and Burgas for October 2020
(a) and January 2021 (b).

The analysis showed that 30% of the measured daily PM2.5 concentrations in Sofia and
43% in Burgas exceeded the most recent WHO air quality guideline level (15 µg.m−3) [19].
In October, a higher mean PM2.5 concentration (14.5 µg.m−3) was observed in Burgas
than in Sofia (11.8 µg.m−3). This is probably due to the fewer rainy days and monthly
accumulated precipitation in Burgas (12 mm) in comparison to Sofia (46.7 mm). In January,
a higher mean PM2.5 concentration (18.6 µg.m−3) was observed in Sofia than in Burgas
(16.2 µg.m−3). Although some daily PM2.5 concentrations in Sofia were higher than the
WHO guideline value, the monthly mean PM2.5 concentration (18.6 µg.m−3) was lower
than the mean value for January 2019 (22.8 µg.m−3), the period before the COVID-19
pandemic [27]. The highest daily PM2.5 concentrations in Sofia were observed on 21 and
22 January, when the air temperature was around zero and the wind speed was very low
(0.2–0.5 ms−1). The highest PM2.5 concentration in Burgas was measured on 20 January,
when the air temperature was 1.9 ◦C, and the wind speed was 2.9 ms−1.

Figure 4 presents the variation in BC concentrations obtained in October and in January,
as well as the BC/PM2.5 ratio.
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Generally, the derived BC values are higher for January than those for October. The
BC concentrations in Sofia samples varied from 1.25 to 4.36 µg.m−3 for October and from
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1.67 to 8.58 µg.m−3 for January. The BC concentrations in Burgas samples ranged from
0.37 to 2.76 µg.m−3 in October and from 0.42 to 3.36 µg.m−3 in January. Based on the
measured PM2.5 and BC concentrations, the derived BC/PM2.5 ratio for Sofia varies from
17% to 29% and for Burgas, from 1% to 17% in October. This ratio in January covers a wider
range in Sofia (14–34%), reflecting the increased impact of combustion sources on the mass
concentration of PM and more variable meteorological/synoptic situations. For Burgas
the ratio is limited to a narrower range (9–11%) in January, probably because of the similar
meteorological conditions in terms of dynamical mixing (high mean diurnal wind speed)
for measurement days.

The monthly mean BC concentration for Sofia was lower in October (2.4 µg.m−3) than
in January (3.6 µg.m−3). During the latter, the number of days with inversion was high,
and there was an influence from biomass burning for heating. There was no significant
difference between the mean BC concentration in Burgas in October (1.63 µg.m−3) and
January (1.75 µg.m−3). This is most likely due to the more intense dispersion of air
pollutants and the higher wind speed in Burgas during winter. Moreover, October 2020
was characterized by lower wind speed than the multi-annual (1981–2010) value (norm): in
Burgas, it was 3.3 ms−1 (compared to the norm of 4.6 ms−1); and in Sofia, it was 1.0 ms−1

(compared to the norm of 1.2 ms−1). The monthly sum of precipitation was 30.2 mm in
Burgas (less than the norm of 57 mm), whereas in Sofia monthly amount of rainfall was
slightly higher—60.4 mm with a standard amount of 50 mm. The air temperatures in
October 2020 in Burgas and Sofia were above the norm with 3.3 ◦C and 1.4 ◦C, respectively.
In addition, January 2021 was warmer than usual: 2.8 ◦C above the norm in Burgas and
2 ◦C above the norm in Sofia. It was more humid, which is depicted by the precipitation
sum—above the norm by 432% in Burgas and 335% in Sofia. The mean wind speed was
near the norm for both cities. These specific meteorological conditions led to smaller than
expected variations in daily and mean concentrations.

Because the BC and PM2.5 concentrations depend on the meteorological conditions, a
statistical analysis involving main meteorological parameters (temperature, wind speed,
relative humidity) was carried out. The correlations between black carbon concentration
from fossil fuel (BCff) and biomass burning (BCbb), PM2.5 mass concentration, and the noted
meteorological parameters for both sites are illustrated in Figure 5. A high correlation
between BCff and PM2.5 in Sofia was observed, with a statistically significant correlation
coefficient equal to 0.9. A moderately high correlation (0.7) between BCff and PM2.5 was
observed in Burgas. There were significant negative correlations (−0.5) between BC and
the temperature (T) and between BCff and wind speed (WS) in Sofia, as expected as high
concentrations of pollutants are observed in cold and calm conditions. There is a significant
negative correlation between BCbb concentration and temperature in Sofia (−0.5) and
Burgas (−0.6) due to enhanced biomass burning during colder days.

The comparison between the obtained values for BC in Sofia and Burgas and those
reported for other European countries is presented in Table 1. It was found that the obtained
values for BC in Sofia were close to those measured in Madrid and Athens (January 2020)
and lower than those obtained in Zabrze, Poland. The mean BC concentrations in Burgas
were generally lower compared to the values recorded at most urban or urban background
stations. In contrast, they were closer to those for Helsinki and Athens (October 2020). It
should be noted that the applied method and instrument for estimation of BC concentrations
in our study are relatively new. According to the authors who created this device, there is
a possible underestimation of BC concentration by approximately 12% [49]. The possible
underestimation of BC concentration might lead to a higher BC/PM2.5 ratio in some
particular days with high PM2.5 concentrations in January in Sofia, not more than 5–6% of
what was presented originally in Figure 4. New research and results from comparative
measurements with different instruments are required for more accuracy in these estimates.
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Table 1. Mean BC values for different European sities.

Place Period Mean BC, µg.m−3 Source

Zabrze, Poland (urban) 2019 3.4 [21]

Zabrze, Poland (urban) 2020 2.9 [21]

Zabrze, Poland (urban) October 2020 4.4 [21]

Zabrze, Poland (urban) January 2020 6.7 [21]

Athens, Greece (suburban) October 2013
January 2014

1.8
3.7 [22]

Helsinki, Filand (urban) October 2015–May 2017 1.7 [23]

Paris, France (urban) September 2009–
September 2010 3.0 [24]

London, UK (urban) 2009 2.0 [24]

Madrid, Spain, (urban
background)

Autumn 2015
Winter 2014–2015

3.8
2.4 [25]

Madrid, Spain (urban traffic) Autumn 2015
Winter 2014–2015

4.9
4.2 [25]

urban station in Germany 2005–2014 2.1 [26]

Ostrava, Czech Republic
(urban) 2012–2014 3.5 [27]

Sofia, Bulgaria
(urban background) October 2018 3.8 [40]

Sofia, Bulgaria January 2019 3.7 [40]

Sofia, Bulgaria
(urban background)

October 2020
January 2021

2.4
3.6 This study

Burgas, Bulgaria
(urban background)

October 2020
January 2021

1.6
1.8 This study
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3.2. PM2.5 and BC Concentrations: Observed vs. Model

In this section, we present the results from a comparison of observed and modelled
BC and PM2.5 concentrations for October 2020 and January 2021. Moreover, we elaborate
on selected episodes with elevated values of observed BC concentration. As we noted
in Section 2.5, the designation “BC” refers to observed BC and modelled total EC by
CAMS-ENS. We must keep in mind that there is some uncertainty in the measurement of
BC, estimated at ±14%, which we assume will have a lower effect in averaging the data,
compared to single values.

3.2.1. Monthly Mean PM2.5 and BC Concentrations: Observed vs. Model

The comparison for monthly mean BC and PM2.5 concentrations at the two sampling
sites for October 2020 and January 2021 is presented in Figure 6. The observed BC concen-
trations in October (Sofia—2.44 µg.m−3, Burgas—1.63 µg.m−3) are underestimated by the
model, respectively, by 17% and 51%. In January 2021, the observed monthly BC concentra-
tions are higher (Sofia—3.62 µg.m−3, Burgas—1.75 µg.m−3), and the bias of the model is
less than in the autumn month. An overestimation of 22% for Sofia modelled BC in January
compared to the observed might be partly a result of the higher PM2.5 concentration and
bias in measured BC concentrations because of the filter loading effect.
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(about 10 × 10 km) and background concentrations in urban environments located in re-
gions with complex topography, whereas monitored concentrations reflect local emission 

Figure 6. Monthly mean BC and PM2.5 concentrations (µg.m−3) at Sofia and Burgas observed and
modelled by CAMS-ENS; for October 2020 (a), for January 2021 (b); the whiskers represent the
standard deviations.

It has to be noted that model values are representative of the computational grid (about
10 × 10 km) and background concentrations in urban environments located in regions
with complex topography, whereas monitored concentrations reflect local emission sources
and meteorological and dispersion conditions. The relative bias for PM2.5 in October (17%
for Sofia and −6% for Burgas) was less than the relative bias in January when the model
underestimated PM2.5 monthly mean concentrations by 20% (Sofia) and 42% (Burgas). The
PM2.5 underestimation and, at the same time, BC overestimation in the winter month at the
Sofia sampling site suggest that model BC emissions from residential combustion around
the capital are high. The underestimation of BC at both locations during autumn, with
biases higher than for PM2.5 values, suggest that BC emitted from all types of transportation
might be underestimated. The observations and the model results show that BC and PM2.5
concentrations were higher in Sofia than in Burgas.

The spatial distribution of monthly mean BC and PM2.5 concentrations based on
CAMS-ENS data is shown over part of the Balkans in Figure 7 for October 2020 and
Figure 8 for January 2021.
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The regions with higher BC concentrations in both months were mainly outside of the
country. The hot spots in the country were around Sofia and in the lowlands of southern
Bulgaria, especially in the winter month. Elevated BC concentrations were also noted in the
northern part of the country, in the Lower Danube plain, covering wider areas in October.
The PM2.5 pattern was similar to the one for BC, although some new features were noted.
The model simulated higher PM2.5 concentrations in October than in January in the region
south-east of Bulgaria. This area includes the megalopolis of Istanbul and the industrialized
area of Turkey along the northern Aegean coast. The higher PM2.5 concentrations were
most likely linked to the influence of emission sources in the region and the atmospheric
dynamics, more easily noticed in October than under winter conditions.

Model concentrations depend on many factors—emission sources, chemistry mecha-
nisms, and meteorological processes. The black carbon in atmospheric particulates is inert
and directly linked to emission sources. The spatial distribution of PM2.5 emissions used
by CASM-ENS is shown in Figure 9. The emission data are available in the Emissions of
Atmospheric Compounds and Compilation of Ancillary Data (ECCAD) at [73]. The maps
in Figure 9, produced by the ECCAD data tools, refer to the 2019 and CAMS-REG-AP-
v4.2 emission inventory on a 0.05◦ × 0.1◦ grid. The annual total emissions of PM2.5 were
mainly due to residential combustion, especially in the lowland regions in the northern
and southern parts of the country.
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3.2.2. Daily Mean PM2.5 and BC Concentrations: Observed vs. Model

Further, we discuss the comparison between daily BC and PM2.5 concentrations at
the two sites. Figure 10 shows the daily variability of BC and PM2.5 in October, whereas
Tables 2 and 3 present some main statistical parameters.
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overestimated for almost all days in Sofia and half of the days in Burgas. It is interesting 
to note that on the days with the highest observed concentration of BC and PM2.5, the 
modelled values are lower. The correlation coefficients in Sofia were almost the same as 
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Figure 10. Five daily mean concentrations (µg.m−3) observed (solid fill) and modelled (hatched) for
October 2020 in Sofia (a,b) and in Burgas (c,d).

In Sofia, the observed BC daily concentrations ranged from 1.3 to 4.4 µg.m−3, whereas
the simulated BC ranged from 0.8 to 3.9 µg.m−3, with a correlation coefficient equal to
0.42. For PM2.5, the observed values were between 4.9 and 25.1 µg.m−3; the modelled ones
between 7.1 and 26.2 µg.m−3, with a correlation coefficient equal to 0.65. In comparison,
the correlation coefficients in Burgas were higher—0.51 for BC and 0.87 for PM2.5.
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Table 2. Statistical parameters for BC and PM2.5 in October 2020.

October 2020 n Mean_OBS Mean_MOD MBE RMSE Corr FGE NMB %

BC_Sofia 14 2.44 2.02 −0.42 1.09 0.42 0.43 −17.21
PM2.5_Sofia 14 11.76 13.77 2.00 4.77 0.65 0.31 17.09
BC_Burgas 14 1.63 0.80 −0.83 1.04 0.51 0.67 −50.92

PM2.5_Burgas 14 14.47 13.6 −0.87 3.81 0.87 0.26 −6.01

Mean observed and modelled values: MB—mean bias error, RMSE—root mean square error, Corr—correlation
coefficient, FGE—fractional gross error, NMB—normalized mean bias. Units: µg.m−3.

Table 3. Statistical parameters for BC and PM2.5 in January 2021.

January 2021 n Mean_OBS Mean_MOD MBE RMSE Corr FGE NMB %

BC_Sofia 19 3.62 4.67 1.05 1.85 0.46 0.39 29.01
PM2.5_Sofia 19 18.58 14.71 −3.87 8.80 0.65 0.28 −20.83
BC_Burgas 10 1.75 1.70 −0.04 0.55 0.80 0.25 −2.86

PM2.5_Burgas 10 16.16 9.32 −6.84 10.07 0.70 0.47 −42.33

Mean observed and modelled values: MBE—mean bias error, RMSE—root mean square error, Corr—correlation
coefficient, FGE—fractional gross error, NMB—normalized mean bias. Units: µg.m−3.

The daily values in January (Figure 11) were, in general, higher at both sites. In
Sofia, the observed BC and PM2.5 were in the interval 1.7–8.6 µg.m−3 and 5.1–46.9 µg.m−3,
whereas the model ones were in the range 2.6–6.7 for BC and 7.5–21 µg.m−3 for PM2.5.
BC was overestimated for almost all days in Sofia and half of the days in Burgas. It is
interesting to note that on the days with the highest observed concentration of BC and
PM2.5, the modelled values are lower. The correlation coefficients in Sofia were almost the
same as in October: −0.46 for BC and 0.65 for PM2.5. The correlation coefficients in Burgas
were higher (0.78 for BC and 0.7 for PM2.5). However, one must interpret the numbers for
Burgas with caution due to the limited number of daily values.

Atmosphere 2022, 12, x FOR PEER REVIEW 15 of 24 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 11. BC and PM2.5 daily mean concentrations (μgm−3) observed (solid fill) and modelled 
(hatched) for January 2021 in Sofia (a,b) and in Burgas (c,d). 

Table 3. Statistical parameters for BC and PM2.5 in January 2021. 

January 2021 n Mean_OBS Mean_MOD MBE RMSE Corr FGE NMB % 
BC_Sofia 19 3.62 4.67 1.05 1.85 0.46 0.39 29.01 

PM2.5_Sofia 19 18.58 14.71 −3.87 8.80 0.65 0.28 −20.83 
BC_Burgas 10 1.75 1.70 −0.04 0.55 0.80 0.25 −2.86 

PM2.5_Burgas 10 16.16 9.32 −6.84 10.07 0.70 0.47 −42.33 
Mean observed and modelled values: MBE—mean bias error, RMSE—root mean square error, 
Corr—correlation coefficient, FGE—fractional gross error, NMB—normalized mean bias. Units: 
μgm−3. 

3.2.3. Daily Mean PM2.5 and BC Concentrations: Observed vs. Model for Selected Epi-
sodes 

Episode 1: 23–25 October 2020 
Relatively high concentrations of PM2.5 and BC were observed at both sites on 23 and 

25 October 2020 and captured in the model in Figure 12. The CAMS-ENS model simu-
lated an increase in the concentrations on 25 October, especially for PM2.5 in Sofia. 

Figure 11. BC and PM2.5 daily mean concentrations (µg.m−3) observed (solid fill) and modelled
(hatched) for January 2021 in Sofia (a,b) and in Burgas (c,d).

118



Atmosphere 2022, 13, 213

3.2.3. Daily Mean PM2.5 and BC Concentrations: Observed vs. Model for Selected Episodes

Episode 1: 23–25 October 2020
Relatively high concentrations of PM2.5 and BC were observed at both sites on 23 and

25 October 2020 and captured in the model in Figure 12. The CAMS-ENS model simulated
an increase in the concentrations on 25 October, especially for PM2.5 in Sofia.
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2021). 

HYSPLIT back trajectories (Figure 14) indicated that the upper airflow (3000 m a.g.l.) 
was from the southern direction at both sites. However, at lower altitudes, due to the 
persistent high-pressure conditions, the winds were low, and temperature inversions on 
the surface and aloft were observed in Sofia in the morning and dissolved by midday. 

Figure 12. BC and PM2.5 daily mean concentrations (µg.m−3) observed (solid fill) and modelled
(hatched) on 23 October 2020 (green) and 25 October 2020 (purple).

The synoptic situation in the period 19–24 October 2020 was characterized by high
pressure over southern and eastern Europe, favouring the accumulation of pollutants [74].

On 25 October, a perturbation, associated with the passage of a low-pressure center
from the region of central Europe towards the Balkans, led to an upper air flow from the
south-west to Bulgaria, as shown on the reanalysis maps for the geopotential height and
wind at 700 hPa (Figure 13).
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Figure 13. NCEP/NCAR Reanalysis for 25 October 2020: (a) geopotential height (m) at 700 hPa,
(b) wind vectors and speed (ms−1) at 700 hPa. Image provided by the NOAA/ESRL Physical
Sciences Laboratory, Boulder Colorado from their Web site at http://psl.noaa.gov/ (accessed on
15 October 2021). Bulgaria is marked with a circle.

HYSPLIT back trajectories (Figure 14) indicated that the upper airflow (3000 m a.g.l.)
was from the southern direction at both sites. However, at lower altitudes, due to the
persistent high-pressure conditions, the winds were low, and temperature inversions on
the surface and aloft were observed in Sofia in the morning and dissolved by midday.

119



Atmosphere 2022, 13, 213Atmosphere 2022, 12, x FOR PEER REVIEW 17 of 24 
 

 

  
(a) (b) 

Figure 14. HYSPLIT back-trajectories on 25 October 2010 (a); vertical profile of temperature at 06 
UTC at NIMH-Sofia (b). Barbs indicate wind speed and direction; grey shaded rectangles are 
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fires in the period 23–25 October 2020 as detected by satellites, NASA-FIRMS service- created from 
https://earthdata.nasa.gov/firms (accessed on 30 September 2021) (b). 

The analyses above suggest that the increased concentrations on 25 October 2010 
were most likely due local emission sources in anti-cyclone atmospheric conditions over 
the country and an approaching perturbation from the west and the south-west, which 
led to a flow from regions affected by wildfires. 

Episode 2: 20–21 January 2021 
This episode was characterized by high observed BC and PM2.5 concentrations in 

Sofia, with a maximum for the month recorded on 21 January 2021. The observations in 
Burgas showed the highest values on 20 January 2021 (Figure 16). Contrary to the pre-
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Figure 14. HYSPLIT back-trajectories on 25 October 2010 (a); vertical profile of temperature at 06 UTC
at NIMH-Sofia (b). Barbs indicate wind speed and direction; grey shaded rectangles are highlight
inversion layers.

PM2.5 concentrations simulated by CAMS-ENS in the morning of 25 October 2020 (at
06UTC) were evident at a height of about 1000 m a.g.l (Figure 15a). Along with the plain
areas, high PM2.5 values were noted south-west and south-east (Black Sea) of the country.
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Figure 15. PM2.5 (µg.m−3) from CAMS-ENS on 25 October 2020 06UTC, at height 1000 m a.g.l. (a);
fires in the period 23–25 October 2020 as detected by satellites, NASA-FIRMS service- created from
https://earthdata.nasa.gov/firms (accessed on 30 September 2021) (b).

Wildfires in the period 23–25 October 2020 were located south and west of Bulgaria,
as detected by satellites and mapped by the NASA FIRMS (Fire Information for Resource
Management System) service [73] (Figure 15b).

The analyses above suggest that the increased concentrations on 25 October 2010 were
most likely due local emission sources in anti-cyclone atmospheric conditions over the
country and an approaching perturbation from the west and the south-west, which led to a
flow from regions affected by wildfires.

Episode 2: 20–21 January 2021
This episode was characterized by high observed BC and PM2.5 concentrations in

Sofia, with a maximum for the month recorded on 21 January 2021. The observations in
Burgas showed the highest values on 20 January 2021 (Figure 16). Contrary to the previous
case, the modelled PM2.5 concentrations were much lower than the observed ones. The
observed daily mean BC and PM2.5 concentrations in Sofia on 21 January 2021 reached
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values by more than 50% higher than on 20 January 2021, whereas the model indicated less
than 10% change for these two days.
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The sounding data for 21 January 2021 in Sofia indicate an inversion on 06 UTC, not 
only on the surface but also aloft (Figure 18). This elevated inversion layer remained 
through noon-time. 

Figure 16. BC and PM2.5 daily mean concentrations (µg.m−3) observed (solid fill) and modelled
(hatched) on 20 January 2021 (green) and 21 January 2021 (purple).

The synoptic situation in the period 15–19 January 2021 was characterised by a deep
upper trough, intensifying over northern and eastern Europe and leading to a deep sur-
face cyclone with a centre north-east of Bulgaria (southern Ukraine) [75]. The cold spell
led to daily mean temperatures in Sofia during this period between −2 ◦C and −7 ◦C.
On 20 January 2021 and 21 January 2021, a ridge of high pressure from northern Africa
extended towards the country; the upper air winds (3000 m a.g.l) were from the west
and the north-west (Figure 17). This led to milder conditions and an increase in the daily
temperatures of about 1 ◦C in Sofia. It also resulted in temperature inversions, affecting the
air quality in the Sofia valley.
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The sounding data for 21 January 2021 in Sofia indicate an inversion on 06 UTC, not 
only on the surface but also aloft (Figure 18). This elevated inversion layer remained 
through noon-time. 

Figure 17. NCEP/NCAR reanalysis composite map for 20–21 January 2021: (a) geopotential height
(m) at 700 hPa, (b) wind vectors and speed (ms−1) at 700 hPa. Image provided by the NOAA/ESRL
Physical Sciences Laboratory, Boulder Colorado from their Web site at http://psl.noaa.gov/ (accessed
on 15 October 2021). Bulgaria is marked with a circle.

The sounding data for 21 January 2021 in Sofia indicate an inversion on 06 UTC, not
only on the surface but also aloft (Figure 18). This elevated inversion layer remained
through noon-time.
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Figure 18. Vertical profile of temperature at NIMH Sofia on 21 January 2021: (a) 06 UTC, (b) 
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Figure 19. PM2.5 (μgm−3) from CAMS-ENS on 21.02.2021 at 06 UTC: (a) at 50 m a.g.l, (b) at 500 m 
a.g.l. Sofia is marked with a circle. 
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Figure 18. Vertical profile of temperature at NIMH Sofia on 21 January 2021: (a) 06 UTC, (b) 12UTC.
Barbs indicate wind speed and direction; grey shaded rectangles highlight inversion layers.

The bias between model and observed PM2.5 concentrations is approximately −55%
at both sites, indicating that the model has difficulties in capturing the increase in concen-
trations under low wind conditions.

Modelled PM2.5 concentrations at 06 UTC on 21 January 2021 (Figure 19) showed
higher values in Sofia and over the lower plains of central Bulgaria at approximately 50
m a.g.l. At a height of about 100 m, the accumulation of pollutants around Sofia was
not evident.
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4. Discussion and Conclusions

For the first time in Bulgaria, fine particles (PM2.5) were analyzed for BC content. The
reported results refer to data from field campaigns (October 2020 and January 2021) carried
out in the cities of Sofia and Burgas. The mean contribution of BC to PM2.5 was estimated to
be about 20% in Sofia and 11% in Burgas. However, on some days, BC concentrations might
have contributed up to 34% of PM2.5 in Sofia and up to 19% of PM2.5 in Burgas. The mean
BC concentrations for the two months were 3.03 µg.m−3 in Sofia and 1.69 µg.m−3 in Burgas.
The higher concentrations in Sofia, the largest city in the country, are linked both to more
emissions (predominantly from road transport and biomass burning for heating) and to the
particular topographic and meteorological conditions in the two cities. In general, wind

122



Atmosphere 2022, 13, 213

speeds in Sofia are lower than at seaside Burgas. This affected the dispersion, especially in
winter. At the same time, during the winter, the lower temperatures in Sofia, compared
to Burgas, led to more emissions from household heating. The effects of the local and
regional meteorological conditions on BC and PM2.5 concentrations were investigated for
two episodes with high daily mean BC concentrations (approximately 4.4–8.6 µg.m−3

in Sofia). The analysis showed that whereas the episode in October might have been
influenced by regional airflow from areas with wildfires, the one in January was associated
with temperature inversions.

The comparison of the obtained BC results in Sofia and those reported for other
European cites shows values close to those measured in urban background stations in
Madrid [25], in a suburban station of Athens [22], and in Ostrava [27]. These values are
lower than those obtained in urban background stations in Zabrze, Poland [21]. The mean
BC concentrations in Burgas were generally lower compared to the values recorded at most
urban or urban background stations and closer to those for Helsinki [23] and Athens [22].

The maps for the spatial distribution of BC and PM2.5 over the country, constructed
using model data by CAMS-ENS [41], revealed common features for the two months in
the areas with elevated concentrations around Sofia, the Thracian lowlands of Southern
Bulgaria, and the Danube plain in Northern Bulgaria. These areas correspond to the
emissions zones where combustion from stationary sources is a prevailing contributor
to anthropogenic PM2.5 emissions. It must be noted that the vast areas with elevated
concentrations are outside of the country.

The comparison between observed and modelled concentrations showed a mean bias
of approximately 21% (in absolute value) for PM2.5, with the highest underestimation
by—42%—occurring in Burgas during January. In general, BC was underestimated by the
model, especially in autumn, by approximately—34%. Other studies on evaluation of model
performance for carbonaceous aerosol in Europe [35] have revealed an underestimation of
seasonally averaged BC concentrations in the PM2.5 mass fraction by a maximum of 60%.
The observations in [35] had a mean value of 1.5 µg.m−3 in the 2007 winter campaign and
approximately 1.4 µg.m−3 in the 2008 autumn campaign. These values are lower than in
our study, but they are representative of background conditions as obtained at sites of the
EMEP network.

The reported results and analysis can be considered as the first step Bulgaria is taking
towards gaining a better understanding of BC concentration in PM2.5 in the urban areas of
the country. We have applied a variety of tools, analyzing observational data, modelling
results, and meteorological parameters. They proved to be helpful in the investigation of
elevated BC and PM concentrations during particular episodes.

However, more observational data for different seasons and further studies are needed
to draw firm conclusions. A comparative measurement for BC concentration with MABI
and AE33 on the territory of Sofia is planned.

We believe that the presented data contribute to filling in the gaps relevant to BC
observations in Southeastern Europe.
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Performance of microAethalometers: Real-world Field Intercomparisons from Multiple Mobile Measurement Campaigns in
Different Atmospheric Environments. Aerosol Air Qual. Res. 2020, 20, 2640–2653. [CrossRef]

53. Bond, T.C.; Anderson, T.L.; Campbell, D. Calibration and intercomparison of filter-based measurements of visible light absorption
by aerosols. Aerosol Sci. Technol. 1999, 30, 582–600. [CrossRef]

54. Ogren, J.A.; Wendell, J.; Andrews, E.; Sheridan, P.J. Continuous light absorption photometer for long-term studies.
Atmos. Meas. Tech. 2017, 10, 4805–4818. [CrossRef]

55. Weingartnera, E.; Saatho, H.; Schnaiter, M.; Streit, N.; Bitnar, B.; Baltensperger, U. Absorption of light by soot particles:
Determination of the absorption coeffcient by means of aethalometers. Aerosol Sci. 2003, 34, 1445–1463. [CrossRef]

56. Virkkula, A.; Ahlquist, N.; Covert, D.; Arnott, W.; Sheridan, P.J.; Quinn, P.; Coffman, D. Modification, Calibration and a Field Test
of an Instrument for Measuring Light Absorption by Particles. Aerosol Sci. Technol. 2005, 39, 68–83. [CrossRef]

57. Virkkula, A.; Mäkelä, T.; Hillamo, R.; Yli-Tuomi, T.; Hirsikko, A.; Hämeri, K.; Koponen, I. A Simple Procedure for Correcting
Loading Effects of Aethalometer Data. J. Air Waste Manag. Assoc. 2007, 57, 1214–1222. [CrossRef] [PubMed]
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Abstract: The Mediterranean region is an important area for air pollution as it is the crossroads
between three continents; therefore, the concentrations of atmospheric aerosol particles are influenced
by emissions from Africa, Asia, and Europe. Here we concentrate on an eleven-month time series
of the ambient concentration of organic carbon (OC) and elemental carbon (EC) between May 2018–
March 2019 in Amman, Jordan. Such a dataset is unique in Jordan. The results show that the OC
and EC annual mean concentrations in PM2.5 samples were 5.9 ± 2.8 µg m–3 and 1.7 ± 1.1 µg m–3,
respectively. It was found that the majority of OC and EC concentrations were within the fine
particle fraction (PM2.5). During sand and dust storm (SDS) episodes OC and EC concentrations were
higher than the annual means; the mean values during these periods were about 9.6 ± 3.5 µg m–3

and 2.5 ± 1.2 µg m–3 in the PM2.5 samples. Based on this, the SDS episodes were identified to be
responsible for an increased carbonaceous aerosol content as well as PM2.5 and PM10 content, which
may have direct implications on human health. This study encourages us to perform more extensive
measurements during a longer time period and to include an advanced chemical and physical
characterization for urban aerosols in the urban atmosphere of Amman, which can be representative
of other urban areas in the region.

Keywords: urban air quality; PM10; PM2.5; OC; EC

1. Introduction

Carbonaceous aerosols found in particulate matter (PM) are mainly in the form of
elemental carbon (EC) and organic carbon (OC) [1–8]. These species of aerosols are of
worldwide interest due to their vague origins and complicated source apportionment
process [9–11]. On the one hand, incomplete combustion processes and wildfires are
the major sources of EC [12,13]. On the other hand, OC sources potentially originate
from processes that involve chemical reactions of hydrocarbons [14]. There is a contrast
between the effects of OC and EC on the climate; EC is involved in the global warming
effect due to its strong light-absorption property [15,16], whereas OC is responsible for
cooling the atmosphere mainly because it reflects solar radiation [17]; however, some recent
publications have reported that some OC (a newly emerged phrase: brown carbon) can
significantly absorb light in the region of 300–400 nm and could hinder and oppose the
general cooling action [18–21]. In terms of health effects, it has been suggested that increased
mortality rates and respiratory diseases are related to OC and EC content exposure [22–32].
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In urban areas, OC and EC originate from many sources, both local and regional.
They can be transported over long distances, reaching thousands of kilometers away from
their source [33–42]. For instance, OC comprises thousands of individual molecules that
can be directly emitted as primary emissions or can be formed in the atmosphere from
semi-volatile and gaseous precursors over the course of minutes to days. EC is directly
emitted from combustion processes, such as mobile sources or biomass burning.

The Mediterranean basin, including the Eastern Mediterranean region, is consid-
ered a climate change hotspot due to warming tendencies and decreased precipitation
processes [43]. The Eastern Mediterranean region, especially Jordan, is impacted by anthro-
pogenic emissions as well as natural sources (e.g., sand and dust storm episodes (SDS)),
which are found to affect PM concentrations in the region [44]. Since there is a lack of infor-
mation on OC and EC concentrations and ratios in the region, there is a need to monitor and
explore their aerosol concentrations, sources, and compositions in this region. Chemical
analysis of ambient PM enables the identification of aerosol sources and addressing the
relative contributions of different processes. In this study, we aim at characterizing PM10
and PM2.5 with respect to OC and EC during May 2018–March 2019 in Amman, which is
a typical city in the region. This study is important to the Middle East and North Africa
region (MENA), especially Jordan, where the measurements took place, as it provides
background information for urban aerosol chemical composition. This can be utilized to
explore aerosol impacts on climate and health in follow-up analyses.

2. Materials and Methods
2.1. Aerosol Measurement

The measurement campaign took place during May 2018–March 2019 on the rooftop
(about 20 m above the ground) of the Department of Physics at the campus of the University
of Jordan (32◦0129’ N, 35◦8738’ E) (Figure S1). This was classified as an urban background
in the northern part of Amman, Jordan. The surroundings are a mixture of residential areas
and road networks [44].

The aerosol measurement instrumentation included two high-volume samplers (model
CAV-A/mb, MCV, S.A., Barcelona, Spain) for PM10 and PM2.5. The cascade head (model
PM1025-CAV, MCV, S.A., Barcelona, Spain) was equipped with a filter (Pallflex, PAL-
LXQ250ETDS0150, TISSUQUARTZ 2500 QAT-UP, Merek, New Jersy, USA), which has a
diameter of 15 cm. The flow rate was 30 m3 h–1 and the sampler automatically recorded
the overall mean temperature and pressure during the sampling session.

The PM10 and PM2.5 sampling was performed for 24 h every 6 days. We obtained 51
and 48 valid samples for PM10 and PM2.5, respectively. We also collected several blank
samples, which were needed as an accuracy control of the sampling [45].

2.2. Gravimetric and OC/EC Chemical Analysis

Before performing the chemical analyses (including organic carbon (OC) and elemental
carbon (EC)), the PM10 and PM2.5 mass concentrations were determined by gravimetric
analysis, which was performed according to the EN1234-1. Accordingly, the particulate
matter concentration can be calculated from the filter’s weights (difference between post-
weight (mpost) and pre-weight (mpre)) divided by the sampling flow rate (Q (30 m3 h–1)) and
sampling period (∆t = 24 h).

A quarter of each sampled filter was taken to the OC and EC analysis according
to the EUSAAR2 protocol employing a Sunset Laboratory Dual-Optical Carbonaceous
Analyzer [46–48]. The uncertainty in our analysis was approximately 0.2, 0.1, 0.3 µg m−3,
respectively, for OC, EC, and TC.

2.3. Ambient Conditions and Air Mass Trajectories Measurement

In addition to the aerosol measurement, the ambient conditions (T, P, RH, wind speed,
and direction) were monitored with 5 min resolution (Table S1, Figures S2, S3, and S5–S8)
by using a weather station (WH-1080, Clas Ohlson: Art. no. 36-3242). We also calculated
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the air mass back-trajectories (Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) [49,50]. The trajectories were calculated for the previous four days on an hourly
basis at arrival heights 100, 500, and 1500 m above ground level.

3. Results and Discussion
3.1. An Overview of PM Concentrations

Throughout the measurement period, the 24 h PM10 was within the range 20–190 µg m–3

(average 64 ± 39 µg m–3) and the PM2.5 was 15–190 µg m–3 (average 47 ± 32 µg m–3)—see
Table S2 in the Supplementary Material. On average, approximately 80% of the PM10 was
within the PM2.5 fraction. According to the Jordanian standards of ambient air quality
(JS-1140/2006: annual mean PM10 and PM2.5 must not exceed 70 µg m–3 and 15 µg m–3

and 24 h mean must not exceed 120 µg m–3 and 65 µg m–3, respectively), the observed
overall mean PM10 was below its annual limit value but the PM2.5 was three times higher
than its limit value. Compared to the World Health Organization (WHO) old air quality
guidelines [51] (i.e., before 2021) for PM10 (annual and 24 h must not exceed 20 µg m–3

and 50 µg m–3, respectively) and PM2.5 (annual and 24 h must not exceed 10 µg m–3 and
25 µg m–3, respectively), the observed annual concentrations here exceeded the annual
guideline. By all means, the reported values here exceeded the new WHO air quality guide-
lines [52] (i.e., after 2021), which was updated to be tighter than the old guidelines for PM10
(annual and 24 h must not exceed 15 µg m–3 and 45 µg m–3, respectively) and PM2.5 (annual
and 24 h must not exceed 5 µg m–3 and 15 µg m–3, respectively). In general, the reported
PM10 concentrations in Jordan were higher than the concentrations reported by the WHO
(2018) in urban, suburban, and residential sites in countries around the Mediterranean Sea
in 2016, especially Turkey (52 ± 18 µg m–3), Italy (25 ± 6 µg m–3), Greece (52 ± 18 µg m–3),
Cyprus (37 ± 6 µg m–3), and Malta (38 ± 8 µg m–3). These concentrations were lower
than concentrations observed in the following regions: Kuwait (130 ± 35 µg m–3), Palestine
(90 µg m–3), Egypt (249–284 µg m–3), and the United Arab Emirates (122–153 µg m–3).

3.2. Organic and Elemental Carbon Concentrations

The TC and OC concentrations followed a rather similar temporal variation as that for the
PM concentrations (Figures 1 and 2). The OC concentrations observed in the PM2.5 samples
were in the range 1.2–17.1 µg m–3 (annual mean 5.9 ± 2.8 µg m–3), the EC concentrations
were 0.45–6.1 µg m–3 (annual mean of 1.7 ± 1.1 µg m–3), and the TC concentrations were
1.7–23.2 µg m–3 (annual mean 7.6 ± 3.5 µg m–3). As for the PM10, they were 2.2–17.5 µg m–3

(annual mean of 6.5 ± 3.0 µg m–3), 0.5–5.5 µg m–3 (annual mean of 1.9 ± 1.1 µg m–3),
and 2.7–22.4 µg m–3 (annual mean 8.4 ± 3.8 µg m–3), respectively, for the OC, EC, and TC
concentrations. On average, the PM2.5 contained about 14%, 4%, and 18% OC, EC, and TC
(Figure 3). As for the PM10, it was about 12%, 4%, 15%, respectively. As expected for an
urban background, the TC was dominated by OC for both the PM2.5 and PM10 (Figure 4); this
indicates a dominating fraction of organic emissions from anthropogenic activities rather than
natural emissions, as also reported elsewhere [53–60].

According to PM2.5 observations elsewhere in the region (mostly outside of Jordan;
see Table 1), the OC and EC concentrations reported herein are comparable. A greater
interest might be the extremely high OC concentrations in Beijing (29.1 µg m–3) and
Tehran (15.35 ± 6.05 µg m–3) with corresponding PM2.5 concentrations of 115 µg m–3 and
41.2 µg m–3, respectively [61,62]. As for PM10 observations elsewhere (Table 2), the OC
concentrations reported here are generally lower than those reported in other regions in
the world.

The PM10 records in Table 2 show a clear contrast with the OC concentrations. A rela-
tively high OC10 concentration record was observed in Lahore, with a value of 63 µg m–3,
while a very low concentration was observed in Spain, with a value of 4 µg m–3. For both
PM2.5 and PM10 the OC to EC ratio was generally higher in the summertime than that
in the wintertime (Figure 5). The OC/EC ratio in the PM2.5 was approximately 5.6 ± 1.5
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during May–August and was approximately 2.8 ± 0.9 during November–March. As for
the PM10, the ratio was approximately 4.9 ± 1.2 and 3.1 ± 1.4, respectively.

During the measurement period, the ratio PM2.5/PM10 was close to one on some days.
This was basically due to the domination of fine aerosols, i.e., the absence of sand and dust
storm (SDS) episodes. On these occasions, the OC2.5 was 4.0–17.1 µg m–3 and the OC10 was
2.4–15.9 µg m–3. The corresponding EC2.5 was 0.7–6.1 µg m–3 and EC10 was 0.9–5.5 µg m–3.
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3.3. Changes during Sand and Dust Storms (SDS)

As per our previous analysis [44], the SDS episodes were classified into three categories
based on their origin: S (Sahara), SL (Saharan and Levant), SA (Sahara and Arabia), and
SLA (Sahara, Levant, and Arabia); kindly see more information in the Supplementary
Materials. During SDS episodes, the mean OC2.5 and EC2.5 were 9.6 ± 3.5 µg m–3 and
2.5 ± 1.2 µg m–3, respectively (Figure 6). During non-dust episodes, the OC2.5 and EC2.5
were 5.4 ± 1.8 µg m–3 and 1.7 ± 0.9 µg m–3, respectively (Figure 7). As for PM10, the
OC10 and EC10 were 8.0 ± 3.5 µg m–3 and 2.4 ± 1.3 µg m–3 during dust episodes and
5.2 ± 2.0 µg m–3 and 2.4 ± 1.3 µg m–3 during non-dust episodes, respectively.
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Figure 6. OC and EC versus the corresponding PM concentrations on days (13 in total) with sand
and dust storm (SDS) episodes: (a) the OC content (here called OC2.5) versus its corresponding
PM2.5, (b) the EC versus (here called EC2.5) within its corresponding PM2.5, (c) the OC content (here
called OC10) versus its corresponding PM10, and (d) the EC versus (here called EC10) within its
corresponding PM10.

It was apparent that the concentrations of OC were greatly influenced by the type of
aerosols (i.e., coarse dust particles) but the EC was not affected as much. The OC2.5/PM2.5
during the SDS episodes carried the highest correlation coefficient of 0.89, which was
expected since OC mostly exists in accumulation mode (0.1–1µm) particles in PM2.5 [80]; it
also confirmed the dominance of OC2.5 in the total carbon content. By comparing both the
ECx/PMx in the corresponding PM2.5 and PM10, we observed that, during SDS episodes,
the EC and PM in the fine particle size range were more correlated (r = 0.556, Figure 6b),
whereas they were much less correlated (r = 0.32, Figure 6d) in the coarse particle size range.
On the other hand, the r values for EC and PM on both particle size ranges were very close
on non-SDS days (Figure 7b,d). This result suggests that, during SDS episodes, aerosols
have a high potential of transporting OC, which dramatically increased the concentration
of OC to the measurement site from other urban centers in the region. As previously
mentioned, the regular atmospheric EC concentrations remain at around 2–3 µg m–3.
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Figure 7. OC and EC versus the corresponding PM concentrations on days (39 in total) without
sand and dust storm (SDS) episodes: (a) the OC content (here called OC2.5) versus its corresponding
PM2.5, (b) the EC versus (here called EC2.5) within its corresponding PM2.5, (c) the OC content (here
called OC10) versus its corresponding PM10, and (d) the EC versus (here called EC10) within its
corresponding PM10.

4. Conclusions

General monitoring requirements for air quality and assessment include ambient
air PM2.5 and PM10, in addition to some gaseous pollutants; however, there is a lack of
monitoring of OC and EC concentrations in many parts of the world. Unfortunately, there
has been a lack of information regarding OC, EC, and TC in the Eastern Mediterranean
region. In this study, we characterized the PM10 and PM2.5 with respect to OC/EC during
an eleven-month time series (May 2018–March 2019) in the urban atmosphere of Amman,
Jordan, which is a typical Eastern Mediterranean city.

The OC found in the PM2.5 fraction (i.e., OC2.5) was within the range of 1.2–17.1 µg m–3.
The corresponding EC2.5 was within the range of 0.6–6.1 µg m–3. As for the PM10 fraction,
the OC10 and EC10 were within the range of 2.2–17.5 µg m–3 and 0.5–5.5 µg m–3, respectively.
In percentages, about 14% and 3.9% of the PM2.5 were OC and EC, respectively. In the
PM10, 11.6% and 3.5% were OC and EC, respectively. These results indicate the domination
of anthropogenic activities’ emissions over natural sources’ emissions.

Sand and dust storm (SDS) episodes were observed during the measurement campaign.
During SDS episodes, the mean OC2.5 was approximately 9.6 ± 3.5 µg m–3, which is much
higher than the annual mean (i.e., 5.9 ± 2.8 µg m–3). Similarly, the EC2.5 approached a mean
concentration of 2.5 ± 1.2 µg m–3 during the SDS episodes, while it had an annual mean
of 1.7 ± 1.1 µg m–3. This is evidence of the SDS episodes’ role in introducing particulate
phase pollutants other than the coarse mode dust particles to the measurement site, or
more generally, to the whole region.

This study indicated that a large fraction of carbonaceous aerosol mass most likely
originates from anthropogenic activities rather than natural sources. Future studies with
detailed source apportionment tools [81,82] are needed to verify this result. Accurate
classification of the origins of this type of aerosols can be useful in regulating the in-
volved activities.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos13020197/s1, Figure S1:Maps showing (a) the Mediterranean Sea region with Jordan
highlighted in red, (b) Jordan with highlights on the geographical locations of main cities, (c) road
network and the campus of the University of Jordan (red shaded area) inside Amman, and (d) details
of the campus of the University of Jordan with the sampling location (red shaded area) at the middle
of the campus, Figure S2:Time series of weather conditions during 1 May 2018—19 March 2019
presented as hourly, daily, and monthly means for (a) ambient temperature, (b) relative humidity,
(c) absolute pressure, and (d) wind speed. (e) The rainfall was presented as hourly cumulative
precipitation, Figure S3: Back trajectories (96 h) crossing maps at arrival heights (a) 100 m and
(b) 1500 m. The arrival location was the campus of the University of Jordan, Amman, Jordan. These
maps were generated from the hourly trajectories during 1 May 2018—31 March 2019, Figure S4:
Time series of PM10 and PM2.5 concentrations with markups for sand and dust episodes (SDS) and
clean air periods (i.e. PM10 concentrations <70 µg/m3), Figure S5: Back trajectories (96 h) crossing
maps during S-type SDS-episodes (indicated on Figure S4) at arrival heights (a) 100 m, (b) 500 m,
and (c) 1500 m. The arrival location was the campus of the University of Jordan, Amman, Jordan.
These maps were generated from the hourly back trajectories during the sampling dates (+ following
day), Figure S6: Back trajectories (96 h) crossing maps during SL-type SDS-episodes (indicated on
Figure S4) at arrival heights (a) 100 m, (b) 500 m, and (c) 1500 m. The arrival location was the campus
of the University of Jordan, Amman, Jordan. These maps were generated from the hourly back
trajectories during the sampling dates (+ following day), Figure S7: Back trajectories (96 h) crossing
maps during SLA-type SDS-episodes (indicated on Figure S4) at arrival heights (a) 100 m, (b) 500 m,
and (c) 1500 m. The arrival location was the campus of the University of Jordan, Amman, Jordan.
These maps were generated from the hourly back trajectories during the sampling dates (+ following
day), Figure S8: Back trajectories (96 h) crossing maps during low PM10 concentrations (indicated on
Figure S4) at arrival heights (a) 100 m, (b) 500 m, and (c) 1500 m. The arrival location was the campus
of the University of Jordan, Amman, Jordan. These maps were generated from the hourly back
trajectories during the sampling dates (+ following day), Table S1: Particulate matter concentrations
and overall average temperature and pressure according to the sampling schedule. The aerosol
sampler reported the 24-h mean temperature (T) and pressure (P) during sampling sessions, Table S2:
PM2.5 and PM10 concentrations (µg m–3) and corresponding OC and EC concentrations (µg m–3),
Table S3: Sand and Dust Storm (SDS) episodes according to type and observation during the sampling
period. The type of SDS is denoted as: Saharan (S); Saharan and Levant (SL); Saharan, Arabian,
and Levant (SAL); Saharan, Arabian, Levant, and Ahvaz (SALA). The source region was verified
according to the back trajectories analysis for crossing maps on the sampling day (+ following day).
The date here indicates the start of the sampling day.
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Abstract: The main subject of this paper is an analysis of the influence of changes in the air pollution
caused by road traffic, due to its modernization, on the air quality in Warsaw conurbation, Poland.
Using the Calpuff model, simulations of the yearly averaged concentrations of NOx, CO, PM10,
and PM2.5 were performed, together with an assessment of the population exposure to individual
pollutions. Source apportionment analysis indicates that traffic is the main source of NOx and CO
concentrations in the city atmosphere. Utilizing the Euro norms emission standards, a scenario of
vehicle emission abatement is formulated based on the assumed general vehicle fleet modernization
and transition to Euro 6 emission standards. Computer simulations show a reduction in NOx
concentrations attributed to emission mitigation of passenger cars, trucks and vans, and public
transport buses, respectively. On the other hand, improving air quality in terms of CO concentrations
depends almost exclusively on gasoline vehicle modernization. The implementation of the considered
scenario causes an adequate reduction in the population exposure and related health effects. In
particular, implementation of the scenario discussed results in a 47% reduction (compared with the
baseline value) in the attributable yearly deaths related to NOx pollution. In spite of a substantial
contribution of vehicle traffic to the overall PM pollution, modernization of the fuel combustion
causes only minor final effects because the dominant share of PM pollution in Warsaw originates
from the municipal sector and the transboundary inflow.

Keywords: urban air quality; road traffic emission; emission abatement; Euro norm limits;
population exposure

1. Introduction

Air pollution remains the main environmental health risk in Europe, especially in
urban conurbations, where many inhabitants suffer from poor air quality. The source
apportionment analysis reveals [1,2] that in many cities, the transportation system is the
dominating emission category in urban air quality degradation. Road traffic contributes
to negative health effects mainly by primary nitrogen oxide (NOx) pollution, but also
via the primary and secondary components of particulate matter. In many cities, the
European air quality standards established by the Ambient Air Quality Directive [3,4]
or Air Quality Guidelines [5] are regularly exceeded. While PM pollutions originate
from various categories of sources (with a minor contribution of traffic to the primary
emission), NO2 concentrations almost exclusively originate from road traffic. Moreover,
NO2 pollution in urban conurbations is mainly due to emissions from diesel vehicles [6,7].
Traffic is also an important source of the resuspended, coarse fractions of PM10. Hence,
recently published European studies assessed the effects of traffic policies, intended to
reduce concentrations of the above species in large cities.

Numerous earlier urban scale studies addressed emissions of the road transport pollu-
tants, where potential traffic-related scenarios are discussed to abate NOx or CO pollutions.
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Examples are CO pollution in Copenhagen [8]; CO pollution in Luxembourg [9]; integrated
NO2 and CO analysis for Turin [10]; integrated analysis including human exposure and
emission abatement techniques for London [11] or [12]. Some recent studies [7,13,14]
consider various NOx emission abatement scenarios, based on the implementation of Euro
6 emission standards in urban traffic for gasoline and diesel vehicles. Scenario analysis
was applied to assess the effects of traffic policies, intended to reduce NO2 concentrations
in eight European cities [15]. Very important and useful in such an approach is the Urban
NO2 Atlas report [6], where the traffic emission characteristics for 30 European cities are
presented, broken down into diesel and gasoline vehicles and 6 Euro emission standards.

Characteristics of the transportation system in Warsaw given in [6] were utilized by
Holnicki et al. [16], who discussed the complex improvement of air quality by vehicle fleets
and municipal sector modernizations. Aside from traffic, the municipal sector is another
dominant emission category contributing to air quality degradation in Warsaw [16]. This
study investigates the possible improvement of the environmental quality in the Warsaw
conurbation by reducing traffic-related pollution as a result of implementing low-emission
technologies (represented by the Euro norms) in vehicle fleets operating in Warsaw. As a
result of emission abatement scenarios, improvements in air quality and the related public
health indexes are assessed.

Warsaw suffers from high concentrations of air pollutants that characterize the urban
environment, which is also quite common for other European conurbations. Among them
are particulate matter, sulfur- and nitrogen oxides, carbon monoxide, and polycyclic aro-
matic hydrocarbons. Traffic-induced emission is one of the dominating categories of air
pollution. The number of vehicles registered in the conurbation has steadily increased,
particularly in the last decade [17,18]. The traffic-originated emissions are mainly responsi-
ble for concentrations of NOx, CO, and PM10, the last mainly via the resuspended coarse
fraction [16,19]. In particular, high NOx and PM10 annual mean concentrations during
the last decade exceed the WHO limits [7,20]. Road traffic also contributes to the overall
concentrations of PM2.5 and the highly toxic benzo[a]pyrene (B[a]P), but to a lesser extent,
because the dominant share of these pollutants is attributed to the municipal sector, mainly
due to coal combustion.

As shown below, the final environmental effect of the traffic emission abatement
obviously depends on the number of driving vehicles, but also on the vehicle fleet structure
and technology applied for emission reduction (cf. Tables S1–S3). The above factors
are included in the analysis of the emission limitation scenario, which is presented in
the next section. To fully assess environmental benefits arising from the implementation
of the discussed solutions, the reference data for the year 2012 are chosen, prior to the
baseline state.

2. Methods

Dispersion of atmospheric pollutants in Warsaw conurbation was assessed using the
Gaussian regional model CALPUFF, along with the CALMET meteorological preprocessor.
Spatial maps of the annual average concentrations of the major air pollutants were obtained
in order to determine areas where the permissible concentration levels of individual
pollutants were exceeded and to identify the sources responsible for the exceedances.

In order to assess the real impact of the transport sector on air quality and to quantify
the advantage of implementing the technology of low-emission vehicles, four categories of
sources were considered in the total emission field [16,20]: (a) high energy point sources
(24), (b) other industrial point sources (3880), (c) linear sources of the road network (7285),
and (d) municipal area sources (6962). The external (transboundary) inflow of pollutants
was included via boundary conditions of the forecasting model. The emission data used in
computer simulations were adopted from the official database of the Mazovian Voivodship
Inspectorate of Environment Protection.

For calculation of the pollutant’s concentrations, the Warsaw metropolitan area (about
520 km2 within administrative boundaries) was digitized with a homogeneous 0.5 km × 0.5 km
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grid. For the discretized emission data, the resulting concentrations were calculated in
2248 elementary mesh receptors. Calculations performed for emission and meteorological
data in the year 2012 generated the final pollution amount, which was used as a baseline
for emission scenario analysis.

The resulting concentration maps show the spatial distributions of the main pollutants.
They also indicate which pollutants exceed the limit values and which violations are critical.
The linear structure of the CALPUFF model allowed us to indicate the emission categories
responsible for standard violations. Moreover, it was possible to quantify the share of an
individual emission category in the total concentration at a given receptor point or in a city
district (source apportionment). This is important for implementing an emission abatement
strategy to improve the city’s air quality. Results presented in [16] show that the annual
mean concentrations of NOx, PM10, PM2.5, and B(a)P exceed in some districts the limit
values prescribed by the WHO (30 µg/m3, 40 µg/m3, 20 µg/m3, 1 ng/m3, respectively).

Subsequently, some scenarios for reducing road traffic emissions were developed,
in which implementation of Euro 6 emission standards for the selected categories of
vehicles was considered. Construction of NO2 emission scenarios was based on the results
presented in [6], where the NO2 emission rates per fuel and Euro standards for 30 cities are
collected using the national emission data. The yearly emission volume of each category
was calculated as a product of yearly kilometers driven and the respective emission rate.

There was a significant difference in NOx emissions rate between diesel and gasoline
vehicles, with definite domination of the former ones. This discrepancy was taken into
account in the emission scenarios discussed below. In terms of fuel consumption by vehicle
fleets in Warsaw, there was a significant prevalence of low emission standards (E0–E3),
both for gasoline and diesel vehicles, similar to other Eastern European cities. Among
them, the Warsaw transportation system and its emission properties were fully specified by
the fleet composition, fuel type used, yearly distance driven, and emission rates connected
with the Euro standards, depending on the vehicle production year. These characteristics,
formulated for Warsaw vehicle fleet NOx emissions in the report [6] in graphical form, can
be presented in the tabular form [16], presented below.

Table 1 presents the annual NO2 emissions in Warsaw, attributed to each fuel type and
Euro standards. These data were used to assess the emission reduction rate connected with
the emission policy scenarios for the transportation system, in particular those related to
adapting the transportation emission rates to Euro 6 standards. Moreover, the policy of the
Warsaw environmental protection authorities regarding public transport was taken into
account. Implementation of the hybrid/LNG/CNG technology in the public transportation
system was considered. Results presented in Section 3 suggest realistic emission reduction
scenarios, which can significantly contribute to the conurbation air quality improvement.

Table 1. Reference NO2 vehicle emissions in Warsaw per fuel and Euro emission standards.

Euro
Standard

Distance
[km×106]

Emis. Rate
[g/km]

Emission
[kg × 103] Share [%] Share

G
A

SO
LI

N
E

E0 789 2.5 1974 2%

17,000
(19%)

E1 15,789 0.45 7105 8%

E2 24,737 0.25 6184 7%

E3 11,579 0.15 1737 2%

E4–E6 13,684 0.1 1368 2% 1368

emission 18,368 21% 18,368

144



Atmosphere 2021, 12, 1581

Table 1. Cont.

Euro
Standard

Distance
[km×106]

Emis. Rate
[g/km]

Emission
[kg × 103] Share [%] Share

D
IE

SE
L

E0 6316 0.66 4168 5%

52,742
(59%)

E1 25,789 0.73 18,826 22%

E2 24,211 0.8 19,368 22%

E3 11,579 0.83 96,11 11%

E4–E6 26,316 0.65 17,105 20% 17,105

emission 69,079 79% 69,847

TOTAL 87,447 100%

3. Results—Emission Abatement Scenarios
3.1. The Nitrogen Oxide Pollution

As previously mentioned, road traffic is a dominating source responsible for NOx
pollution in urban areas. As seen from Figure 1, the transportation sector in Warsaw
contributes 77% to the overall NOx concentration, while among other emission categories,
10% comes from the area sources and 8% from the transboundary inflow.

The emission scenario considered in this study consisted of reducing the nitrogen
oxides pollution by achieving ultimately the Euro 6 emission standards for passenger
cars, including taxis (39% emission share), and vans and trucks (25% share), as well as the
application of low-emission technologies in the urban transport buses (13% share).
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of the total NOx emission from the older (pre-E4) vehicle categories was 19% for gasoline 
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Figure 1. Source apportionment for NOx emissions.

The data listed in Table 1 were used to calculate the annual emission volume at-
tributed to vehicle categories and Euro emission standards. In our study, we assumed
Euro 3 emission standards for all pre-E4 vehicles, both diesel and gasoline, as the Euro
3 cars prevail among the older ones. This is a conclusion formulated in [16], that is, dis-
tances traveled in Poland by E3 vehicles visibly prevail starting from 2010. The Euro
6 emission standards were adopted as the target to be obtained by both vehicle categories.
The share of the total NOx emission from the older (pre-E4) vehicle categories was 19% for
gasoline and 59% for diesel vehicles (Table 1). It follows from the Euro emission standards
(Tables S1 and S2) that the emission reduction rate, referring to the transition from E3 to E6,
was 0.4 for gasoline vehicles and 0.16 for diesel vehicles, which enables determining the
target NOx emissions for conversion from pre-E4 to E6 emission standards. Emission rates
for E4–E6 vehicles were left unchanged. The above estimations showed that meeting the
Euro 6 emission standards for passenger cars in Warsaw would reduce NOx emissions by
about 60%, as compared with the baseline level.

Public transport buses have a 13% share of the total NOx emission (Figure 1). The
city authorities have launched an initiative to replace the bus fleet with low-emission
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vehicles, and ultimately public transport will entirely be served by such vehicles (hybrid,
LNG/CNG). Reduction in the NOx emission from this sector is estimated at 40–60% by
experts from the Voivodship Inspectorate of Environmental Protection. Moreover, transition
to Euro 5 emission standards by heavy-duty vehicles (25% share), according to Table S3
can also reduce the respective contribution of trucks and vans by approximately 60%. The
emission abatement results in a reduction in the related inhabitants’ exposure, calculated
as the averaged final concentration weighted by population density. The computed values
of the exposure index are shown in all pollution concentration maps presented below.

Bikes are increasingly replacing cars as a means of transportation to move around the
city. There are currently about 75,000 bikes in Warsaw [21], including 12% of the public
bike-sharing system (Veturillo and scooters). As shown in [22], 80% of cycling traffic in
the city refers to transportation, communication, and mobility. Hence, some additional,
although a rather slight improvement in air quality, can be obtained, taking into account
the growing share of bicycles in urban transportation. Extensive measurements of this
movement performed in Warsaw showed that during March–December (as the cycling is
negligible during the first two months due to unfavorable Winter conditions), an average
of 1.02 million bicycles per month are actively used (Figure 2). We further predict that the
growing share of bicycle traffic gradually replaces passenger cars, proportionally to the
distance traveled.
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Assuming an average distance for daily travel/bike as 10 km (5 km as an average
distance between home and destination) results in 300 km monthly and 3000 km yearly
travel per bike, as biking is usually too difficult in the first two winter months. Hence, the
total yearly distance traveled by bikes can be assessed as 3060 million km, of which 80%
(2448 million km) can be attributed to urban transportation. This can be compared with
the yearly distance traveled by passenger cars (Table 1), 160,789 million km. Hence, due to
a partial replacement of vehicle traffic by cycling, the potential possibility to reduce NO2
emissions is 1.52%.

A slight improvement in urban air quality is also associated with the growing share of
low-emission vehicles (hybrid/electric). In recent years, (2018/19), approximately 4300 [23]
passenger cars of this type were registered in Warsaw. A comparison of this number with
the total number of passenger cars in the city, estimated at around 1,200,000 vehicles [23],
yields the percentage share of low-emission vehicles (and related emission reduction) of
about 0.36%. Finally, both of the above effects can lead to about 1.9% abatement of NO2
emissions in the passenger car category.

3.2. Carbon Monoxide

The final distribution of NOx concentration in the city, corresponding to the adopted
vehicle fleet emission scenario, is presented in Figure 3. The attached concentration maps
show the effect of implementing the discussed scenarios for subsequent categories of
vehicle fleets. The effect of cycling (included in Figure 3b) is minor. It reduces the maximum
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concentration by 0.7 µg/m3 and the population exposure by 0.2 µg/m3, respectively. The
comparison of Figure 3a and Figure 3d maps shows that full implementation of Euro
6 emission standards decreases residents’ exposure to NOx pollution by almost 50%, while
at the same time, the concentration limit value is slightly exceeded in only two receptors.
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As shown in [16], CO concentrations strongly depend on vehicle traffic (share of
52%—traffic, 45%—transboundary inflow, 3%—local area sources), and any method of
emission tightening will also help to reduce this very harmful pollution in the urban area.
The CO vehicle emission profile fundamentally differs from that for NOx, and gasoline
vehicles have a decidedly dominant share in CO emissions. This fact is also reflected in the
Euro standards for CO emissions, as can be seen in Tables S1 and S2, where the transition
from E3 to E6 emission standards denotes a significant reduction in CO emission for the
gasoline vehicles and only a minor change for the diesel vehicles.
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Adoption of Euro 6 as the target emission standards, in this case, implies a reduction
in the baseline CO emissions by about 57% (cf. Table S1) for all pre-E4 gasoline vehicles.
Maps in Figure 4 compare the reference distributions of the annual mean CO concentration
and that which relates to the Euro 6 emission standards applied to passenger cars. The
maps show a significant reduction in CO pollution, especially in the central districts.

Since CO pollution attributed to line-source emission (52% share) comes almost ex-
clusively from passenger (gasoline) car traffic, the final effect of substituting it by cycling
is more evident than in the case of NOx pollution. Figure 4 presents the spatial maps of
CO concentrations for baseline emissions (Figure 4a), for implemented Euro 6 emission
standards in passenger cars (Figure 4b), and for the additional effect of increased cycling
(Figure 4c). A significant improvement in the air quality here is mainly due to the high
emission standards applied, but the partial replacement of car traffic by bicycles causes
a visible reduction in maximum concentration by 8 µg/m3 and population exposure by
2.5 µg/m3. The respective reduction in CO concentration refers to the entire map, including
the minimum value.
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3.3. The Particulate Matter

As seen from [16], road traffic significantly contributes to the particulate matter
pollution of an urban area, especially in the case of PM10 concentration (33%). However,
in this case, implementation of the Euro 6 emission standards will bring only a slight
improvement in air quality, for at least two reasons. First of all, PM10 pollution emitted by
vehicles consists of two components: fraction emitted directly by moving vehicles (primary
emission) and resuspended one (secondary emission). As for the rest of the pollution, it
comes from all types of sources, including external inflow.

Measurements carried out in Warsaw (Table 2; [24]) revealed that the secondary
emission of PM10 accounts for about 82% of the total volume. Moreover, the remaining
18% (primary emission) also consists of two components: emissions from fuel combustion
and from friction (abrasion of tires, brake linings, etc.). As a result, fuel combustion has
only about a 12% share in PM10 total emission. Hence, ultimately, implementation of the
Euro 6 emission standards in passenger cars and busses can reduce concentration in the
city only about 2–3% of PM10, with a minor improvement that can be seen only in the
central districts.

Table 2. Emissions of particulate matter from the transportation sector in Warsaw.

Emission
PM10 PM2.5

[Mg/y] [%] [Mg/y] [%]

Primary
Combustion 554 11.5 471 41

Abrasion 308 6.5 104 9

Re-suspended 3910 81.9 566 50

TOTAL 4772 100 1141 100

Contributions of the primary and resuspended fractions of the final PM2.5 emissions
are more balanced (compare Table 2), with the share of the fuel combustion being dominant.
However, due to the relatively small contribution of vehicle traffic [20] to the overall
PM2.5 pollution (below 8%), the final air quality improvement from implementing Euro
6 standards in the transportation sector is also minor (below 3%).

Since the use of cycling in urban transportation concerns a possible reduction in
passenger car traffic only, the resulting impact on PM concentrations will be also minor.
Assuming approximately 50% share of passenger cars in particulate matter emissions,
utilizing cycling can reduce an average concentration, as well as the related population
exposure, for PM10 by about 0.4–0.5%, and for PM2.5 by less than 0.1%. In the concentration
maps, this will be visible as a slight reduction in the maximum value, compared with the
baseline state (A similar effect can be seen in Figure 3b for NOx concentration).

As shown in [16], a significant reduction in PM concentrations, as well as B(a)P
pollution, requires a decisive modernization of the municipal sector.

4. Discussion and Conclusions

The paper analyzed emission scenarios of vehicle fleet modernization in Warsaw,
aimed at mitigation of the traffic-related air pollution and the related health impact. Similar
to other Eastern European conurbations, road traffic in Warsaw has a large share of vehicles
meeting only pre-E4 emission standards [6]. This means there is a significant potential for
improving air quality through the implementation of low-emission technologies, which
was confirmed (especially in the case of NOx concentrations) by the results presented in
Section 3.

Regarding the pre-modernization impact of the transport sector on air quality degra-
dation in the city, the total concentrations of NOx, PM10, PM2.5, B(a)P exceed the WHO limit
values, while the CO limit is not exceeded. The contribution of individual vehicle categories
(diesel or gasoline) varies depending on the type of pollution. Diesel engines definitely
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have a dominating contribution to NOx emissions. Gasoline passenger car emissions have
the greatest impact on CO concentrations, as shown in Figure 4, where buses and other
diesel vehicles have practically no impact. Hence, the modernization of passenger car
fleets, particularly concerning diesel vehicles, will improve the urban air quality, mainly
due to the significant reduction in NOx pollution (Figure 3). The development of bicycle
transportation that replaces car transportation does not considerably improve the urban
air quality. However, the impact of this change is slightly more visible in the case of CO
concentration, as a result of the dominant impact of passenger cars on this type of pollution
(Figure 4). Nevertheless, bicycling is beneficial for health [25–27]. In the long run, one
can also expect a visible improvement in NOx pollution due to a clearly growing share of
hybrid and electric vehicles.

As stated above, vehicles have a considerable share in PM10 pollution (33%), but the
possible final effects of emission reduction are very small in this case. There are two reasons
for this result: (a) low-emission vehicles (also hybrid/electric) reduce approximately 18% of
vehicles’ primary emissions, compared with 82% of the secondary (resuspended) emissions;
(b) only about 11% of the total emission is due to fuel combustion, while the rest comes
from friction or resuspension (cf. Table 2). Hence, implementation of any low-emission
technology can result in about a 2–3% reduction in final PM10 concentration, which is
mainly visible in the city center. The basic fractions of PM2.5 emissions are more distributed
(Table 2), but due to the rather small contribution of cars to the total PM2.5 pollution, the
final result is also minor. However, a comprehensive effort toward the modernization of
road vehicles, together with modernization of HDV diesel vehicles and buses by their
replacement with low-emission ones leads to a considerable reduction in the pollution of
nitrogen oxides (NOx), carbon monoxide (CO), and—although to a lesser extent—PMs,
B(a)P, SOx, BaP, and C6H6. As a result, it undoubtedly contributes to the improvement in
urban air quality.

An additional issue to address is the influence of the emission reduction on health
effects. As indicated in [20,28], the total NOx pollution in Warsaw causes a substantial
population health risk and is responsible for about 16% of the attributable deaths (non-
accidental mortality), 14% of which is assigned directly to the traffic-originated pollution.
Modernization of passenger vehicles, including buses, as well as trucks and vans, cause,
respectively, a 23%, 35%, and 47% decrease in the inhabitants’ exposure to NOx. Propor-
tionally, this means, respectively, a decrease of 87,133 and 179 attributable yearly deaths
(out of the baseline 380). Despite the dominant influence of PM2.5 on the assigned mortality
rates of residents (82%), the effect of vehicle fleet modernization, in this case, is minor,
due to a small share of vehicles (~3%) against a massive impact of area-source pollution
and transboundary inflow (share of 45%). A similar remark concerns also other pollutants
related to road traffic that have an insignificant share in air pollution, such as B(a)P or
SO2. This is due to the fact that the above pollutions are also emitted by the municipal
sector, whose contribution is dominant. It is additionally increased due to a large share
of external inflow from Warsaw surroundings. Hence, abatement of the municipal sector
emission and transboundary inflow would help more in improving Warsaw air quality
and decreasing population health risk. Implementation of the latter abatement policy is,
however, more troublesome, also because the abatement of transboundary flow requires
national authorities to be involved.
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10.3390/atmos12121581/s1, Table S1. Euro Norms for the gasoline cars. Table S2. Euro Norms for
the diesel cars. Table S3. Euro Norms for HDV diesel cars.
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Abstract: The atmospheric composition in urban areas is one of the primary tasks in air pollution
studies. The research aims to provide a statistically reliable assessment of the atmospheric compo-
sition climate of the city of Sofia—typical and extreme features of the special/temporal behavior,
annual means, seasonal and diurnal variations. For that purpose, extensive numerical simulations of
the atmospheric composition fields in Sofia city have been performed. Three models were chosen
as modeling tools. We used WRF as a meteorological pre-processor, CMAQ as a chemical transport
model, and SMOKE as the emission pre-processor of Models-3 system. We developed the following
conclusions. The daily concentration changes of the two essential air pollution species—nitrogen
dioxide (NO2) and fine particle matters (FPRM, particulate matter (PM2.5), which has a diameter
between 0 and 2.5 micrometers)—have different magnitudes. Second, the emissions relative contribu-
tions to the concentration of different species could be different, varying from 0% to above 100%. The
contributions of different emission categories to other species surface concentrations have various
diurnal courses. Last, the total concentration change (∆C) is different for each pollutant. The sign of
the contributions of some processes is evident. Still, some may have different signs depending on the
type of emissions, weather conditions, or topography.

Keywords: atmospheric composition; dynamic and chemical processes; ensemble of numerical
simulation; process analysis; contribution of different emission sources

1. Introduction

The atmospheric composition in urban areas is one of the primary tasks in air pollution
studies. The air pollution climate in urban areas has not been systematically studied yet in
Bulgaria, but some air pollution modeling for the city of Sofia had been performed, and air
pollution forecast for the city is operationally occurring [1–5]. Recently, extensive studies for
long enough simulation periods and reasonable resolution of the atmospheric composition
status in Bulgaria have been carried out using up-to-date modeling tools and detailed and
reliable input data [6–25]. The next step in studying the atmospheric composition climate is
performing simulations on an urban scale. Research works dealing with this topic include
domains with different sizes and scales from meters to kilometers [26–34]. The models’
simulations in the smallest scales usually deal with sub-urban-sized areas as streets and
neighborhoods. The simulations aim to construct an ensemble comprehensive enough to
provide a statistically reliable assessment of the atmospheric composition climate of the
city of Sofia—typical and extreme features of the special/temporal behavior, annual means,
seasonal and diurnal variations, etc. Some evaluations of the contribution of different
pollution sources and dynamic and chemical processes to the atmospheric composition of
the city of Sofia will be presented in the paper.

Methodology: Extensive numerical simulations of the atmospheric composition fields
in Sofia city have been recently performed, and an ensemble, comprehensive enough as
to provide a statistically reliable assessment of the atmospheric composition climate, was
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constructed. The US EPA Models-3 system was chosen as a modeling tool. WRF [35]
used as meteorological pre-processor, CMAQ—the Community Multiscale Air Quality
System [36,37], being the Chemical Transport Model (CTM) of the system, and SMOKE—
the Sparse Matrix Operator Kernel Emissions Modeling System [38]—the emission pre-
processor of Models-3 system.

As the NCEP Global Analysis Data with one-degree resolution is used as meteoro-
logical background, the system nesting capabilities were applied for downscaling the
simulations to a 1 km resolution (Figure 1). Results for the Sofia city domain (D5) and two
locations—Orlov most and Bistritsa—are presented in this paper. Orlov most is located in
the center of the city and represents a typical urban-polluted site. Bistritsa is located on the
semi-mountain outskirts and represents a rural site of the domain.

Figure 1. Five computational domains (CMAQ domains are nested in WRF ones)—D1 81 × 81 km
(Europe), D2 27 × 27 km (Balkan Peninsula), D3 9 × 9 km (Bulgaria), D4 3 × 3 km (Sofia municipality)
and D5 1 × 1 km (Sofia city).

The TNO inventory with resolution 0.25◦ × 0.125◦ in 10 SNAP categories for 2010 [39–41]
is exploited for the territories outside Bulgaria in the mother CMAQs domain. For the
Bulgarian domains, the National inventory for 2010 as provided by Bulgarian Executive
Environmental Agency is used. All simulations were performed for a 7-year period from
2008 to 2014 with two-way nesting mod on. Special pre-processing procedures were created
for introducing temporal profiles and speciation of the emissions [42].

The study is based on a large number of numerical simulations carried out daily
for all periods. Different characteristics of the numerically obtained concentration fields
and for five emission scenarios, with all the emissions included and reduced of factor 0.8,
including emissions from energetics, non-industrial and industrial combustions, and road
transport, will be demonstrated in the present paper. Results concerning the contribution
of the different emission categories are demonstrated. The air pollution pattern is also
formed as a result of the interaction of different processes; thus, knowing the contribution
of each one of these processes for different meteorological conditions and given emission
spatial configuration and temporal profiles is useful for understanding the atmospheric
composition and air pollutants origin and behavior. To analyze the contribution of different
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dynamic and chemical processes, the CMAQ “integrated process rate analysis” option
was applied. The procedure allows the concentration change for each compound to be
presented as a sum of the contribution of each one of the processes, which determines the
air pollution concentration.

2. Materials and Methods

The sample size of the 7-year simulation is large and comprehensive enough to allow
processing a variety of statistical quantities. We can calculate different statistics for the
entire Sofia city domain, as well as for chosen locations—dispersion, the absolute minimum
and maximum concentrations, a percent of the averages in the given interval of values, the
probability density function, skewness, kurtosis, etc.

We present plots for the main statistical characteristics of the ensemble characteristics
of the air pollution, namely seasonal and annual ones for some pollutants NO2 (nitrogen
dioxide) and FPRM (fine particulate matter), averaged for the Sofia city region and in two
locations in the city—Orlov most (point situated at the city center) and Bistrica (situated
at semi-mountain outskirts). The plots give graphics of mean concentrations, maximum
ones for entire simulation (period/ensemble), and curves noted as 10%, 25%, 75%, and
90%, for the 10th, 25th, 75th, and 90th percentile, respectively. The resulting curves suggest
that 50% of the cases fall into the 25–75% interval, and 80% of the cases fall into the 10–90%
interval. The plotted curves give a good enough idea for the statistical characteristics of the
ensemble—dispersion, asymmetry, excess kurtosis, without being shown explicitly. The
axes are given in logarithmic scale due to the high absolute minimal concentrations and
the impossibility to distinguish the intervals of cases with different concentrations from
the absolute ones on one plot. The absolute minimum concentrations are close to zero in
most of the cases; thus, they are not shown on the logarithmic plots.

As already stated, the simulated fields ensemble is large enough to allow statistical
treatment. In particular, the probability density functions for each of the atmospheric
compounds can be calculated, with the respective seasonal and diurnal variations, for each
of the points of the simulation grid or averaged over the territory of the city. Knowing
the probability density functions means knowing everything about the ensemble. An
example of spatial and diurnal variations of the annual ensembles of surface NO2 and
FPRM behaviors ate two locations, the typically urban site “Orlov most” and “Bistritsa”,
are shown in the paper.

The emission inventory, used in the simulations, includes 10 emission categories
(SNAP categories) and allows the evaluation of the contribution of various anthropogenic
activities to the overall picture of air pollution in the city of Sofia:

1. SNAP 1 (Combustion in energetics) reduced with factor 0.8;
2. SNAP 2 (Non-industrial combustion plants) reduced with factor 0.8;
3. SNAP 3 (Combustion in manufacturing industry) reduced with factor 0.8;
4. Production processes;
5. Extraction and distribution of fossil fuels;
6. Solvent and other product use;
7. SNAP 7 (Road transport) reduced with factor 0.8;
8. Other mobile sources and machinery;
9. Waste treatment and disposal;
10. Agriculture.

The used SNAP categorization of emissions, reduced by some factor, allows evaluation
of the contribution of road transport, energetic, industrial, and non-industrial combustions
to the atmospheric composition in the city. The concentrations for each scenario of reduced
SNAP’s were calculated for each day of the period, and the relative contribution of the
emissions for each of the scenarios was calculated in the following way.

If an arbitrary pollution characteristic (concentration, deposition, process contribution,
etc.) for a given grid point, or averaged over chosen domain, obtained with all the emissions
accounted for, is denoted by φ, then φm is the respective characteristic obtained when the
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emissions form source category m is reduced by a factor of α. In such a case, the quantity
ϕm can be interpreted as the relative (in %) contributions of emission category m to the
formation of the characteristic ϕ:

ϕm =
1

1 − α

φ − φm

φ
·100 (1)

More than one selected nomenclature for sources of air pollution (SNAP) category
emissions can be reduced by a factor of α, and thus the joint contribution of several or
all SNAP categories to the formation of the pollution characteristic φ can be evaluated.
Obtained relative source contributions can also be averaged for the entire ensemble, thus
providing the “climate” of the emission contributions, in particular the “typical” annual
and seasonal contributions.

The reason why the emissions from a given category are reduced by a chosen factor
and not simply at zero is that by completely removing the emissions from a given category,
we can obtain much smaller concentrations, which may change the rate of some nonlinear
chemical reactions. Moreover, the significant reduction of the concentrations may change
the compound diffusion through the domain boundaries, which is why it is a general
practice for the simulations to evaluate the contribution of emissions from a given category
to be performed as applied and not removed, but reduced emissions from this category,
which is normally performed in such studies. The reduction of 20% is preferred by many
authors in atmospheric pollution studies.

Five emission scenarios will be considered here: Simulations with all the emissions
included and with the emissions from all the SNAP categories (SNALL), SNAP categories
1 (energetics—SN1), SNAP categories 2 (non-industrial combustions—SN2), SNAP cat-
egories 3 (industrial combustions—SN3) and SNAP categories 7 (road transport—SN7)
for Sofia reduced by a factor of 0.8. This makes it possible to evaluate the contribution
of all the emissions, as well as the emissions from road transport, energetics, industrial
and non-industrial combustions to the atmospheric composition in the city. The relative
contribution of the emissions for each scenario was calculated for each day of this 7-year
period, and then, by averaging over the ensemble, the typical fields of relative contri-
butions of these emissions to the surface concentrations of each of the compounds were
calculated for the four seasons and annually. For all the emission categories, the pattern
of the contribution fields is complex, which reflects the emission source configuration,
the heterogeneity of topography, land use, and meteorological conditions. In order to
demonstrate the emission contribution behavior in a simpler and easy to comprehend
way, the respective fields can be averaged over some domain, which makes it possible
to follow and compare the diurnal behavior of the respective contributions for different
species. Graphics of the diurnal evolution of the “typical” relative contribution annually
and seasonal emissions of SNAP categories 1, 2, 3, 7 and all the emissions to the surface
concentrations of NO2, FPRM, averaged for the territory of Sofia city and for Orlov most
and Bistritsa, are shown in figures.

Atmospheric pollution is a result of the interaction of different dynamic and chemical
processes. The consideration of the interaction and contribution of these processes provides
a possibility for an explanation of the entire picture of the air pollution in Sofia city. The pro-
cesses that influence the formation of the air pollution patterns are HADV—horizontal ad-
vection, ZADV—vertical advection, HDIF—horizontal diffusion, VDIF—vertical diffusion,
EMIS—emissions, DDEP—dry deposition, CLDS—cloud processes, CHEM—chemical
processes, and AERO—aerosol processes. In the current section, we present mainly results
from the high-performance computing simulations, which evaluate the contribution of
different dynamic transportation and transformation processes of air pollutants, which
form the air pollution climate in Sofia city. The function of the CMAQ model—“integrated
process rate analysis” was used for this task—a specific option that gives an opportunity to
estimate the role of each one of the former processes in air pollution formation. In that way,
the concentration change ∆Ci of the i-th pollutant for a given time interval from t to [t+ ∆t],
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can be present as a sum of the contributions of the different processes that determine the
concentration change, i.e., the equation for transport and transformation of pollutants can
be written in the form:

∆c1
i = (∆c1

i )hdi f + (∆c1
i )vdi f + (∆c1

i )h adv + (∆c1
i )v adv + (∆c1

i )drydep + (∆c1
i )emiss + (∆c1

i )chem + (∆c1
i )cloud + (∆c1

i )aero (2)

The figures show the annual and seasonal averaged contributions of the HADV, ZADV,
HDIF, VDIF, EMIS, DDEP, CLDS, CHEM, AERO leading to the different air pollutants (NO2,
FPRM) formations, averaged for some locations of the domain, as well as for the entire
one—Sofia city. All the plots demonstrated are for the first model layer. The total change of
the concentration (∆C) is also plotted, and we can see its sign—positive or negative and
that it has a well pronounced diurnal course. Different contributions with different values
dominate the formation of the air pollutants, which is traced on the graphics and which
contribution of given processes dominate, in a given time and sign.

3. Results

The Section 3 is separated into three parts and presents characteristics of the numer-
ically obtained concentration fields, the contribution of different emission sources, and
process analysis of the atmospheric composition for the entire domain Sofia city and two
locations—Orlov most and Bistritsa.

Graphics of the diurnal evolution of the “typical” relative contribution—annual and
seasonal emissions—of SNAP categories 1, 2, 3, 7 and the emissions of the surface concen-
trations of NO2 and FPRM, averaged for the territory of Sofia city and for Orlov most and
Bistritsa, are shown.

The annual and seasonal averaged contributions of the processes leading to the
formation of pollutants (NO2, FPRM), averaged for some locations of the domain as well
as for the entire Sofia city, are presented. The total change of the concentration (∆C)
is also plotted, and we can see its sign—positive or negative—has a well pronounced
diurnal course. Different contributions with different values dominate the formation of
the air pollutants, which is traced on the graphics—where a given process dominates, at
a given time and sign. The values of ∆C differ in different seasons and are defined from
the superposition of the contributions of the different processes, which are also with a
different signs.

3.1. Characteristics of the Numerically Obtained Concentration Fields, Contribution of Different
Emission Sources and Different Dynamic and Chemical Processes to the Atmospheric Composition
in Sofia

The graphics in Figure 2 show that the average NO2 concentrations have a well-
expressed diurnal course with a maximum in the early hours and a minimum in the
afternoon. The average concentrations are mostly in the 80% interval of cases (between
the two green curves 10–90%). The average concentrations are asymmetrically located in
the different pieces of a number of case intervals during the day as well as in the different
seasons. The seasonal course shows that the absolute maximum of NO2 concentrations are
highest in the autumn and the winter, which is probably due to the bigger frequency of
the stable atmospheric stratification cases and the impeded vertical turbulent transport of
NO2. The averaged ensemble annual and seasonal contributions of the different sources
(Figure 3), leading to the formation of surface NO2 in Sofia, sheds light from another
perspective. The results suggest that the contribution of the different sources varies in each
season but with a similar diurnal course. Everywhere during the night, the biggest natural
contribution is from emissions of all SNAP categories, followed by one of the road transport
(SNALL and SN7), about 30% around midnight during all seasons. The contribution of the
other sources in the morning hours has a small peak of around 10%.

Figure 4 shows the annually and seasonally averaged contributions of the processes
of NO2 formation averaged for the entire domain. The main contribution for the NO2
formation has chemical processes with a positive sign. The horizontal advection is positive
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in the morning and afternoon and becomes negative at noon. The vertical advection is
opposite to the horizontal one. The dry deposition and vertical diffusion have a negative
contribution, although with smaller magnitudes. We can outline the positive contribution of
the emissions at all hours of the day. The contribution of the other processes is almost zero.

Figure 2. Spatial and diurnal variations of the annual and seasonal ensembles of surface NO2 (µg/m3)
concentration behavior in logarithmic scale for Sofia for the period 2008–2014.

Figure 3. Cont.
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Figure 3. Annual and seasonal averaged relative contribution (%) of all emissions and emissions from
different SNAP categories to the formation of NO2 concentration in Sofia for the period 2008–2014.

Figure 4. Annual, seasonal and diurnal course of the contribution of the different dynamic and
chemical processes of the formation of NO2 concentrations (µg/m3/h) averaged for the territory of
Sofia for the period 2008–2014.
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The plots in Figure 5 suggest that the average FPRM concentrations have a well-
expressed diurnal and seasonal course and asymmetrical distribution during the day and
seasons for different intervals. The average concentrations fall into the interval containing
80% of cases during the warm months and above that for the cold ones, as during the
winter, coinciding with the 90% curve. The absolute maximum and average concentrations
are highest in the autumn and winter (stable stratification). There is a well-expressed
maximum during the early hours for NO2 and a minimum around noon. The possible
reasons for that maximum are the stable atmosphere and intensive road traffic in the early
morning. The results for the averaged by ensemble annual and seasonal contributions of
any source leading to the formation of surface FPRM for Sofia city are different (Figure 6),
suggesting that the contribution of the different sources varies seasonally but has an equal
diurnal course. The dominating natural contribution is one of the sources of all SNAP
categories (SNALL), about 40%, followed by one of the road transport (SN7), at about 30%.
The contribution of the other sources is about 10% in all seasons. The diurnal distribution
shows that the different SNAP categories have maximum contribution in the morning
hours and afternoon, and minimum around noon and during the night, which correspond
to the concentrations graphics.

The annually and seasonally averaged contributions of processes for FPRM formation
averaged for the entire Sofia city domain are shown in Figure 7. The main positive
contribution has vertical diffusion for the entire day and vertical advection around noon.
The contribution of the vertical advection in the morning and afternoon is negative. The
horizontal advection is opposite to the vertical one. The dry deposition has a negative
contribution with a maximum around noon. The aerosol processes have a negative sign in
all seasons except for winter. The processes are more active during the winter in comparison
with other seasons. The winter is outlined with a large positive contribution of emissions
and decreases to a negative contribution of vertical diffusion. The other processes have
almost zero contributions.

Figure 5. Cont.
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Figure 5. Spatial and diurnal variations of the annual and seasonal ensembles of surface FPRM
(µg/m3) concentrations behavior in logarithmic scale for Sofia for the period 2008–2014.

Figure 6. Annual and seasonal averaged relative contribution (%) of all emissions and the emissions
from different SNAP categories of the formation of FPRM concentrations for Sofia for the period
2008–2014.
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Figure 7. Annual, seasonal and diurnal course of the contribution of the different dynamic and
chemical processes for the formation of FPRM concentrations (µg/m3/h) averaged for the territory
of Sofia for the period 2008–2014.

3.2. Characteristics of the Numerically Obtained Concentration Fields, Contribution of Different
Emission Sources and Different Dynamic and Chemical Processes to the Atmospheric Composition
in Orlov Most

Figure 8 shows the annually and seasonally averaged NO2 concentrations for the Orlov
most station. The results on the plots show that the average concentrations have a well-
expressed diurnal course with a maximum in the early morning hours and a minimum in
the afternoon. The average concentrations are mostly in the 80% interval of cases (between
the two green curves, at 10–90%). The average concentrations are asymmetrically located
in the different intervals of a number of cases during the day as well as the seasons. The
seasonal course suggests that the absolute maximum NO2 concentrations are highest in
autumn and winter. The last is probably due to the more cases with stable atmospheric
stratification and the impeded turbulent exchange of NO2 in the vertical direction. The
averaged contributions from the different sources for NO2 formation in each season are
different but with an equal diurnal course (Figure 9). The main contribution during the
night is from the emissions of all SNAP sources (SNALL)—about 80%, followed by traffic
(SN7)—about 50%, in spring, summer, and autumn. The second largest contribution in
winter is from the industry (SN3). The contribution of all other sources in the morning
hours has a peak of about 20%. The contribution of the sources from non-industrial burning
(SN2) is the least.

162



Atmosphere 2021, 12, 1450

The average annual and seasonal contributions of the processes of NO2 for Orlov
most are shown in Figure 10. The main contribution for NO2 formation is chemical
processes, which have a positive sign, as well as a high positive contribution of emissions
in winter. Horizontal advection is positive during the entire day, and vertical advection
is opposite. Vertical diffusion also has a negative contribution, although with smaller
values and a maximum around noon. The contribution of the other processes is at almost
zero magnitude.

Figure 8. Spatial and diurnal variations of the annual and seasonal ensembles of surface NO2 (µg/m3)
concentrations behavior in logarithmic scale for Orlov most for the period 2008–2014.

Figure 9. Cont.
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Figure 9. Annual and Seasonal averaged relative contribution (%) of all emissions and the emissions
from different SNAP categories of the formation of NO2 concentrations for Orlov most for the period
2008–2014.

Figure 10. Annual, seasonal and diurnal course of the contribution of the different dynamic and
chemical processes of the formation of NO2 concentrations (µg/m3/h) averaged for Orlov most for
the period 2008–2014.
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The annually and seasonally averaged concentrations of the FPRM for the Orlov most
station are shown in Figure 11. The curves show that the average concentrations have
well-expressed diurnal and seasonal courses and asymmetric location in different intervals
of numbers of cases during the day and seasons. The average concentrations fall into the
80% cases interval during the warm months and the above interval for the cold months.
The winter average concentrations coincide with the 90% curve. The absolute maximum
and average concentrations are highest for autumn and winter (stable stratification). The
early morning hours are characterized by well-expressed maximum and minimum around
noon. Probable reasons for this maximum are the stable atmosphere and intensive traffic
early morning, which probably play a role in the results for the ensemble annual and
seasonal average contributions of different sources for the formation of FPRM (Figure 12).
The contribution of the different types of sources varies among the seasons but with the
same diurnal course. The main contribution is from sources of all SNAPs (SNALL)—about
70%—followed by the one of the road transport (SN7)—about 60%. The contribution from
the other sources is about 20% in all seasons. The distribution during the course of the day
has maximum contributions in the morning and afternoon and a minimum around noon
and during the night.

Figure 13 shows the same characteristics as in Figure 10, but for the FPRM formation.
The main positive contribution to the FPRM formation is vertical in the afternoon with
vertical advection for all hours of the day. The phase of horizontal advection is opposite
the vertical, which shows a negative contribution. The dry deposition is negative with a
maximum around noon. The aerosol processes during all seasons except for winter have a
negative contribution. The processes are more intense during the winter in comparison
with the other seasons, which is outlined with a large positive contribution of emissions and
which decreases to negative for vertical diffusion. The contribution of the other processes
is almost zero.

Figure 11. Cont.
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Figure 11. Spatial and diurnal variations of the annual and seasonal ensembles of surface FPRM
(µg/m3) concentrations behavior in logarithmic scale for Orlov most for the period 2008–2014.

Figure 12. Annual and seasonal averaged relative contribution (%) of all emissions and the emissions
from different SNAP categories of the formation of FPRM concentrations for Orlov most for the
period 2008–2014.

166



Atmosphere 2021, 12, 1450

Figure 13. Annual, seasonal and diurnal course of the contribution of the different dynamic and
chemical processes to the formation of FPRM concentrations (µg/m3/h) averaged for Orlov most for
the period 2008–2014.

3.3. Characteristics of the Numerically Obtained Concentration Fields, Contribution of Different
Emission Sources and Different Dynamic and Chemical Processes to the Atmospheric Composition
in Bistritsa

Figure 14 shows the annually and seasonally averaged NO2 concentrations for the
Bistritsa station. The graphics show that the average concentrations have well-expressed
diurnal course with a maximum in the early morning hours and a minimum in the after-
noon. The average concentration curves follow the 75% and fall into the 80% interval of
cases. The locations of the average concentrations are asymmetric for different pieces of the
number of cases interval during the day and for the seasons. The seasonal course suggests
that the maximum nitrogen dioxide concentrations are highest in autumn and winter. The
ensemble-averaged contributions for surface NO2 formation at Bistritsa point (Figure 15)
differ for each type of source and in each season, but their diurnal course is almost equal,
although not for Orlov most. The contributions are positive, and the largest one in the
afternoon and during the night is SNALL, followed by road transport (SN7). The contri-
bution of the other sources in the morning hours peaks at about 20%. The contributions
of the sources from energetics (SN1) and non-industrial burning (SN2) reach 15% in the
afternoon during the spring and the winter.

The averaged annual and seasonal contributions of the processes of NO2 averaged
for Bistritsa are shown in Figure 16. The main contribution for NO2 formation is chemical
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processes, which have a positive sign. Horizontal advection is positive in morning hours
and negative at noon, with a peak for all seasons, and vertical advection is opposite. Vertical
diffusion also has a negative contribution, although with smaller values and a maximum
around noon. The contribution of the other processes is of almost zero magnitude.

Figure 14. Spatial and diurnal variations of the annual and seasonal ensembles of surface NO2

(µg/m3) concentrations behavior in logarithmic scale for Bistritsa for the period 2008–2014.

Figure 15. Cont.
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Figure 15. Annual and seasonal averaged relative contribution (%) of all the emissions and the
emissions from different SNAP categories of the formation of NO2 concentrations for Bistritsa for the
period 2008–2014.

Figure 16. Annual, seasonal and diurnal course of the contribution of the different dynamic and
chemical processes of the formation of NO2 concentrations (µg/m3/h) averaged for Bistritsa for the
period 2008–2014.
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The annually and seasonally averaged concentrations of the FPRM for the Bistritsa
station are shown in Figure 17. The plots show that the average concentrations have a
well-expressed diurnal and seasonal course and are asymmetrically located in different
intervals of numbers of cases during the day and seasons. The average concentrations
fall into the 80% cases interval during the warm months and above it for the cold months.
The winter average concentrations coincide with the 90% curve. The absolute maximum
and average concentrations are highest for autumn and winter. The early morning hours
are characterized by a well-expressed maximum for NO2, with a minimum around noon,
which may be due to the stable atmosphere and intensive traffic in the early morning,
which probably influence the patterns of the contributions of different sources for surface
FPRM formation around Bistritsa (Figure 18). The averaged contributions are different
for each season. The main contribution is naturally from sources of all SNAP categories
(SNALL)—about 40%—followed by road transport (SN7)—about 30%. In the afternoon,
the sources from combustion in the production and transformation of energy (SN1) have a
maximum of about 20%. The contribution from other sources is about 10% for all seasons.
The daily distribution suggests that SNAPs have a maximum in the morning and afternoon
and a minimum around noon and night.

Figure 19 shows the same characteristics as in Figure 16, but for FPRM formation. The
main positive contribution to the FPRM formation is vertical diffusion for all hours of the
day and vertical advection around noon. The phase of horizontal advection is opposite to
the vertical one, which has a negative contribution. The dry deposition is negative with a
maximum around noon. The processes are more intense during the winter in comparison
with other seasons. The contribution of the other processes is almost zero.

Figure 17. Cont.
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Figure 17. Spatial and diurnal variations of the annual and seasonal ensembles of surface FPRM
(µg/m3) concentrations behavior in logarithmic scale for Bistritsa for the period 2008–2014.

Figure 18. Annual and seasonal averaged relative contribution (%) of all the emissions and the
emissions from different SNAP categories of the formation of FPRM concentrations for Bistritsa for
the period 2008–2014.
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Figure 19. Annual, seasonal and diurnal course of the contribution of the different dynamic and
chemical processes of the formation of FPRM concentrations (µg/m3/h) averaged for Bistritsa for
the period 2008–2014.

4. Conclusions

Statistical processing was performed, and the probability density function was calcu-
lated for each of the atmospheric compounds with the corresponding seasonal and diurnal
fluctuations for each of the points of the grid or the territory of the city. Two points were
selected: a mountain type “Bistritsa” and a typical city “Orlov most.” Spatial and diurnal
variations of the annual ensemble of NO2 and FPRM are considered. The minimum and
maximum curves and the 25%, 75%, 10%, and 90% probability curves are shown. The
curves show the imaginary concentrations for which the probability of each simulation is
less than 25%, 75%, 10%, and 90%, respectively.

The concentrations of NO2, FPRM of Bistritsa are of the same order as Orlov Most.
The NO2 and FPRM concentrations around noon are at a local minimum and are larger
during morning hours due to the combination of factors, including traffic and atmospheric
stability. The NO2 concentrations are at a minimum around noon, probably because of the
more intense turbulent mixing and the slope effect. The FPRM concentrations do not have
significant diurnal variations. The ensemble behavior of NO2 and FPRM is significantly
asymmetric for both selected sites.

For all emission categories, the pattern of the contribution fields is complex, which
reflects the emission source configuration and the heterogeneity of topography, land use,
and meteorological conditions. Plots of this kind can give a good qualitative impression
of the spatial complexity of emission contributions. In order to demonstrate emission
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contribution behavior in a simpler and easier way, the respective fields can be averaged
over some domain, which makes it possible to follow and compare the diurnal behavior of
the respective contributions of different species. The results presented in the paper are a first
glance at the atmospheric composition status in urban areas; thus, few decisive conclusions
can be made at this stage of the study. Different emissions, relative to contribution of the
concentration of different species, can be different, varying from 80% to above 100%. The
contributions of different emission categories to different species surface concentrations
have different diurnal courses. For all of the pollutants, the contribution of SNALL is
dominant, but this contribution of emissions is less than 100%, which means that part
of the concentrations is formed from sources outside the Sofia city, due to transport into
the domain. The contribution of all SN7 (road transport) to NO2 surface concentrations
is positive and reaches about 50% around the busiest traffic roads. The SN7 emissions
have dominant contributions to the NO2 and FPRM surface concentrations. The relative
contribution of SNALL and SN7 to the formation of FPRM, as well as for NO2 at the busiest
traffic place, have two maximums in the diurnal course.

The estimation of the contribution of emissions from different source categories is
valuable information that can be useful for the definition of measures for improving the
air quality in Sofia by reducing emissions. Moreover, knowing the diurnal course of the
contributions for a specific time period can suggest an optimal emission temporal regime
in order to mitigate air pollution for the given episode.

The results produced by the CMAQ “integrated process rate analysis” demonstrate
the complex behavior and interaction of the different processes. Further analysis of these
processes, their spatial, diurnal, and seasonal variability, and interaction can be helpful for
an explanation of the overall picture and origin of the pollution in the considered region.
For the entire domain of Sofia, and for each of the selected items, the total concentration
change (∆C), leading to a change in a concentration, is determined mainly by a small
number of dominating processes that have large values and may have opposite signs and
phases. The total concentration change (∆C) is different for each pollutant. The sign of
the contributions of some of the processes is obvious, but some may have different signs,
depending on the type of emissions as well as weather conditions and topography. In
general, it can be concluded that the contributions of different processes have different
behaviors and interact in a complex way.

The “integrated process rate analysis” is not often applied in urban air quality simula-
tions; thus, in the case of the present study, it enriches the entire picture of the atmospheric
composition climate of the city of Sofia. This ensemble treatment of the contribution of
different processes, however, does not give an easy answer to how the processes interact
and how exactly they form the air composition. It will probably be more fruitful to consider
the process contribution for a given episode together with the specific meteorological
conditions for that episode.

The obtained results and the corresponding conclusions made in this paper are in good
agreement with the general idea of how urban atmospheric composition is formed; thus,
they do not add general knowledge on the subject. The research and applied contribution
of the paper are that it presents quantitative estimations specific to the city of Sofia. Such
an extensive and comprehensive study for the city of Sofia had not been made before.

The models and the entire procedure used in the present paper can, of course, be
applied to other cities. Such studies have been made for many cities. A crucial point,
however, is the emission inventory, and the activities for preparing it are specific for each
city, depending on the raw data available.
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