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Abstract

In this study, the identification of PM sources during smog episodes in Debrecen is presented. The smog episodes were
characterized by the high concentration of PM,,, and were linked to a thermal inversion period in November 2011 in
Hungary, when an anticyclone occurred across Europe. The sources of PM, 5 and PM_,sc Were identified by positive matrix
factorization (PMF). Additionally, the source locations were explored by using the conditional probability function (CPF). A
numerical weather prediction model (WRF) was also applied to evaluate the air pollution situation. In order to meet the goals of
the study, the elemental composition with high (2-h) time resolution, the elemental size distribution, and the planetary boundary
layer were examined in an urban background site of downtown Debrecen, Hungary. Our results highlight the importance of
biomass burning (39%) and traffic (31%) as the major contributors to PM, 5. The main tracers of these sources (K, Cl, Pb, Zn)
appeared mainly in droplet mode (0.5—-1 pm). The major sources of PM o, fraction were soil (32%), and dust attributed to
tramline construction (30%). The combination of PMF and CPF results revealed that the PM;, concentrations were affected by
sources within the urban agglomeration of Debrecen (city centre and suburban areas) under the given meteorological conditions.
This conclusion is further validated by the fact that the diurnal variation of the identified source contributions presented a distinct
pattern that depended strongly on the daily activities of the city’s residents (compared to the usually unstructured diurnals of
transported sources).

Keywords Smog episodes - Elemental composition with high time resolution - Elemental size distribution - Source
apportionment - CPF

Introduction respiratory morbidity and mortality (Pope and Dockery

2006). Subpopulation groups such as children and the elderly
Over the last decades, human exposure to particulate matter ~ are more susceptible to PM-induced health effects because of
(PM) related pollution has been associated with a broad range  their physiological differences (Jason et al. 2011). PM-related
of adverse health effects, including cardiovascular and  pollution occurs predominantly in the densely populated ur-
ban areas, where more than 70% of the EU population lives
(EEA 2018).

Urban air quality is influenced by a large number of differ-
ent factors. It depends mainly on the emission rates of air
pollutants, which is in turn affected by the location and con-
tributions of the various emission sources. Additional factors,
such as meteorological conditions and topography (i.e., moun-
tainous areas and basins) can also contribute by enhancing air
pollution phenomena and create pollution events like summer
or winter smog formation.

The weather conditions and air quality are interrelated: the

) . dispersion or accumulation of pollutants emitted into the urban
Isotope Climatology and Environmental Research Centre (ICER), . . .
Institute for Nuclear Research (ATOMKI), Bem tér 18/, air-shed can be strongly influenced by the formation of low-
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(PBL). These events are very frequent in urban environments
(EEA 1998). In Hungary, wind speed and planetary boundary
layer are the variables that strongly influence PM levels.

In the EU, there are no common standards or guidelines
regarding information and alarm thresholds for temporary ex-
tremely high PM-related pollution. The local governments
and/or municipalities are responsible for informing the public
and enforce all necessary actions/measures (Wiesen 2017).
On the other hand, the EU environmental policy expressed
by the Air Quality Directive (Council Directive 2008/50/EC)
calls attention to the increased importance of effective air
quality plans for the mitigation of particulate pollution, and
consequently, human exposure risk. The experience gained
during the last decades of air quality monitoring and manage-
ment has made it very clear that further mitigation of PM
pollution is needed. If control measures are to be effective, it
is imperative to identify the major PM sources and target
specifically the reduction of the emissions from these sources,
which are the ones that contribute most in a given area or/and
during high pollution events such as smog episodes.

Hungary lies in the Carpathian Basin which has been found
to be very sensitive to particulate-related pollution according
to the findings from previous studies, experiencing severe
events in many cases (Ferenczi 2013; Molnar et al. 2016). In
Hungary, these events are more frequent under anticyclonic
weather conditions in autumn and winter (Cséki 2010). The
geographical location of Hungary — a basin surrounded by
the Carpathians, the Alps, and the Dinaric Alps — strongly
favours stagnant weather conditions. Because of the combined
effect of the weather conditions and geographical location,
aerosol smog episodes (smog created by high concentrations
of PM) occur typically in autumn and winter in Hungarian
cities. During these severe air pollution events, PM concentra-
tions are very high, posing additional risks to human health.

In Hungary, the information (75 pg/m®) and the alarm
threshold value (100 ug/m3) for the PM;( concentration were
introduced by the government on 25th October, 2008
(MDVM 2011). In large cities, a monitoring network is oper-
ated by the Hungarian Air Quality Network (www.
levegominoseg.hu), which collects and reports data on PM;
and other gaseous pollutant concentrations (SO,, CO, NOy
etc.). However, the agencies are not obliged to identify and
report data on individual PM sources and consequently, there
is no information about the contribution of each source to the
total PM mass concentration.

To meet the need for PM source identification, receptor
models, such as Positive Matrix Factorization (PMF), have
been proven to be useful and reliable tools (Viana et al.
2008; Belis et al. 2013). PMF has been successfully applied
in areas with many different characteristics in regions all
around the world. Information about several components of
PM such as the elements, ions, organic and elemental carbon
are usually included in such studies (Almeida et al. 2020;
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Banerjee et al. 2015; Pateraki et al. 2019). The most common-
ly identified sources include soil, secondary aerosols, vehicu-
lar emissions, fossil fuel burning, biomass burning, sea salt
and industrial emissions (Pant and Harrison 2012; Sharma
et al. 2016). One of the most important parameters in the
receptor modeling analysis is the selection of source
signature/source profile. Source signature refers to the mix
of tracer elements and/or molecular markers used for identifi-
cation of sources (Pant and Harrison 2012). The assignment of
factors from multivariate receptor models to specific source
categories is in many cases highly questionable as factors
often include combinations of chemical constituents that are
of low plausibility. To assist the factor identification in some
studies, the chemical reconstruction or/and the examination of
elemental ratios has been used (Sharma et al. 2014a, b).

Source apportionment has usually been conducted by off-
line filter sampling, and the period of sampling and chemical
analysis of PM tends to be relatively long. This is not condu-
cive to the rapid analysis required for a better understanding of
the causes of smog events. Additionally, the relatively low
time resolution of source apportionment results prevents
policymakers from taking effective control measures for
fast-changing emission sources. To obtain more accurate re-
sults, aerosol particle composition data with high time resolu-
tion and mass size distribution are required (Vecchi et al.
2008; Richard et al. 2011). Another factor that provides valu-
able supplementary information to source apportionment
studies to help ensure accurate aerosol source identification
is the analysis of meteorological data (planetary boundary
layer, wind speed, wind direction etc.).

There are a few studies in Central Europe which focus on
areas with high ambient PM,, concentrations in Ostrava
(Czech Republic) (Leonia et al. 2018), Krakow (Poland)
(Mira-Salama et al. 2008) and K-puszta (Hungary) (Molnar
et al. 2016). Most of these studies involve particle mass con-
centration, composition, optical properties and source appor-
tionment in smog episodes. Two studies have presented re-
sults of receptor modeling on high time (1-h and 2-h) and size-
resolved (PM0_15_1_15, PM1.15_10, and PMOAO9—O.26) elemental
composition data collected during smog and post-smog pe-
riods in Ostrava, Czech Republic, a European air pollution
hot-spot (Pokorna et al. 2015; Pokorna et al. 2016). They
highlighted the importance of the impact of the fugitive and
coal combusting low-height aerosol sources during the inver-
sion period and industrial aerosol emissions during post-smog
period to the urban air quality of the Ostrava-Radvanice and
Bartovice district during the winter period. As for the air qual-
ity worsening in residential areas, the proximity of industry
must be considered when control-emission tecniques are ap-
plied (Hovorka et al. 2015).

In our previous study in Debrecen, Hungary, a series of
sampling campaigns were used to identify and characterize
the sources of fine and coarse particulate matter. The
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campaigns were carried out throughout a 2-year long period
under different meteorological conditions and during different
seasons. The samples were collected in 2-h time resolution at
an urban background site. The following sources were identi-
fied: traffic through direct emission and re-suspended soil
dust, mineral dust, biomass burning as domestic heating,
source characterized by Cl, secondary sulphate from combus-
tion, regional background and agriculture (Kertész et al.
2010).

High APM levels called smog occur frequently in
Debrecen and similar cities in the region during winters, be-
tween November an February. Under favourable meteorolog-
ical conditions, these episodes can last 5—15 days long.

In this study, two successive long-drawn smog episodes
caused by an anticyclone in November 2011 were chosen to
characterize the APM pollution and provide a unique snapshot
of the contributing sources for such periods. At the same time,
the size distribution of PM was also examined. Positive
Matrix Factorization (EPA PMF 5.0) receptor model was ap-
plied to characterize the PM sources in Debrecen, using high
time resolution elemental data as input. Additionally, we
assessed the effects of meteorological parameters such as the
planetary boundary layer, wind direction and speed, using
conditional probability function and a numerical weather pre-
diction model.

Receptor site

The city of Debrecen with approximately 220,000 inhabitants
is situated at the eastern part of the country in the Great
Hungarian Plain. It has a mixed-fired power plant, a waste
incinerator, an airport and it is surrounded by agricultural areas.
Based on regional environmental agency reports (GOHBCH
2020), the main primary sources of pollution are traffic-
related (non-exhaust and exhaust emissions). Since the eco-
nomic crisis of 2008, increased use of biomass burning for
residential heating has been recorded during the heating season.

The receptor site was a rooftop sampling station (at a height
of about 5 m above street level) on the Atomki premises
(47.5437° N, 21.6252° E). The site is shielded from the direct
impact of pollution sources. The map of Debrecen including
the sampling site and the official monitoring sites operated by
the Hungarian Air Quality Network (HAQN n.d) are shown in
Fig. 1. After examining the correlation of the data from
HAQN station to the ones retrieved in our site, data from
HAQNI station situated in Debrecen were used as comple-
mentary to the ones obtained by this study, while HAQN2 and
HAQN3 are reported for comparison. The HAQN1 monitor-
ing station is situated approximately 900 m from our sampling
site to the north, in the forest park region. In the near/
immediate vicinity of the sampling site, there is a main road
to the west, national road no. 33 to the south, and a street with
a tramline to the east.

Experimental
Aerosol sampling

For the sampling campaigns, a two-stage sequential PIXE
(Particle Induced X-ray emission) International streaker
(Annegarn et al. 1996) was used to study the quasi-hourly
evolution of atmospheric aerosol concentration. The sampling
device collected two different size fractions separately with a
time resolution of 2 h in November, 2011. The coarse fraction
(PM_oarses particles with aerodynamic diameter between 2.5
and 10 pm) was deposited on a kapton foil coated with metal
free paraffin, while the fine fraction (PM, s, particles with aero-
dynamic diameter equal or smaller than 2.5 um) was collected
on Nucleopore polycarbonate filters with 0.3 pm pore diame-
ter. The aerosol sampling was carried out with a flow rate of 1 L
min". Furthermore, size-resolved samples were collected by a
ten-stage PIXE International cascade impactor (Maenhaut et al.
1996) in the following size fractions: > 16, 16-8, 84, 4-2,2-1,
1-0.5, 0.5-0.25, 0.25-0.12, 0.12-0.06 and < 0.06 um aerody-
namic diameter. In this case, a coated kapton foil was applied as
impactor surface. The sampling site described in section
“Receptor site” can be considered as an urban background site
in downtown Debrecen. The sampling campaigns with a
streaker were carried out from 2 to 8 November and from 15
to 21 November, 2011. The sampling using the cascade impac-
tor took place between 2-5, 7-9 and 15-17 November, 2011.

Analysis and data evaluation
Elemental analysis

The elemental composition of the aerosol samples (atomic
number 13 > Z) was determined by particle induced X-ray
emission (PIXE) method. The measurements were performed
at the PIXE chamber installed on the left 45° beamline of the 5
MYV Van de Graaft accelerator of Atomki (Borbély-Kiss et al.
1985). The irradiation was done by a proton beam of 2 MeV
energy. The beam intensity was 50 nA and the accumulated
charge was 40 uC for each sample. The PIXE spectra were
evaluated using the PIXEKLM program package (Szab6 and
Borbély-Kiss 1993; Szaboé 2009), which provided absolute
elemental concentration values for the following elements:
Al Si, P, S, Cl, K, Ca, Ti, V, Mn, Fe, Ni, Cu, Zn, Br, Ba,
Pb. The values were given in ng/m>. Depending on the ele-
ment, the detection limit varied from 1 to 20 ng/m3, see
Table S1 (Supplementary Material), and the uncertainty on
the determination of the concentration was between 2 and
10%. An EEL model 43 smoke stain reflectometer
(Diffusion System Ltd.) (Adams et al. 2002) was used to de-
termine black carbon concentration on the fine samples. Black
carbon concentration data were given in pug/m> with a 10%
measurement uncertainty.
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Fig. 1 Left: the city of Debrecen and a detailed map of the sampling site with the location of the sampling station and Hungarian Air Quality stations.

Right: Expanded view of the sampling area
Data analysis
Enrichment factor calculation

In order to have an indication on the type of the sources of PM,
the enrichment factor (EF) of each element determined was
calculated according to the following equation:

Xpym

Sipy
EF = 1
X Crust ( )

S iCrust

where X is the concentration of the element of interest and Si
is the concentration of a reference element, which is predom-
inately from natural origin and its mass is conserved. By con-
vention, an EF < 10 is indicative of the elements’ crustal
origin, due to some uncertainty related to natural variation of
crustal composition, while elements with EF > 10 are attrib-
uted as elements originated from anthropogenic sources. The
EFs were calculated on the basis of the elemental concentra-
tions on Earth’s upper crust (Mason and Moore 1982).

Numerical weather prediction model (WRF)
An accurate description of the planetary boundary layer (PBL)

height is important for the evaluation of air pollution situa-
tions. In our work, the Hungarian version of the Weather
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Research and Forecasting (WRF) model was applied to deter-
mine the PBL height values, using the BouLac PBL scheme
(Bougeault and Lacarrére 1989). The BouLac PBL scheme is
classified as a one-and-a-half order turbulent kinetic energy
(TKE) closure scheme which determines the diffusion coeffi-
cients from the prognostically calculated TKE (Szintai and
Kaufmann 2008).

Positive matrix factorization

Apportionment of PM, 5 and PM .. sources was performed
applying the EPA PMF 5.0 software (Paatero and Tapper
1994; Paatero 1997). A data set can be viewed as a data matrix
X of i by j dimensions in which i number of samples and j
chemical species were measured. The goal of the multivariate
receptor models like PMF is to identify a number of factors p,
the species profile f of each source, and the amount of mass g
contributed by each factor to each individual sample:

P
Xy = kzl gl + eip, (2)

where e;; is the residual for each sample/species.

The main advantages of PMF over the other traditional
factor analysis methods (e.g. PCA) are that it includes non-
negativity constraints, it is capable of accommodate missing
or below detection limit data, and the fact that every point in
the matrix is individually weighted by its uncertainty. Non-
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negativity constraints are applied to PMF factors g and f;; to
decrease rotational freedom and to produce factors with phys-
ical meaning, as a factor with negative contribution is not
possible in this type of environmental studies. The optimum
solution in PMF is the one that minimizes the objective func-
tion Q, based on the uncertainties of each observation
(Polissar et al. 2001). The function is defined as:

P 2
| X X gifky
0=y Y |[——|" (3)

=1 uy

where uj; is an uncertainty estimate for j-th constituent mea-
sured in the i-th sample.

Robust mode was applied to decrease the effects of data
points with high residuals on the PMF solution. Values below
the detection limit level (LOD) were replaced by 0.5 x LOD
and their uncertainties were set to 5/6 of the LOD. Missing
values were replaced by the mean concentration of the species
considered, with an uncertainty of four times the concentra-
tion value.

Uncertainties originating from sampling and all analysis
processes were taken into account. The overall uncertainty
was calculated as square root of the sum of squares of indi-
vidual errors:

Ut = 4/ EiU,-z (4)

Determination of the number of factors in PMF analysis

In both the fine and coarse fractions, 153 samples were
analysed, and all variables with more than 80% of values being
below their detection limits (P, V, Sr, Ba in fine and V, Br, Ba
in coarse fractions) were excluded from the analysis. PMF
analysis was carried out with extra modeling uncertainty
(10%) to achieve global minima. Due to their S/N (signal to
noise) ratio or high scaled residuals, Al, P, Ti, Cr, Mn, Ni, Cu
and Pb were classified as weak in the coarse fraction and Al, Ti
and BC in the fine fraction. The model was run with different
factor numbers (4-8) to identify the highest number of factors
with physical meaning. The scaled residuals, the Q values and
the resulting source profiles were examined. Based on the most
physically reasonable result and adequate fit of the model to
original data, seven factors in the fine fraction and five factors
in the coarse fraction were considered as the optimal solution.
Q/Qexp (Brown et al. 2015) (1.1 in the coarse and 1.0 in the
fine fraction) and * (0.93-0.99) between modeled and real
concentrations showed that most samples and species were
well modeled, except for the weak variables (* 0.38-0.80).
All run converged, the scaled residuals were normally distrib-
uted between — 3 and + 3. Although several values for Fpeak

(PMF parameter for rotational control) were tested, changing
the Fpeak value did not result in better source profiles. Error
estimation methods — classical bootstrap (BS), displacement
of factor elements (DISP), and bootstrap enhanced by displace-
ment (BS-DISP) — were applied to examine the stability of our
solution. The results of the diagnostic tools offered by EPA
PMF revealed that the solution was robust with low rotational
ambiguity. Bootstrap results displayed that the factors were
reproduced at the minimum level of 85% of the produced
resamples and there were no swaps for the minimum dQ level
with DISP, indicating well-defined factors. Some constraints
were applied to the solution to apportion the right tracers to
the factors. BC was set to zero in the soil factor as it is not
expected to be present in a soil factor and was pulled up in the
biomass burning factor. The overall dQ change after the appli-
cation of the constraints was lower than 0.5%, indicating that
no significant differences with respect to the unconstrained
results occurred in the solution.

Conditional probability function

Impacts from various wind directions were assessed through
calculating the conditional probability function (CPF) which
couples source contribution estimates from receptor modeling
with wind directions measured on the site (Kim et al. 2003).
The CPF is defined as:

CPFay =" (5)
Nap

where m.q is the number of occurrence from the wind sector
49 that exceeded the threshold criterion, 7.4 is the total num-
ber of data records from the same wind sector. Calm winds (<
1 m/s) were excluded from the analysis due to the isotropic
behaviour of wind vane under calm conditions. The threshold
criterion was set at the upper 10th percentile value of the
source contributions for each source. The sources are likely
to be located in directions that have high conditional proba-
bility values. Polar plots were obtained applying the R
Openair Package (Carslaw and Ropkins 2012).

Results and discussion
Atmospheric condition, PM, 5, PM,, and NO,

At the end of October, 2011, an anticyclone extended over
Central Europe and the impact of a high pressure weather
system was dominant in the following weeks. The European
weather situation is presented in Fig. 2 at the beginning of the
smog period (21 October, 2011) and on 17 November, 2011,
when the highest PM ;o was measured in Debrecen.

@ Springer
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Fig. 2 European weather situation is shown at the beginning of the smog period (left) and on November 17, 2011, (right) when the highest PM;, was

measured in Debrecen

It is apparent from both maps that an anticyclone over
Europe controlled the weather in Hungary in those days and
remained unchanged until the end of November. The weather
was uneventful, variably cloudy and foggy at some places.
During these days, the wind speed was very low and there
was no precipitation around Debrecen. Due to the meteoro-
logical condition, the concentration of PM;, increased from
25 October.

At the Atomki site, 24-h PM, 5 and PM, 5.1 samples have
been collected two times a week since 1998 (Furu et al. 2015).
Figure 3 shows the measured PM, 5 and PM;, concentrations
at Atomki and the PM;, concentrations measured at the 3
HAQN stations of Debecen during 2011. The investigated
high pollution level period is clearly shown. Unfortuantely
due to a temporary failure of the sampler, PMcoarse and thus
PM;  concentrations are not available for 10 of October to 15
of November.

In general, at Atomki, lower PM;, concentrations were
measured when compared to the values reported by the
HAQN stations. It has been indicated in several studies in
the past that there are differences between automatic (as in
HAQN stations) and standard off-line PM mass concentration
measurements (Shin et al. 2011; Takahashi et al. 2008), with
higher deviation at high ambient RH (Chang and Tsai 2003).
Additionally, 24-h PM measurements can be significantly in-
fluenced by the interaction of water with the filter material
and/or aerosol particles during collection under unfavourable
weather conditions. Having that said, our PM;, concentration
values correlate well with the PM;( (r=0.74, p < 0.01) values
of HAQNI1 and of HAQN2 (r=0.78, p < 0.01), see Table S2
(Supplementary Material). Consequently, the hourly data
from the monitoring station (HAQN1) were used for the study
of the smog periods since this station is the one in closest
proximity to the sampling point. PM;, and NOy trends re-
corded at HAQNI1 and the variation of meteorological
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variables from October to December 2011, including the
smog episodes, are illustrated in Fig. 4.

The average PM( concentration during the sampling cam-
paigns at HAQN1 was 80.95 +45.44 pg/m?, with a peak up to
344 pg/m® on November 17, 11 pm, registered with south-
west (SW) wind direction. The average concentrations of the
gaseous pollutants during the campaign were 69.80 + 69.23
pug/m? for NO,, 47.62 + 33.74 ug/m® for NO,, 14.51 + 26.18
pg/m? for NO and 963.18 + 558.59 pg/m? for CO (Fig. S1 in
Supplementary Material). Moderate correlation (r = 0.57, p <
0.01) was found between the PM;, and NO, concentrations
during the smog periods. There was no rain reported during
the sampling periods, and the relative humidity ranged from
38 to 96%, but was mostly above 70%. Winds from the first
quadrant (0-90°) were the most characteristic, 52% during the
campaign, and had the highest average WS (wind speed) (1.83
m s'l).

The sampling period from 2 to 8 November was character-
ized by an average temperature of 7.64 +4.99 °C, wind speed
of 1.46 ms™' in average, wind direction prevailing from N to E
and high PM, level of 86.04 + 28.50 ug/m'S. The PM;, and
NO, concentrations decreased on 10-11 November, corre-
sponding to a change in wind direction and an increased wind
speed. The sampling period from 15 to 21 November was
characterized by lower temperatures (— 0.36 £+ 2.80 °C), an
average wind speed of 1.69 ms™, with the WD changing from
S to N and PM; concentrations of 76.31 + 57.92 ug/m’3 .

Variation of the PBL height

Figure 5 presents the PBL height during the sampling cam-
paigns. The PBL height ranged from 44 to 759 m with an
average of 140 m for 2 to 8 November while it ranged from
44 to 730 m with the average of 194 m from 15 to 21
November. Due to the changing meteorological parameters
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(temperature, humidity, planetary-boundary-layer), from 15
November, the height and the dynamics of PBL shifted: the
minimum was at 1 am, the maximum was at 11 am while
previously the minimum was at 5 am, the maximum at 1
pm. Along with increasing surface pressure and decreasing

temperature and wind speed, a high level of PM10 was mea-
sured on 17 November, 11 p.m. when the highest PBL height
was only 160 m during the day. Consequently, the emitted
compounds could not be effectively diluted with the ambient
air. This unfavourable meteorological situation could lead to
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Fig. 4 Temporal variation of
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Fig. 5 Planetary boundary layer (PBL) height from 2 to 8 and from 15 to 21 October in Debrecen

the high accumulation of aerosol concentrations. On this day,
the maximum PM;, concentration was observed at all moni-
toring sites.

Elemental concentrations

The elemental concentrations for the study period are present-
ed in Table 1.

The mean concentrations of S (2326 + 604 ng/m3), K (583
+ 490 ng/m3 ) and BC (6866 + 4655 ng/m3) were 2-3 times
higher in the PM, 5 fraction than the previously reported re-
sults from the same location (Kertész et al. 2010). The in-
crease in the concentrations of Cr, Cu and Ni was caused by
the tramline construction which took place near the sampling
station in 2011 (Furu et al. 2015).

To assess the effect of anthropogenic emissions to the ob-
served concentrations of the elements, the enrichment factors
(EFs) were estimated. EF was between 1 and 10 for both size
fractions in the case of the mineral dust elements like Ca, Ti,
Mn, Fe, indicating that they could originate from soil and soil
resuspension (Salma et al. 2001). Furthermore, elements (S,
K, Zn and Pb) generally associated with anthropogenic emis-
sions according to their estimated EFs (> 10), were found
predominantly in the fine size fraction, see the average
PM, s/PM_garse Tatios. Nevertheless, CI, Ni and Cu had high
EFs in both size fractions and their PM5 5/PM_ a1 ratios were
around 1. This fact indicates that these elements are emitted in
both coarse and fine modes by their sources. In our previous
study (Angyal et al. 2010), we could identify the following
anthropogenic sources of coarse mode Cl: winter salting of
streets, agriculture through fertilizers, buildings construction
and industry.

Elemental composition of PM mass size distributions

Elemental mass size distributions were determined for 17 el-
ements using the results obtained by the cascade impactor for
the sampling periods 2—5, 7-9 and 15-17 November 2011
(Fig. 6).

@ Springer

Basically, four different kinds of particles could be
identified during these smog periods based on the size
distribution. (1) Species typically associated with mineral
dust such as Al, Si, Ca, Ti, Mn, Fe and Ba were observed
in the coarse fraction with a dominant peak at the 4-8 pum
range on 2-5 November. It is likely that these elements
were formed by mechanical processes such as resuspen-
sion of soil or road dust (Seinfeld and Pandis 1998). (2)
Furthermore, some anthropogenic components showed a
remarkable contribution in the droplet mode (0.5—1 pm).
The elevated S concentration and the high fraction of
sulphur in the droplet mode particles point to the intensive
secondary particle formation of droplet mode sulphate un-
der smog episodes. At the same time, condensation-mode
sulphur (0.25-0.5 um) showed only a slight peak. Zn and
Pb were also found to be present in high concentrations in
the droplet mode, their possible sources include traffic,
industrial emission (Moffet et al. 2008) and waste incin-
eration (Ogulei et al. 2006). (3) Other species like K and
Cl which are associated with combustion processes had
one prevalent peak in the droplet mode (0.5-1 wm) and
another lower peak at the 4-8 pum range. This bimodal
shape indicates that these elements have at least two dif-
ferent sources. At the beginning of smog periods, potas-
sium exhibited a peak also in the condensation mode
(0.25-0.5 wm), implying freshly emitted particles. When
potassium is emitted from biomass burning, it is mainly in
the form of KC1 (J6ller et al. 2007) in the fine fraction. (4)
Finally, erratic size distributions for several elements (Cu,
Cr and Ni) were attributed to variable influence of emis-
sion sources including a nearby road and a tramline
construction.

From November 7, the dominant peak in the coarse
mode was shifted. The concentration of most elements in-
creased at the 8—16 um range, of which Al, Si, P, Ca, S, K,
Cl, Ca, Ti, Cr, Mn, Fe, Cr, Ni, Cu and Zn concentrations
increased approximately sixfold on 7-9 November. This
points to the significance of the local dust resuspension
processes in Debrecen.
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Table 1 Elemental

concentrations (average = SD,ng/ ~ N=153 PM, s(ng/ EF PMeoarse(ng/ EF PM2.5/
m?), enrichment factors (EF) and m’) m’) PMcoarse
mean PM, s-t0-PMgarse CONCen-
tration ratios during the smog Al 42 +£25 1 13+£17 1 32
episodes Si 155 +38 294 + 77 0.5
P <DL 27+9 22
S 2326 + 604 11651 142 £ 166 580 16.3
Cl 22+23 313 62 £ 85 485 0.4
K 583 £490 41 71 +£61 3 8.2
Ca 31 +£25 2 212+ 56 6 0.1
Ti 3+2 1 8+6 2 0.4
\% <DL <DL
Cr 5+1 4+1 1.1
Mn 3+1 5 3+1 3 0.9
Fe 75+£52 3 106 £ 51 2 0.7
Ni 5+1 99 4+1 59 1.2
Cu 5+3 155 8+5 138 0.6
Zn 40 £ 45 766 12+12 171 3.3
Br 16+4 <DL
Sr <DL 12+5
Ba <DL <DL
Pb 29+26 3026 15+8 1205 1.9
BC 6866 + 4655

Source apportionment of PM, 5 and PMase

PMF factor profiles and their relative contribution, together
with planetary-boundary-layer height, for PM, 5 and PM_qarsc
are shown in Fig. 7 and Fig. 8, respectively, while the percent-
age of relative source contributions to PM, s and PM_qarse bY

source category is in Fig. 9. The CPF plot for the highest 10%
contributions from PMF factors can be see in Fig. 10. The
dominant winds were from the NNE to the E.

The factors were identified as soil (Factor F1), waste incin-
eration (Factor F2), tram traffic (Factor F3), biomass burning
(Factor F4), secondary sulphate (Factor F5), tramline

Fig. 6 Mass size distribution of 8000 | 2.5 November
elements (sampling dates: 2-5, 7— 7000 |
9 and 15-17 November, 2011) 6000 -
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Fig. 7 Source profiles and time series plots of the source contribution together with planetary boundary layer height calculated by WRF in the fine fraction

construction (Factor F6) and traffic (Factor F7) in the fine frac-
tion, while soil (Factor C1), traffic (Factor C2), coal combustion
(Factor C3), tramline construction with soil (Factor C4) and
agricultural through fertilizer with biomass burning (Factor
C5) were recognised in PM .- Based on the sum of the mea-
sured elemental concentrations in each factor, the contribution
was estimated. For the calculation of the contribution of the
sources, the external mass method was used, i.e. PM, s mass
concentration was not used in the input matrix. The measured
mass was regressed against the source contribution values. Even
though there is a difference between the sum of the mass of the
single chemical components and the PM, 5 concentration, this
method can provide an estimate about the source contribution
when PM concentration is not available. Furthermore, the aver-
age factor contributions of working days and weekends (5-6
November and 19-20 November) were also examined.

@ Springer

The first factor profile in PM, s was identified as soil. The
major constituents were Ca (60.0%), Al (37.0%), Fe (27.6%)
and Si (29.9%), which are well-known tracers of soil
(Diapouli et al. 2016; Psanis et al. 2017). The CPF plot pri-
marily pointed to the nearby streets and the relative contribu-
tion to PM, 5 was 2%. Factor F2 was characterized by the high
amount of Pb (27.9%), Zn (38.8%) and BC (9.0%). This factor
could reasonably be interpreted as a waste incineration source,
as those tracers are found to represent this source in previous
studies (Moffet et al. 2008). The Zn/Pb ratio was equal to 1.9
for this factor and it is close to 1.8, a reported ratio for an
municipal incinerator emissions (Polissar et al. 2001).
Source assignment of waste incineration was supported by
the low contribution during the weekends. The higher contri-
bution was observed during evening hours and mornings. The
relative contribution of this factor to PM, 5 mass was 7%. This
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Fig.8 Source profiles and time series plots of source contribution together with planetary boundary layer height calculated by WRF in the coarse fraction

factor showed moderate correlation (see Table S3 in
Supplementary Material) with CO (r = 0.68, p < 0.01), with
NOy (r=0.56, p < 0.01) and with PM,, (r = 0.47, p < 0.01)
confirming the combustion origin. The closest municipal in-
cinerator to the site was situated in 2011 less than 7 km at
220°, which corresponds to the direction suggested by the
CPF analysis. Factor F3 was loaded with Fe and Mn. The

Fig. 9 Percentage of relative
source contributions to PM, 5 and

B 2% Soil

O 7% Waste incineration
O 3% Tram traffic

¥ 39% Biomass burning

B 15% Secondary sulphate

PM, 5 contribution

PM_oarse by source category = l

possible origin of this factor was the tram traffic in Debrecen
as Fe and Mn are known tracers from the abrasion of the
stainless steel trucks of tram lines and metro/train lines
(Martins et al. 2021, 2015). The Mn/Fe ratio was 0.01 in this
factor which is highly consistent with an origin from steel used
in wheels, rails and brakes (Moreno at al. 2014; Abbasi et al.
2012). The diurnal variation was clearly observed: higher

coarse contribution

W 32% Soil
B 9% Traffic
O 18% Coal combustion

O 30% Tramline construction with soil
H11% Cl

E 3% Tramline construction
B 31% Traffic
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Fig. 10 Polar plots of PM; 5 and PM_ . SOurce contributions based on the CPF calculations. Wind speed (m/s) is displayed on the radius while the

calculated probability is designated by colour

contributions in mornings and evenings. The CPF plot was
corresponding to the directionality of soil which may suggest
that this factor originated from a mixed source of road dust and
tram traffic (Kertész et al. 2010). Factor F4 was characterized
by a high amount of K (68.5%), Cl (54.0%) and a significant
amount of BC (49.7%). Alongside BC, potassium is typically
known as a tracer for biomass burning which comprises con-
tributions from residential wood burning, burning of agricul-
tural lands, other biomass waste and wildfires (Belis et al.
2019; Manousakas et al. 2021). The diurnal pattern of the
source contribution of this factor was similar during the whole
campaign. It showed large contributions during the night, op-
posite to the variation pattern of the planetary boundary layer.
It was confirmed by the moderate negative correlation (r = —
0.46, p < 0.01) between biomass burning and PBL. The factor
dominated during the smog episodes and contributed 39% of
PM, 5. It had a positive moderate correlation with NO,, CO
and PM;( (r=0.53,p <0.01), (r=0.63, p < 0.01), r=0.54, p
< 0.01), respectively. The CPF plot pointed from the northeast
to the east, which corresponds to the location of the suburban
area. Factor F5 has sulphur (63.1 %) as a main component,
and thus it was recognised as secondary sulphate, which is
consistent with previous publications (Amato et al. 2016).
SO, is the precursor of sulphate in particulate matter. SO,
can originate from diesel engine emissions, combustion of
different types of fuels (oil, natural gas, pellets) or industrial
emissions. The SO, can occasionally be found together with
NH,* and Na, OC and K or trace metals such as Cu, Zn and Pb

@ Springer

(Viana et al. 2008). Due to its formation time, it is difficult to
differentiate between locally emitted/formed secondary aero-
sol and transported secondary aerosol. The CPF plots indicat-
ed western contributions where an industrial park and another
suburban area are located. This is a clear indication of the
effect of local sources on the concentration levels of the sec-
ondary factor. The relative contribution to PM, 5 was 15%.
Factor F6 was characterized by the presence of Cr (45%)
and Ni (55%). The association of these elements with emis-
sion by the railroad building has been already emphasized by
Furu et al. 2015 in Debrecen. Factor contribution to PM, 5 was
3% and it was constant apart from a minor diurnal variation.
The polar plot showed a contribution from the north-east of
the city where the tramline reconstruction works took place
during the campaigns. Due to the dominance of species Cu
(49.8%) and BC (41.2%), the Factor F7 was recognised as
traffic (Viana et al. 2008). BC was associated with diesel ve-
hicles (Swietlicki et al. 1996) exhaust and Cu with brake abra-
sion. This factor showed similar daily pattern to the soil factor
during the campaigns. The CPF plot primarily pointed to the
southwest where the city centre is situated. It contributed 31%
to the PM, 5 mass concentration. This factor showed a mod-
erate correlation (r = 0.56, p < 0.01), (r=0.45,r< 0.01), (r=
047, p <0.01), (r=0.56, p < 0.01) with CO, NO, and PM,
respectively. Regarding the sources of traffic and waste incin-
eration, despite the same direction, i.e. from the receptor site to
the south-west, their time-series showed different variations
during the investigated smog periods.
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The first factor (C1) in PMgarse Was characterized by high
Al (70.5%) and other soil minerals (Si (39.5%), Ca (28.2%),
Fe (71.2%)) and its 32% relative contribution to the coarse
fraction. The diurnal pattern of this factor and the CPF showed
similarities with the soil factor in PM, 5. The second factor C2,
assigned to traffic, contained 45% of all Cu and 69% of Zn.
Cu was associated with brake abrasion, Zn is a tracer of tire
wear abrasion of cars or lubricating oil (Santoso et al. 2011;
Minguillén et al. 2012). The diurnal pattern and the CPF
showed similarities with the traffic factor in PM, 5. The S
content (71.1%) was the highest in Factor 3 (C3) in the coarse
fraction. Furthermore, 28.4 % of Zn and 28.5 % of K were
present here. These species combined could be regarded as
tracers of coal combustion (Pernigotti et al. 2016). The time
trend of this factor showed higher contribution during nights
at the weekends. The factor contributed 18% to the coarse
fraction. The directionality of this source extended from the
southeast to the southwest which was the opposite direction in
comparison to biomass burning (Factor F4). The fourth factor
(C4) was recognised as soil with tramline construction and
contributed 30% to PM_arse- The diurnal pattern of this factor
and the CPF showed similarities to the tramline construction
factor in PM, 5. The presence of K (29.9%) and Cl (77%)
species in abundance displayed that the fifth factor (C5) could
be connected to biomass burning, with concentrations peaking
at nights. This source appeared to be located in the same
position where the agricultural area lies, supporting the idea
that this factor was from mixed sources of agricultural fertil-
izer and biomass burning. Its contribution was 11% during the
campaigns.

Summary

In this work, the elemental composition of fine and coarse
atmospheric aerosol particles was determined with 2-h time
resolution during severe smog episodes in November, 2011,
in Debrecen, Hungary. Mass size distribution was also inves-
tigated at the same time to facilitate the identification of con-
tributing sources. The mean concentrations of S, K and BC
were 2-3 times higher in the fine fraction than previously
reported for the same location, which highlights the effect of
smog events on PM composition. The enrichment factor was
high for biomass burning, traffic, waste incineration and coal
combustion-related elements (S, K, CI, Cu, Zn, Pb), which
primarily appeared in the droplet (0.5-1 pm) mode.

PMF receptor model was applied to resolve and evaluate
the contribution and composition of sources in both size frac-
tions. The dominant sources in the PM, 5 fraction during these
smog events in Debrecen, Hungary, were biomass burning

and traffic, with a combined contribution of 70%. In the coarse
fraction, combustion sources were also present, although the
dominant factors were soil (32%) and tramline construction
(30%).

By coupling hourly source contributions with CPF, the local
PM, 5 and PM 45 SOUrces were explored. The main sources are
derived from the following areas: biomass burning as domestic
heating from suburban areas, traffic through direct emission from
the city centre, and secondary sulphate from an industrial area.

To investigate the effects of a high-pressure blocking con-
ditions on the city, PBL calculations were conducted. The
highest accumulated pollution was observed under the lowest
PBL height on 17 November. Waste incineration and biomass
burning contributed the most to fine aerosol mass while traf-
fic, soil, coal combustion and Cl to coarse aerosol mass. Thus,
the feedback effect between the development of PBL and
increased air pollution concentrations was apparent.
Nevertheless, the diurnal pattern of the sources is strongly
related to the routine activities in the city.

To the best of our knowledge, this is the first study that used
high time resolution elemental composition and size distribution
data combined with the analysis of meteorological conditions
during smog episodes in Hungary, leading to a better identifi-
cation of the possible causes, and thus contributing to the overall
understanding of air pollution in the urban environment.
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