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H I G H L I G H T S  

• Characterization of urban air pollutants during 4 lockdowns and 2 relaxation periods 
• A 20% reduction of PM and gaseous pollutants in average in the 2 years of COVID-19 
• Variation of concentration, composition, and sources of PM2.5 and PMcoarse 

• Introduction of an integrated approach combining receptor modelling, trajectory statistical methods and local meteorology 
• Impact of long-range transport, meteorology and the change of emission in source regions is determined  
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A B S T R A C T   

The worldwide restrictions due to the COVID-19 pandemic induced a radical change in urban air quality. The 
objective of this work was to study and understand the variation of PMcoarse and PM2.5 pollution besides other air 
quality (AQ) parameters in the city of Debrecen, Hungary from 2018 to 2022. To achieve this goal, we introduced 
an integrated approach that combines source apportionment by receptor modelling, trajectory-based statistical 
methods and takes into account local and regional meteorology. Concentration, elemental composition, and 
sources of atmospheric particulate matter (APM) were determined for four lockdown periods with varying levels 
of restrictions, two transition intervals and two relaxation periods in 2020-22, and they were compared to 
corresponding baseline values from 2018-19. The concentration, composition and sources of PM2.5, PMcoarse 
showed strong seasonality. The main component of PMcoarse was mineral dust (32%), while BC (15%), sulphate 
aerosols (19%) and mineral dust (13%) were the major constituents of PM2.5. Source apportionment by Positive 
Matrix Factorization identified 8 sources on both size fractions: two types of soil, traffic, combustions, biomass 
burning, biogenic emission, sea salt, construction, roadworks, secondary sulphate. The relative contribution of 
sources did not change during the pandemic compared to the previous two years. However, considering the 
whole 2-year-long period affected by restrictions, a 20–25% reduction was detected in the concentrations and 
source contributions, apart from temporary sources like roadworks or sea salt episodes. The changed habits of the 
population could be traced in the evolution of APM. Before the pandemic, increased concentration of traffic 
related pollutants was characteristic of the school year, while in 2020-21 it was more typical in the summers, the 
relaxation periods. On the other hand, staying at home during lockdowns led to a significant increase in biomass 
burning from domestic heating in spring 2020 and 2021. By studying the individual lockdown and relaxation 
periods, we have shown that the evolution of APM pollution in relatively short, 2-3-month intervals was 
significantly influenced by local and regional meteorological parameters, the origin of air masses, desert dust 
episodes and periodic construction works.   
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1. Introduction 

Atmospheric aerosols have significant effects on many aspects of our 
lives. They affect the Earth’s climate as strongly as greenhouse gases, 
and they influence the weather as well. Aerosols may also reduce visi
bility, which in many parts of the world results in haze. Aerosols have a 
considerable impact on the biosphere and the natural and built envi
ronments, too. 

Air pollution, especially particulate matter (PM) pollution, causes 
the premature death of over 4 million people each year (Pérez Velasco 
and Jarosińska, 2022). PM pollution is linked to several health problems 
like lung cancer, chronic obstructive pulmonary (COPD), heart disease, 
and stroke (Manisalidis et al., 2020). 

The COVID-19 pandemic caused by the coronavirus SARS-CoV-2 
emerged at the end of 2019 and became a world pandemic in early 
2020. The COVID-19 pandemic reached almost every country in the 
world. The outbreak of the pandemic forced most governments to 
establish strict regulations in their countries to stop the virus’s spread. 
Hungary was no exception. In order to establish social distance, a 
nationwide lockdown was imposed in Hungary on March 12, 2020. 
Schools and institutions were closed, non-essential business and indus
trial activities were restricted, all public and sporting events were 
cancelled, the country’s borders were closed, and curfew was in force 
from 8 p.m. to 5 a.m. The restrictions were gradually eased from May 4, 
2020. In the following two years, different levels of restrictions were in 
force from time to time, depending on the evolution of the epidemio
logical situation (AboutHungary, n.d.). 

Shutdowns and restrictions around the world provided a precious 
window for researchers to study changes in urban aerosol pollution 
under conditions of reduced anthropogenic activities. Several studies 
have been published that deal with the changes in air quality during the 
lockdown (Bakola et al., 2022; Bao and Zhang, 2020; Berman and Ebisu, 
2020; Briz-Redón et al., 2021; Higham et al., 2021; Menut et al., 2020; 
Nakada and Urban, 2020; Vadrevu et al., 2020). The first investigations 
were based on data from regulatory monitoring networks. They revealed 
that there was a considerable reduction in atmospheric pollutants and an 
improvement in air quality compared to the pre-lockdown period 
(Bakola et al., 2022; Ghahremanloo et al., 2021; Putaud et al., 2023; 
Sokhi et al., 2021). For example, in the case of PM10 the reduction varied 
between 5% (North America) and 42% (South Asia). In Europe, the 
decrease was 17%. PM2.5 showed similar tendencies, i.e., a 20% 
decrease in Europe, over 40% in Asia, and less than 10% in North 
America. Concentration of NO2, which is closely related to vehicle 
emission, was decreased by 18–60%, over 40% in Europe. In Budapest, 
Hungary, similar tendencies were observed for the first lockdown period 
in spring, 2020 at traffic sites (Salma et al., 2020b; Varga-Balogh et al., 
2021). However, during this first lockdown period in Hungary, the 
reduction of air pollution was not so marked in the suburban sites of 
Budapest and in other cities as well. In addition, PM10 concentrations 
showed no decrease at all in the majority of the cities. This lack of 
reduction in PM concentration was explained by the meteorological 
conditions. 

More recently, a limited number of studies are available on the 
composition and sources of PM pollution during the COVID-19 lock
down (Clemente et al., 2022; Gamelas et al., 2023; Giardi et al., 2022; 
Jeong et al., 2022; Manchanda et al., 2021), but only a few are related to 
middle Europe (Ivanovski et al., 2022; Rys et al., 2022) and none to 
Hungary. In addition, most of these works report results only from the 
first lockdown period in early 2020. These studies report significant 
decrease in the concentration of traffic related components and source 
contributions, while the behavior of secondary aerosols showed a mixed 
picture (Massimi et al., 2022). 

In this work, we characterize the PM2.5, PMcoarse, and PM10 pollution 
at an urban background site in Debrecen, Hungary, for 4 years between 
March 2018 and February 2022. This period covers the whole 2 years 
affected by the COVID-19 pandemic (March 2020–February 2022), 

which gives us a more complete picture of the effects of societal re
sponses to the pandemic. Air pollution during the four lockdown periods 
corresponding to the four waves of the pandemic with different re
striction measures and the two relaxation periods was also compared. 
Given the complexity of the problem, an integrated approach combining 
source apportionment by positive matrix factorization (PMF), trajectory 
statistical methods and local and regional meteorology was applied. On 
this basis, the influence of local and regional sources was assessed before 
and during COVID, too. We also determined which parameters other 
than anthropogenic activity influenced the evolution of air pollution 
levels. 

2. Methods 

2.1. Sampling location 

Debrecen is the second-largest city in Hungary, with approx. 200 000 
inhabitants. The city is an educational, scientific, and cultural center, 
surrounded by forests and agricultural areas. The city lies on the border 
of two regions: the sandy region of Nyírség and the loess area of 
Hajdúság, (Pásztor et al., 2018). The climate of the city is predominantly 
dry continental with periodic oceanic and Mediterranean influence 
(OMSZ, n.d.-a). The prevailing wind direction is N, NW, NE. The in
dustrial activity was modest at the time of the investigation. At the end 
of 2019 a large-scale development of the northern industrial park has 
begun on 400 ha preparing for the installation of a new BMW factory, 
which is the largest industrial investment in the area in the last 30 years. 
The construction of the infrastructure was suspended in May 2020 due 
to the pandemic and restarted in the 3rd quarter of 2021. The concen
tration and elemental composition of PM2.5, PMcoarse and PM10 pollution 
have been monitored systematically since 1997 at an urban background 
site (Borbély-Kiss et al., 1999; Dobos et al., 2009). We have thorough 
background knowledge about the composition and sources of PM 
pollution in the city. In the past decades, the main sources of PM 
pollution have been identified as biomass burning from domestic heat
ing, traffic, secondary aerosols, mineral dust, sea salt, oil and coal 
combustion, waste incineration, construction, and biogenic emission 
(Almeida et al., 2020; Angyal et al., 2021; Furu et al., 2022; Kertész 
et al., 2010; Major et al., 2021). 

The sampling location was the premises of ATOMKI in Debrecen, 
Hungary (47.54445, 21.62340) (Fig. 1). The site is situated in a resi
dential area, 1.5 km from the city center. Close to the sampling location, 
there are two main traffic roads and two tram lines. The ATOMKI site 
can be classified as urban background (UB) since it is not significantly 
influenced by any single source but rather a combination of sources 
upwind of the station (EEA, n.d.-a). 

During 2018 and 2019, intensive construction work was underway 
within a few hundred meters. In March 2021, the reconstruction of a 
nearby intersection started, along with the replacement of utilities on 
another main road in the close vicinity of the site. The roadwork 
continued until 2022. 

In March and April 2020, major landscaping works were carried out 
to prepare the BMW factory site, which lies 10 km NW from the ATOMKI 
station. There are three fixed monitoring stations of the Hungarian Air 
Quality Monitoring Network (OLM) in the city of Debrecen (OMSZ, n. 
d.-b). In general, daily and hourly mean concentrations of air pollutants 
like O3, CO, PM10, NO, NO2, SO2, etc. are available at these stations. In 
this work, daily concentrations of NO2, CO, NOX, and PM10 were used as 
complementary data to our study because concentrations of these 
components were available at all stations without bigger gaps in the data 
series. 

Meteorological data corresponding to Debrecen was available from 
the repository of the Hungarian Meteorological Service (OMSZ, n.d.-b), 
while planetary boundary layer heights (PBLH) were collected from the 
Copernicus Climate Data Store using ERA5 reanalysis dataset (Hersbach 
et al., 2020, 2023). PBLH data was collected with hourly resolution for a 
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0.25◦ x 0.25◦ grid cell which included Debrecen. 

2.2. PM sampling 

24h aerosol samples were collected by a Gent-type Stacked Filter 
Unit (Gent SFU) (Hopke et al., 1997) twice a week, on working days. 
PM2.5 and PMcoarse (particles with aerodynamic diameter between 2.5 
and 10 μm) fractions were sampled separately on nucleopore poly
carbonate filters. Usually, the sampling started at 10:00 a.m., and the 
flow rate was set to 16–17 l/min. The sampling period was from March 
2018 to March 2022. 

2.3. Filter analysis 

In order to obtain the PM mass concentration, the samples together 
with field blanks were weighed before and after sampling with a Radwag 
microbalance model MYA5 (resolution 1 μg). The filters were condi
tioned at relative humidity of ~50% and temperature of 22–24 ◦C for at 
least 24 h, and the weighing was done under these conditions. An anti- 
static ionizer was used to eliminate possible static electricity from the 
filters. 

The elemental composition of the samples was determined by Par
ticle Induced X-ray Emission (PIXE) analytical method (Maenhaut, 
2015) at the in-air millibeam PIXE setup of the ATOMKI Tandetron 
accelerator (Rajta et al., 2018). For the irradiation, a proton beam of 2.5 
MeV energy and of 50–60 nA was used. The accumulated charge on each 
sample was 10 μC. The PIXE measurements were carried out in He at
mosphere; this way, elements with Z > 6 could be detected. The samples 
were scanned in front of the beam in order to avoid beam damage and to 
increase the area of analysis. A detector cluster consisting of three 65 
mm2 Be windowed SDD and one 30 mm2 ultra-thin windowed (UTW) 
SDD X-ray detector recorded the characteristic X-ray lines emitted from 
the samples. 125 μm thick Kapton absorbers were used in front of the Be 
windowed detectors, while a pair of strong permanent magnets pro
tected the UTW detector from the scattered protons. A detailed 
description of the setup, detection limits, and other analytical charac
teristics can be found in (Aljboor et al., 2023). 

In order to increase the sensitivity of the method (and decrease the 
limit of detection), the spectra recorded by the three identical Be- 
windowed detectors were summed up. The obtained X-ray spectra 
were evaluated by the GUPIXWIN program code (Campbell et al., 2010). 
The concentration of 25 elements (O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, 
Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Br, Rb, Sr, Zr, Ba, and Pb) was determined, 
after blank correction. The analytical uncertainty varied between 5 and 
15%, depending on the element and its concentration (see Table S1 in 
Supplementary Materials). 

The mineral dust component was calculated as follows (Cohen et al., 

2020):  

1.46[Mg] + 1.9[Al] + 2.14[Si] + 1.4[Ca] + 1.67[Ti] + 1.42[Fe]            (1) 

A portable Multi-Wavelength Absorption Black Carbon Instrument 
(MABI) developed by ANSTO (Manohar et al., 2021) was applied to 
analyze the light-absorbing carbon (BC) content of the samples. For the 
BC analysis, the procedure described in (Manohar et al., 2021) was 
followed. BC concentrations presented in this work were determined at 
λ = 639 nm. The difference between concentrations determined at λ =
405 nm and λ = 1050 nm was used to distinguish between fossil fuel 
combustion and biomass burning. 

2.4. Statistical analysis and model calculations 

Spearman correlations were applied to study the relationship be
tween the components of PM in the different time periods. Non- 
parametric Mann-Whitney U tests were employed to explore whether 
the differences were significant (with a significance level of 0.05) be
tween the two data groups corresponding to the pre-COVID and COVID 
periods. 

The relative change between the data means or medians measured 
during a lockdown and the corresponding baseline period was calcu
lated according to the following formula:  

RC (%) = [mean (Lockdownx) – mean (Baselinex)]/mean (Baselinex) * 100(2) 

Source apportionment was performed applying the widely used 
Positive Matrix Factorization (PMF) method (Brown et al., 2015; Hopke, 
2016; Paatero and Tapper, 1994). PMF model version 5.0 was applied 
separately for the fine and coarse fractions. Each data matrix contained 
340 samples and over 20 variables. A detailed description of the PMF 
analysis is in the Supplementary Materials. 

In order to identify the origin of specific pollutants and to distinguish 
between local, regional, and remote contributions, trajectory statistical 
methods (TSM) were employed (Di Gilio et al., 2015; Neykova and 
Hristova, 2020; Squizzato and Masiol, 2015). 

In this work, 96-h backward trajectories starting at the sampling site 
were calculated using the NOAA HYSPLIT model version 5.2 (Stein 
et al., 2015). Archived meteorological data from the Global Data 
Assimilation System (GDAS1) were used. For each day, back-trajectories 
were computed at 12:00, 20:00 and 4:00 CET at different starting 
heights (200, 500 and 1000 m AGL) using the default vertical motion: 
model vertical velocity. In this work, trajectories with starting height of 
1000 m were used which represents the height of the mixing layer in 
Debrecen. 

Cluster analysis (CA) of the back trajectories, Potential Source 
Contribution Function (PSCF) and Concentration Weighted Trajectory 

Fig. 1. Map of the investigated area. (A): UB sampling site at ATOMKI, (1) Kalotaszeg tér UB monitoring site of the Hungarian Air Quality Monitoring Network 
(HAQN), (2): Hajnal utca Traffic monitoring site of HAQN, (3): Klinika SUB monitoring site of HAQN. 
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(CWT) calculations were performed using the HYSPLIT model and 
‘openair’ R package (Carslaw and Ropkins, 2012), respectively. 

Trajectory clustering gives information about the origin of air masses 
that arrive at the site. PSCF calculates the probability that a source is 
located at a coordinate (i,j) (at latitude i and longitude j), while CWT 
provides weighted concentration fields. 

The 4-day backward trajectories served as the input variable for the 
cluster analysis. For each cluster, an average trajectory was calculated. 

The PSCF is based on the assumption that if a source is located at a 
cell with coordinates i and j, the material from the source can be 
collected and transported along the trajectory to the receptor location 
with an air parcel passing through this location. 

PSCF solves the following equation (3): 

PSCF =
mij

nij
(3)  

where nij is the number of occasions when a trajectory passes the cell 
with coordinates (i,j), and mij is the number of occasions associated with 
high pollution levels at the receptor site. The resulted value can be 
explained as the probability that concentrations larger than a threshold 
value are related to the passage of air parcels through the grid cell (i,j). 
Therefore, this method is suitable for identifying the possible geographic 
origin of a pollutant. In this study, we used the 75th percentile as the 
threshold criterion. 

In CWT, a weighted mean concentration of the given pollutant is 
calculated for each grid cell of the domain according to equation (4). The 
weighing factor is the cumulative residence time of all the associated 
trajectories in the grid cell. 

Cij =
1

∑M
l=1τijl

∑M

l=1
Clτijl (4)  

where Cij is the average weighted concentration in the grid cell (i,j), l is 
the trajectory index, M is the number of trajectories associated with the 
grid cell (i,j), τijl is the residence time of trajectory l at the cell (i,j), and Cl 
is the concentration measured at the receptor site associated with tra
jectory l. Consequently, areas with high CWT values in the concentration 
field mean that air parcels residing over them resulted in elevated 
pollution levels at the receptor site, i.e. these are the potential source 
areas of the air pollutant in question. 

2.5. The studied period 

This study covers the period from March 2018 to March 2022. The 
first 2 years serve as the baseline to which the corresponding periods of 
the next two years are compared. 

The period affected by COVID-19 in Hungary lasted from early 2020 
to March 2022. During this time, there were 4 lockdowns and 2 relax
ation periods, as listed in Table 1 and shown in Fig. 2. The four lock
downs were related to the 4 waves of COVID. The two years of the 
pandemic have been broken down into 10 periods: the four lockdowns 
that coincided with springs (LD1 and 3) and winters (LD2 and 4), the 
summers of the relaxation periods, the first two months of autumn, 
which belonged to the relaxation, and the Novembers, which were 
transition time into lockdowns and also to winters (named par(tial)- 
lockdown in 2020 and pre-lockdown in 2021). The reason why Sep
tember–October was handled separately was the different activity of the 
population: this is the time when work and school start after summer 
vacation. November is the beginning of the heating season, and during 
this month high pollution level episodes occur frequently due to 
elevated emission of pollutants and unfavorable meteorological condi
tions, e.g., temperature inversions. 

We used the stringency index introduced by the OxCGRT project 
(Hale et al., 2021) to characterize a lockdown period. It is a complex 
measure of nine factors, such as school and workplace closures, 
cancellation of public events, restrictions on public gatherings, 

stay-at-home requirements, restrictions on internal movements and in
ternational travel, etc. Data were obtained from the Our World in Data 
online resource (Mathieu & et al., n.d.). The stringency index in the first 
3 lockdown periods was very similar; however, there were differences in 
the measures. 

The first lockdown was the most severe: Hungary closed its borders 
(only transits were allowed), all public and sporting events were 
cancelled and banned, entertainment venues and cinemas were closed, 
universities, schools, nurseries, and kindergartens were closed, there 
were production shutdowns in factories, and most of the population 
switched to home office. There was a general curfew except for work and 
subsidiary purposes. The use of public transportation was not suggested, 
and at the same time, parking was free. Free parking stayed until the end 
of the pandemic. During the second lockdown, some of the restrictions 
were relaxed: children under 14 could attend primary schools, kinder
gartens and nurseries, and individual outdoor sport activity was 
allowed. Curfew was in force from 8 p.m. to 5 a.m. Then, in the third 
lockdown all schools, kindergartens and nurseries were closed again. 
Home office was optional and recommended. In the 4th lockdown, when 
the majority of the population was already vaccinated, the measures 
corresponded mainly to mandatory mask wearing in closed places. Only 
unvaccinated people were subject to more strict measures. 

The change in mobility gives a good description of the change in 
people’s lifestyle due to closures and restrictions (Borkowski et al., 
2021; Bucsky, 2020). For the region (Hajdú-Bihar county), Google 
mobility data was available (Google, n.d.). Although it corresponds only 
to people with mobiles, we are probably not far from the truth if we 
consider these data to be representative of a city that is a cultural and 
academic center. During lockdowns, the mobility of the population in 
residential areas increased by about 10%, while in recreation areas, 
transit stations and workplaces, it decreased by 20–40%. The biggest 
change was during the first lockdown, and the smallest during the last. 
In the relaxation periods, mobility was close to the levels of the baseline, 
whereas increased activity could be observed in parks, retail and rec
reational facilities, especially in the 2nd year of the pandemic. 

Besides the characteristics of the lockdown and relaxation periods, 
meteorological parameters affecting air pollution are also listed in 
Table 1. Considering the whole 2-year-long period of the pandemic, the 
meteorological parameters were very similar to the previous two years. 
The differences over the investigated seasons and other periods will be 
discussed together with the results. 

3. Results and discussion 

3.1. The evolution of air pollutants in Debrecen 

Average concentrations of CO, NO2, NOx and PM10 measured at the 
three AQ monitoring stations in Debrecen, as well as the averages of 
PM10, PM2.5 and PMcoarse at ATOMKI are presented in Table 2 for the 2- 
year-long (pre- and COVID) periods and broken down to the above- 
described lockdowns and relaxation periods, too. Fig. 3 shows the 
relative change of averages to the corresponding baseline data. 

The highest concentrations of all pollutants were measured at the 
traffic site. Compared to the background stations, the biggest difference 
was observed for NOx; its concentration was 50–60% less at the back
ground sites than at the traffic site. In the case of NO2, the difference in 
average concentrations was around 40%, while for CO and PM10 it was 
less than 10%. During the time of the pandemic, this difference between 
the traffic site and background sites decreased, indicating a decrease of 
traffic emission and a shift in mobility into residential areas. All pol
lutants showed a seasonal pattern: the highest concentrations were 
measured in the heating season (November–April), showing that do
mestic heating is another major source of air pollution in Debrecen. 
NOx/CO ratios can give a rough estimate about the relative contribution 
of traffic and biomass burning at a site, since this ratio differs signifi
cantly for the two emission types: the traffic emission ratio is much 

Z. Kertész et al.                                                                                                                                                                                                                                  



AtmosphericEnvironment318(2024)120267

5

Table 1 
Stringency index, meteorological parameters and change in mobility during the 10 investigated periods of the COVID-19 pandemic (2020–2022) and the corresponding baseline values (pre-COVID) from years 2018-19.  

Time period date Stringen-cy 
index 

METEOROLOGY MOBILITY 

precip. temp air pressure rel. 
humidity 

wind 
speed 

WS < 1 m/ 
s 

PBLH PBLH <50 
m 

change in % compared to baseline (2018–2019) 

start end month avg. 
(mm) 

daily avg. 
(oC) 

daily avg. 
(hPa) 

daily avg. 
(%) 

daily avg. 
(m/s) 

days month 
avg 

daily avg. 
(m) 

hours 
month avg 

retail, 
recreat. 

grocery, 
pharm. 

resi- 
dential 

transit 
stations 

parks work- 
places 

COVID 2020–03–01 2022–02–28  37.3 11.4 1003.9 73.4 3  682  ¡8.9 5.9 5.7 ¡17.4 43.0 ¡19.8 
lockdown1 2020-03-11 2020-05-31 71.8 28.2 10.9 1004.3 57.7 3.7 1 784  − 38.0 − 15.0 13.2 − 40.9 1.8 − 34.0 
relax1 - 

summer 
2020-06-01 2020-08-31 54.6 82.8 21.5 1000.3 71.8 2.8 1 997  0.6 0.0 2.7 − 15.6 86.5 − 21.7 

relax1 - 
autumn 

2020-09-01 2020-10-31 42.3 56.1 15.2 1003.0 77.5 2.8 2 805  − 4.7 1.2 2.1 − 10.7 45.0 − 15.0 

par- 
lockdown2 

2020-11-01 2020-11-30 66.2 15.6 5.0 1014.4 92.4 1.8 7 468 126 − 23.8 − 2.7 8.0 − 26.0 1.4 − 20.8 

lockdown2 2020-12-01 2021-03-08 72.4 40.7 2.6 1003.3 87.6 2.9 7 376 104 − 33.5 − 4.1 10.2 − 33.6 − 3.2 − 25.7 
lockdown3 2021-03-08 2021-05-17 72.6 35.0 9.5 1003.4 66.7 3.5 1 756  − 20.8 2.9 7.8 − 23.9 33.3 − 22.0 
relax2 - 

summer 
2021-06-01 2021-08-31 33.9 25.7 22.8 1001.4 62.1 2.9 0 973  15.8 22.3 0.3 − 0.2 120.7 − 15.5 

relax2 - 
autumn 

2021-09-01 2021-10-31 28.3 14.7 13.2 1007.8 69.6 2.5 3 698  16.4 23.4 0.5 5.4 72.6 − 9.2 

pre- 
lockdown 4 

2021-11-01 2021-12-10 29.9 41.5 5.3 1004.7 88.1 2.3 3 398 172 6.1 21.3 4.2 − 5.9 26.1 − 11.8 

par- 
lockdown4 

2021-12-11 2022-03-06 49.4 19.6 1.4 1005.0 83.4 3.5 4 347 140 1.2 17.2 6.2 − 12.7 18.1 − 13.9  

pre-COVID 2018–03–01 2020–02–28  35.3 12.4 1003.6 73.3 3  726        
2018, 2019 1-Mar 31-May  43.4 12.5 1000.8 66.8 3.5 1 767        
2018, 2019 1-Jun 31-Aug  36.9 22.6 1001.6 67.1 2.8 0 1010        
2018, 2019 1-Sep 31-Oct  19.3 15.3 1006.1 67.8 2.5 5 853        
2018, 2019 1-Nov 30-Nov  55.7 8.2 1004.5 84.5 2.7 1.5 488 70       
2018–2020 1-Dec 28-Feb  29.0 1.4 1006.5 85.9 3.1 6 399 85        
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larger than the one of biomass burning (Kalogridis et al., 2018). 
In general, the concentration of the pollutants decreased by ~20% 

during the 2 years of the pandemic at all sites. The exception is CO, 
whose concentration remained or even increased at the Klinika site. This 
suburban monitoring site can be found on the premises of the clinic 
campus, which is part of the county hospital. For obvious reasons, this 
site was even busier during the pandemic than before; therefore, we did 
not expect a significant decrease in air pollutants here. Indeed, here the 
concentration of traffic-related gaseous pollutants increased with the 

increasing number of new COVID cases, as can be seen in Fig. 3. 
The largest decreases in pollutants were observed during lockdowns 

(20–30% on average). In the relaxation periods, concentrations 
remained below the baseline by 10–20%. The change in the NOx/CO 
ratios showed a significant increase in the relative contribution of 
biomass burning at the expense of traffic emissions during the lock
downs which all fell on the heating period. 

In the case of all pollutants and all sites, the yearly average con
centrations were well below the limit values set by the EU in Directive 

Fig. 2. New COVID cases, stringency index, mobility change and PM10 concentrations at ATOMKI from March 2018 to February 2022. The lockdown (Ld1-4) and 
relaxation periods (Rel1-2) are indicated on the figure. 
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(2008)/50/EC (40 μg/m3 for PM10 and NO2, 70 μg/m3 for NOx and 
3000 μg/m3 for CO) (EEA, n.d.). Exceedances of daily (24h) limit values 
happened only in the case of PM10. In the 2 years before the pandemic, 
there were 49, 48 and 29 at the traffic, UB and SUB sites, respectively. 
During the 2 years of COVID, these values were 23, 24 and 7, so a drop of 
at least 50% was achieved here. 90% of exceedances occurred in 
November and in the winter months. 

At the ATOMKI urban background (UB) site, usually lower PM10 
concentrations are measured; however, PM10 data from all stations 
correlates strongly with each other. The difference originates from the 
different methods, i.e., standard gravimetry of filter samples vs auto
matic station data. A detailed explanation of this phenomenon can be 
found in (Angyal et al., 2021). 

For both PM10 and PM2.5, the yearly average was well below the EU 
limit values (40 and 25 μg/m3, respectively). In the case of PM2.5, the 
WHO Air Quality Guideline (AQG) value for the yearly average is 5 μg/ 
m3, and 15 μg/m3 is the recommended 24-h limit value (World Health 
Organization, 2021). PM2.5 concentrations exceeded this limit several 
times. The exceedances occurred mainly in the heating periods. The 
proportion of polluted days (i.e., when the concentration was higher 
than 15 μg/m3) to sampling days also decreased significantly during the 
COVID compared to the baseline. E.g., in winter, the PM2.5 concentra
tions exceeded the WHO AQG value in almost 50% of the sampling days, 
while during the years of COVID, this value was reduced to under 20%. 
The PM2.5/PM10 ratio was 0.57±0.15 for the whole period, changing 
from 0.7 in the heating season to 0.5 on average for the summer, which 
is consistent with our earlier observations (Furu et al., 2022; Kertész 
et al., 2010). There was no significant change in the PM2.5/PM10 ratio. 

The behavior of air pollutants differed from what was expected 
during lockdown1 and lockdown4. Despite the strict measures and the 
fact that life in the city had virtually come to a standstill, the expected 
drastic reduction of pollution failed to materialize during the first 
lockdown. The exact opposite happened during lockdown4: while there 
were basically no restrictions and life was back to almost normal, the 
concentrations of most pollutants were 25–30% less than those of the 
baseline. The study of composition, sources, meteorological conditions, 
and geographical source areas might provide answers to these questions. 

3.2. Elemental composition of PMcoarse and PM2.5 

The average concentrations of PM and the measured species for the 
two time periods are summed up in Tables 3 and 4 for the coarse and fine 
fractions, respectively. The time series of PMcoarse and PM2.5 and their 
major components are presented in Figs. S1–S6 in Supplementary 
Materials. 

Presuming that S appears as SO4
2− (Yao et al., 2003) and mineral dust 

elements are present in their common oxide form, the measured com
ponents account for 40–50% of the total PM mass. It can be assumed that 
organic carbon (OC), nitrate (NO3

− ) ammonia (NH4
+) and water make up 

the unmeasured part of PM mass. 
The major components of PMcoarse were mineral dust, with over 30% 

contribution in both time periods. For PM2.5, BC (14–16%), SO4
2−

(17–20%) and mineral dust (11.5–14%) were the main constituents. 
These results are in agreement with our previous findings (Angyal et al., 
2021; Furu et al., 2022; Kertész et al., 2010) and data from other studies 
corresponding to urban sites in the region (Almeida et al., 2020; Rys 
et al., 2022). 

The time series of both PM size fractions and their components show 
strong seasonality. In the case of PM2.5 as well as BC, K, Pb and Zn, 
winter maximums and summer minimums can be seen. These compo
nents are strongly related to domestic heating, which explains their 
enhanced presence in the heating period. In the case of the fine fraction 
S, there was no difference between the seasons, while the coarse fraction 
S had winter maxima, indicating that its source was most probably local 
heating (see Fig. S6). The origin of S in PM2.5 is regional transport, which 
will be discussed later. Mineral dust elements in both size fractions show Ta
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r 

- U
B 

Kl
in

ik
a 

- S
U

B 
A

TO
M

KI
 - 

U
B 

N
O

2 
CO

 
N

O
X

 
N

O
x/

CO
 

PM
10

 
N

O
2 

CO
 

N
O

X
 

N
O

x/
CO

 
PM

10
 

N
O

2 
CO

 
N

O
X

 
N

O
x/

CO
 

PM
10

 
PM

co
ar

se
 

PM
2.

5 
PM

10
 

PM
2.

5/
PM

10
 

CO
V

ID
 

26
.7

 
53

1 
57

.8
 

0.
10

9 
22

.2
 

16
.4

 
47

3 
27

.7
 

0.
05

9 
20

.6
 

23
.7

 
45

1 
28

.9
 

0.
06

4 
19

.1
 

6.
7 

8.
2 

14
.9

 
0.

55
 

lo
ck

do
w

n1
 

25
.9

  
53

.4
  

23
.8

 
16

.9
 

40
6 

24
.7

 
0.

06
1 

25
.6

 
21

.8
  

25
.6

  
21

.7
 

12
.3

 
8.

8 
21

.1
 

0.
42

 
re

la
x1

 - 
su

m
m

er
 

22
.7

 
39

7 
40

.2
 

0.
10

1 
18

.8
 

11
.5

 
31

0 
15

.4
 

0.
05

0 
16

.3
 

17
.2

 
28

3 
19

.9
 

0.
07

0 
16

.8
 

6.
1 

7.
7 

13
.9

 
0.

55
 

re
la

x1
 - 

au
tu

m
n 

30
.5

 
48

0 
72

.3
 

0.
15

1 
25

.7
 

17
.6

 
44

4 
29

.6
 

0.
06

7 
19

.3
 

26
.9

 
48

2 
34

.4
 

0.
07

1 
19

.6
 

6.
9 

5.
9 

12
.8

 
0.

46
 

pa
r-

lo
ck

do
w

n2
 

28
.1

 
52

7 
69

.3
 

0.
13

2 
23

.9
 

19
.6

 
52

1 
32

.7
 

0.
06

3 
21

.1
 

25
.7

 
53

1 
31

.5
 

0.
05

9 
21

.5
 

3.
2 

7.
5 

10
.6

 
0.

71
 

lo
ck

do
w

n2
 

28
.2

 
59

7 
64

.6
 

0.
10

8 
23

.3
 

20
.2

 
58

7 
32

.5
 

0.
05

5 
22

.1
 

27
.0

 
55

3 
32

.5
 

0.
05

9 
22

.8
 

4.
9 

11
.2

 
16

.1
 

0.
70

 
lo

ck
do

w
n3

 
24

.4
 

56
1 

46
.4

 
0.

08
3 

17
.3

 
13

.3
 

46
5 

18
.2

 
0.

03
9 

16
.1

 
20

.5
 

32
7 

24
.0

 
0.

07
3 

16
.1

 
5.

9 
7.

0 
12

.9
 

0.
54

 
re

la
x2

 - 
su

m
m

er
 

23
.0

 
43

5 
37

.7
 

0.
08

7 
18

.7
 

10
.6

 
22

9 
18

.2
 

0.
07

9 
20

.9
 

19
.7

 
30

9 
21

.9
 

0.
07

1 
18

.1
 

6.
7 

7.
0 

13
.7

 
0.

51
 

re
la

x2
 - 

au
tu

m
n 

32
.4

 
56

6 
78

.8
 

0.
13

9 
24

.8
 

23
.4

 
59

6 
48

.7
 

0.
08

2 
24

.2
 

32
.2

 
46

6 
40

.6
 

0.
08

7 
21

.3
 

7.
1 

8.
0 

15
.2

 
0.

53
 

pr
e-

lo
ck

do
w

n 
4 

30
.5

 
63

5 
93

.5
 

0.
14

7 
33

.8
 

23
.7

 
76

1 
57

.1
 

0.
07

5 
27

.5
 

37
.0

 
72

6 
55

.8
 

0.
07

7 
21

.9
 

5.
2 

11
.6

 
16

.8
 

0.
69

 
lo

ck
do

w
n4

 
29

.0
 

66
8 

69
.6

 
0.

10
4 

23
.2

 
17

.5
 

67
9 

31
.8

 
0.

04
7 

18
.9

  
60

8 
  

15
.5

 
4.

0 
9.

5 
13

.5
 

0.
70

  

pr
e-

CO
V

ID
 

37
.3

 
54

5 
71

.9
 

0.
13

2 
27

.3
 

20
.7

 
44

5 
31

.9
 

0.
07

2 
25

.3
 

24
.0

 
38

4 
30

.2
 

0.
07

9 
24

.1
 

8.
3 

10
.9

 
19

.2
 

0.
57

 
M

ar
ch

-M
ay

 
36

.6
 

48
2 

60
.1

 
0.

12
5 

25
.1

 
19

.2
 

33
0 

26
.4

 
0.

08
0 

23
.7

 
16

.2
 

29
5 

19
.4

 
0.

06
6 

21
.9

 
12

.0
 

10
.5

 
22

.5
 

0.
47

 
Ju

ne
-A

ug
 

33
.7

 
43

9 
43

.5
 

0.
09

9 
21

.3
 

14
.4

 
33

1 
18

.6
 

0.
05

6 
19

.9
 

14
.3

 
33

8 
17

.1
 

0.
05

1 
19

.4
 

7.
9 

8.
9 

16
.9

 
0.

53
 

Se
p-

O
ct

 
45

.3
 

59
1 

90
.6

 
0.

15
3 

32
.2

 
23

.8
 

45
1 

37
.1

 
0.

08
2 

27
.0

 
34

.3
 

46
8 

42
.9

 
0.

09
2 

24
.9

 
10

.6
 

10
.0

 
20

.5
 

0.
49

 
N

ov
 

38
.4

 
65

6 
91

.7
 

0.
14

0 
31

.8
 

25
.4

 
55

4 
46

.0
 

0.
08

3 
31

.6
 

28
.0

 
48

6 
36

.9
 

0.
07

6 
24

.5
 

5.
0 

9.
8 

14
.8

 
0.

66
 

D
ec

-F
eb

 
37

.5
 

68
0 

87
.6

 
0.

12
9 

29
.5

 
23

.7
 

58
9 

39
.9

 
0.

06
8 

28
.9

 
31

.2
 

44
6 

41
.5

 
0.

09
3 

27
.2

 
5.

6 
12

.4
 

18
.0

 
0.

69
  

Z. Kertész et al.                                                                                                                                                                                                                                  



Atmospheric Environment 318 (2024) 120267

8

maximums in springs and autumns and minimums in winter. The same 
tendency can be observed for PMcoarse. The explanation of this trend 
must be sought in meteorology and seasonal agricultural work. Phos
phorus, which is a fingerprint element of biogenic emission, is present in 
high concentrations during the vegetation period. Elements related to 
traffic (e.g., Cu) did not show seasonal trends. 

Several episodes can be seen in the time series of mineral dust; these 
are related to Saharan and Asian dust episodes and local dust events. 
Backward trajectories together with maps of dust optical depth by 
MONARCH model of the WMO Barcelona Dust Regional Centre (Pérez 
et al., 2011) and the composition of the given sample help to distinguish 
between these episodes. E.g., local sandstorms can be characterized by a 
relatively high Si content, while Saharan dust usually contains a high 
amount of Ti and Fe. There were several Saharan episodes in all inves
tigated years, typically in spring (see Figs. S7a and S7b). Aerosols 
collected on March 26, 2020 contained Mg and Sr in unusually high 
concentrations. Backward trajectories revealed that they originated 
from Asia, the region of the Caspian Sea, and the Karakum Desert 
(Fig. S8). 

The case of chlorine is never simple: it can have many different 
sources in both size fractions, such as salt, buildings, pesticides, fertil
izers, biomass burning, or industry (Angyal et al., 2010). In most cases, 

Cl in the coarse mode occurs in the form of salts, mainly NaCl; therefore 
we expect a strong correlation between Na and Cl. However, in Figs. S3a 
and S3b, Cl shows no correlation with Na in 2018, while from 2019 they 
move together. By calculating pairwise correlations for these two pe
riods, it turned out that the correlation coefficient (r) between Cl and Na 
was 0.6 for 2018, while from 2019 it was the expected 0.9. In the 
meantime, the Cl:Ca correlation was 0.6 for 2018 and there was no 
correlation between these two elements from 2019. Ca together with Cl 
originates from constructions (Angyal et al., 2010). Indeed, in 2018 the 
foundation works for a tower block were carried out nearby. In the fine 
fraction, Cl concentrations above detection limit were measured only 
during the heating period; therefore, fine fraction Cl was attributed to 
biomass burning. The episodic peaks, especially in the winter of 
2021-22, appeared together with Na; therefore, its source was most 
probably sea salt, which assumption was confirmed by backward tra
jectory calculations, too (Fig. S9). 

Black carbon (BC) was one of the main components of PM2.5; its 
concentration varied between 0.7 μg/m3 (summer) and 2 μg/m3 (heat
ing season), and the average seasonal contribution ranged between 7% 
(summer) and 17% (winter). In an urban environment, its main source is 
vehicular traffic and biomass burning (BB) (Rajesh and Ramachandran, 
2017; Salma et al., 2020a). The correlation to tracer elements like K and 

Fig. 3. Relative change (%) in concentrations of pollutants at 4 monitoring sites in Debrecen.  

Z. Kertész et al.                                                                                                                                                                                                                                  



Atmospheric Environment 318 (2024) 120267

9

Table 3 
Average (AVG), median (MED), standard deviation (SD), minimum (Min), and maximum (Max) concentrations of PMcoarse, and its components (in ng/m3) and 
contribution of some components to the PM mass in % for the pre-COVID (March 2018–Feb. 2020) and the COVID period (March 2020–Feb. 2022).   

Pre- COVID (ng/m3) COVID (ng/m3) 

AVG MED SD Min Max AVG MED SD Min Max 

PMcoarse* 8300 6100 6300 700 36600 6700 4600 5500 1000 27500 
Na* 83 67 63 < DL 322 81.5 39 175 < DL 1461 
Mg* 45.5 32 42 < DL 316 34.5 25 38 < DL 327 
Al* 230 146 240 12 1705 166 120 160 2.0 812 
Si* 781 527 790 38 6007 591 445 539 6.6 2631 
P* 11 9.4 8.3 1.8 43 8.4 7.5 5.7 1.6 27 
S* 93 72 68 18 398 73 45 106 5.2 1166 
Cl* 104 68 108 3.8 638 58 19 19 1.9 1868 
K* 109 80 87 22 593 92 70 74 11 369 
Ca* 263 199 222 16 1499 226 175 213 15 1752 
Ti* 16 11 16 0.2 127 12.3 9.2 12.8 < DL 60 
V 0.6 0.4 0.6 < DL 4.0 0.9 0.4 1.2 < DL 6.3 
Cr 0.6 < DL 1.0 < DL 9.3 0.4 0.1 0.7 < DL 3.5 
Mn 6.9 5.6 5.1 0.9 38 6.8 5.8 4.9 0.3 26.1 
Fe* 238 182 188 44 1202 189 148 156 28 882 
Co* 1.8 1.5 1.1 0.3 7.1 1.6 1.3 1.3 < DL 7.0 
Ni 0.5 0.4 0.3 < DL 1.8 0.4 0.2 0.4 < DL 1.8 
Cu* 2.0 1.5 1.7 < DL 9.2 1.3 1.0 1.3 < DL 7.6 
Zn* 4.6 3.7 3.2 0.6 15 3.6 2.7 2.9 0.7 19 
Br 0.3 0.2 0.3 < DL 1.6 0.4 0.2 0.4 < DL 2.3 
Ba* 6.0 5.0 3.3 < DL 19 4.9 4.3 3.1 1.1 17 
Pb 2.2 1.7 1.5 < DL 6.7 2.0 1.4 1.9 < DL 12 
Min. dust* 2915 2016 2747 198 18710 2242 1726 1991 86 9837 
SO4* 280 217 204 55 1193 218 136 318 16 3499 
PM10* 19200 17400 9500 3600 52000 14900 8300 13800 3400 51800 
Contributions of components (%) 
Min. dust 32.4 33.4 10 3.1 52.4 31.0 31.0 11.5 3.9 65.4 
SO4 4.7 3.2 4.5 0.9 36 3.8 2.6 3.4 0.4 18 

*indicates species where the change was significant according to the Mann-Whitney U test. 

Table 4 
Average (AVG), median (MED), standard deviation (SD), minimum (Min), and maximum (Max) concentrations of PM2.5, and its components (in ng/m3) and 
contribution of some components to the PM mass in % for the pre-COVID (March 2018–Feb. 2020) and the COVID period (March 2020–Feb. 2022).   

Pre-Covid ng/m3 Covid ng/m3 

AVG MED SD Min Max AVG MED SD Min Max 

PM2.5* 10900 10100 5600 2200 32500 8200 7100 5200 1900 37300 
BC 1520 1182 1116 97 5946 1280 926 1013 125 4778 
Na* 61 50 42 3.2 213 72 43 155 2.8 1578 
Mg 22 14.5 27.5 2.3 232 23 15 40 0.5 438 
Al 102 61 121 1.9 974 87 55 109 < DL 934 
Si 301 187 332 16 2326 268 183 294 15.1 2340 
P 4.3 3.9 2.5 < DL 13.6 4.0 3.2 2.7 < DL 18 
S 590 511 359 50 1770 498 404 272 80 1645 
Cl* 5.3 3.1 5.3 1.1 33.3 12.1 4.8 34.0 < DL 302 
K 194 146 145 20 773 169 115 165 22 1079 
Ca 87 61 84 3 650 97 67 159 6.3 1799 
Ti 6.1 3.7 7.2 < DL 52 5.4 3.4 7.1 < DL 61 
V 0.4 0.4 0.3 < DL 1.7 0.6 0.4 0.7 < DL 4.1 
Cr 0.6 0.4 0.6 < DL 2.7 0.2 DL 0.2 < DL 1.5 
Mn* 4.6 3.7 3.9 0.4 25 6.2 5.7 3.2 0.8 20 
Fe* 119 91 84 7.4 565 112 95 83 21.8 649 
Co 1.0 0.9 0.6 < DL 3.7 1.1 0.9 0.8 < DL 6.6 
Ni 0.4 0.4 0.3 < DL 1.5 0.3 0.2 0.3 < DL 2.7 
Cu* 2.3 1.7 1.8 < DL 9.1 1.9 1.5 1.4 < DL 9.7 
Zn* 11.4 9.2 7.9 1.7 49 9.3 6.7 7.4 1.4 41 
Br* 1.0 0.8 0.7 < DL 3.5 1.5 1.1 1.4 < DL 8.5 
Ba 2.8 2.3 2.0 < DL 11.2 3.0 2.6 2.4 < DL 21.4 
Pb 5.0 4.1 3.7 < DL 23.5 4.4 3.4 3.5 < DL 18.4 
Min. dust 1174 771 1206 73 9005 1079 760 1180 91 9177 
SO4 1771 1532 1078 149 5309 1493 1211 815 239 4936 
Contributions of components (%) 
Min. dust 11.5 9.3 9.4 0.8 53.2 13.8 12.8 9.2 0.8 46.6 
SO4 16.6 15.6 6.3 4.1 34.7 20.0 19.5 7.0 2.8 42.3 
BC 13.9 13.0 7.4 1.0 37.9 15.8 15.7 6.2 2.7 30.7 

*indicates species where the change was significant according to the Mann-Whitney U test. 
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levoglucosan (Urban et al., 2012), as well as BC measurement at 
different wavelengths (Manohar et al., 2021; Mousavi et al., 2019) helps 
to distinguish between the sources. Fig. 4 shows the time trend of BC 
together with K and the concentration difference measured at 405 nm 
and 1050 nm. BC particles formed in high temperature diesel burning 
and lower temperature wood burning absorb at different wavelengths. 
The absorbance of BC due to BB is larger at shorter wavelengths, 
whereas it is higher at longer wavelengths for BC created in fossil fuel 
combustion. Therefore, the difference in concentrations determined at 
short (405 nm) and long (1050 nm) wavelengths can be used to separate 
these sources. When the concentration difference has a high positive 
value, BC originates from BB, and when it is around 0 or has negative 
values, the origin of BC is high-temperature fossil oil combustion. 

Mann-Whitney U test showed no significant change in the BC con
centration. The exception was summers, the relaxation periods, when 
the increase of BC concentration to the baseline was significant. 

In the concentration of BC, there is a strong seasonal dependence. It 
has maximums in winter and minimums in summer. The fine fraction K 
correlates strongly to BC (r = 0.9) indicating that its main source is 
biomass burning. In winter, it is domestic heating via wood burning. 
From the concentration difference, it is also clear that in the heating 
season (November–March) its main source was BB, while in the sum
mers it has traffic origin. However, Fig. 4 reveals additional interesting 
things. In 2018 and 2019, there were strong BB signals in Septem
ber–October, whose origin is most probably field fires or burning of 
organic waste in gardens (it is a common practice even though it is 
prohibited by EU regulations) (Major et al., 2021). These indications 
disappeared completely during the COVID era, showing reduced activ
ities in these areas, too. The BB peak in June 2018 could be traced back 
to forest fires in East-Ukraine (Fig. S10 in Supplementary Materials). 

3.3. Sources of PM pollution in Debrecen 

Source apportionment by positive matrix factorization resulted in 8 
factors, both for the coarse and fine fractions. Figs. S11 and S12 (in 
Supplementary Materials) shows the factor profiles obtained for PMcoarse 
and PM2.5, respectively. The following sources were apportioned to the 
factors of the coarse fraction: traffic, 2 types of soil, 2 types of 

combustion, roadworks, a mixed source of construction and Cl salts, and 
biogenic emission. In PM2.5 traffic, soil types, biomass burning, com
bustion, roadworks, sea salt and secondary sulfates were identified as 
pollution sources. 

Source contributions for the coarse and fine fractions are shown in 
Figs. 5 and 6, respectively. The factors apportioned to soil contain 
mineral dust elements like Mg, Al, Ca, Si, Ti, Fe, Rb, Sr and Ba. The 
presence of two soil factors is explained by the fact that the city lies on 
the borderline of a loess and a sandy area, as explained in paragraph 2.1. 
The contribution of soil to PMcoarse was about 50%, while to PM2.5 it was 
18%. The contribution of the soil factors was highest in spring and early 
autumn, while in winter it was almost negligible. The dry and windy 
weather favors the resuspension of dust, which is amplified by agricul
tural fieldwork. In addition, relatively frequent Saharan dust episodes, 
which typically occur in the spring, contribute significantly to the soil 
factors, too. 

The traffic source is characterized by BC and heavy metals, like Cu, 
Fe, Co, Br, and Pb. These elements are tracers of vehicle transport, e.g., 
break, wear, tramway abrasion, and diesel fuel exhaust (Hudda et al., 
2020; Kar et al., 2010). The contribution of traffic was 6% and ~12% for 
the coarse and fine fractions, respectively. Before the pandemic, the 
traffic source was the strongest in the months of the school year. During 
the years of COVID, this difference between the academic year and 
vacation time was equalized. 

Biomass burning is one of the most important sources of PM2.5. It is 
characterized by high K and BC concentrations. Its contribution was 
more than 50% during the heating season, while in the summer months 
it was not detectable. The factor identified as combustion is character
ized by Zn, Pb, and Br to some extent. It is assumed that this originates 
from the boiler house of a nearby condominium or a secondary school 
dormitory next to the sampling site, which provides heating and warm 
water throughout the year. It has maximums in the heating season, like 
the BB source. A similar combustion source was found in the PMcoarse, 
too, with a 3% average contribution. Another factor of the coarse frac
tion characterized by high S content was apportioned to fossil fuel 
combustion from domestic heating. It had a yearly average contribution 
of 6%, with a maximum in winter and a minimum in summer. 

The other dominant source of PM2.5 is the factor ‘secondary aerosol’. 

Fig. 4. Time trend of BC and K in PM2.5 and concentration difference of BC measured at 405 and 1050 nm. (BCdiff = BC405nm-BC1050nm).  

Z. Kertész et al.                                                                                                                                                                                                                                  



Atmospheric Environment 318 (2024) 120267

11

It is characterized by a high sulfur content. Fossil fuel combustion is the 
primary source of various compounds of SO4

− 2 (Chow and Watson, 
2002). V and Ni, the fingerprint elements of heavy oil combustion, are 
also present in this factor. Secondary sulphate accounted for 28–30% of 
the PM2.5 mass. Its contribution was relatively evenly distributed 
throughout the year. Secondary sulphate has a residence time of 2–10 
days (Bondietti and Papastefanou, 1993) which allows regional and 
long-range transport. PSCF and CWT analysis showed that the source 
areas of secondary sulphate pollution in Debrecen were the industrial 
regions of SW Romania, the Balkan countries, and occasionally western 
Ukraine and southern Poland, as shown in Fig. 7. These are the areas of 
high SO2 emission fluxes in the OMI-HTAP SO2 inventory (Fioletov 

et al., 2016; Liu et al., 2018), as shown in Fig. S13. 
The factor named ‘Biogenic emission’ was a significant source of 

PMcoarse, with a 19% yearly average contribution. The characteristic 
components of this factor were P and K, which are essential elements for 
plants. Therefore, this factor is attributed to the emission of primary 
biogenic aerosols like plant debris. This source was dominant in the 
vegetation period, with maximums in the summer. Primary biological 
organic aerosols (PBOA) is a major component of the coarse fraction 
(Samaké et al., 2020; Szidat et al., 2006), during the vegetation period 
its contribution can be up to 50%. Studies based on aerosol mass spec
trometry (Samaké et al., 2020) and C-14 analysis (Salma et al., 2020a,b) 
showed that over 60% of organic matter has biogenic origin in summer, 

Fig. 5. Source contributions of PMcoarse before and during COVID-19 pandemic.  

Fig. 6. Source contributions of PM2.5 before and during COVID-19 pandemic.  
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while in winter primary and secondary biogenic aerosols still could have 
a contribution up to 20% for OM in PM10. This is consistent with our 
findings. 

The factor containing Mn, soil dust elements and metals is appor
tioned to road works in both size fractions. This was a temporary source 
from 2021, when big road reconstructions were running in the neigh
boring main roads together with the replacement of tram line rails. In 
PMcoarse, a factor identified as construction/building is also present. This 
can be connected to the construction of a tower block, as mentioned 
earlier in Section 2.2 in connection with Cl. This is a mixed source of 
construction and salt. The factor containing 90% of the fine fraction Na 
and Cl is identified as sea salt. The contribution of these sources was a 
few percent, and they are only present periodically. 

Figs. 5 and 6 show, that considering a whole year there was basically 
no change in the relative contribution of sources, with the exception of 
temporary sources like construction and roadworks. In both fractions, 
the seasonal variation was similar in the two investigated periods; 
however, the differences became smaller during the years of the 
pandemic. The high concentrations of soil factors in April pre-COVID 
originated from several Saharan dust episodes. In March and April 
2020 earthworks were carried out over a large area in preparation for 
the BMW factory, which is located 10 km to the north-west, which was 
the prevailing wind direction in March 2020. In October, in the pre- 
COVID years, an elevated contribution of soil can be seen. The most 
probable explanation for this is the lack of precipitation this month in 
2018 and 2019 and increased agricultural activity, as explained earlier 
in connection with the BC timeline. Changes related to lockdowns and 
relaxation periods will be discussed in detail in the next section. 

3.4. COVID crisis induced changes in PM2.5, PMcoarse, composition and 
sources 

Relative changes in PM2.5, PMcoarse, elemental components and 
source contributions over the studied time periods are presented in 
Figs. 8 and 9. Species for which the change was significant according to 
the Mann-Whitney-U test are marked with an asterix. Considering the 
whole time period, concentrations of PM2.5, PMcoarse and PM10 were 
25%, 20% and 22% less, respectively, during the years of the pandemic 
than the corresponding baseline values. 

In the coarse fraction, a significant decrease could be observed for 
almost all elemental components, with a few exceptions. Mineral dust 
components and soil factors decreased by 30% on average. In the case of 
traffic related elements and source, the decrease was more than 40%. 
Biogenic emission was also decreased by 30%, which could be attributed 
to the decrease in agricultural activity on the surrounding land and to 
the reduced resuspension of biogenic aerosols due to traffic. 

In the case of PM2.5, significant changes were recorded only for 
traffic related elemental components like Cu and Zn. In the case of BC 
and S, the change was significant only for summer (25% increase for BC 

and 35% decrease for S). Source contributions decreased by 10–30% in 
average, apart from the periodic sources of sea salt and roadworks. 

Looking at the periods separately, it is striking that the first, most 
strict closure did not result in a significant decrease in the concentration 
of pollutants, whereas during the relaxation period of 2020, the decrease 
was 30–50% for almost all components. In the case of the first lockdown, 
March–May 2020, there was an increase in the concentration of some 
soil related elements, BC and K. In both size fractions, the contribution of 
soil Ca, biomass burning, combustion and roadworks increased consid
erably compared to the same period in the previous 2 years. In March 
and April, earthworks were carried out on the BMW construction site in 
the prevailing wind direction, there were Saharan and Asian dust epi
sodes; the average temperature of the spring of 2020 was 1.5 ◦C cooler, 
and the air was less humid (by ~10%) than in the previous years 
(Table 2). In addition, people were forced to stay at home during the 
day, so more heating was needed. Furthermore, car traffic also increased 
in residential areas. Thus, the combined effect of meteorology, desert 
dust storms, intense construction works, and the change in the lifestyle 
of the population caused the anomaly observed in the first lockdown. 

In summer and autumn 2020, the amount of precipitation was 2–2.5 
times higher than the baseline value. The wet weather could cause the 
large reduction of PM and its components in the coarse fraction, whereas 
the decrease was smaller in the fine fraction, which is less affected by the 
precipitation. In this period, an increase could be observed only in the 
case of BC originating from vehicle exhaust emission and thus traffic 
source contribution to PM2.5. 

In summer 2021, when the weather was warm and dry, mineral dust 
and traffic components, as well as the source contributions, were similar 
or higher than the baseline values. The huge increase in fine fraction soil 
contribution could be attributed to the restarted construction of the 
BMW factory. In the 3rd quarter of 2021, the construction of the infra
structure took place, which involved moving a large amount of earth. 
This effect was more significant in the fine fraction because of the dis
tance from the construction site (10 km). 

This time, the significant decrease in secondary sulphate concen
tration caused the ~20% lower PM2.5 concentration values. Somewhat 
lower concentration values compared to baseline were found in Sep
tember–October 2021, which was followed by a decrease in traffic and 
soil source contributions; however, its extent was less than in the rainy 
year of 2020. The reduced biogenic emission and reduced P concen
trations indicate reduced agricultural activity, too. It should be noted 
that due to the construction of the BMW industrial site the size of the 
high-quality agricultural land in the prevailing wind direction has been 
significantly reduced. 

In November 2020, the number of COVID cases was increasing 
significantly, therefore, even before the lockdown, people stayed at 
home and tried to keep social distancing. This resulted in very similar 
concentration levels and source contributions to the lockdowns that 
followed. During winter 2020-21 and spring 2021, i.e., lockdown2 and 

Fig. 7. Results of CWT (left) and PSCF (threshold: 75%) (right) of S in PM2.5 for summers 2018–2019.  
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lockdown3, basically what happened was what was expected: a reduc
tion in most components compared to the baseline. The extent of the 
reduction was smaller during lockdown2, when schools and workplaces 
were still open. The milder weather conditions could cause the smaller 
contribution from heating (biomass and combustion). During lock
down3, in spring 2021, we experienced the highest reduction of air 
pollutants in all AQ monitoring points in the city, except at the hospital. 

The coarse PM and mineral dust components were reduced by 50–60%, 
while the PM2.5 concentration decreased by 33%. At the same time, the 
contribution of domestic heating increased considerably due to the cold 
weather conditions and the fact that people had to stay at home during 
the day, too. The contribution of traffic did not change significantly. 

In November 2021, the meteorological situation was in favor of the 
development of high pollution level episodes with very low boundary 

Fig. 8. Relative change (%) of PMcoarse, components and source contributions.  
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Fig. 9. Relative change (%) of PM2.5, components and source contributions.  
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layer and mixing layer heights, low wind speed, and low temperatures. 
As a result, higher concentrations were measured compared to the 
baseline, especially in PM2.5. Most of the pollution originated from do
mestic heating and road construction at this time. 

In winter 2021-22, PM levels were 25% lower on average than the 
baseline. This time there were almost no restrictions due to COVID, and 
life was back to ‘normal’, therefore pollution levels similar to baseline 
were expected. In addition, meteorological conditions led towards more 
high pollution episodes, as happened in November previously. The 
explanation might lie in the appearance of sea salt in the air of Debrecen. 
Fig. 10 shows the cluster means for the whole investigated period, for all 
winters from 2018 to 2022, and for lockdown4. 

Usually, air masses arrive in Debrecen from W, NW direction in 30% 
of cases. That winter, this number was over 70%. In addition, trajec
tories from Romania were missing. Average PM concentrations and 
source contributions are summarized in Table 5 for each of the 5 tra
jectory clusters for December 2021–February 2022. The results shows 
that air masses of oceanic origin (clusters 3 and 4) were associated with 
very low PM2.5 concentrations and high sea-salt source contributions 
(25–38%), whereas trajectories of eastern European origin (cluster 5) 
resulted very high pollution levels. It seems that in winter of 2021-22 
clean air masses of oceanic origin influenced the air above Debrecen, 
resulting in low air pollution levels and a high sea salt content of APM. 

Air pollution originating from long range and regional transport 
plays an important role in the evolution of the air quality of the city. One 
of the main components of PM2.5 is secondary sulphate. In the source 
contribution of secondary sulphate aerosol, a significant decrease was 
detected in spring and summer 2020 and in summer 2021. CWT calcu
lations showed that the source areas of sulfur were SW Romania and the 
Balkan countries during the 4-year-long investigated period (see 
Fig. S14 in Supplementary Materials); therefore, we could conclude that 
there was a significant decrease in SO2 emission in the source areas. In 
autumn 2020, the contribution of secondary aerosols increased 
compared to baseline. PSCF analysis (Fig. 11) revealed that the Po- 
Valley region was the source of the increased S concentration. 

4. Summary and conclusions 

In this work, the variation of air pollution was investigated in a 
central-eastern European city during lockdowns due to the COVID-19 
pandemic compared to the previous two years. 

In order to understand all the processes that influenced the evolution 
of air pollution in the city, we have introduced an integrated approach 
which combines receptor modelling, trajectory statistical methods, and 
local and regional meteorology taking into account anthropogenic ac
tivities. With this study, we have demonstrated the robustness of this 
methodology; therefore, it can serve as a guide for future studies. 

Concentration, composition, and sources of PM2.5 and PMcoarse were 
determined at an urban background site in Debrecen, Hungary, from 
March 2018 to March 2022. The time interval included 4 lockdowns, 2 
transition and 2 relaxation periods, which were also studied 
individually. 

Source apportionment by PMF identified 8 sources, both in the fine 
and coarse fractions. These were: soil dust, combustion, biomass 
burning, biogenic emission, traffic, secondary sulphate, sea salt, con
struction and roadworks. In the heating season, biomass burning and 
combustion from heating were the main sources of pollution, while in 
the summer, besides soil dust, secondary aerosols and biogenic emission 
gave the highest contribution in PM2.5 and PMcoarse, respectively. 

From March 2020, the restrictions due to the pandemic influenced 
strongly the concentration of all air pollutants in all AQ monitoring 
points of the city. Considering the whole 2-year period of COVID-19, a 
20% reduction in average could be detected in the case of most gaseous 
and APM pollutants and in the components and sources of PM2.5 and 
PMcoarse. In the coarse fraction, the contribution of traffic and soil, most 
of which is resuspended dust due to traffic, decreased to the greatest 

Fig. 10. Cluster means of backward trajectories calculated by trajectory clus
tering in HYSPLIT for the whole period of March 2018–February 2022 (a), for 
winters 2018–2022 (b) and December 2021–February 2022 (c). 
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extent. A significant reduction in agricultural activities around the city 
could also be traced back. In PM2.5 sources related to energy production 
decreased the most. However, during the closures in the springs of 2020 
and 2021, a significant increase in biomass burning from domestic 
heating was detected, which was caused by the forced staying at home 
and the colder weather. The shift of traffic-related pollutants from the 
school year to the summer relaxation periods is also an indication of the 
changed habits of the urban population. 

Another important local source was construction and roadworks, 
which intensified from time to time during the 4 years of the study. The 
impact of a large-scale industrial site development on the concentration 
and composition of PM2.5 could be identified even from a distance of up 
to 10 km. 

We have shown that a large part of APM pollution in Debrecen comes 
from regional and long-range transport. The main source areas of sec
ondary sulphate aerosols were the western Balkan countries and south- 
west Romania. Therefore, the change in emission in these countries also 
had a strong influence on the air pollution level in the city. 

When investigating the lockdown, transition, and relaxation periods 
individually, the picture becomes rather complex. Local meteorological 
parameters, the origin of air masses, and long-range transport processes 
had a significant influence on the evolution of air pollution in the 2-3- 
month time intervals. The effects of these conditions were similar in 

magnitude to the changes caused by the closures. These parameters 
could cancel out, reverse, or amplify the effects of the restrictions, as we 
have seen, e.g., for lockdown1 and lockdown4. Therefore, when inves
tigating such short time periods, all possible circumstances must be 
taken into consideration in order to reach the right conclusions. Aver
aging over a sufficiently long time period – 2 years in our case – these 
short-term effects are smoothed out. 

Atmospheric particulate matter pollution is a severe problem in all 
urban environments around the world. Therefore, the reduction of APM 
exposure is a primary goal of the authorities. 

Thanks to the special situation due to the COVID-19 pandemic, we 
have shown that a significant reduction in traffic and industrial pro
duction locally and globally could improve the air quality of an east- 
central European city by 20–25% in the long term. The results of 
source apportionment indicated that only properly targeted local and 
regional measures together would provide a reduction of urban air 
pollution to the required level. We have also shown the importance of 
understanding the effects of complex local and global meteorological 
situations and episodic emissions from distant natural and anthropo
genic sources. All our results point in the direction that AQ improvement 
policies in the future should be based on source apportionment, which 
takes into account local, regional, and global influences of meteoro
logical parameters and emission sources. 
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