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This study has analyzed the traffic-related change in atmospheric pollutants levels (PM2.5,
PM10, CO, NO2, SO2, and O3) caused by the COVID-19 restrictive measures, based on
traffic ground-based stations data in urban areas in Serbia. The possible influence of
several meteorological factors (temperature, wind, pressure, and humidity), andmobility on
the pollutants’ levels were also considered. The obtained results showed a positive
correlation of daily NO2 concentrations with mobility and its significant reduction during
restrictive measures at all selected monitoring stations. The reduction of NO2 was higher
than in other countries (71.1–111.5% for measured, and 49.3–92.6% for “deweathered”
data), indicating a high traffic impact on NO2 levels in Serbia. The PM, CO, and SO2

showed aweak correlation with mobility during the period with restrictive measures, which,
besides traffic, indicates the significant influence of other sources of their concentration.
The O3 concentrations were increased at all measuring stations and are negatively
correlated to mobility. Comparison of pollutant concentrations during restriction with
the equivalent period in preceding years showed reductions in NO2 and SO2

concentrations. However, compared to previous years, the concentrations of PM2.5,
PM10, and CO increased in the period with restrictive measures, indicating lower
sensitivity to population mobility and higher dependence on other emission sources.
The findings suggest the justification for the use of traffic reduction strategies to improve air
quality.
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INTRODUCTION

Air quality is one of the dominant factors that affect health and quality of life. The harmful effects of
air pollution on health are well documented, especially when it comes to pollutants such as
particulate matter, nitrogen, and sulfur oxides, carbon monoxide, and ozone (Setton et al., 2011;
Sujaritpong et al., 2014; Likhvar et al., 2015; WHO, 2021; etc). According to WHO (2018), air
pollution is responsible for 26% of deaths from respiratory diseases, 25% of cases of chronic
obstructive pulmonary disease, and 17% of cases of ischemic heart disease. Besides the influence on
mortality and morbidity, several studies conducted in major cities around the world have proven the
harmful effects of air pollutants on the course and prognosis of acute and chronic diseases in adults
and children (Elliot et al., 2016; Weber et al., 2016; Xu et al., 2016).

During the Coronavirus Disease 2019 (COVID-19) pandemic restrictive measures, many human
activities in the fields of transport, economy, and education were globally limited to prevent the
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further spread of the virus. Restrictions on human activity have
resulted in significant reductions in pollutant emissions and have
given scientists a unique opportunity to assess the impact of
limited anthropogenic emissions on air quality. Existing country-
specific case studies have reported a reduction in air pollution
during the implementation of restrictive measures, which may be
the result of reduced transport. The majority of them showed that
nitrogen oxide (NOx) concentrations significantly decreased,
while ground-level ozone (O3) concentrations increased
(Baldasano, 2020; Bekbulat et al., 2021; Briz-Redón et al.,
2021; Chen et al., 2021; Munir et al., 2021; Prats et al., 2021;
etc). Lockdown had a positive effect on particle concentrations
(PM2.5, PM10) in many countries but with a less pronounced
effect (Menut et al., 2020; Betancourt-Odio et al., 2021; Ropkins
and Tate, 2021; Shi et al., 2021). Some studies also found an
increase in particulate matter (PM) concentration due to
unfavorable meteorological conditions, the contribution from
other sources, and transport from remote areas (Munir et al.,
2021; Song et al., 2021). Sulfur dioxide (SO2) and carbon
monoxide (CO) also showed a decrease during the lockdown,
but it has not been consistent (Grivas et al., 2020; Briz-Redón
et al., 2021; Chen et al., 2021; Filonchyk et al., 2021). Lenzen et al.
(2020) and Venter et al. (2020) examined the pandemic impacts
on global air quality levels. Lenzen et al. (2020) found a reduction
in greenhouse gases, PM2.5, and gaseous air pollutants (SO2 and
NO2) by 4.6, 3.8, and 2.9% of the global annual levels,
respectively, while Venter et al. (2020) reported a decrease of
NO2 and PM2.5 by approximately 60 and 31%.

The first case of coronavirus in Serbia was confirmed on
March 6, 2020. On March 15, 2020, the Serbian Government
declared a state of emergency (from midnight on March 16).
From then on, a series of partial and strict restrictive measures
were successively undertaken to limit the spread of COVID-19,
including the closure of schools and universities, travel
restrictions, working at home, closure of catering and sales
facilities, and ban on public gatherings. During the holidays
and the majority of weekends, starting from Friday afternoon,
a full weekend curfew was imposed on the entire territory of
Serbia. After seven and a half weeks of measures, and obtaining
successful outcomes, the state of emergency was lifted on May
6, 2020.

Studies on the impact caused by the COVID-19 outbreak on
air pollution in Serbia are quite limited. So far, the effects of the
lockdown on the level of air pollutants have been investigated in
one city (Novi Sad), only for April 2020. Davidović et al. (2021)
showed that PM2.5, PM10, and SO2 levels during restrictive
measures, did not change noticeably, compared to the pre-
restrictive measures period. Having in mind the fact that the
impact of restrictive measures on air pollution has not been
analyzed in other cities in Serbia, and that measures have mostly
affected traffic reduction, the following study aimed to assess the
changes in the air quality at traffic air pollution stations linked to
COVID-19 lockdown restrictions. In particular, the study focuses
on the several criteria air pollutants (PM2.5, PM10, NO2, SO2, CO,
and O3), evaluating: 1) effect of meteorological factors and
population mobility on air pollution levels; 2) variation in
daily concentrations between February 1 and June 30, 2020

(before, during, and after restrictive measures), and 3)
difference in the mean concentration in 2020 compared to
average concentration during the equivalent period in
previous years.

MATERIAL AND METHODS

Study Area
The Republic of Serbia is positioned in Southeast Europe on the
Balkan Peninsula, between latitudes 41°and 47° N and longitudes
18° and 23° E. The country covers an area of 88,499 km2

(Statistical Office of the Republic of Serbia, 2020). The
northern part of the country is lowland, while the altitude
increases to the south. The estimated population in Serbia in
2020 was 6,899,126 (Statistical Office of the Republic of Serbia,
2021). The population is mainly concentrated at lower altitudes in
northern and central areas and along the river valleys. Nearly 60%
of Serbia’s population lives in urban areas (Drobnjaković and
Spalević, 2017).

This study covers urban areas with traffic stations for
measuring air quality, which have different sizes and
population densities (Figure 1). The largest by far is the
nation’s capital, Belgrade (BG), with a population of 1.7

FIGURE 1 | Location of the traffic air pollution monitoring and
meteorological stations in Serbia used in the study.
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million in the total city area (1.2 million in the urban city area).
Novi Sad (NS) is the second, while Niš (NI) is the third-largest
city in Serbia, with a population of 360,000 and 260,000,
respectively. Subotica (SU) and Pančevo (PA) are cities with
populations ranging from 100,000 to 150,000 inhabitants, while
the population of other cities covered by the study (Valjevo (VA),
Sremska Mitrovica (SM), Sombor (SO), and Užice (UE)) is
between 70,000 and 85,000 (Statistical Office of the Republic
of Serbia, 2020).

The main sources of outdoor air pollution in Serbia comprise
the energy production sector, industrial activities, and mining. In
almost every urban municipality, traffic and individual domestic
heating additionally pollute the air. In some cities, such as UE and
VA, the unfavorable geographical position, such as valleys and
gorges, further, makes air quality even worse. The major sources
of air pollution in BG are electricity production, heating, and
industry, while for NOx, the major source is traffic (Serbian
Environmental Protection Agency, Ministry of Environmental
Protection, Republic of Serbia, 2012; Serbian Environmental
Protection Agency, Ministry of Environmental Protection,
Republic of Serbia, 2013). The specific sources of air pollution
in NS are the petrochemical industry and growing vehicle traffic
(WHO, 2019), while in NI dominate boiler rooms, individual
furnaces, traffic, and industry. In the UE, the metallurgical
industry is responsible for the emission of SO2 and NOx. In
PA, the chemical industry is a source of SO2, and NOx, while
traffic and individual heating are the sources of PM. In VA, the
use of wood and coal for heating households and the frequent
occurrence of temperature inversion in the cold part of the year
lead to a large excess of PM concentrations (Stanojević et al.,
2019). In SU, SO, and SM the main sources of PM are domestic
heating and traffic.

Collection and Selection of Data on Air
Quality, Meteorology, and Mobility
To analyze the impact of COVID-19 lockdown on air quality, we
used air pollution, meteorology, and mobility data. For that
purpose, we divided all datasets into three periods: 1) before
restrictive measures (BRM), from February 1 to March 14, 2020;
2) during restrictive measures (RM), from March 15 to May 5,
2020, and 3) after restrictive measures (ARM), from May 6 to
June 30, 2020. In addition, we extracted and analyzed data for the
curfew subperiod inside of the RM period.

Air pollutant concentrations including NO2, SO2, CO, PM2.5,
PM10, and O3 for the period 2015–2020 were obtained from the
national network of automatic stations for air quality monitoring
managed by the Serbian Environmental Protection Agency
(SEPA, 2021). All measurements were performed using
precision air quality monitoring equipment with quality
assurance and quality control protocols for sampling and
analysis. According to Regulation on monitoring conditions
and air quality requirements (2013) checking the quality of
measurements, method of processing, display of results, and
assessment of their reliability, as well as adjustment and
calibration of measuring instruments is carried out according
to the prescribed measurement methods and requirements of

SRPS ISO/IEC 17025 (Institute for standardization of Serbia,
2021). The maximum measurement uncertainty of the measured
data was within the limits prescribed in the Regulation on
monitoring conditions and air quality requirements (2013).
For a 95% confidence interval, the maximum measurement
uncertainty was 15% for NO2, SO2, CO, and O3, and 25% for
PM10 and PM2.5. Uncertainty evaluation was done according to
the methodology described in the European Committee for
Standardization (CEN, French: Comité Européen de
Normalisation) report ‘‘Approach to uncertainty estimation for
ambient air reference measurement methods’’ (CEN, 2002)
following the European Framework Directive10 on Ambient
Air Quality and the associated Daughters Directives. The
national network consists of samplers/analyzers that detect
and analyze the concentration of air pollutants 24 h/day
throughout the year according to reference technical standards
(SRPS EN 14211, SRPS EN 14212, SRPS EN 14626, SRPS EN
14907, SRPS FN 12,341, SRPS EN 14625) (Institute for
standardization of Serbia, 2021). The air sampling takes place
hourly, using TELEDYNE API Model 200A for NO2,
TELEDYNE API Model 100E for SO2, TELEDYNE API
Model 300A for CO, GRIMM EDM 180 for PM2.5, TCR
TECORA Skypost HV for PM10, and TELEDYNE API Model
400A for O3. Measurements and data processing were identical at
all stations. We downloaded data for the period 2015–2020 and
restricted them to consider a specific window of days each year
between February 1 and June 30 (150 or 151 days). Before
processing, to remove faulty data and inaccurate
measurements resulting from the response error of the sensor,
each data was subject to quality control by using different control
tests similar to those described by Dunn et al. (2012): the
existence of gaps in data series, occurrences of physically
impossible values and long consecutive, and occurrences of the
same value. All data (each monitoring station and each year) were
verified to determine if they will be included in the study. If any
monitoring station in each year contains <70% of data in the
specified window (70% × 150 days × 24 h = 2520 data) it is
excluded from further analysis. Each period (before, during, and
after the restrictive measures) was checked whether it contained
more than 70% of the data and if not, it was excluded from further
analysis. The monitoring stations with a sufficient number of
years before 2020 were further processed to calculate base
averages. Each station with less than 3 years of measurements
in the period 2015–2019 is excluded from the analysis. After a
completeness check, data from three PM2.5 (BG, NS, NI), three
PM10 (BG, NS, NI), six NO2 (BG, NS, NI, VA, UE, SM), five SO2

(BG, NS, NI, UE, PA), seven CO (BG, NS, VA, UE, SU, SO, SM),
and three O3 (PA, SU, SO) traffic urban air pollution monitoring
stations were used.

Meteorology data including wind speed (ws), wind direction
(wd), air temperature (T), air pressure (P), and relative humidity
(RH) for each city were downloaded from the National Oceanic
and Atmospheric Administration Integrated Surface Database
(NOAA, 1901—present). Meteorological data were used to
deweather air quality data and estimate the impact of
meteorological conditions on air quality during the analyzed
period.
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Serbia’s community mobility data were downloaded from the
Google Community Mobility Reports (Google, 2021) and Apple’s
COVID-19 mobility trend (Apple Inc, 2020). Google datasets
show daily changes in the number of visitors to specific locations
(e.g., grocery stores; parks; transit stations) relative to the median
baseline level before the pandemic outbreak, where the baseline
level represents a normal value for that day of the week, given as
median value over the five weeks from January 3 to February 6,
2020. Google reports usually contain data for the period February
15 - December 31, 2020, however, the report for Serbia lacks data
for the period May 19– July 3, 2020. Apple’s mobility trend

reports show how human mobility has changed relative to
January 13, 2020. Google transit station data and Apple
driving data were used in this analysis.

Deweathering of Air Quality Data and
Statistical Analysis
Meteorology plays an important role in air pollutant
concentrations. Considering trends, it is difficult to know
whether a change in concentration is a consequence of
emissions or meteorology. Therefore, this analysis included

FIGURE 2 | Two-way interactions between the most influential covariates: (A) PM2.5 - air temperature (T) and wind speed (ws); (B) PM10 - air temperature (T) and
wind speed (ws); (C) CO- air temperature (T) and wind speed (ws); (D) SO2 - air temperature (T) and relative humidity (RH); (E) NO2 -hour of the day (h) and wind speed
(ws); and (F) O3 - air temperature (T) and relative humidity (RH).

TABLE 1 | Differences between measured and “deweathered” mean concentrations were shown as percentages (%) before (BRM), during (RM), and after the restrictive
measures (ARM). ‘/’ means that there is no measurement of a specific air pollutant at this particular station.

BG NS NI VA UE PA SU SO SM

PM2.5 BRM 0.9 −1.7 0.9 / / / / / /
RM 2.7 2.5 2.5 / / / / / /
ARM −1.6 0.7 −2.5 / / / / / /

PM10 BRM 2.0 0.4 1.0 / / / / / /
RM 1.6 1.4 1.3 / / / / / /
ARM 0.3 0.8 0.2 / / / / / /

CO BRM 3.5 0.7 / 3.6 3.8 / −12.6 −0.7 5.1
RM −1.4 1.5 / 0.3 0.9 / −3.7 −0.2 −3.7
ARM 1.7 −3.1 / 1.1 −8.0 / 3.8 0.8 3.1

NO2 BRM 0.3 3.3 7.2 3.1 2.8 / / / 1.3
RM −9.8 −8.6 −11.6 −7.8 −10.0 / / / −2.3
ARM 3.8 4.1 4.6 1.9 4.0 / / / 2.1

SO2 BRM 3.9 3.0 1.2 / 1.6 −0.4 / / /
RM −3.7 2.0 −2.4 / −3.2 2.5 / / /
ARM −1.9 −3.2 −6.3 / 1.8 0.1 / / /

O3 BRM / / / / / −3.8 −5.4 0.7 /
RM / / / / / 1.3 2.0 1.1 /
ARM / / / / / −0.5 −0.8 −0.6 /
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measured and ‘deweathered’ data. The ‘deweather’ package in the R
programing language (Carslaw, 2020) was used to remove the
influence of meteorology from air quality time series. This
package is based on boosted regression trees statistical technique
using the gbm package (Ridgeway, 2017). It takes into account the
complex interactions and non-linear relationships between the
variables. Without the need for prior data transformation or
elimination of outliers, it is possible to select relevant variables, fit
accurate functions and automatically identify and model interactions
(Elith et al., 2008). The advantage of the technique is to assess how a
dependent variable reacts to individual model variables, the relative
importance of different variables for prediction, and the possibility to
determine, rank, and visualize interactions between variables
(Carslaw and Taylor, 2009). Five meteorological (T, ws, wd, P,
and RH) and two temporal (hour of the day-h and day of the
week-wdy) predictors were used to develop models for each air
pollutant and each measuring station. Each model was built using
80% of the random data, while the rest of the data was used for
validation. This resulted in the “deweathered” data showing the
changes in the concentrations of air pollutants as emission
products. The boosted regression tree technique is also used to
examine the effect of meteorological conditions on air pollutants
by exploring partial dependencies. The partial dependencies show the
relationship between the pollutant and the covariates used in the
model while keeping the value of the other covariates at their
mean level.

Statistical data analysis was performed using R programming
language and Rstudio software (R Core Team, 2013; RStudio
Team, 2015). Plots of pollutant time variations and correlations
between air pollutants and meteorological parameters were
developed using a purpose-built for air quality
analysis—openair (Carslaw and Ropkins, 2012). To determine
the statistical significance of differences in 2020 air pollutant
levels versus concentration during the same period in previous
years, both observed and ‘deweathered’ data were compared using
a t-test. Values of p < 0.05 were considered statistically significant.

RESULTS AND DISCUSSION

Influence of Meteorological Factors and
Population Mobility on Air Pollution
The interactions between the most influential covariates and
air pollutants are shown in Figure 2. The air temperature and
wind speed were the most important variables affecting PM2.5,
PM10, and CO concentrations and show a negative
correlation. The concentrations of SO2 were the most
affected by low relative humidity and high temperatures,
while the concentrations of NO2 are closely related to
traffic flows and tend to be higher during the afternoon
traffic peak. Concentrations of O3 concentrations are
strongly positively correlated with air temperature, and also
inversely correlated with relative humidity.

The overall effects of the weather conditions on air pollution levels
before, during, and after the restrictive measures (BRM, RM, ARM)
were shown in Table 1. Differences between measured and
“deweathered” mean concentrations were shown as percentages
(%). The negative signs show a reduction in measured air
pollutant concentrations due to favorable weather conditions,
while positive signs indicate an increase in the measured
concentration caused by unfavorable weather conditions. During
the BRM period, weather conditions were slightly unfavorable in
most places, resulting in a slight deterioration in air quality. The
exceptions were the stations in the north of the country (SU, SO, and
PA), where the weather conditions led to the purification of the air.
During the RM period, the weather conditions were the most
unfavorable for PM and O3 at all stations. However, the weather
had a positive impact on the levels of NO2 in all cases, and on SO2 at
themajority of stations (except inNS and PA).When it comes to CO,
weather conditions have worsened the air quality in the central and
southwestern parts of the country, while in places in the north and
northwest (SU, SO, and SM) it had a positive effect. In the ARM
period, the weather had the most unfavorable effect on NO2

concentrations in all places.
A significant reduction inmobility over the RMperiod is expected

to reduce vehicle emissions and lead to an improvement in air quality.
Changes in mobility data as a percentage for the whole of Serbia for
the period February 1—June 30, 2020 are shown in Figure 3. Both
sets of mobility data, Google and Apple, showed a sharp decline from
the weekend before the start of the implementation of the restrictive
measures, which began on March 15, 2020. Later, mobility data
showed a slightly growing trend from the second week of April 2020
until the end of the RM. There is a noticeable decline in mobility
during curfew on weekends, preceded by a slight increase on Fridays.
After the RM period, mobility was constantly growing until the
second week of June, when it returned to the BRM level.

FIGURE 3 | Changes in mobility data (%) in Serbia during the period
February–June 2020. The vertical lines show the start and end of the restrictive
measures period.

TABLE 2 | Correlation analysis between Google mobility data and air pollutant
concentrations at different monitoring stations in the restrictive measures
period (RM).

PM2.5 PM10 CO NO2 SO2 O3

–0.16 0.07 0.35a 0.60a −0.01 −0.52a

asignificant for p < 0.05.
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To investigate the strength of the linear relationship a
correlation between the average mobility trend (Google data)
and “deweathered” air pollution levels was performed (Table 2).
The Pearson correlation coefficients are presented in Table 2,
whereby values lower than 0.40 are considered weak, while values
higher than 0.70 are considered a strong correlation.

The highest positive correlation with mobility had NO2

concentrations, with a moderate statistically significant R-value of
0.60. This was expected as NOx is mostly emitted from traffic in
urban areas. The percentage of the mobility and NO2 concentrations
reduction was similar (–67% vs. –61%, respectively) indicating a close
cause-and-effect relationship. The correlations between PM and SO2

on the one hand and mobility, on the other hand, were low and
statistically insignificant, so they can be considered negligible indicating

the higher effect of other emission sources, such as individual heating.A
statistically significant positive correlation between CO and mobility
was expected because CO is an important component of traffic exhaust
fumes. O3 concentrations had a weak, but statistically significant,
negative correlation with mobility. A negative correlation of O3 was
expected because lower NOx emissions from motor vehicles cause an
increase in the ratio of volatile organic compounds (VOC) to NOx,
which leads to higher surface O3 concentrations.

Changes in Air Pollutant Concentrations in
BRM, RM, and ARM Periods
Variations of the measured and ‘deweathered’ concentrations of
air pollutants in percent (%) for the RM and ARM periods

FIGURE 4 | Percentage changes of city-specific pollutant concentrations in restrictive measures (RM) and after the restrictive measures (ARM) periods compared
to before restrictive measures (BRM) periods for raw and “deweathered” data for (A) PM2.5, (B) PM10, (C) CO, (D) SO2, (E) NO2, and (F) O3.
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compared to the BRM period are presented in Figure 4. The
hourly and weekly cycles of all measured pollutants for BRM, RM,
and ARM periods are given in Figure 5.

Measured and ‘deweathered’ NO2 concentrations decreased
significantly at all measurement sites during the RM period
(71.1–111.5%, and 49.3–92.6%, respectively). The percentage of
decrease was higher than those reported in the other studies
(Grivas et al., 2020; Donzelli et al., 2021; Fenech et al., 2021; Shi
et al., 2021), indicating that the impact of traffic on NO2 levels in
Serbia is greater than in other countries. The substantial impact of
traffic on air pollution in Serbia is due to the fact that vehicles in
Serbia (and in groups in Southeast Europe in general) emit
significantly more air pollutants than in the rest of Europe.
Although Serbia has solved the problem of importing vehicles
with particularly high air pollutants by prohibiting imports of old
vehicles and vehicles with low European emission standards, the
vehicle stocks in Serbia consist of vehicles with an average age ofmore
than 11 years and a low proportion of new vehicles (Velten et al.,
2020). Serbia imports low-cost vehicles, which have a substantial

impact on air pollution due to excessive kilometers traveled or other
shortcomings of vehicles that lower their price. In the ARM period,
NO2 levels increased relative to the RM period (10–30% for raw, and
9–20% for “deveathered” data), but concentrations remained below
those in the BRM period (23.7–62.8% for raw, and 11.2–61.5% for
“deveathered” data). This was expected because population mobility
during the ARM period was still lower than during the BRM period.
Changes in O3 concentrations were also uniform through all
measuring stations. Similar to other studies (Chen et al., 2021;
Fenech et al., 2021; Hernández-Paniagua et al., 2021; Song et al.,
2021), during the RM and ARM periods, there is an increase in O3

levels (Figure 4F). Being a secondary pollutant, the production of O3

is associated with the changes in meteorological conditions and NO2

and VOCs concentrations. The decrease in NOx frommotor vehicles
in the RM period, while the amount drop of VOC is not as large as
NOx, is linked to a reduced titration effect of O3 by NO, and leads to
higher O3 concentrations. An increase in O3 in the late spring and
early summer ARM period is associated with higher insolation and
temperatures.

FIGURE 5 | Hourly and weekly cycles of pollutants concentrations in Serbia before (BRM), during (RM), and after the restrictive measures (ARM) periods for (A)
PM2.5, (B) PM10, (C) CO, (D) 2, (E) NO2, and (F) O3.
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For PM, the relationship between the decrease in PM10 and
PM2.5 concentration and restrictive measures was unclear and
inconsistent (Figures 4A,B). A moderate reduction was observed
in BG and NI in comparison to the BRM period, followed by a
significant reduction during the ARM period, while NS
experienced an increase in PM2.5 and PM10. An increase in
PM in NS may indicate the presence of local sources emitting
particles that were active in the RM period. According to

Davidović et al. (2021), in the period March 26th–28th the
transport of particles from the Aralkum Desert in Asia
additionally contributed to the increased concentrations in NS.
The raw and “deweathered” data variations (%) for PM2.5 ranged
from –67.5 to +8.6% and –69.8 to +4.7%, respectively which is
within the range of values reported by Gao et al. (2021). Similar to
the PM, changes in SO2 and CO levels in the RM period were
uneven and city-specific. At most measuring stations, the changes
of SO2 during the RM period compared to the BRM period were
relatively small, up to 11%, except in BG (Figure 4D). The levels
of CO (both, raw and “deweathered”) showed a significant
decrease in the RM period at stations in the central and
southern part of the country (from –16.3% to –64.7%, and
from –13.0% to –50.0%, for measured and “deweathered” data,
respectively), while at stations in the north levels of CO increased
(SU, SO, and NS).

Hourly and weekly profiles of pollutants in the BRM, RM, and
ARM periods contribute to the understanding of the effect of
traffic on air pollution (Figure 5). Hourly profiles of NO2 and SO2

showed two peaks, in the morning (7–9 h) and afternoon
(16–19 h), which is expected as the levels of traffic flows are
the highest during those periods. It also showed a reduction in the
afternoon peaks NO2 and SO2 during the RM period indicating a
link with reduced mobility. During all three periods, the hourly
and weekly variations of PM2.5, PM10, and CO showed a similar
trend, which is to be expected (Figures 5A–C). Measured hourly
concentrations during BRM and RM periods revealed a decrease
throughout the night (between 00 and 06 h), then an increase
between 06 and 10 h, and a drop between 10 and 15 h. During the
afternoon, concentrations increase, and the highest peak of the
day was achieved between about 19 and 22 h. The late evening
peak is linked to both daily changes in the thickness of the
atmosphere’s boundary layer, which thins during the night, and
an increase in emissions from households, such as heating
(Vicente et al., 2015; Gama et al., 2018). Higher temperatures,
a thicker boundary layer, and lower emissions due to heating
during the warmer half of the year result in lower concentrations
during the ARM. The same hourly and weekly CO to PM trends,
as well as similar daily CO profiles during the BRM and RM
periods, indicate that individual residential heating is the primary
source of this pollutant. During the RM period, a weekly pattern
of all pollutant values revealed an increase in concentrations on
Fridays. It can be explained by the fact that every weekend during
the RM period, a curfew was in force, therefore on Fridays, a large
percentage of the population went shopping and traveled to the
countryside.

Changes in Air Pollutant Concentrations
During the RM Period in 2020 Vs. Average
Concentration During the Same Period in
Previous Years
For each city, percentage variations in pollutant levels between 2020
and average values in the corresponding period 2015–2019 were
calculated to see if pollution concentrations during the RM period
were different from those in previous years. Figure 6 presents
variations of raw (Figure 6A) and “deweathered” data (Figure 6B).

FIGURE 6 | Percentage of variations in raw (A) and “deweathered” (B)
pollutant levels in each city under the study between 2020 and average
concentrations in the period 2015–2019.
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In the majority of cities, PM, CO, and O3 levels increased, while
NO2 and SO2 levels decreased in 2020 compared to previous years’
averages. Although a decrease in concentrations of PM2.5 and PM10

compared to previous years’ average can be expected, a consistent
reduction cannot be seen across all cities, as is the case in Serbia.
Similar to finding in Serbian cities, Briz-Redón et al. (2021) reported
an increase in PM10 levels compared to the year 2019 in several
Spanish cities by more than 35%, while Bar et al. (2021) reported
higher PM2.5 concentrations in Springfield, Lincoln, and Bismarck in
2020 than in 2019. Higher concentrations of PM and CO in Serbian
cities during the RM period in 2020 compared to the same period
2015–2020 can be attributed to an increased contribution of
emissions from household heating given that the average
temperature in cities during the RM period 2020 was lower
between 10.5 and 16.9% than in previous years. The high levels of
PM during the RM period can also be attributed to the unusually dry
period in April 2020 (Republic Hydrometeorological Service of
Serbia, 2021). The highest reduction relative to previous years was
in NO2 concentrations, up to above 40%. Those results are similar to
findings in the other studies (Baldasano, 2020; Bekbulat et al., 2021;
Collivignarelli et al., 2020; Lovrić et al., 2021; etc.). For example,
Munir et al. (2021) reported a decrease of 37.3–55.5% inNO2 levels in
three urban areas in Northern England during the lockdown period
compared to values in 2019. When compared to the same dates in
2018 and 2019, NO2 concentrations in urban areas of Poland
decreased in the range of 5.3–38.7% in April and May 2020
(Filonchyk et al., 2021). These findings indicate that atmospheric
NO2 ismuchmore sensitive than PMandCO to populationmobility.

CONCLUSION

This study focuses on the effects of the restrictive measures due to
the COVID-19 pandemic on air pollutants levels at traffic
measuring stations in Serbia. The influence of meteorological
factors and reduced mobility on the levels of pollutants has been
quantified. The analysis of pollutants concentrations was
performed for the RM in comparison to BRM and ARM, as
well as against the averages in preceding years.

Obtained results showed that the daily concentrations of
NO2 (a primary pollutant produced directly by vehicle
emissions) were significantly reduced at all the selected
monitoring stations. A percentage reduction of NO2 was
higher than in other countries, indicating a high impact of

traffic on NO2 levels in Serbia. Unlike NO2, the relationship
between particulate matters, CO and SO2 concentrations, and
restrictive measures was unclear and inconsistent. The PM, CO,
and SO2 showed a weak correlation with mobility during the
RM period, indicating that, in addition to traffic, their
concentrations are also strongly influenced by other sources.
When comparing the pollution levels to previous years’ average
it was discovered that PM and CO concentrations were,
confirming a strong link between these pollutants and
seasonal variations, and regional and cross-border transport.
All together indicate that in the absence of restrictive measures
the levels would have been even higher. Also, the traffic
reduction during restrictive measures negatively influenced
O3 levels as expected due to NO2 reduction.

This study confirmed that even a short-term reduction in
traffic can significantly improve air quality, especially when it
comes to NO2 concentrations. These findings are encouraging
and they should encourage policymakers to limit mobility as a
way to enhance air quality. Other sources such as domestic
heating, industry, and transportation from other locations also
contribute significantly to the increase of pollutant levels,
particularly PM and CO concentrations. Therefore, further
research will need to better understand the impact of
individual sectors.
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