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Abstract: The development of the COVID-19 pandemic and the related lockdown had a major
impact on vehicle traffic in cities. Based on available data from the selected city of Rzeszow, Poland,
it was decided to assess changes in vehicle traffic and the impact of these changes on roadside
environmental pollution. As part of the research, data from the first half of 2020 regarding vehicle
traffic on selected streets of the city and on the city’s inlet routes were analyzed. For the selected road
sections, changes in hourly traffic volume in 2020, compared with 2019, were also determined. With
data on traffic volume, an attempt was made to estimate the impact of changes in traffic volume on
air pollution in the city. Research on air pollution from motor vehicles was focused on a selected
section of a city road that was equipped with an automatic air pollution measurement station located
very close to the road. Additionally, at the road intersection and in the vicinity of the measuring
station, a sensor was installed in the roadway to count passing vehicles. A preliminary analysis of
air pollution data revealed that factors such as wind speed and direction and outside temperature
had a large impact on measurement results. To eliminate the influence of these factors and to obtain
data concerning only contamination originating from motor vehicles traveling along the road, an
appropriate mathematical model of the traffic flow–roadside environment system was built. This
model was designed to determine the air pollution in the vicinity of the road generated by traffic
flow. The constructed model was verified, and the conditions for its use were determined in order
to study the impact of traffic and roadside environment on the level of air pollution from harmful
exhaust substances. It was shown that at certain times of the day, especially at low temperatures,
other sources of harmful emissions related to home heating play a major role in air pollution in
the city.

Keywords: vehicle traffic; roadside environmental pollution; impact of pandemic; traffic flow–
roadside environment system; mathematical model

1. Introduction

The global COVID-19 pandemic has had a huge impact on the world economy in
terms of its development. Significant restrictions on all economic activities significantly
reduced the mobility of the population and consequently reduced traffic intensity. Today, it
is difficult to predict the economic losses of individual regions due to the pandemic, but it
is possible to assess the impact of changes in urban mobility caused by quarantines.

Urban transport is essential for the proper functioning and development of cities.
Economic development and an increase in the number of inhabitants generate increased
traffic intensity and use of public and private transport. All of this leads to unfavorable
phenomena such as congestion, air pollution, noise, and road accidents [1,2]. There are
many forms of urban transport. The most preferred form of mass transport is public
transport. From the point of view of environmental protection and human health, forms
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such as bicycle and pedestrian transport are also important [3]. In some Western European
cities, cycling has a significant share of urban transport [4].

The pandemic, which spread to all countries, has caused many changes in passenger
transport. These changes apply to both urban and intercity transport. The most important
of these changes is the decline in passenger transport. This decrease is due to the lockdown,
limited economic activity, sanitary recommendations, and people’s fear of infection. One
study [5] describes how the criteria for selecting means of transport changed in particular
phases of the pandemic. In the first phase, covering March 2020, the most important aspect
was personal and road safety. In the second phase, June 2020, travel time and flexible
departure time were the most important criteria. Another study [6] reviewed the literature
on the role of transport in the spread of disease, including COVID-19, and described
the impact of the pandemic on traveler behavior and mobility. Fear of COVID-19 and
government-imposed mobility restrictions were shown to be among the major factors
limiting mobility.

Various methods have been used to analyze the condition of transport. Examples of
modern solutions using mobile phones and Google Maps, Apple, or Baidu Maps platforms
are presented in [7–12]. These studies analyze cases of different countries and continents.
A method for determining the number, type, and length of journeys based on the registered
logins of mobile phones to base transmitters is described in [7]. Two data recording systems
were used in [8]. In the first part of that article, mobility in the workplace in six selected
countries was defined using data from Google Maps. In the second part of the article,
traffic detectors at 24 intersections were used to analyze traffic in the city of Doha. Between
February and April 2020, traffic volume fell by up to 50%. In April and May 2020, the
number of fatal accidents also decreased by approximately 50% compared with 2019. Data
from the Apple platform and traffic detectors were used in [9]. In two locations under
consideration, Los Angeles and Virginia, the maximum decrease in mobility compared
with February occurred in April. In the category of walking and driving mobility, the
decline was 70% in Los Angeles and 55% in Virginia. In May in Virginia and June in Los
Angeles, mobility in both categories returned to pre-pandemic conditions.

Changes in travel time between selected points in the analyzed area based on data
from Google Maps are presented in [10]. There are also data on the decline in various
categories of mobility in individual voivodeships of Poland in February and March 2020.
The impact of the pandemic on congestion in Shanghai is analyzed in [11]. Based on data
from Baidu Maps, changes in average traffic speed in the first three months of 2020 were
determined depending on the time of day and the route. Using data on mobility from
Google and Apple Maps, changes in individual mobility categories in New Zealand during
COVID-19 from February to July were examined in [12]. The largest drops in mobility were
recorded in the category of public transport. Since June, mobility in the workplace has
reached pre-pandemic levels. Public transport was characterized by a further 40% decrease.

To analyze the intensity of vehicle traffic, a system recording Wi-Fi signals from
passing cars was used in [13]. The paper presents changes in traffic intensity in March and
June 2020 in a city in India, and includes graphs illustrating vehicle traffic flow rates on
selected days during the pandemic period. During the curfew, the drop in traffic reached
more than 85%. The data on traffic volume show only the number of passing cars with a
Wi-Fi transmitter turned on. The share of cars in traffic with Wi-Fi enabled has a different
value and is closely related to the specific city. In many countries, traffic restrictions have
varied. Passenger car traffic in England, after a sudden steep decline at the end of March
2020 of about 70%, was partially restored within a few months [14]. In September, the
decline was only around 20%. In the following months, during the next wave of the
epidemic, traffic was limited, and in November the drop reached about 35%. More detailed
data on the functioning of many forms of transport in the UK from 1 March 2020 to May
2021 can be found in [15]. At the end of the period considered, only motor vehicles and
bicycles had reached their pre-pandemic state.
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Even greater declines were seen in public transport. Here, additional factors influenc-
ing the decline included sanitary restrictions regarding the maximum number of passengers
allowed on a given means of transport and passengers’ fear of infection.

In public transport, the changes are more permanent. In most cities, there was an
80% decrease in public transport [16–19] and its restoration was much slower than that
of passenger cars. Selected US cities were examined in [16] through a series of statistical
analyses aimed at assessing the phenomena occurring in public transport. Data on reduced
travel in selected US and Canadian cities and selected countries up to June 2020 can be
found in [17].

Data on decreased travel in eight selected cities and in Israel from 11 March to 30 August
2020 are presented in [18]. The pace of restoration of transport was different in individual
cities. At the end of August, the decline compared with the pre-pandemic period in many
cities was still from 25% to 68%. For example, in April, Israel saw an almost 86% drop in
transport, and in Madrid, the decline was 88%; after 5 months, the decline was 24% and
44%, respectively. In general, there has been a significant decrease in mobility everywhere
considering all forms of transport, including pedestrian transport. According to data in [10],
shortly after the introduction of lockdown in Poland, the decline in mobility in terms of work,
shopping, and travel reached 40% to 80%. In the cities examined in [8,16–19], the limitations
on the mobility of inhabitants resulted in different values. The mobility of residents in New
York City at the end of January 2021 was 23% of the level at the end of January 2020. In
Stockholm and Moscow [19], the mobility of residents after the sudden collapse in April
2020 increased in August to 70–80% of the previous year’s value. The second wave of the
pandemic reduced that value at the end of January 2021 to around 50%. The problem of the
decline in mobility in 10 selected countries was studied in [20]. Current data on the status
of selected mobility categories in relation to the baseline are available in [21]. The baseline
is the median value for the corresponding day of the week during the 5-week period from
3 January to 6 February 2020.

One of the few forms of urban transport that in many cases did not experience a
significant decrease after the period of sudden decline in the mobility of inhabitants is
bicycle transport. Due to their zero emissivity, bicycles are a preferred form of transport.
However, during the pandemic, fear of infection was the main factor behind the choice
to use bicycles [22]. In London, after all transport collapsed in April, cycling quickly
recovered; by May 2020, it was at least 200% [14] of the pre-pandemic level. A similar
situation took place in China [23]. After a sudden traffic slump at the end of January, in
early March the city’s bike rental system saw a significant increase in travel, reaching at
least 50% of the pre-pandemic level. Information on the growing importance of bicycle
transport can also be found in [24,25]. Their research results clearly show increases in the
shares of motor vehicle, bicycle, and pedestrian traffic.

Many studies dealing with the impact of the pandemic on vehicle traffic also con-
sidered the impact on road safety and environmental pollution. Road safety issues were
analyzed in [26] concerning a city in Spain, as well as in a previously cited work [8].

The issue of the emission of environmental pollutants by vehicle traffic was considered
in many studies from different countries. One study examined this issue in Croatia [27].
Other studies examined the impact of the pandemic on air pollution in Portugal [28] and
China [29]. The problems of road traffic and its impact on air pollution in India were
studied in [30,31]. Another study from Asia [32] shows the state of air pollution in selected
Malaysian cities in January 2020. A global analysis of the impact of the pandemic on air
quality in many regions was presented in [33].

All of the previously discussed factors, in particular sanitary restrictions, made neces-
sary an analysis of the functioning of existing transport systems and the development of
post-pandemic guidelines [34].

The decrease in traffic in city areas undoubtedly contributes to a reduction in the
emission of harmful substances into the atmosphere.
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However, the total level of air pollution measured above the earth’s surface depends
on many sources and the external weather conditions. The influence of such external
meteorological conditions on air pollution was considered in [29]. The structure, type, and
share of these sources in total pollution can vary in different cities.

Therefore, in the measurement data recorded during the spring, for example in Poland,
Portugal, and India [28,30–32], the shares of means of transport in total air pollution were
not the same. In April and early May, temperatures in Poland often remained below
freezing at night. For space heating, coal heating appliances are often used, representing
a significant source of emissions. Such a situation certainly does not exist in Portugal,
India, or the Mediterranean countries. To estimate the impact of road vehicles on air
pollution and environmental safety, it was decided to use simulation studies based on a
developed mathematical model. This model uses data on traffic volume, vehicle structure,
and external environmental conditions.

Research on methods for assessing and improving the environmental safety of road
vehicles has been carried out by many authors [35–38]. The application of systemic methods
to determine the level of environmental pollution from exhaust gases and to assess fuel
efficiency under operating conditions is described in [39]. This work also indicates ways
to improve the environmental safety of vehicles and determine their effectiveness. The
development of such research is closely related to the integration of innovative information
and communication technologies. These technologies enable us to receive, process, and
analyze large amounts of structured and unstructured information.

Big data, Internet of things (IoT), sensors, a variety of small devices, and video that
transmits data in real time (data in motion) expand the functionality of intelligent transport
systems and smart cities to optimize and improve transport infrastructure and traffic.
The features of the vehicle-to-infrastructure (V2I) information system and the process
of monitoring and evaluating vehicle technical conditions while under operation, with
the possibility of forecasting, are described in [40]. The peculiarities of developing a
mathematical model of the traffic flow–road system and the creation of specific elements
for an intelligent system to monitor vehicle environmental safety in operational conditions
are described in [41,42]. Individual vehicles, their propulsion systems, and urban traffic
flows are considered as objects for monitoring in [43]. The features of information and
analytical systems for the monitoring of road vehicle performance and environmental
impact under different conditions are presented. Similarly, the features of information
and analytical systems for the monitoring of the operating processes and environmental
performance of vehicle propulsion systems are described in [44]. A simulation of vehicle
environmental indicators in traffic flow and an evaluation of roadside pollution by traffic
flow are presented in [45].

The aim of this paper was to investigate the impact of the COVID-19 pandemic and
related restrictions on city traffic and to determine the impact of changes in urban traffic
on the level of environmental pollution due to harmful gases from vehicles, based on the
example city of Rzeszow, Poland.

The paper is organized as follows: Section 2 presents the characteristics of the studied
city, including data on the number of registered vehicles and the number of vehicles
entering the city. Section 3 analyzes the data obtained from traffic and air pollution
measuring devices. The first part presents vehicle traffic data and analyses, and the second
part focuses on the analysis of direct roadside pollution data and external conditions.
Section 4 presents the selected method used to determine air pollution from means of
transport, and describes and verifies the adaptation of the mathematical model of the
transport flow–roadside environment system to the studied conditions. Section 5 presents
the results of the air pollution simulation on a selected road section under normal traffic
conditions and in the quarantine period. Section 6 summarizes the obtained results and
presents conclusions.



Energies 2021, 14, 4299 5 of 20

2. Characteristics of the Object of Study

The city of Rzeszow is the center of Podkarpackie Voivodeship, located in southeastern
Poland, and has about 200,000 inhabitants. Over the past 10 years, the level of motorization
of the city has increased more than 1.5 times and, since 2017, has exceeded 500 cars per
1000 inhabitants. The increase in the number of passenger cars registered in the city in
recent years is shown in Figure 1a. Not only vehicles registered in Rzeszow participate in
city traffic; every working day, more than 100,000 cars enter the city. The graph in Figure 1b
presents data illustrating the number of vehicles entering the city in individual months.
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Figure 1. Number of vehicles (a) registered yearly and (b) entering the city in individual months.

There is a visibly clear decrease in February in all analyzed years as there are fewer
days in that month.

The analysis of statistical information on the composition of the vehicle fleet of Rzes-
zow shows that 78% are cars of category M1, and about 16% are trucks of categories N1,
N2, and N3. Vehicle category designations M and N follow the classification of the United
Nations Economic Commission for Europe. This is also a group of registered buses, consti-
tuting 0.5% of the total vehicles. The average age of category M1 vehicles is approximately
13.5 years. The share of individual age groups is shown in Figure 2a. These cars use
petroleum fuel, and the percentage share of individual types of fuel is shown in Figure 2b.

Fuels of petroleum origin remain the main source of energy for road vehicles; more
than half of vehicles use gasoline, about 30% use diesel fuel, and the share of alternative
fuels, including LPG and CNG, does not exceed 15%.

Transit traffic of N3 vehicles was eliminated from the city area and traffic of N2
vehicles has been significantly reduced. The traffic of transit vehicles is transferred to the
ring road or bypasses Rzeszow via the motorway. Figure 3 shows the scheme of the road
system in the city. Three national roads, 9, 19, and 94, pass through the city. Depending on
the location in the diagram in relation to the city, the inlets of individual roads are marked
as follows: road 94 has an east inlet, 94 E, and a west inlet, 94 W; road 19 has a north
inlet, 19 N, and a south inlet, 19 S; and road 9 has a north inlet, 9 N, and joins road 19 S in
the south of the city. About 70% of vehicles enter Rzeszow using these inlets, shown in
Figure 3. In addition to the main entry routes, the figure also shows the bypass road and
three selected sections of city streets, which are the subject of further analysis in Section 3.
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Figure 2. Details of vehicles registered in Rzeszow: (a) age of vehicles; (b) source of propulsion.

Figure 3. Scheme of city road system.

Figure 4 [46] shows the types of vehicle traffic on the entry roads from the east to the
city, marked as 94 E, and from the south, marked as 19 S. The share of N3 heavy vehicles in
the traffic on road 94 is negligible. Road 94 is parallel to the A4 motorway, which connects
the east and west of Poland and is a transit route from Germany to Ukraine.

Data on the traffic composition on entry road 19 S to Rzeszow came from a measuring
station located a few kilometers outside the city limits. The share of trucks is much greater
here. Cars from southern Europe (Slovakia, Hungary) travel along this road. However,
these vehicles do not participate in city traffic. They use the bypass road around the city to
continue their way north or west.
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3. Analysis of Measurement Data after Introduction of Lockdown
3.1. Changes in Traffic Volume

Pandemic restrictions, such as the closure of schools and shopping malls and the
transition to remote work, had a significant impact on traffic in the city. The decrease in
vehicle traffic is particularly visible in the first period of the pandemic, i.e., March and
April 2020. This applies both to internal traffic within the city and to traffic entering the
city. In April, there was an almost 30% decrease in daily entries to Rzeszow. The course
of these entrances can be observed in Figure 5. Figure 5a presents average daily entries
to Rzeszow from all directions, and Figure 5b shows average daily entries from the five
routes with the highest traffic. Apart from the 19 S entry route, the nature and size of the
changes in traffic intensity caused by the lockdown are similar. As the restrictions were
lifted, the situation slowly returned to the pre-lockdown state. In June 2020, the number of
entries to Rzeszow was close to the value in February 2020.

Energies 2021, 14, x FOR PEER REVIEW 8 of 20 
 

 

 

(a) (b) 

Figure 5. Average daily entries to Rzeszow in January–June 2020: (a) total; (b) via the five largest 

entry routes. 

The functioning of public transport also underwent significant changes, as shown in 

Figure 6. The number of vehicle-kilometers traveled decreased by about 35% (Figure 6a). 

The reduction in monthly passenger transport was much greater, amounting to approxi-

mately 80% (Figure 6b). This large decrease in passenger transport was caused by re-

strictions on the number of passengers per vehicle, based on sanitary precautions, and the 

public’s fear of infection. 

 

(a) (b) 

Figure 6. Transport performance of public transport in January–June: (a) completed vehicle-kilome-

ters; (b) monthly passenger transport. 

The decrease in traffic was also noticeable on the main streets of the city. Figure 7 

shows the monthly flow rate on two selected sections of the main urban routes. Pilsudski 

Street runs along the east–west axis through the city center. Powstancow Warszawy Av-

enue connects the southern areas of the city with industrial and residential areas and also, 

to a small extent, fulfills the functions of a transit route. 

Figure 5. Average daily entries to Rzeszow in January–June 2020: (a) total; (b) via the five largest entry routes.

The functioning of public transport also underwent significant changes, as shown in
Figure 6. The number of vehicle-kilometers traveled decreased by about 35% (Figure 6a).
The reduction in monthly passenger transport was much greater, amounting to approxi-
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mately 80% (Figure 6b). This large decrease in passenger transport was caused by restric-
tions on the number of passengers per vehicle, based on sanitary precautions, and the
public’s fear of infection.
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The decrease in traffic was also noticeable on the main streets of the city. Figure 7
shows the monthly flow rate on two selected sections of the main urban routes. Pilsudski
Street runs along the east–west axis through the city center. Powstancow Warszawy Avenue
connects the southern areas of the city with industrial and residential areas and also, to a
small extent, fulfills the functions of a transit route.
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The data on hourly traffic volume in the middle section of Pilsudski Street for the
first week of April 2019 and 2020 and the second half of May 2019 and 2020 are shown in
Figure 8.
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(b) second half of May.

Analysis of the measurement results from the observation section showed that the
introduction of quarantine due to the coronavirus pandemic initially resulted in a significant
decrease in hourly traffic volume (Figure 8a). In the first week of April 2020, the decrease
was from 30% to 60%, compared with 2019. The comparison of data from May 2019 and
2020 does not show such a significant drop in hourly traffic volume, except for Sunday
(Figure 8b).

Pilsudski Street is located downtown. Before the pandemic, daily traffic from 7:00 a.m.
to 5:00 p.m. showed no visible morning or afternoon peaks. The pandemic, to a large
extent, eliminated the movement of vehicles not related to commuting, thus changing the
nature of mileage on working days. In Figure 8a, two peaks related to the morning and
afternoon rush hours are noticeable in the traffic volume of 2020. The situation is different
on Kwiatkowski Street, which is an access route from the residential area to the city center.
The recorded traffic flows from the first week of April 2019 and 2020 are shown in Figure 9.
The data came from sensors at the intersection with a main urban route, Powstancow
Warszawy Avenue.

Before and during the pandemic, the nature of hourly traffic volume did not change.
The maximum traffic volume in the direction of the city center occurred in the morn-
ing, while maximum traffic from the city center occurred in the afternoon, as shown in
Figure 9a,b. The pandemic-related constraints only contributed to a decrease in traffic, as
shown in Figure 9c,d.
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3.2. Analysis of Changes in Air Pollution

To study the impact of the pandemic on changes in urban mobility and the level of roadside
pollution, a four-lane section of Pilsudski Street with two-way traffic was chosen. A stationary
observation station was installed on the studied section of the street (Figure 10).

This station was equipped with tools to determine the current (hourly) indicators of
atmospheric air quality (concentrations of carbon monoxide (CO), hydrocarbons (CH), nitrogen
dioxide (NO2), particulate matter (PM10 and PM2.5), and other harmful substances), as well as
air temperature and humidity, wind speed and direction, etc. [47]. Measurement sensors were
also installed in the analyzed section, providing data on the number of cars that passed. The
data obtained from these measurements are shown in Figure 8 and Table 1.
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Figure 10. Location of studied road section: (a) studied section of Pilsudski Street; (b) stationary
observation station.

Table 1. Traffic of studied road section and atmospheric indicators on observation days.

Day of
Week

Data Daily Traffic Intensity,
Vehicles/Day

Average Daily Wind
Speed, m/s

Average Daily
Temperature, ◦C

2019 2020 2019 2020 Difference 2019 2020 2019 2020

Monday 01.04 30.03 38,953 24,066 14,887 2.2 2.8 7.3 1.1
Tuesday 02.04 31.03 38,604 24,688 13,916 1.5 1.0 7.5 2.8

Wednesday 03.04 01.04 38,850 23,844 15,006 1.2 1.0 10.0 3.1
Thursday 04.04 02.04 38,736 23,958 14,778 1.0 1.0 12.4 6.5

Friday 05.04 03.04 40,256 25,459 14,797 1.0 1.0 14.1 8.8
Saturday 06.04 04.04 33,563 15,260 18,303 1.3 0.5 11.1 7.9
Sunday 07.04 05.04 26,881 9429 17,452 0.5 1.1 11.8 8.0

The characteristics of the daily traffic flow of the experimental section of the street
for one week each in April and May 2019 (normal) and 2020 (quarantine), as well as the
corresponding indicators of temperature and wind speed on the observation days, were
studied (Table 1). An analysis of the data shows that the average daily traffic intensity in
April 2020 (the beginning of the quarantine period) was 38–66% lower than in April 2019.
In May 2020, the difference in intensity during the week decreased significantly, amounting
to 6–8% compared with May 2019, except for Sunday, when urban mobility decreased
by 47%.

The average daily temperature in April 2020 was lower than in other observation
periods and did not exceed 9 ◦C, which apparently led to the intensive use of heaters as
additional sources of harmful emissions into the atmosphere. The average daily wind
speed on most days of observation was 0.5–1.5 m/s.

For a comparative assessment of the characteristics of road traffic on the studied road
section under normal and quarantine conditions at the first stage, the weekends of 7 April
2019 and 5 April 2020 were chosen (Figure 11).

Figure 12 shows the dependencies of measured values of concentrations of harmful
substances in the air on the experimental section of the road, obtained using the observa-
tion station.

An analysis of the nature of changes in the concentrations of harmful substances
showed that they do not depend only on the intensity of traffic. This is especially noticeable
in the morning and at night, when traffic intensity is minimal, and the concentration of
harmful substances in the air increases sharply. Obviously, this can be explained by the
presence of other sources of harmful emissions that are associated with residential heating
due to lower ambient temperature.

To determine the role of city traffic in air pollution, it was decided to conduct a
simulation of harmful emissions by traffic flow.
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4. Method of Air Pollution Simulation

The simulation of air pollution in the observation zones was carried out with the help
of an information analytical system based on the model of the traffic flow–roadside environ-
ment system [41–43,45]. Considering the information from external stationary observations
of the movement of vehicles and atmospheric conditions and on-board measuring systems,
the basic model was adapted to the study conditions. The modified structure of the model
is presented in Figure 13.
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Figure 13. Modified structure of model of traffic flow–roadside environment system.

During traffic flow on the road section, the main process (level A) determines the level
of roadside pollution in terms of the emissions Mi of pollutants as the sum of the specific
emissions mikjp of individual vehicles. The intensity and parameters of vehicle traffic
modes are fixed by the external surveillance system measurements, as well as on-board
telematics units.

Simulation of vehicle motion in the traffic flow was carried out on the 1 km experi-
mental section of the road during the driving cycle, which includes the following traffic
modes: active idling mode, to simulate the expectation of a green light at the intersection;
acceleration to 50 km/h; motion with constant speed on a certain section; and braking to
a complete stop. Figure 14 shows the structure of the traffic flow of Rzeszow, which was
adopted to simulate the level of air pollution on the experimental section of the road.

Figure 14. Structure of traffic flow.
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Regarding the composition of the fleet, the share of vehicles that meet higher envi-
ronmental standards of Euro 5 and 6 (under 10 years old) is growing every year, reaching
49%, but about a quarter of the fleet is comprised of vehicles with high emissions that meet
environmental standards below Euro 3 (over 15 years old).

The types of vehicles in traffic on the selected road section differs from that of vehicles
registered in the city. Not all vehicles registered in the city are involved in everyday traffic,
and, in addition, a significant number of vehicles entering Rzeszow from outside the city
are on the streets every day.

Specific emissions of carbon monoxide (CO), hydrocarbons (CnHm), nitrogen oxides
(NOx), and particulate matter (PM) were determined by the simulation results depending
on the parameters and modes of motion of individual vehicles in the flow. For this purpose,
mathematical models were used, which are described in detail in [41–43,45].

The output of the emission process at level A is the mass emissions of pollutants Mi
by the traffic flow as the sum of specific emissions mikjp of individual vehicles, µg/s:

Mi =
1

3.6
· I ·

6

∑
i=1

4

∑
p=1

6

∑
k=1

(mikjp · γkjp) (1)

where I is traffic intensity (units/hour); mikjp represents specific emissions of the ith pollu-
tant of a vehicle of the kth category of the jth Euro standard operating on the pth type of
fuel in the corresponding mode of motion (g/km); and γkjp is the share of vehicles of the
kth category of the jth Euro standard on the pth type of fuel.

Feedback at level B enables control of the output of the level A process by changing
the intensity, composition, and modes of motion of the traffic flow. The restrictions of this
process are the permissible specific emissions of the vehicle mikjp < [mikjp], and the velocity
V < [V] and intensity I < [I] of traffic flow on the studied section.

The process of level C is the dissipation of pollutants Mi in air under given atmospheric
conditions. The output of the process of level C is the concentrations of the ith pollutants
C(x)i in the air at a given distance x (µg/m3):

C(x)i =
Mi

π · u · sin α · σy · σz
e
[− h2

2·σ2
z
]

(2)

where u is the wind speed (m/s); α is the angle between the wind direction and road
direction (◦); σy and σz are dispersions of the distribution of substances in the atmosphere
in directions y and z at a given distance x from the axis of the road (m); and h is the height
of the emission source (m).

Feedback at level D controls the output of process C by influencing the characteristics
of the roadside environment, and by changing the intensity, composition, and modes of
motion of the traffic flow. Restrictions of the process are the permissible concentrations of
Ci < [Ci], and the velocity V < [V] and intensity I < [I] of traffic flow on the studied section.

5. Results of Air Pollution Simulation

The model was verified by comparing the calculated Ci and measured Cexpi values of
pollutant concentrations in the air. The results of calculating these concentrations, obtained
on the basis of simulating pollution of the roadside environment by traffic flow using the
described model, compared with their values as measured by the observation station on
7 April 2019 and 5 April 2020 are shown in Figure 15.
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Analysis of the comparison results demonstrated that the mathematical model ade-
quately describes the process of pollution of the roadside environment by traffic flow during
the day between 9:00 a.m. and 5:00 p.m., when vehicles are the main source of emissions.
However, a significant increase in pollutant concentrations was observed from 6:00 p.m. to
8:00 a.m. Concentrations of NOx and PM even exceeded the maximum permissible values,
which are 30 and 50 µg/m3, respectively. This is caused by other sources of emissions
related to the combustion of solid fuels for heating due to low ambient temperature.

The improved mathematical model enables us to assess the impact of changes in urban
mobility caused by the COVID-19 pandemic on the level of environmental pollution due to
traffic flow, and to determine the role of road vehicles in urban air pollution.

To address this task, a comparative assessment of air pollution by traffic flow on the
studied road section under normal (7 April 2019) and quarantine (5 April 2020) conditions
was conducted. The introduction of quarantine led to a decrease in average daily traffic
intensity by 66%, and hourly intensity by 47–85%.

Traffic intensity under the same weather conditions is a determining factor of the level
of roadside pollution, which was confirmed by the simulation results (Figure 16).
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Analysis of the dependencies of changes in hourly pollutant concentrations in the air
demonstrated that their values are proportional to traffic intensity. The decreased traffic intensity
during the quarantine period led to a decrease in CO concentration by 1.58–3.68 times, CnHm
concentration by 1.81–5.96 times, NOx concentration by 1.45–4.98 times, and PM concentration
by 1.39–3.42 times. For total daily emissions, the decreases amounted to: CO, 2.25; CnHm, 3.55;
NOx, 2.64; and PM, 1.96.

The significant influence of atmospheric characteristics on the level of roadside pol-
lution, especially wind speed, should also be noted, as well as the class of atmospheric
stability; these determine the nature of the dissipation of harmful substances in the air.

Thus, the proposed approach for the assessment of roadside pollution by traffic flow
enabled us to assess the impact of the pandemic on the level of air pollution in Rzeszow
and to show that city traffic is often not the main source of air pollution.

The improved mathematical model of the traffic flow–roadside environment system is
a powerful tool for studying the impact of traffic flow characteristics and road infrastructure
on the level of urban air pollution, and for evaluating the effectiveness of ways to reduce
roadside pollution by traffic flow.
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6. Discussion and Conclusions

The main goal of this work was to investigate the impact of the pandemic on city
traffic in Rzeszow in the first half of 2020 and to determine changes in the emission of
pollutants emitted into the atmosphere by motor vehicles.

The COVID-19 pandemic is significantly changing the way urban transport functions.
The introduction of lockdown significantly reduced city traffic and passenger transport
everywhere. Changes in vehicle traffic and passenger transport that were observed in Rzes-
zow do not differ from changes in the other cities described in the first part of this paper.

In this study, the data necessary to conduct relevant analyses of traffic volume were
obtained in a different way, as was the case in most of the discussed works in Section 1 [7–13].
For the city of Rzeszow, the data came from sensors equipped with induction loops installed
on access roads to the city and a significant number of intersections. This superior system
counts and records the number of passing vehicles in real time. Using this data on actual
registered journeys of vehicles and by selecting the appropriate time point (the reference
period was the beginning of 2020 or the appropriate week in 2019), hourly, daily, and monthly
drops in traffic were determined. In the earlier works cited, which were based on data
from the Google, Apple, and Baidu Maps systems, only information on percentage drops
in individual mobility categories was included. Comparing the data presented there with
the data obtained for Rzeszow in Figures 4 and 6–8, a clear similarity can be seen. In most
cases, for Rzeszow, vehicle traffic decreased 40% to 60%. On the other hand, public transport
decreased almost 80% (Figure 5b). Such declines can be found in other studies [10,16–18]. In
May and June, motor vehicle traffic in Rzeszow increased. In June, the decrease in traffic
compared with January did not exceed 20%. Similar information on the decline in vehicle
traffic in June compared with the period before the lockdown can be found in [8,9,12,15].
The routes shown in Figure 7a also inform us about changes in the types of travel. At the
beginning of April 2020, travel related to work, characterized by morning and afternoon
peaks, dominated. In May, the number of non-commuting journeys increased and the peaks
observed previously were no longer as marked. The quoted literature sources also note such
changes in the nature of travel.

Limiting vehicle traffic also means reducing the emission of harmful substances into
the atmosphere. Such changes have been observed in most cities [27–33].

In the case of Rzeszow, when analyzing the results for air pollution obtained from
the analyzed roadside measuring station from March and April, it is possible to make an
erroneous conclusion about the lack of or low impact of vehicle traffic on the degree of
pollutant emissions into the atmosphere.

The maximum concentrations shown in Figure 12 occurred at times of the day when
traffic was light. March and April are months when the city has low outside air temperature.
In the evening and morning hours, air temperature very often reaches zero or negative
degrees Celsius. Thus, the sharp increases in the concentrations of harmful substances
in the air in the evening, night, and morning hours, as seen in Figure 12, are caused by
non-automotive emission sources. The combustion of solid fuels in home heating devices
when there is low ambient temperature is responsible for that increase.

To determine the impact of the intensity of traffic flow on emission levels, a mathe-
matical model was built based on the transport flow–roadside environment system. This
model required data on actual hourly traffic volume. Such data were available for Rzeszow,
along with data on the level of air contamination and meteorological conditions.

The model was verified with the example of a section of the road network of the
city equipped with tools to determine air quality and traffic characteristics under normal
and quarantine conditions. The model was verified with the use of measurement data
from the hours when the air temperature did not change significantly and was close to
the maximum temperature. The obtained results of the computer simulation enabled a
comparison of the hourly concentrations of harmful substances in the air and the total
pollutant emissions of traffic flows on the given section of the route under normal and
quarantine conditions. In the case of total daily emissions, the decreases in specific factors
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amounted to 2.25 for CO, 3.55 for CnHm, 2.64 for NOx, and 1.96 for PM. The maximum
hourly emissions of individual substances into the atmosphere were reduced to a similar
extent. However, emission reductions in 2020 resulting from the decreased traffic volume
on many analyzed days with lower outside temperature were significantly lower than the
additional increase in emissions from other sources, e.g., devices used for space heating. As
a result, on the days in 2020 with low external temperature, the level of total contamination
exceeded that of comparable days in 2019. The situation observed in Rzeszow is not unique
in this respect. Similar data on the lack of impact of the pandemic on total air pollution in
selected cities can be found in [29,32]. In those cities, other sources of pollution dominated
motorized sources.

The proposed approach for the assessment of roadside pollution enables analysis of
the impact of traffic flow characteristics and road infrastructure on the level of urban air
pollution, and evaluation of the effectiveness of ways to reduce roadside pollution.
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