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Abstract: Continuous, automatic measurements of road traffic volume allow the obtaining of in-
formation on daily, weekly or seasonal fluctuations in road traffic volume. They are the basis for
calculating the annual average daily traffic volume, obtaining information about the relevant traffic
volume, or calculating indicators for converting traffic volume from short-term measurements to
average daily traffic volume. The covid-19 pandemic has contributed to extensive social and eco-
nomic anomalies worldwide. In addition to the health consequences, the impact on travel behavior
on the transport network was also sudden, extensive, and unpredictable. Changes in the transport
behavior resulted in different values of traffic volume on the road and street network than before.
The article presents road traffic volume analysis in the city before and during the restrictions related
to covid-19. Selected traffic characteristics were compared for 2019 and 2020. This analysis made it
possible to characterize the daily, weekly and annual variability of traffic volume in 2019 and 2020.
Moreover, the article attempts to estimate daily traffic patterns at particular stages of the pandemic.
These types of patterns were also constructed for the weeks in 2019 corresponding to these stages of
the pandemic. Daily traffic volume distributions in 2020 were compared with the corresponding ones
in 2019. The obtained results may be useful in terms of planning operational and strategic activities
in the field of traffic management in the city and management in subsequent stages of a pandemic or
subsequent pandemics.

Keywords: road traffic volume; traffic flow parameters; video detection; remote sensing data collecting;
covid-19 time

1. Introduction

The Highway Capacity Manual [1] usually distinguishes between volume and flow
rate to measure the number of vehicles passing over a given point or section of a lane during
a given time interval. Volume is the number of vehicles that pass a point for one hour [1-4].
Flow rate denotes the number of vehicles that pass a point through a time interval of less
than 1 h (usually 15 min) but expressed as an equivalent hourly rate. Another relevant
reference unit for road traffic analysis is the day or the average daily traffic, which is the
ratio between the total volume and the duration (in days) of the analysis.

Cyclicality and periodicity should be taken into account when planning the dates and
duration of traffic evaluation and analysis. Traffic research should be conducted on average
working days such as Tuesday, Wednesday, and Thursday and average months such as
March, May, June, September, and October. This selection of measuring periods makes it
possible to avoid the traffic peaks corresponding to weekends and holidays.

It can also cover different periods, e.g., 1 h, 4 h, 12 h, 16 h, etc. Traffic volume
measurement can take place at both nodes (e.g., intersections) and network base at a
different scale (e.g., area, city, region). The smaller the area, the more important it is to
measure variability over the day. Traffic measurements and studies are useful to examine
temporal and spatial variability, the traffic split along with the two directions, and the

Remote Sens. 2021, 13, 2329. https:/ /doi.org/10.3390/1s13122329

https:/ /www.mdpi.com/journal/remotesensing


https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-1345-0022
https://orcid.org/0000-0002-0648-1680
https://doi.org/10.3390/rs13122329
https://doi.org/10.3390/rs13122329
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/rs13122329
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs13122329?type=check_update&version=1

Remote Sens. 2021, 13, 2329

2 of 38

generic structure of traffic. They are also useful for designing infrastructure as well as
regulation strategies. The systematic observation of traffic volume over the years has
identified cyclicity patterns under certain conditions. They allowed for some forms of
transferability of the results in time and space.

Traffic volume measurements can be carried out by various methods [5-10]:

e manual measurement methods: this is the simplest and most common method that
consists of registering each participant of the traffic passing the road section per unit
time by using manual recording on forms or mechanical or electronic tools,

e automatic measurement methods: consisting of automatic recognition and registration
of passing participants of the traffic by using counters activated by detection loops,
photoelectric sensors, radar sensors, and video detection. Video detection is widely
used in field research. Modern traffic monitoring systems are often part of the area-
based Intelligent Transport Systems (ITS). They can also classify vehicles and collect
information about the speed of vehicles and the time gaps between them.

Major roads in many developed countries are now equipped with automated traffic
counters, tolling systems, and other technologies. These technologies can deliver regular
and reliable data on daily road traffic volume. The availability of such data for secondary
and tertiary routes is limited in most countries [11-17].

The covid-19 pandemic changed the lives of almost all people around the world. Cases
of infection with the SARS-CoV-2 virus were also recorded in Poland from 4 March 2020.
A timeline (Figure 1) presents the chronology of the implementation of legal regulations
in Poland in connection with the increase in the number of SARS-CoV-2 infections in
2020. On the first days of week 11 of 2020 (i.e., from 12 to 15 March), restrictions were
introduced, such as: suspension of stationary classes in nurseries, kindergartens, children’s
clubs, schools, and public and private educational institutions (12 March); closing of
restaurants, bars, cinemas, theaters, museums, art galleries, libraries, gyms, fitness clubs,
hotels, shops in shopping centers, excluding grocery stores, pharmacies, drugstores and
laundries (14 March); and closing borders to foreigners (15 March).

In Poland, the state of epidemic emergency was declared in the 12th week of 2020
(20 March), which was also the first full week of lockdown. The number of people in public
transport vehicles was reduced to half the number of seats in the 13th week of 2020, to
prevent the spread of the SARS-CoV-2 virus. Further restrictions were introduced, i.e.,
closure of hairdressing and beauty salons, rehabilitation centers, independent health care
facilities, and hotels in the 14th week of 2020, due to the worsening epidemic situation in the
country. No possibility of organizing mass cultural, sports, entertainment, and recreational
events, being on beaches and green areas, and using bike-sharing systems was introduced
on 1 April. A total lockdown was enforced in the country in the following weeks. Forest
access and recreation permits were issued in the 17th week of 2020. From the 19th week of
2020, hotels, libraries, museums, and art galleries (4 May) and cinemas, theaters, gyms, and
fitness clubs (6 May) reopened. Borders (13 May) were opened in the 20th week of 2020.
Shopping centers, hairdressing and beauty salons, bars, and restaurants were reopened in
the 21st week of 2020. Moreover, the number of passengers in public transport vehicles
was increased to 30% of all seats (18 May). Hotels opened in the 22nd week of 2020. The
summer vacation period came in Poland from the 23rd to the 32nd week of 2020. The
yellow zone for the analyzed area was introduced in the 32nd week of 2020. The beginning
of the autumn period and colder days contributed to a rapid increase in the number of
SARS-CoV-2 virus infections. This period was called the second wave of the epidemic. The
entire country was included in the red zone (24 October) in the 43rd week of 2020. The
functioning of many business entities, services, schools, and activities were suspended due
to the introduction of a red zone for the entire country. Classes in university, secondary
schools, and grades 4-8 in primary schools were conducted only in remote mode from the
43rd week of 2020. Additionally, activities were closed such as swimming pools, gym:s,
fitness clubs, sports events without public spectators, sanatoriums, and restaurants, and
passengers in public transport vehicles were reduced to 50% of seats or 30% of all places
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(sitting and standing). In the 44th week of 2020, cemeteries were closed (30 October)
because of the celebration of All Saints” Day on 1 November, which usually gathers many

people in cemeteries.
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[ 30 October - closing of cemeteries ] 24 October- the inclusion of the entire country in the
red zone. Classes in universities and secondary schools
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Figure 1. Timeline for legal regulations introduced in Poland in 2020 due to the increase in the number of SARS-CoV-2
virus infections [18-26]. Solid line indicates the introduction of the selected restrictions, and the dashed line means the
withdrawal of the selected restrictions.
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In the 45th week of 2020, cemeteries were open (3 November). Classes in grades 1-3
of primary schools were suspended due to the increasing number of SARS-CoV-2 virus
infections. Activities were suspended, such as: shopping centers (except grocery stores,
pharmacies, drugstores, and laundries), hotels (except for business trips), cinemas, theaters,
and museums in the 46th week of 2020. Shopping centers (29 November) were reopened
in the 48th week of 2020, in connection with the approaching Christmas season. After
Christmas (53rd week of 2020) such activities were closed as: shopping centers (except
for grocery stores, pharmacies, drugstores, and laundries), sports facilities and ski slopes,
gyms, fitness clubs, and restaurants.

So far, research works in the area of monitoring changes caused by covid-19 in the
characteristics of road traffic flows have also been published. The covid-19 pandemic has
significantly influenced almost every aspect of daily life, including traffic flow parameters.
Thus, it is important to measure the impact of covid-19 on traffic flow parameters to
properly respond to changes in traffic patterns. Initially, the published works concerned
changes in the characteristics of traffic flow in the city of Wuhan in China and modeling
the relationship between outbound traffic from Wuhan and coronavirus disease incidences
(e.g., [27]). In addition, works were related to the capability of SAR StripMap imaging
mode data to monitoring traffic volume on the bridges crossing the Yangtze river in
Wuhan [28]. These works related to the analysis of road traffic characteristics in various
places around the world affected by covid-19, e.g., USA (e.g., [29,30]) andltaly (e.g., [31]).
The research also covered travel behavior before and during restrictions related to covid-19
in the USA [32]. However, so far, no studies have been published that analyzed the traffic
flow characteristics in Polish cities before and during different stages of restrictions related
to covid-19, according to the authors” knowledge. Hence, there is a need to identify and
systematize this type of change in Polish conditions. Therefore, the aim of the article is road
traffic volume analysis in the selected city located in Poland before and during restrictions
related to covid-19. The research questions are as follows: how have road traffic volume
values changed in the selected intersections in the city before and during the restrictions
related to covid-19? What are the differences between daily traffic volume distributions on
the selected intersections in the city in 2020 and in 2019?

The article consists of seven sections. After the introduction section, the materials and
methods are described, which are used in the analysis. In the next section, the characteristics
of daily, weekly, and annual variability of traffic volume in 2019 and 2020 in Gliwice
(Poland) are presented. After that, an attempt is made to estimate daily traffic patterns at
particular stages of the covid-19 pandemic. These types of patterns are also constructed
for the weeks in 2019 corresponding to these stages of the pandemic. The last two sections
contain a discussion on the obtained results and formulated conclusions.

2. Materials and Methods

The main purpose of the study was road traffic volume analysis in the city before
and during restrictions related to covid-19. Data were obtained on traffic volume for the
analysis of road traffic volume distribution on selected intersections in 2019 and 2020 from
the Traffic Control Center (TCC) in Gliwice. The data included each day in 2019 and 2020
divided into 15-min intervals, taking into account the direction and structure of traffic,
along with the accuracy of the traffic lane.

To characterize changes in the traffic volume values before and during restrictions
related to covid-19 for selected intersections, the following traffic characteristics were
compared for 2019 and 2020:

average traffic volume on working days in particular weeks of the year,
the total traffic volume on particular days of the week in particular months,
the distribution of total traffic volume on working days in particular weeks and the
forecast traffic volume for 2020,

e the distribution of total traffic volume in particular weeks and the forecast of traffic
volume for 2020,
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road traffic variability factors in the following weeks of the year,
road traffic variability factors for annual average daily traffic volume,
the daily road traffic volume distribution in particular weeks.

Firstly, 24-h data from Monday to Friday in particular weeks were used for the average
traffic volume on working days in particular weeks of the year analysis. In further analysis,
public holidays and days before and after public holidays were not taken into account in
the values of the average traffic volume in particular weeks.

Eight signalized intersections located in the city of Gliwice were selected for fur-
ther analysis: (1) Andersa-Okulickiego; (2) Kozielska-Okulickiego; (3) Orlickiego-Portowa-
Sliwki; (4) Orlickiego-Wyspianskiego; (5) Pszczyriska-Pocztowa; (6) Chorzowska-Knurowska;
(7) Chorzowska-Zabrska and (8) Nowy Swiat—Pszczyﬁska—Mikolowska (Figure 2). All inter-
sections are located on important roads, which leading and discharging traffic flows to and
from the city center. These intersections are also important communication junctions in the
city transport system, serving significant traffic volume each day.
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Figure 2. Localization of analyzed intersections in the background of the city of Gliwice. Source:

Open Street Map [33].

Own research based on

The above-mentioned intersections are equipped with vehicle detection and traffic
control systems, video detection cameras, and induction loops, which are part of the
Intelligent Transport System in the city of Gliwice (ITS Gliwice). Figure 3 presents schemes
of the analyzed intersections along with views from selected vehicle video detection
systems at the analyzed intersections. Table 1 presents the indication of the week’s number
in 2019 and 2020 used in further analysis. Some weeks of the year began in one month and
ended the next.



Remote Sens. 2021, 13, 2329

6 of 38

(@) (b) (9) (d)
Latitude: 50°18'9"N Latitude: 50°18'13"N
Longitude: 18°38'7"E Longitude: 18°38'14"E

(e) (®) (8) (h)
Latitude: 50°18'15"N Latitude: 50°18'5"N
Longitude: 18°39'35"E Longitude: 18°39'33"E

&

(@) () (k) )
Latitude: 50°1623'N Latitude: 50°18'19"N
Longitude: 18°42'7"E Longitude: 18°43'56"E

|

(m) (0) ®)
Latitude: 50°17'49"N Latitude: 50°17'23"N
Longitude: 18°41'37"E Longitude: 18°40'4"E

N

Figure 3. Analyzed intersections in Gliwice (a). scheme of intersection with marked locations of video
detection zones at the inlets of Andersa-Okulickiego intersection; (b). view from selected traffic moni-
toring camera on Andersa-Okulickiego intersection; (c) scheme of intersection with marked locations
of video detection zones at the inlets of Kozielska-Okulickiego intersection; (d) view from selected traf-
fic monitoring camera on Kozielska-Okulickiego intersection; (e) scheme of intersection with marked
locations of video detection zones at the inlets of Orlickiego—Portowa—Sliwki intersection; (f) view
from selected traffic monitoring camera on Orlickiego-Portowa-Sliwki intersection; (g) scheme of
intersection with marked locations of video detection zones at the inlets of Orlickiego-Wyspianskiego
intersection; (h) view from selected traffic monitoring camera on Orlickiego-Wyspianskiego inter-
section; (i) scheme of intersection with marked locations of video detection zones at the inlets of
Pszczyriska-Pocztowa intersection; (j) view from selected traffic monitoring camera on Pszczyniska-
Pocztowa intersection; (k) scheme of intersection with marked locations of video detection zones at
the inlets of Chorzowska-Knurowska intersection; (1) view from selected traffic monitoring camera
on Chorzowska-Knurowska intersection; (m) scheme of intersection with marked locations of video
detection zones at the inlets of Chorzowska-Zabrska intersection; (n) view from selected traffic moni-
toring camera on Chorzowska-Zabrska intersection; (0) scheme of intersection with marked locations
of video detection zones at the inlets of Nowy Swiat-Pszczyniska-Mikotowska intersection; (p) view
from selected traffic monitoring camera on Nowy Swiat-Pszczyniska-Mikotowska intersection.
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Table 1. The week’s numbers in 2019 and 2020.

Month Week Numbers
2019 2020
February 7,8,9 7,8,9
March 9,10,11,12,13 9,10,11, 12,13, 14
April 14,15,16,17,18 14,15,16,17,18
May 18,19, 20, 21,22 18,19, 20, 21, 22
June 22,23,24,25,26 23,24,25,26,27
July 27,28,29, 30,31 27,28,29, 30, 31
August 31, 32,33, 34, 35 31, 32,33, 34,35,36
September 35, 36, 37, 38, 39, 40 36,37,38,39,40
October 40,41, 42,43, 44 40,41, 42,43,44
November 44,45, 46,47, 48 44,45,46,47,48,49
December 48, 49, 50, 51 49,50, 51

In the analyzed period, there were missing data on hourly traffic volume for 795 days
(423 in 2019 and 372 in 2020) taking into account all analyzed intersections. Tables 2 and 3
present the number of days with missing or defective data in the particular months of 2019
and 2020. These missing data were caused by system failure, induction loop failure, lack
or interruption of power supply or inability to create a telecommunications connection
(modem connection) with the intersection controller, or weather conditions unfavorable
for the functioning of the system (heavy rainfall, snowfall, strong sunlight, etc.). Missing
data on the traffic volume of up to one hour a day were supplemented (i.e., determined as
average values from data from the neighboring hours). This assumption is a simplification,
but using data from neighboring hours or hours from previous days allows for the elimina-
tion of gross errors from the data. Days with such supplemented data were treated as days
with complete data. Missing data for more than one hour in a day was considered as a
lack of data for the entire day. There were also cases where the system failed and recorded
unrealistically low or high traffic volume (compared to hours and days on other days).
Such cases were found to be defective and were excluded from the analysis. These days
constitue from 12.88% to 16.16% of days in 2019 and from 8.74% to 15.85% of days in 2020.

Table 2. The number of days with missing or defective data in 2019.

Total Data
Intersection I II III Iv \" viI vl VIl IX X XI XII in 2019 Completeness

[days] [%]
(1) 31 1 1 2 1 4 1 3 1 1 1 1 48 13.15
2) 31 4 0 2 3 1 3 2 2 1 2 8 59 16.16
3) 31 3 5 1 2 1 0 2 1 4 3 2 55 15.07
(4) 31 6 1 1 0 3 1 2 1 3 6 3 58 15.89
®) 31 2 0 3 2 0 0 1 4 2 2 1 48 13.15
(6) 31 5 2 1 3 2 1 4 2 1 1 1 54 14.79
(7) 31 0 2 1 3 4 2 0 1 0 2 1 47 12.88
(8) 31 2 3 2 4 4 3 1 1 0 1 2 54 14.79
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Table 3. The number of days with missing or defective data in 2020.
Total Data
Intersection I II III Iv v VI vl VII IX X XI  XII in 2020 Completeness

[days] [%]

(1) 2 1 14 4 2 7 10 5 4 6 2 1 58 15.85

() 3 0 2 8 7 4 3 6 2 1 7 2 45 12.30

3) 4 6 2 2 1 2 7 8 3 2 0 5 42 11.48

4) 21 2 0 1 2 3 2 8 7 3 7 0 56 15.30

(5) 16 2 1 0 3 9 3 4 3 1 4 2 48 13.11

(6) 2 1 3 2 1 2 1 9 4 1 0 6 32 8.74

(7) 4 7 2 1 1 0 6 8 4 3 1 1 38 10.38

(8) 11 2 2 7 4 3 2 6 2 2 3 9 53 14.48

The missing data were supplemented based on the conclusions from the litera-
ture [34-36]. The detected missing data was corrected using a weighted moving average
method. The value of the predicted variable is determined as the weighted average of the
last k real implementations of this variable, i.e., the last k elements of the time series [37]:

k
i = Y Wi Yis(ni) 1
i=1

where:

yF—forecast of the variable Y determined for the moment or period ¢,

y,—the value of the variable Y as per moment or period ¢,

k—smoothing constant,

w—weight assigned to observations,

n—number of time series elements of the predicted variable Y.

Positive weight values were adopted due to the aging of the data. Weights should
sum up to one and fulfill the conditions according to the assumptions [37]:

s

Il
—

w;=10<w; <1 2)

Appropriate values of particular weights were selected iteratively based on minimiz-
ing the mean square error of the forecast [38]:

1 & 2
— _F ;
MSE = — kt:§k+1 (yt Yi ) — min (©)]

The characteristics and features of road traffic were tested with the use of digital
cameras. This method is classified as a passive remote sensing tool. Research with the use
of digital cameras is characterized by very high measurement accuracy [39,40]. Moreover,
this method is often used for the spatial-temporal analysis of traffic patterns [41] or road
traffic density estimation [42]. It is often used for data collection in road traffic analyses
due to its advantages [43,44].

3. Characteristics of Weekly and Annual Variability of Traffic Volume in 2019 and 2020

In the first stage of the work, the total traffic volume at the analyzed intersections on
particular days of the week, in particular months in 2019 and 2020, and AADT in 2019 and
2020, was analyzed (Figure 4). In Figure 4, the solid line marks the data from 2019, while
the dashed line marks the data from 2020. On working days (from Monday to Friday) the
values of traffic volume are at a similar level in all months of 2019 and 2020, with slight
fluctuations on particular days of the week. On weekend days (Saturday and Sunday) there
is a significant decrease in traffic volume compared to the values recorded on working days.
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The obtained results confirm the correctness of the cities observed on the road network,
which is also confirmed in the literature on the subject [45-48].

250,000
<
-5 200,000
s
@
g
= 150,000
<)
>
g
= 100,000
[—;
50,000
Monday Tuesday Wednesday Thursday Friday Saturday Sunday
Day of the week
—February 2019 ——March 2019 April 2019 May 2019 —June 2019 July 2019
— August 2019 —September 2019 October 2019 ——November 2019 December 2019 - =February 2020
- —March 2020 April 2020 May 2020 - =June 2020 July 2020 - = August 2020
- —September 2020 October 2020 ~ = November 2020 December 2020 —AADT (2019) = =AADT (2020)

Figure 4. The total traffic volume at the analyzed intersections on particular days of the week in particular months in 2019

and 2020.

The total traffic volume on particular days of the week in particular months in 2020
was lower than in 2019 in all cases due to the covid-19 pandemic. AADT in 2020 was as
much as 19% lower than AADT in 2019. In 2019, the values of traffic volume in February,
July, and August were lower than the AADT value. This is due to the winter holidays
(February) and summer holidays (July and August) in these months in Poland. In the case
of 2020, the lowest values of traffic volume were recorded in March and April. The traffic
volume is indeed a random variable, the value of which is influenced by many factors, but
in the analyzed case the main determinant of low traffic volume in the above-mentioned
months was the first wave of the covid-19 pandemic.

The traffic forecast for 2020 was determined for the analyzed intersections based on
the data on traffic volume in 2019. The indicator annual percentage increase in road traffic
volume (WR) was used for this purpose [49]:

GDP'WE) %] @)

WR = Q19 - (1 + 0

where:

WR—annual percentage increase in road traffic volume [%],

Qo019—traffic volume in 2019,

GDP—gross domestic product (for Gliwice city for 2020 according to [49] GDP = 3.1%),

We—flexibility factor; for passenger cars in 2016-2040. According to [49] We = 0.8.

Figure 5 presents the distribution of total road traffic volume on working days in
particular weeks in 2019 and 2020 and the forecast traffic volume for 2020 at all analyzed
intersections. The highest values of traffic volume in 2019 occurred at intersections (3),
(4), and (6). On the other hand, in 2020, the highest values of traffic volume occurred at
intersections (3), (6), and (1). At intersections (2), and (5) were the lowest values of traffic
volume, both in 2019 and in 2020. The forecasting traffic volume for 2020 is on average 1%
higher than the traffic volume in 2019. Only in a few cases, the value of the forecast for
2020 is at a similar level as the actual values of traffic volume in 2020. The accuracy of the
forecast of traffic volume was confirmed for the following week numbers:

e intersection (1): 8, 35, 38,
e intersection (2): 8,
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intersection (3): 10, 27, 31, 36,
intersection (4): 9,

intersection (5): 8, 27, 29, 35, 36, 40,
intersection (8): 8, 31.

The forecast of traffic volume did not confirm in any week in the case of intersections
(6) and (7). In 2020 the largest decrease in the value of traffic volume at all analyzed
intersections occurred in the 12th —17th weeks compared to 2019.

At a later stage of the work, changes in the values of traffic volume in subsequent
stages of the pandemic were analyzed (Figure 5). In Poland, the state of the epidemic
was introduced on 20 March 2020, i.e., in the 12th week of the year. On 4 May 2020
(19th week), some retail and service outlets resumed their activities. A gradual increase in
the value of traffic volume at all analyzed intersections occurred from the 19th week. From
1 September 2020, children returned to school for full-time education. From 1 October 2020,
students began learning in a hybrid form, i.e., some classes were conducted in person,
e.g., laboratories, projects, and exercises, and some in a remote form, e.g., lectures. During
this period, there was also a noticeable further increase in traffic volume on the transport
network (these are the 36th and 40th week of the year, respectively). From 23 October
2020 (43rd week), children and students resumed remote classes due to the constantly
increasing number of new SARS-CoV-2 infections. The value of traffic volume on the
transport network decreased from the 43rd week of 2020. The presented course of the
restrictions introduced is reflected in changes in the value of traffic volume on the transport
network. At all analyzed intersections (except intersections (6) and (7)), until the 8th week
of the year, traffic volume in 2020 was higher than in 2019. Traffic volume decreased from
the 9th to the 14th week of 2020 (and in the case of intersection (2) in the 13th week). Then,
at all analyzed intersections, except intersection (5), traffic volume increased and fluctuated
in the 21st-34th weeks. The traffic volume increased from the 35th week.

Then, depending on the intersection, traffic volume decreased again until the end of
the year:

intersection (1): 19th week of 2020,
intersection (2): 41st week of 2020,

intersection (3): 43rd week of 2020,
intersection (4): 42nd week of 2020,
intersection (6): 44th week of 2020,
intersection (7): 42nd week of 2020,
intersection (8): 42nd week of 2020.

In the case of intersection (5), from the 14th to the 27th week of 2020, the value of
traffic volume increased, and then, by the 40th week of 2020, the value of traffic volume
was at a similar level as in 2019. From the 42nd week of 2020, traffic volume continued to
decrease until the end of the year.

An important element of the analysis of the variability of traffic volume is the charac-
teristic of their increase or decrease in the subsequent weeks of the year to AADT (Table 4).
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Figure 5. The distribution of total road traffic volume in particular weeks in 2019 and 2020 and the forecast of road traffic volume for 2020 at intersections: (a) Andersa-Okulickiego;
(b) Kozielska-Okulickiego; (c) Orlickiego—Portowa-éliwki; (d) Orlickiego-Wyspianskiego; (e) Pszczyniska-Pocztowa; (f) Chorzowska-Knurowska; (g) Chorzowska-Zabrska; (h) Nowy
Swiat—Pszczyﬁska—Mikolowska. Where: Q(i) in 2019—traffic volume [Veh./h] at the i-th intersection in 2019, Q(i) in 2020—traffic volume [Veh./h] at the i-th intersection in 2020,
Q(i)F—traffic volume forecast in 2020, AADT (2019)—the annual average daily traffic volume in 2019, AADT (2020)—the annual average daily traffic volume in 2020.
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Table 4. Road traffic variability factors in the following weeks of the year.

Week The Road Traffic oV.eu'iability Factors Week The Road Traffic 0Vm‘iability Factors

of the [%] of the [%]

Year 1) ) 3) @) (5) 6) (7) (8) Year 1) (2) 3) 4) (5) (6) (7) 8)
7 8.83 —4.02 3.93 —3.37 —0.01 —10.30 —0.48 5.96 30 —4.20 —4.57 —12.85 —16.82 —0.50 —18.33 —14.64 —6.78
8 5.76 —3.99 5.38 —5.44 0.51 —5.90 —2.67 3.66 31 —4.58 —2.74 —7.42 —11.80 2.87 —17.91 —12.71 —5.64
9 247 —4.87 4.76 —4.37 —3.82 —4.86 —0.35 3.17 32 —10.67 —9.53 —13.36 —18.22 —2.91 —19.66 —16.95 —9.08
10 2.28 —-1.71 0.36 —3.62 2.13 —7.99 —3.00 1.28 33 —5.99 —4.11 —12.40 —17.61 —-3.13 —20.68 —15.05 —6.65
11 0.54 —12.28 1.18 —15.60 —3.87 —3.93 —14.29 —7.70 34 —10.92 —8.52 —12.57 —18.10 —3.02 —20.00 —16.49 —8.15
12 —23.05 —31.54 —31.93 —42.86 —31.94 —25.27 —36.19 —34.00 35 —5.65 —4.01 —11.27 —12.51 3.41 —17.90 —12.82 —5.12
13 —20.01 —35.23 —35.91 —43.42 —34.93 —17.69 —36.96 —37.07 36 2.78 1.58 —3.09 —9.58 0.76 —12.41 —7.09 —1.91
14 —30.71 —28.99 —37.16 —46.88 —37.90 —29.49 —39.11 —36.75 37 0.14 0.97 1.29 —2.97 2.20 —8.44 —0.16 2.83
15 —22.12 —26.69 —34.36 —42.68 —28.49 —20.86 —33.52 —28.92 38 —1.43 2.07 1.79 —4.78 1.20 —-7.19 —2.54 1.18
16 —23.63 —30.54 —34.67 —44.06 —22.79 —29.54 —35.13 —31.33 39 2.59 —3.79 1.69 —6.76 —0.23 —8.77 —4.67 —0.20
17 —26.24 —32.82 —38.67 —45.70 —32.87 —28.68 —37.74 —35.99 40 —7.81 —4.42 1.15 —6.74 —0.21 —9.98 —5.69 —0.86
18 —13.37 —15.78 —23.71 —32.38 —16.83 —22.74 —24.66 —23.07 41 —8.57 0.33 1.84 —7.37 1.59 —6.75 —3.66 0.61
19 —10.27 —13.21 —21.17 —29.46 —8.33 —21.36 —20.96 —19.17 42 —11.24 —12.08 —1.84 —13.06 1.57 —10.72 —-9.15 —4.78
20 —-11.19 —13.80 —18.89 —27.03 —-7.21 —23.41 —21.56 —19.39 43 —14.38 —12.06 —11.94 —15.81 —5.85 —11.58 —11.47 —9.34
21 —3.21 —6.70 —14.81 —16.41 —-3.15 —14.71 —15.54 —11.72 44 —-9.90 —13.75 —11.17 —18.36 —6.26 —10.88 —14.57 —12.60
22 —4.53 —5.90 —13.71 —18.22 0.85 —17.22 —14.85 —10.21 45 —12.82 —14.41 —14.22 —22.00 —8.56 —14.99 —18.35 —13.31
23 —0.16 —4.36 —11.31 —10.77 1.10 —15.19 —13.11 —7.32 46 —17.02 —15.96 —18.18 —24.17 —15.34 —17.90 —21.20 —15.80
24 —2.42 —2.87 —12.66 —13.86 —0.31 —23.94 —12.74 —7.67 47 —11.26 —15.50 —14.54 —22.39 —-3.20 —9.61 —19.07 —13.33
25 —4.57 —5.27 —9.73 —15.47 —1.86 —18.15 —13.64 —8.11 48 —11.51 —15.08 —14.26 —20.79 —5.92 —14.29 —17.98 —13.18
26 1.20 —0.67 —6.26 —11.67 3.25 —15.18 —10.37 —6.66 49 —8.73 —10.57 —12.66 —18.18 —6.34 —-10.77 —15.16 —8.10
27 0.99 —3.48 —2.84 —7.37 10.26 —16.54 —10.40 —4.84 50 —9.98 —12.67 —7.34 —17.40 —-9.03 —9.78 —13.77 —7.25
28 —0.04 —1.78 —8.57 —9.70 12.57 —13.59 —10.74 —4.10 51 —7.39 —6.65 —741 —14.55 —7.46 —9.96 —12.07 —4.02

29 —-2.17 -3.17 —-10.58 —14.31 1.93 —-15.60 —14.75 -5.93
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The AADT value was adopted as the reference level from 2019 due to the specificity
of 2020. Hence, the variability of the value of traffic volume in the subsequent weeks of
2020 to the AADT from 2019 was determined using the formula:

Qi—2020 — AADTop19
VI = -100 [%
l ( AADToo19 00 %] ©)

where:

VI;—road traffic variability factor in the i-th week of the year [%],

Q;-2020—road traffic volume in the i-th week of 2020 [Veh./h],

AADTjp19—the annual average daily traffic volume in 2019 [Veh./h].

The largest differences between the values of traffic volume and the AADT for 2019
occured in the weeks of partial and full lockdown based on the value of the road traffic
variability factor in the following weeks of the year. In the remaining cases, these differences
take small values.

For all analyzed intersections, the AADT variability factor for 2019-2020 was deter-
mined in the same way:

AADTQOZO — AADT2019
AADTy9

Vigapr = ( ) -100 [%] (6)
where:

VI—road traffic variability factor for AADT [%],

AADTjp0—the annual average daily traffic volume in 2020 [Veh./h],

AADTjp9—annual average daily traffic in 2019 [Veh./h].

Table 5 shows that, in all cases, a significant decrease in traffic volume is visible,
ranging from —9.68% to —23.05% depending on the intersection.

Table 5. Road traffic variability factor for AADT in 2019 and 2020.

Intersection 1) ) 3) @ (5) ) (7) ®)
Vigapr [%]  —19.63 —23.05 -21.86 -21.59 —9.68 —1548 —18.68 —19.35

4. Characteristics of the Daily Variability of Traffic Volume in 2019 and 2020

The daily road traffic volume distribution in particular weeks in 2019 and 2020 were
examined (Figure 6) in the next step of the analysis. The road traffic volume distribution in
particular hours on working days usually shows certain patterns on specific types of roads.
Knowledge of the values of traffic volume during the day and their variability allows for the
determination of several measures and parameters assessing traffic conditions prevailing
on the elements of transport networks. Knowledge and understanding of changes in
the distribution of traffic volume during a day are crucial for many aspects of transport
engineering, such as road traffic control, road safety, and forecasting traffic volume. The
distribution of traffic volume in particular hours of the day is characterized by a smaller
spread of particular profiles per day in 2019, at all intersections, than in 2020. Moreover, in
2020, the morning and afternoon rush hours show a greater flattening than in 2019. In 2019,
the morning rush hours at intersections (1), (2), (4), (6) occurred from 06:00-07:00, while
at intersections (3), (5), (7), (8) from 06:00 to 08:00. In turn, the afternoon rush hours at all
analyzed intersections occurred between 14:00-17:00.
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Figure 6. The daily road traffic volume distribution in particular weeks at intersections in Gliwice in (a) Andersa-Okulickiego intersection in 2019; (b) Andersa-Okulickiego intersection in
2020; (c) Kozielska-Okulickiego intersection in 2019; (d) Kozielska-Okulickiego intersection in 2020; (e) Orlickiego—Portowa-éliwki intersection in 2019; (f) Orlickiego-Portowa—Sliwki
intersection in 2020; (g) Orlickiego-Wyspiariskiego intersection in 2019; (h) Orlickiego-Wyspiariskiego intersection in 2020; (i) Pszczyriska-Pocztowa intersection in 2019; (j) Pszczytiska-
Pocztowa intersection in 2020; (k) Chorzowska-Knurowska intersecection in 2019; (1) Chorzowska-Knurowska intersection in 2020; (m) Chorzowska-Zabrska intersection in 2019;
(n) Chorzowska-Zabrska intersection in 2020; (0) Nowy Swiat-Pszczytiska-Mikotowska intersection in 2019; (p) Nowy Swiat-Pszczyriska-Mikotowska intersection in 2020.
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In 2020, until the 12th week, the morning and afternoon rush hours at the analyzed
intersections occurred at the same hours as in 2019. On the other hand, from the 12th
week of 2020, the morning rush hours at intersections (1), (2), (3), (4), (7), (8) took place
between 05:00-06:00, while at intersections (5), (6) between 04:00 and 06:00. The afternoon
rush hours at all analyzed intersections after the 12th week of 2020 took place between
13:00-16:00.

In the next stage of work, the analysis covered the average values of traffic volume
for each hour during the day in particular months of the year (Figure 7). These analyses
were carried out for both 2019 and 2020. Both daily and monthly variability is visible for
each intersection, with a clear increase in the value of traffic volume during the morning
and afternoon rush hours. The distribution of traffic volume in 2020 is characterized by
lower daily variability than in 2019 in each month of the year (except February) for each
intersection. In addition, there is a different distribution of traffic volume in April 2020,
characterized by much lower hourly traffic volume than in April 2019 or in other months
of the year. In particular months of 2019, the morning and afternoon rush hours at each of
the analyzed intersections occur at similar hours of the day. This regularity is no longer
observed in 2020. Figure 7 shows a significant daily blurring of traffic volume distributions
in particular months of 2020, which is probably largely related to the covid-19 pandemic.
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Figure 7. The average values of traffic volume in particular months of the year for each hour during the day at intersections in Gliwice in 2019 and in 2020. Where: (a) Andersa-Okulickiego;
(b) Kozielska-Okulickiego; (c) Orlickiego—Portowa—Sliwki; (d) Orlickiego-Wyspianskiego; (e) Pszczyriska-Pocztowa; (f) Chorzowska-Knurowska; (g) Chorzowska-Zabrska; (h) Nowy

Swiat-Pszczyniska-Mikotowska.
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5. Daily Traffic Patterns at Particular Stages of a Pandemic

Earlier analyses showed a different character of daily traffic volume distribution
in particular stages of the covid-19 pandemic from the daily traffic distribution in the
corresponding weeks of 2019. Hence, an attempt was made to estimate daily traffic
patterns at particular stages of the covid-19 pandemic. The daily traffic patterns of this
type were also constructed for the corresponding weeks in 2019. The comparison of these
types of daily traffic patterns will enable the identification of general differences in the
daily traffic patterns in 2019 and 2020. Estimated daily traffic patterns can be a source of
information in traffic management in subsequent waves of the pandemic and other crises,
reflected in a significant reduction in mobility and decrease in the value of traffic volume.
Therefore, the following weeks of 2020, representing different stages of the pandemic, were
selected for further detailed analysis:

17-23 February 2020: 8th week of the year (the average week before the pandemic period),
16-22 March 2020: 12th week of the year (which was also the first full week of
lockdown in Poland),
20-26 April 2020: 17th week of the year (a week at lockdown),
18-24 May 2020: 21st week of the year (in the stage of partial opening of the coun-
try’s economy),

o 22-28June 2020: 26th week of the year (after the reopening of most services while main-
taining the required sanitary regime, after the end of the school and academic year).

In the first stage of the work, the analysis covered changes in the value of traffic
volume during the day for the original 15-min measurement data and aggregated it to
hourly data (Figure 8).

In the case of data with a 15-min interval, there are significant random fluctuations
in the value of traffic volume in subsequent time intervals, which make further analysis
difficult. Random fluctuations do not occur for the most part in the case of traffic volume
aggregated to an hour. Hence, the values of traffic volume aggregated to hourly data were
analyzed in detail. A daily traffic pattern was used which was a linear combination of two
Gaussian functions to describe the variability of traffic volume over the day:

—(t-p1)? —(t-pp)?

Q(t)=ap+ay-e 2o 4 a-e 207 (7)

where:

Q(t)—a daily traffic pattern on working days (from Monday to Friday),

ag, a1, ay—parameters of the function representing the traffic volume in the night,
morning, and afternoon rush hours, respectively,

U1, po—normal distribution parameters (expected value),

01, op—normal distribution parameters (variance).

Parameters of the trend function Q(t), i.e., ag, a1, 4, were determined by the least
squares method separately for each day of the week and then for each week for each
intersection. The Statistica package was used for this purpose. Values of the determination
coefficients R? € (0.92,0.98) were obtained. It can be concluded that the obtained daily
traffic patterns are well-suited to the real distribution of traffic volume values. The assess-
ment of the fit of the Q(t) function to the empirical data was made by determining the
values of the mean relative errors. They correspond to the mean values of the square errors
to the mean value of the measured traffic volume:

\/%E?:l(Qo,i — Qu,)?
0= 1y n
ﬁzi:1 Qo,i

-100% )

where:
d—mean relative error [%],
n—number of observations,
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Q,,i—i-th observed traffic volume [Veh./h],

Qyn,i—i-th traffic volume determined from the bimodal trend function [Veh./h].

Tables 6 and 7 present the determined values of the parameters of the traffic volume
variability function in the day for 2019 and 2020.
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Figure 8. Daily variability of the value of traffic volume in intervals of: (a). fifteen minutes, and (b). hourly for the (eighth)
week of 2020 at the Andersa-Okulickiego intersection.
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Table 6. Values of the parameters of the function of a daily traffic pattern on working days in

particular weeks for the analyzed intersections in 2019.

Week

Function Parameters Q(t)

Numb ay a 221 o1 az H2 o2 8
M€ [Vehshl  [Vehshl  [h] [ [Veh/hl [l [h]  [%]
Intersection 1
8 56 1502 07:45 02:16 2166 14:30 02:47 17.40
12 12 1753 07:30 02:17 2418 15:15 02:39 16.56
17 53 1804 07:30 02:17 2424 15:30 02:49 16.18
21 17 1703 07:45 02:19 2311 15:30 02:45 15.39
26 93 1691 07:45 02:22 2143 15:45 02:53 16.44
Intersection 2
8 33 1108 07:45 02:21 1713 15:00 02:35 16.68
12 40 1330 07:45 02:19 1908 15:15 02:33 16.40
17 35 1290 07:45 02:23 1966 15:30 02:53 17.41
21 14 1349 07:45 02:18 1977 15:30 02:40 15.97
26 86 1235 07:45 02:19 1802 15:30 02:51 16.23
Intersection 3
8 100 1662 07:45 02:18 2471 15:30 02:41 16.58
12 57 1949 07:45 02:22 2795 15:30 02:45 16.29
17 115 1738 07:45 02:52 2632 15:30 02:53 17.59
21 32 1959 07:45 02:23 2710 15:30 02:51 15.56
26 162 1657 07:45 02:23 2376 15:15 02:55 17.30
Intersection 4
8 43 1518 07:45 02:18 2315 15:00 02:39 17.30
12 19 2017 07:45 02:16 2710 15:30 02:39 18.15
17 59 1909 07:45 02:16 2665 15:30 02:48 17.14
21 11 2004 07:45 02:14 2665 15:30 02:49 16.45
26 128 1780 07:45 02:18 2454 15:30 02:53 19.26
Intersection 5
8 92 1206 07:45 02:17 1876 15:15 02:35 14.42
12 91 1435 07:45 02:18 1961 15:15 02:39 13.86
17 127 1379 07:45 02:23 1985 15:30 02:43 15.93
21 86 1452 07:45 02:24 2070 15:30 02:45 12.82
26 164 1299 07:45 02:21 2057 15:15 02:43 15.70
Intersection 6
8 300 1343 07:15 02:17 1382 14:30 02:32 17.92
12 310 1383 07:15 02:19 1885 14:30 02:39 17.78
17 230 1952 07:45 02:13 1940 14:45 02:52 16.41
21 295 1451 07:15 02:15 1941 14:30 02:51 16.82
26 203 2023 07:30 02:17 2002 14:04 02:47 17.72
Intersection 7
8 112 1669 07:45 02:19 1562 15:45 02:47 15.84
12 53 1759 07:45 02:21 2336 15:15 02:48 14.22
17 172 1603 07:45 02:25 2166 15:15 02:52 16.31
21 30 1653 07:45 02:27 2228 15:30 02:55 13.90
26 112 1573 07:45 02:25 2017 15:30 02:56 14.91
Intersection 8
8 117 1493 07:45 02:17 2045 15:00 02:43 14.31
12 141 1596 07:45 02:21 2201 15:00 02:49 13.55
17 102 1622 07:45 02:23 2382 15:00 02:52 12.07
21 120 1515 07:45 02:25 2106 15:00 02:52 13.50
26 169 1232 07:45 02:12 2075 14:30 02:53 14.96
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Table 7. Values of the parameters of the function of a daily traffic pattern on working days in

particular weeks for the analyzed intersections in 2020.

Week

Function Parameters Q(t)

Numb ay a 221 o1 az H2 o2 8
M€ [Vehshl  [Vehshl  [h] [ [Veh/hl [l [h]  [%]
Intersection 1
8 71 1741 07:15 02:13 2373 14:45 02:39 16.94
12 33 1166 07:15 02:18 1811 14:30 02:38 18.53
17 27 1201 07:15 02:17 1516 15:00 02:57 20.32
21 83 1402 07:45 02:18 1976 15:15 02:55 16.05
26 61 1504 07:30 02:20 2089 15:30 02:56 16.53
Intersection 2
8 40 1312 07:45 02:15 1817 15:00 02:31 18.19
12 37 909 07:45 02:18 1291 14:45 02:29 15.10
17 33 971 07:45 02:17 1094 14:15 02:45 20.68
21 43 1129 07:45 02:20 1649 15:30 02:49 16.19
26 60 1099 07:45 02:24 1740 15:30 02:52 14.96
Intersection 3
8 155 2016 07:45 02:21 2713 15:45 02:41 16.08
12 213 1041 07:45 02:27 1470 15:00 02:48 12.35
17 277 936 07:45 02:29 1160 15:15 02:53 15.07
21 262 1244 07:45 02:27 1827 15:15 02:56 13.19
26 299 1344 07:45 02:24 2004 15:15 02:57 14.32
Intersection 4
8 63 1935 07:45 02:15 2496 15:15 02:37 19.22
12 40 1066 07:45 02:18 1493 14:45 02:41 17.73
17 23 1065 07:30 02:19 1370 15:15 02:47 17.96
21 56 1285 07:30 02:21 2301 15:00 02:48 15.70
26 71 1469 07:45 02:28 2227 15:15 02:49 16.94
Intersection 5
8 95 1355 07:45 02:22 1883 15:15 02:41 16.51
12 53 887 07:30 02:27 1250 14:45 02:48 15.25
17 45 897 07:30 02:28 1188 15:15 02:54 16.29
21 69 1122 07:45 02:27 1871 15:15 02:53 11.33
26 132 1233 07:45 02:36 1766 15:30 02:47 13.95
Intersection 6
8 320 1392 07:45 02:15 1836 15:30 02:32 18.87
12 224 1043 07:00 02:18 1453 14:30 02:41 17.83
17 219 1008 07:30 02:23 1229 15:15 02:47 15.50
21 198 1141 07:45 02:27 1744 15:45 02:51 15.12
26 298 1056 07:30 02:23 1597 15:00 02:39 14.69
Intersection 7
8 408 1619 07:45 02:17 2100 15:15 02:36 16.86
12 91 968 07:45 02:21 1328 15:00 02:41 12.63
17 87 1055 07:30 02:22 1134 15:15 02:50 15.44
21 126 1202 07:45 02:24 1662 15:15 02:53 12.25
26 132 1286 07:45 02:27 1729 15:15 02:54 13.26
Intersection 8
8 157 1569 07:45 02:47 2121 15:15 02:47 18.68
12 78 954 07:45 02:49 1331 15:00 02:49 13.95
17 65 1009 07:45 02:51 1234 15:30 02:51 14.76
21 92 1225 07:45 02:53 1791 15:30 02:53 15.41
26 117 1165 07:45 02:56 1832 15:30 02:56 15.48
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For 2019, the average relative error ranges from 12.07% to 19.26%, while for 2020 it

ranges from 11.33% to 20.68% in the analyzed cases. Based on the determined parameters
of the bimodal trend function, the following conclusions can be made:

the traffic volume at night (parameter a¢) in the 8th week is higher in 2020 than in 2019.
The 8th week represents the average week of the year before the pandemic period, and,
assuming a trend of increasing traffic over time, this is an explainable phenomenon,
the traffic volume during the night hours in the 12th week of 2020 (which was also
the first full lockdown week in Poland) is in most of the analyzed cases lower than
the traffic volume in 12th week of 2019. Similar conclusions can be drawn for the
17th week, which represents the average week in lockdown,

in the 21st week of 2020 (in the stage of a partial opening of the country’s economy),
the value of the parameter ay (traffic volume at night) is higher than in 2019 in the
majority of cases,

the traffic volume in the morning rush hours in all cases (except for intersection 6) is
higher in 2020 than in 2019 for the average week of the year before the pandemic period,

for the first full week of lockdown in Poland and the following weeks during the
lockdown, the traffic volume during the morning rush hours in all cases is lower
in 2020 than in 2019. The traffic volume in the morning rush hours increases in the
stage of partial opening of the country’s economy and after the reopening of most
services while maintaining the required sanitary regime, after the end of the school
and academic year (17th and 26th week of 2020), but it does not reach the level close
to the morning rush hour value in 2019,

the traffic volume during the afternoon rush hours in the 8th week is in all cases
higher in 2020 than in 2019. On the other hand, the traffic volume in the afternoon
rush hours during the lockdown and after the reopening of the country’s economy
while maintaining the sanitary regime is lower in 2020 than in 2019 (12th, 17th, 21st,
and 26th week of the year),

for the afternoon rush hours (07), the variance will take larger values than in the morn-
ing rush hours (¢1), which means that the values of the traffic volume in the afternoon
rush hours are more varied than in the morning rush hours. This is noticeable for both
2019 and 2020. Moreover, in many cases, the values of the variance for the afternoon
rush hours in the lockdown and sanitary regime are higher than in the corresponding
weeks of 2019. This confirms a greater variation in the value of traffic volume in the
afternoon rush hours in 2020 than in 2019.

Figure 9 shows the functions of the variability of traffic volume on working days in

the analyzed weeks of 2019 and 2020.
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Figure 9. Forms of the function of a daily traffic patterns on working days in the analyzed weeks in 2019 and 2020. Where: (a) Andersa-Okulickiego; (b) Kozielska-Okulickiego; (c)

Orlickiego-Portowa-Sliwki; (d) Orlickiego-Wyspianskiego; (e) Pszczynska-Pocztowa; (f) Chorzowska-Knurowska; (g) Chorzowska-Zabrska; (h) Nowy Swiat-Pszczyriska-Mikotowska.



Remote Sens. 2021, 13, 2329

31 of 38

6. Discussion

The covid-19 pandemic has strongly changed life, work, recreation, and retail, as well

as ways of thinking and approaches to life. Lockdowns, remote working and learning, and
other restrictions on movement have influenced people’s mobility patterns and reduced
traffic congestion in most cities around the world. In Poland, the first wave of the pandemic
began on 14 March 2020. Also, a significant reduction in the case of road traffic volume
was observed due to the pandemic. The data presented in the article allows us to formulate
some relations between the various pandemic regulations and the traffic volume changes
caused by each of them:

the introduction of restrictions in the first days of week 11 of 2020 (i.e., from 12 to
15 March) resulted in fluctuations in traffic volume from +0.54% to —15.60% (an
average decrease by —6.99%) compared to the AADT in 2019,

the state of epidemic emergency was declared in Poland in the first full week of
lockdown (20 March). From this week, significant decreases in traffic volume took
place in many Polish cities [50,51]. These decreases ranged from —23.05% to —42.86%
(an average decrease by —32.10%) in the case of the analyzed intersections,

in the 13th week of 2020, while maintaining the pandemic regulations introduced
so far, the decreases in traffic volume were also maintained at a similar level to the
previous week, ranging from —17.69% to —43.42% (an average decrease by —32.65%)
compared to AADT in 2019,

in the 14th week of 2020, the introduction of the next restrictions resulted in a further
decrease in traffic volume on the transport network in the range of —29.49% to —46.88%
(an average decrease of —35.87%) compared to AADT in 2019,

in the following weeks of total lockdown in the country, the decrease in traffic volume
remained at a similar level. In the 17th week of 2020, traffic volume slightly increased
compared to the previous weeks (an average decrease of —34.84% compared to AADT
in 2019),

the resumption of some services and activities in the 19th week of 2020 resulted in
a significant increase in the value of traffic volume on the transport network from
—8.33% to —29.46% (an average decrease by —17.99%) compared to AADT in 2019.
This increase is visible in the case of the distribution of total road traffic volume at all
analyzed intersections (Figure 5),

in the 20th week of 2020, borders were opened again (13 May), but it did not cause a
significant increase the traffic volume (average decrease in traffic volume by —17.81%
compared to AADT in 2019),

in the 21st week of 2020, the value of traffic volume on the transport network increased
to the level from —3.15% to —16.41% (an average decrease by —10.78%) compared to
AADT in 2019,

in the 22nd week of 2020, hotels were opened, but this also did not cause any rapid
changes in traffic volume on the transport network compared to the previous week
(an average decrease by —10.47% compared to AADT in 2019),

during the summer holiday period (from the 23rd to the 32nd week of 2020), at the
analyzed intersections, the highest values of traffic volume can be observed, often
comparable (or slightly lower) than the adequate values of traffic volume in 2019,
the introduction of the yellow zone for the analyzed area in the 32nd week of 2020
resulted in a slight decrease in the value of traffic volume from —2.91% to —19.66%
(an average decrease by —12.55%) compared to AADT in 2019,

from the 43rd week of 2020, the ban on the operation of so many activities was reflected
in a decrease in traffic volume on the transport network. However, the decrease in
traffic volume accompanying the second wave of the pandemic was not as significant
as it was during the first wave of the pandemic (Figure 6). This decrease ranged from
—5.85% to —15.81% (an average decrease of —11.55%) compared to AADT in 2019,
in the 44th week, the value of traffic volume slightly decreased from —6.26% to
—18.36% (an average decrease of —12.19%) compared to AADT in 2019. In the 45th
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week, the value of traffic volume slightly decreased from —8.56% to —22.00% (an
average decrease by —14.83%) compared to AADT in 2019,

e  the reduction in mobility in the 46th week of 2020 was reflected in a further decrease in
the value of traffic volume from —15.34% to —24.17% (average decrease by —18.20%)
compared to AADT in 2019,

e in the 48th week of 2020, a slight, over 4% increase in the value of traffic volume on
the transport network occured. Despite this, a decrease from —5.92% to —20.79% (an
average decrease by —14.13%) compared to AADT in 2019 has been observed.

The greatest decrease in traffic volume took place during the first wave of the pandemic
(from the 11th week to 19th week of 2020, i.e., from 9 March to 10 May 2020). At that
time, the road traffic variability factor for particular intersections varied from 1.10% to
as much as —45.70%. During 2020, there were also other decreases in the value of traffic
volume below the AADT, which resulted from the winter break, summer holidays, or
the second wave of coronavirus that occurred in Poland in the autumn months. These
decreases are not as large as they were in the first wave of the pandemic. The obtained
results are confirmed in other countries around the world, where the value of traffic volume
decreased significantly also due to the pandemic [52]. The large decrease in traffic volume
during 2020 was also recorded in France [53]. This resulted from both short-range and
long-range population travel stopping following the first wave lockdown by as much as
65%. In Greece, traffic volume decreased by more than 80% during the most serious period
of the pandemic [54]. Also, a 65% decrease in traffic volume was identified on non-urban
roads in Spain compared to the same period in 2019 [55]. In the USA, in Florida, overall
state-wide traffic volume decreased by 47.5% [56]. Meanwhile, a data analysis by Tom Tom
of several major European cities has shown that road traffic volume reduced in 2020 in
comparison to 2019 [51]:

e from 54% to 51% in such cities as Moscow (54%), Mumbai (53%), Bogota (53%),
Istanbul (51%), and Kiev (51%),

e from 47% to 25% in such cities as New Delhi (47%), Bangkok (44%), Odessa (44%),
16dz (42%), Lima (42%), Chonquing (41%), Bucharest (42%), Tokyo (41%), Tel Aviv
(87%), Mexico City (36%), Osaka (35%), Athens (34%), Paris (32%), London (31%),
Berlin (30%), Sydney (28%), Rome (27%), and Luxeburg (25%),

e  from 24% to 15% in such cities as Beijing (24%), Antwerp (24%), Porto (24%), Shanghai
(22%), Frankfurt am Main (20%), Montreal (20%), Seatle (19%), Washington (17%), and
Madrid (15%),

e from 14% to 7% in such cities as Quebec (14%), and Detroit (11%).

The values of total traffic volume on particular days of the week in particular months
in 2020 were lower than in 2019 for all analyzed intersections. The distribution of traffic
volume in particular hours of the day is characterized by a smaller hourly dispersion
per day than in the case of 2020 at all intersections. Moreover, in 2020, the morning and
afternoon rush hours show a greater flattening than in 2019. In 2019, the morning rush
hours were from 06:00 to 08:00. In turn, the afternoon rush hours were from 14:00 to
17:00. In 2020, until the 12th week, the morning and afternoon rush hours at the analyzed
intersections occurred at the same hours as in 2019. On the other hand, from the 12th week
of 2020, the morning rush hours were between 04:00 and 06:00, and the afternoon rush
hours after the 12th week 12 of 2020 were between 13:00 and 16:00. Moreover, for each
intersection in each month of the year (except for February), the distribution of traffic in
2020 is characterized by a greater blurring during the day than the distribution in 2019. In
addition, there is a different daily distribution of traffic volume in April 2020. They are
characterized by significantly lower hourly values of traffic volume than in April 2019 or in
other months of the year. In the case of 2019, in particular months of the year, the morning
and afternoon rush hours at each of the analyzed intersections occurred at similar hours of
the day. This regularity can no longer be observed in 2020.

AADT in 2020 was as much as 19% lower than AADT in 2019. In 2019, the traffic
volume in February, July, and August was lower than the AADT value, because in these
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months in Poland there are winter holidays (February) and summer holidays (July and
August). The lowest values of traffic volume were recorded in March and April in the case
of 2020. Traffic volume is indeed a random variable, the value of which is influenced by
many factors, but in the analyzed case the main determinant of low traffic volume in the
above-mentioned months was the first wave of the covid-19 pandemic.

The main limitation of the presented results is the lack of analysis for all city inter-
sections and all cities in Poland. The research only included analysis of the variability
of the values of traffic volume in 2019 and 2020 at selected intersections located in Gli-
wice (Poland).

Moreover, the covid-19 pandemic will undoubtedly change many aspects of people’s
lives, including travel behavior, as well as changes in traffic patterns and modal split. The
current results of research on the effects of the covid-19 epidemic in this area suggest that
there has been a significant reduction in human mobility and a significant change in travel
patterns [57-59].

Nowadays, traveling using public transport can result in the rapid spread of the
pandemic, because they are popular in populous middle-income and high-income cities
and very often serve as the principal method for a trip for many people in the world.
The human infection risk could be extremely high due to the length of the exposure time
window, transmission route, and structural characteristics during travel or work. Hence, in
the literature on the subject are works on the proposal of long-term effective prevention and
control measures proposed for public transport facilities [60,61]. In ation, some research
works predict that a post-covid-19 city could experience a sustained decrease in demand
for commuting transport due to a combination of durable economic crisis and changing
work habits [62-65]. There may be a change in behavior especially toward crowded spaces
and public transport as well as a change in a previous travel pattern towards unsustainable
mobility. Research works in the literature on the subject have attempted to model mobility
choice in commuting to work in large cities after covid-19 [66].

In paper [67], with the use of an online questionnaire, individual mobility patterns
were examined for all means of transport (self-driving car, business car, bus, tram, metro,
train, plane, foot, bicycle, motorcycle) before and during the restrictions adopted in ten
countries of the world, i.e., Australia, USA, Italy, Norway, China, Brazil, Iran, India, Ghana,
and South Africa. The results confirmed the existence of huge disruptions in commuting
and non-work travel. In addition, results showed a significant reduction in the frequency
of all types of travel and the use of all modes of transport. Moreover, planes and buses are
perceived as the riskiest modes of transport in terms of the potential spread of the virus,
resulting in very large modal shifts (avoiding public transport in favor of private means
of transport). In addition, socio-economic inequalities and the incidence of covid-19 per
100,000 inhabitants (and especially the number of deaths) are strongly correlated according
to the results from all the countries where research was conducted. Income inequalities
also affect the choice of means of transport. These conclusions can guide in planning
post-covid-19 transport development strategies.

Subsequent studies [68] also confirm the existence of the impact of both government-
imposed and self-imposed restrictions on travel mobility. The research results show that
the epidemic influenced different socio-demographic groups in different ways. On average,
in all age groups studied, travel time was reduced by 66%.

On the other hand, research on mobility behavior conducted in Switzerland (based
on GPS tracking and online surveys) confirmed a reduction by about 60% of the average
daily distance traveled and a simultaneous decrease of over 90% in the use of public
transport [69]. The share of trips made by bicycle increased at the same time. Research
conducted in Poland for the city of Gdarisk also confirmed that the epidemic phenomenon
had a significant impact on mobility. In addition, the results indicate that the pandemic
influenced the sense of security and psychological comfort of public transport users,
which in turn led to the avoidance of traveling by this form of transport. Over 90% of
the respondents gave up or limited the use of public transport according to the survey
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results. However, almost 75% of them declare that they will return to using public means
of transport after the epidemic situation has stabilized [70]. The results of these studies
indicate the need for proper development of transport policy after the end of the pandemic,
which should focus on improving the perception and ensuring an appropriate image of
public transport. Otherwise, it may mean a long-term decline in the number of passengers
using the means of public transport. Moreover, covid-19 presents both a challenge and an
opportunity to develop new approaches and policies for more sustainable urban transport.

The problem of the strong negative impact of the covid-19 pandemic on journeys made
with the use of public transport was the subject of many other scientific works [71-73].
These works indicate that the vast majority of users of public mass transport changed the
means of transport to private cars and various forms of non-motorized travel due to the
covid-19 pandemic.

The literature on the subject also includes studies on the mobility of rural residents
during the period of legal restrictions aimed at stopping the spread of the virus. Research
results [74] indicate that 62.6% of respondents practically did not change their mobile
behavior due to the covid-19 pandemic. However, almost a third of all planned trips were
not made. There has been a modal shift towards the limitation of bus travel and an increase
in bicycle travel. The proportion of foot travel remained unchanged.

7. Conclusions

This article analyzes the variability of the values of traffic volume in 2019 and 2020 at
selected intersections located in Gliwice, Poland. The following conclusions can be made
based on the analyses presented in the article:

e reduction in road traffic volumes during the covid-19 pandemic in Poland is similar to
many other countries,

e the different shape and duration of afternoon peaks and morning peaks is the same
for 2019 and 2020 but radical changes were noted,

e existing demand patterns are not useful to describe the situation in healthcare emer-
gencies or settings in which heavy and long traffic restrictions are in place due to a
motivation that radically changes people’s travel routines,

e research on new demand models capable of understanding the changed scenario
(with increased use of work-at-home, remote meetings, and distance learning) is
needed. Policy makers shall steer this discussion both at the national and EU research
project levels.

Continuous measurements of road traffic on the transport network allow us to describe
the characteristics of traffic fluctuations, growth, regularity, etc. Systematic analyses allow
the obtaining of typical daily, weekly, monthly and annual profiles depending on the traffic
characteristics. The daily traffic patterns presented in the article allowed us to indicate both
the similarities and differences in daily distributions. After further improvement, these
daily traffic patterns may be useful for traffic management in situations of dynamic changes
in road traffic volume, assessment of capacity and traffic conditions, and assessment of
the impact of roads on the natural environment. The obtained results in this way may
constitute the basis for decisions in the field of planning operational and strategic activities.
This will allow for improved traffic management in the city and manage subsequent stages
of a pandemic or crisis.
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