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Abstract: Changes in air pollution in the region of the city of Novi Sad due to the COVID-19
induced state of emergency were evaluated while using data from permanently operating air quality
monitoring stations belonging to the national, regional, and local networks, as well as ad hoc
deployed low-cost particulate matter (PM) sensors. The low-cost sensors were collocated with
reference gravimetric pumps. The starting idea for this research was to determine if and to what
extent a massive change of anthropogenic activities introduced by lockdown could be observed in
main air pollutants levels. An analysis of the data showed that fine and coarse particulate matter, as
well as SO2 levels, did not change noticeably, compared to the pre-lockdown period. Isolated larger
peaks in PM pollution were traced back to the Aralkum Desert episode. The reduced movement of
vehicles and reduced industrial and construction activities during the lockdown in Novi Sad led to a
reduction and a more uniform profile of the PM2.5 levels during the period between morning and
afternoon air pollution peak, approximately during typical working hours. Daily profiles of NO2,
NO, and NOX during the state of emergency proved lower levels during most hours of the day, due to
restrictions on vehicular movement. CO during the state of the emergency mainly exhibited a lower
level during night. Pollutants having transportation-dominated source profiles exhibited a decrease
in level, while pollutants with domestic heating source profiles mostly exhibited a constant level.
Considering local sources in Novi Sad, slight to moderate air quality improvement was observed
after the lockdown as compared with days before. Furthermore, PM low-cost sensors’ usefulness
in air quality assessment was confirmed, as they increase spatial resolution, but it is necessary to
calibrate them at the deployment location.

Keywords: PM and gaseous air pollutants; air pollution monitoring; low-cost PM sensors; sensor
calibration; emergency lockdown

1. Introduction

The appearance of the highly contagious coronavirus [1] (COVID-19) at the end of
2019 in Wuhan, China, and many deaths all over the globe, forced the world’s governments
to adopt different levels of interventions and emergency measures, due to the virus’ easy
human transmission [1,2]. The emergency measures included travel restrictions and
lockdowns. During the implementation of these measures worldwide, many countries
reported air pollution reduction, which could result from reduced transport and other
anthropogenic activities in some countries [3]. Besides transport sector restrictions, the
industrial and manufacturing sectors are heavily affected by the pandemic [4,5], and their
reduced or stopped activities could also be reflected in decrease of air pollution.
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The lockdown interventions led to a reduction in population-weighted PM2.5 of
14.5 µg/m3 across China (−29.7%) and 2.2 µg/m3 across Europe (−17.1%), with mean
reduction in PM2.5 concentrations during the lockdown period of around 20% in Europe
when comparing the lockdown period in 2020 to previous years [6,7]. A study led by French
National Institute for Industrial Environment and Risks (INERIS) [8], which analyzed short-
term influence of COVID lockdowns on PM10 and nitrogen dioxide (NO2), determined
significant decreases in NO2 and nitrogen oxides throughout Europe. Regarding PM10
concentration, the situation is less uniform and European cities selected in the study [8]
experienced a range of different outcomes depending on the city region. At Iberian Penin-
sula, reductions in PM10 were observed. In Western Europe, PM10 increase (or only a slight
decrease) after lockdown was observed due to dominating effect of emission advections
from anthropogenic sources (e.g., agricultural, industrial). At Scandinavian Peninsula, only
a small decrease of PM10 levels was identified due to considerable effect of road dust due to
use of studded tires, road dusting and salting, i.e., high road dust emissions, which caused
enhancement of PM10 effectively masking the lockdown reduction effect. At Central and
Eastern Europe mixed decrease/increase of the average PM10 concentrations was identified
as the effect of lockdown emission reductions was disturbed by a large natural dust episode
on 26–29 March. In addition to PM, the main gaseous air pollutants NO2, sulfur dioxide
(SO2), carbon monoxide (CO), and ozone (O3) that are usually collected at monitoring
sites were analyzed in different areas all over Europe [8]. From these preliminary studies
and reports [7,8], it seems evident that nitrogen dioxide (NO2), nitrogen oxide (NO) and
nitrogen oxides (NOX) noticeably decrease while O3 increases.

This study is devoted to short-term air quality changes in the city of Novi Sad, Serbia
(Lat/Long: 45.26714◦, 19.83355◦), focused on the period immediately before and during the
COVID-19 lockdown. In order to create data sets, online and off-line data from national [9],
regional [10], and local monitoring networks [11] were combined with newly acquired data
from an ongoing measurement campaigns utilizing PM low-cost sensors (LCS). The aim of
this study was to investigate the impacts of lockdown and local meteorology on the level of
selected main air pollutants [12]. The analysis was focused on the period of approximately
three months, 1 February–30 April, six weeks before and six weeks during lockdown, with
additional attention focused to period of about one week immediately before and during
the COVID-19 lockdown, for which high-resolution LCS data were available. Selected
air pollution data was supplemented (underpinned) with available local meteorological
parameters in order to better understand and explain the interactions between pollution and
meteorology. Depending on the temporal resolution of data provided by used monitoring
tools, variations of main pollutants at the daily level were analyzed in cases when data
with sufficient temporal resolution were available.

2. Materials and Methods
2.1. Study Area

Novi Sad represents an urban-industrial agglomeration and, it is the second largest
city in Serbia. The city is situated at about 80 m above sea level and it experiences a regional
climate from moderately continental to continental. The speed of all recorded winds is
mostly between 2.2 and 3.1 m/s, and in terms of frequency, winds that prevail in Novi
Sad are north, northeast, and northwest [13]. The main sources of outdoor air pollution
in Serbia include the energy sector, the transport sector, waste dump sites, and industrial
activities, while the specific sources of air pollution in Novi Sad include the petrochemical
industry complex and increasing road traffic [14].

2.2. Air Pollution Monitoring at National, Regional and Local Networks at Novi Sad

The monitoring of outdoor ambient air quality is usually done via networks at the
national and local levels. However, despite having a high quality of instrumentation, these
kinds of networks are usually very sparse, may not monitor all of the needed parameters,
and give little insight into personal exposure. In specific cases, when rapid deployment
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and increased temporal resolution may be of more interest, IoT (Internet of Things) enabled
low-cost sensors may provide interesting complementary data.

In the city of Novi Sad, there are three main groups of monitoring stations: stations
that belong to national networks, stations in the regional network, and stations in the local
monitoring networks.

National Network, (website http://www.amskv.sepa.gov.rs/pregledstanica.php)

• NN1, Novi Sad-Rumenačka (air quality variables that are monitored: SO2, NO2, CO,
PM10, PM2.5, wind direction, wind speed) type of station: traffic (Lat/Long: 45.26263◦,
19.81902◦)

• NN2, Novi Sad—Liman (air quality variables that are monitored: SO2, O3, NO2, CO)
type of station: background (Lat/Long: 45.23864◦, 19.83570◦)

Regional Network, (website http://www.amskv.sepa.gov.rs/pregledstanica.php)

• RN1, Novi Sad—Šangaj (air quality variables that are monitored: BTEX, H2S, SO2, t,
RH, wind direction, wind speed), type of station: industrial, (Lat/Long: 45.27237◦,
19.87333◦)

Local network, (website https://environovisad.rs/air_points/mm3)

• LN1, Novi Sad—Intersection of Rumenačka and Bulevar Jaše Tomića, type of station:
urban/traffic, (Lat/Long: 45.26348◦, 19.81903◦)

• LN2, Kać—Kralj Petar 1, type of station: suburban/traffic, (Lat/Long: 45.29980◦,
19.93926◦)

• LN3, Novi Sad- Sunčani kej 41, type of station: urban/background, (Lat/Long:
45.24000◦, 19.85139◦)

• LN4, Sremska Kamenica, Kamenički park 1-14, type of station: suburban/background,
(Lat/Long: 45.22931◦, 19.84898◦)

2.3. Ongoing Sampling Campaign with Low-Cost Sensors and Reference Pumps

An ongoing measuring campaign with low-cost sensors and reference gravimetric
pumps in the city of Novi Sad started in February 2020 and was conducted during mid-
February and March. Our monitoring campaign utilizing low-cost sensors was already
underway in Novi Sad when Emergency State Measures were introduced on 16 March. The
more, or less severe lockdown was used as a unique opportunity to conduct this additional
experiment, in which results about the possible relation between massive change of general
population daily habits and change in traffic and industrial emissions could be obtained.
At selected sampling sites, besides low-cost sensors that measured PM2.5 with a temporal
resolution of several seconds, PM2.5 was collected on Quartz fiber filters by reference
gravimetric pumps set to sample air for 48 h. A note about sampling duration is in place
here. Timing and duration of the sampling can be adapted for specific purpose in order
to use the available resources most effectively. For example, within the ESCAPE project
sampling schedule (for purposes of Europe-wide LUR modeling) was two-week sampling,
with timers which were set to sample for 15 min every 2 h so that effectively a 42-h sample
was collected over 14 days [15]. This compromise must encompass frequency of accessing
device in the field conditions on one hand and quality and quantity of samples necessary
for calibration of low-cost sensor on the other hand. In this way “best of both worlds” are
obtained: the low-cost sensors provide high temporal resolution, while use of reference
gravimetric pumps minimizes the errors. Our sampling schedule produces approximately
8 samples over period of 16 days. Additional details are given in Appendix A. Particulate
matter low-cost sensor suite (LCS), ekoNET was made by Dunavnet [16]. LCS platform was
equipped with a PMS7003 particulate matter sensor. Plantower PMS7003 has counting
efficiency of 50% at 0.3 µm and 98% at 0.5 µm, and maximum consistency error ±10%
at 100~500 µg/m3 and ±10 µg/m3 at 0~100 µg/m3 range [17,18]. Reference gravimetric
pump that was collocated with each LCS was Leckel Model LVS3 [19], with standard PM2.5
inlet and 2.3 lpm flowrate.

http://www.amskv.sepa.gov.rs/pregledstanica.php
http://www.amskv.sepa.gov.rs/pregledstanica.php
https://environovisad.rs/air_points/mm3
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In the period before the Emergency State Measures, the sampling campaign was
performed at 4 measuring sites (MS), namely: MS1 (Hajduk Veljkova 4), MS2 (Rumenački
put 20), MS3 (Reljkovićeva 2), MS5 (Račkog 78). All four localities can be characterized as
traffic sites since they are situated in the vicinity of traffic intersections and streets with a
high or medium volume of traffic (Figure 1). After lockdown, the campaign was continued
during the following 8–10 days at 3 sites (MS1, MS2, MS3) and repeated at MS5 where
sampling was performed previously during February. The instruments were situated
within 1m of each other, and no additional inlets were used in order to minimize particle
losses. At measuring sites, the instrumentation was at about 2–3 m above the ground. The
sampling campaign was carried out at all 4 measuring sites continuously, 7 days before
the state of emergency (abbreviation BEMS in further text) and 8 days during the state of
emergency (abbreviation EMS in further text) that was declared due to COVID-19 in Serbia.

Figure 1. Map with location of measuring sites (MS1, MS2, MS3, MS5) and monitoring stations at
national (NN), regional (RN) and local level (LN).

Measuring site 1 (MS1, Lat/Long: 45.24968◦, 19.82467◦) was located in a narrow city
center, at a distance of 50 m from the intersection of Futoški put, Hajduk Veljkova, and
Cara Dušana Street. Possible sources of PM2.5 in addition to traffic may include residential
heating, small boilers and stoves for individual households in the surrounding area. Types
of vehicles passing through the intersection are light vehicles and public transportation
(buses). A small heating plant is placed within close proximity (about 1 km). Measuring site
2 (MS2, Lat/Long: 45.27573◦, 19.80066◦) was located in the Industrial Zone South, at the
very border of the residential area in the Rumenačka 20 street. Measuring instruments were
located at the height of about 2.5 m next to a very busy roundabout within the courtyard of
the Veterinary Institute in Novi Sad. The distance between the roundabout and measuring
site was about 30 m. The traffic at MS2 consists mainly of light and heavy trucks and
buses since the roundabout represents the main way that leads to the highway in that
city area. The rest of the Industrial zone consists of a couple of industrial plants whose
production capacities are very low, so the main source of suspended particles at this location
is traffic. The third measuring site, (MS3, Lat/Long: 45.2494◦, 19.87729◦), was situated in
Petrovaradin, associated municipality of Novi Sad. Instruments were placed at the height
of 3 m, near the intersection of Reljkovićeva and Preradovićeva Street, which is one of the
busiest intersections in Petrovaradin municipality. The distance between the measuring site
and Reljkovićeva Street was 5 m, and the distance to the intersection was 60 m. Reljkovićeva
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Street is the main street with heavy traffic that passes through Petrovaradin from Novi
Sad. Traffic mainly consists of trucks and cars and, to a lesser extent, of bus traffic. Sources
of PM2.5 at the measuring site beside traffic are residential heating. The fourth site (MS5,
Lat/Long: 45.23406◦, 19.88453◦), was also situated in Petrovaradin, as was MS3. Račkog
Street serves as a transportation hub and is in the vicinity of the intersections of regional
roads. It is the busiest street in Petrovaradin, with high intensity of both heavy vehicle and
light vehicle traffic. The majority of heavy transportation from Reljkovićeva Street passes
through this street. The measuring devices were set at the height of 3 m, at a distance of
12 m from the street. At this site, particulate matter can be emitted mainly by traffic and
by residential heating boilers. Considering MS positions, possible sources of PM2.5 in the
ambient air at all four localities include traffic, along with households and facilities in the
vicinity that are using natural gas and other fossil fuels as a heating source.

3. Results and Discussion

As an initial analysis step, we have plotted particulate matter concentration at available
stations that belong to local and national monitoring networks before and after entering
the state of emergency (Figure 2) in the period from 1 February to 30 April. Local and
regional monitoring stations publicly report daily average concentrations, while data
collected at national monitoring station are available with 1 h resolution. A large peak in
both PM2.5 (Figure 2b) and PM10 (Figure 2a) concentration is clearly visible on 26, 27 and
28 March, and is similar in magnitude for all monitoring stations. For these several days,
the daily average levels of PM10 and PM2.5 were up to 250 and 100 µg/m3, respectively.
Extremely high concentrations of particulate matter were recorded at automatic monitoring
stations in the whole of Serbia and surrounding countries. The level of PM10 at the higher
temporal resolution (e.g., 1 min) in some cities in Serbia, including Novi Sad, reached up
to 600 µg/m3. No similar peaks exist for PM10 for other days, while for PM2.5 similar
magnitude peaks do exist, albeit only locally (i.e., for only one of the observed monitoring
stations). This kind of pattern indicates some isolated regional event that happened in
the period on 26–28 March. Figure A2 shows the back trajectory that was calculated
using Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) transport and
dispersion model. The air mass back trajectory was calculated at 270 m above the ground,
on 27 March, when the maximal concentration of PM10 was measured at Novi Sad’s
national and local network sites. Based on the back-trajectory analysis, the presence of a
possible source of non-local air pollution is evident. This source of dust can be associated
via back trajectory tracing to the Aralkum Desert that is located at the Kazakhstan and
Uzbekistan border. Back trajectory for surrounding days is also given in Appendix B.

Figure 2. Daily concentrations at sites belonging to national and local monitoring networks before and after entering the
state of emergency (dashed gray line) (a) PM10 (b) PM2.5.

Tables 1 and 2 show descriptive statistics for fine and coarse particulate matter data
collected at stations that belong to the national and local monitoring network in the area
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of Novi Sad for the period from 1 February to 30 April, split into periods before and after
lockdown measures introduced due to COVID-19 pandemic. Tables also include descriptive
statistic when 3-day Aralkum Desert episode is excluded from data. Looking into data from
EMS and EMS* columns in Tables 1 and 2, it becomes evident that natural distant sources
may be very dominant in total particulate matter pollution and thus effectively mask local
changes originating from emergency state, strongly swaying mean and maximum values
of PM pollution. When comparing BEMS (before emergency state) and EMS* (during
emergency state) columns in Table 1, it can be seen that the median slightly increased
for LN1 and NN1 (both stations are urban traffic), strongly increased for LN3 (urban
background), and decreased for LN2 and LN4 (LN2 and LN4 are suburban traffic and
suburban background stations respectively). When comparing BEMS and EMS* columns
in Table 2, it can be seen that the median decreased for LN2, LN4 and NN1 (suburban
traffic, suburban background and urban traffic) and, again, strongly increased for LN3
(urban background). While it is expected that traffic sites experienced decrease in PM2.5
pollution, a strong increase in both PM10 and PM2.5 for LN3 is somewhat surprising and
may indicate presence of source which emits both fine and coarse particles that was active
during EMS. However, LN3 had lowest concentration of all stations in BEMS period. The
often-nonlinear relationships between changes in emissions and changes in concentrations
may also explain why lower air pollution may not occur at all locations.

Table 1. Descriptive statistics for PM10 [µg/m3] data collected via the national and local network for air pollution monitoring
in Novi Sad for the period of BEMS and EMS campaign in Novi Sad. EMS* denotes EMS data with Aralkum Desert episode
excluded from data.

LN1 LN2 LN3 LN4 NN1
Period BEMS EMS EMS* BEMS EMS EMS* BEMS EMS EMS* BEMS EMS EMS* BEMS EMS EMS*
Mean 30.97 43.97 32.59 23.77 / 24.97 17.72 39.69 28.88 25.21 29.49 20.38 36.83 49.58 41.89
St.dev. 13.24 43.56 13.84 10.31 / 22.30 7.62 40.17 12.49 21.85 37.64 9.83 16.89 39.95 20.30

Median 28.50 33.00 30.50 21.10 / 17.00 16.05 31.00 28.50 20.40 19.00 17.00 33.35 36.50 36.30
MIN 14.00 13.00 13.00 8.70 / 5.00 7.30 6.00 6.00 11.70 4.00 4.00 9.70 13.20 13.20
MAX 62.00 243.00 66.00 44.60 / 122.00 40.90 219.00 51.00 122.60 209.00 42.00 85.10 231.60 88.50

Table 2. Descriptive statistics for PM2.5 [µg/m3] data collected via the national and local network for air pollution
monitoring in Novi Sad for the period of BEMS and EMS campaign in Novi Sad. EMS* denotes EMS data with Aralkum
Desert episode excluded from data.

LN2 LN3 LN4 NN1
Period BEMS EMS EMS* BEMS EMS EMS* BEMS EMS EMS* BEMS EMS EMS*
Mean 19.08 / 19.95 12.09 25.22 19.44 18.71 19.95 14.77 20.95 23.95 21.42
St.dev. 8.26 / 17.52 5.19 21.25 8.51 14.85 21.06 7.63 10.08 15.44 10.65
Median 17.00 / 14.00 10.95 20.35 19.00 14.80 14.00 12.40 18.30 18.50 17.60
MIN 7.00 / 4.00 5.00 4.10 4.10 8.00 3.20 3.20 6.80 7.30 7.30
MAX 36.00 / 97.60 28.00 99.00 35.00 84.00 99.00 33.60 50.50 86.40 48.20

In the subsequent section, diurnal variation will be able to reveal more details about
changes and differences in air pollution levels since we will use additional data obtained
from high-resolution low-cost sensors.

Weather conditions can also noticeably contribute to the changes that are seen in
pollutant concentrations, and in some cases changes in meteorology can lead to increased
air pollution. At the time of this study, meteorological data with 1 h temporal resolution
originating from national network station NN1 were available. Meteorological conditions
in the interaction with the landscape’s physical features are key factors that influence the
rate of change, movement, and dispersal of gaseous and particulate matter pollution in the
air. Sampling campaign in both BEMS and EMS period was conducted during the heating
season (lasting from 15 October until 15 April) in the Republic of Serbia. It is well known
that particulate matter concentration may correlate with temperature and relative humidity,
and that often it strongly negatively correlates with wind speed [20]. This means that
wind speed and temperature are two key factors affecting PM2.5 and PM10 concentration
distributions emitted from local sources. These two factors will be discussed next.
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Before and during the emergency state lowest PM2.5 concentrations were observed
when the wind was coming from the southeast direction and to a lesser extent north-
east direction (Figure 3 upper row), while most of the highest PM2.5 concentrations were
observed for low wind speeds within the 1.5 m/s, (Figure 3 upper and middle row).

Figure 3. PM2.5 [µg/m3] counts by wind direction (upper row), PM2.5 [µg/m3] pollution rose (middle row) and PM2.5~PM10

robust slope (lower row) (a) before emergency state 1–15 March (b) during emergency state 16–31 March, Aralkum episode
excluded (c) during emergency state 1–15 April.

Having in mind the position and type (traffic) of Rumenačka monitoring station, this
indicates the presence of strong local sources of air pollution, mainly related to traffic and
residential heating, whose influence is minimized mainly by favorable meteorological
conditions. These conditions may come in form of stronger winds, for example over 5 m/s,
as can be seen from low PM2.5 concentrations in Figure 3b,c middle row. This is also
confirmed by lower row in Figure 3, depicting PM2.5~PM10 robust slope. Different types of
sources have different size distribution signature, for example combustion sources emit
a large proportion of PM2.5, while on the other hand material used during construction,
geological matter, polen and similar have larger coarse fraction. As can be seen from
Figure 3b,c, within wind speeds smaller than 1 m/s there is an indication of strong local
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combustion processes, indicated by high PM2.5~PM10 ratio. Stronger wind noticeably
change local air pollution composition and reduce PM2.5 concentration, thus making
PM2.5~PM10 ratio very small.

Figure 4 shows the mean values and 95% confidence interval for the normalized pressure,
temperature and PM2.5 measured at station Rumenačka, before and during emergency state.
All of the air quality variables are min-max normalized taking into account the whole period
1 March to 15 April. Min-max values for the pressure, temperature and PM2.5 concentrations
are 989.0–1024.0 mbar, −2.06–28.4 ◦C, and 0.0–91.97 µg/m3, respectively.

Figure 4. Normalized pressure, temperature and PM2.5 concentrations in different hours of the day (min-max normalization
for the whole period) (a) before emergency state 1–15 March (b) during emergency state 16–31 March, Aralkum episode
excluded (c) during emergency state 1–15 April.

The period during the emergency state had a lower mean temperature in 0–6 h
period of the day, as evident from the plots. This is also accompanied by increased PM2.5
concentrations in the 0–6 h period of the day and higher pressure throughout the day
compared to the period before the emergency state. In the city of Novi Sad, residential
heating is realized either as individual boilers or via district heating facilities, which
are a substantial contributor to PM concentrations. Residential heating had to be used
more since citizens have been instructed to stay at home as much as possible [21]. This
is evident in Figure 4b, where lower temperatures correspond to higher PM2.5 pollution.
On the other hand, as evident from Figure 4c, higher temperatures, at least in part, can
be associated with reduction in PM2.5 pollution.

3.1. Descriptive Statistic of PM2.5 Levels before and at the Beginning of Emergency Measure State
Measured with Low-Cost Sensors

In the current and following section, we will try to gain a bit more insight into periods
before and during COVID lockdown by utilizing higher temporal resolution of low-cost
sensors. Table 3 shows descriptive statistics for data collected via low-cost sensors at 4
different locations in Novi Sad. For each measuring spot, two columns are given, first
referring to the period before the emergency state, and second referring to the period after
the emergency state. These periods are identical for measuring sites MS1, MS2 and MS3,
going from 8 to 15 March 2020 for the BEMS period, and from 16 to 24 March 2020 for the
EMS period. From MS5 site, BEMS period data was collected somewhat earlier from 6
to 23 February 2020, while the EMS period mostly coincides with the EMS period for the
remaining sites, 18 to 26 March 2020.
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Table 3. Descriptive statistics for data collected via low-cost sensors, at 4 different locations in Novi Sad.

MS1 MS2 MS3 MS5
Campaign BEM EM BEM EM BEM EM BEM EM

Mean 24.05 25.85 26.79 31.02 26.27 28.72 23.50 21.31
St.dev. 17.70 16.71 20.94 23.54 16.14 16.86 15.50 6.38

Median 21.46 22.13 22.54 23.61 26.61 24.02 20.01 21.11
MIN 2.56 6.37 1.90 4.47 6.50 8.28 7.99 11.49
MAX 74.21 74.26 78.84 88.54 66.34 75.64 61.83 39.14

25th perc. 8.73 13.24 7.97 12.15 11.03 16.34 12.59 17.08
75th perc. 34.52 35.26 40.81 47.50 36.07 38.12 30.13 24.70

The median of PM2.5 concentration was similar in the BEMS and EMS period for all sites,
a slight decrease in the median was observed only for MS3. Maximum values of PM2.5 (98th
percentile) increased for MS2 and MS3 sites, remained the same for MS1, and decreased for
MS5 site. Another interesting aspect is the standard deviation of the pollution, which may
signal change in pollution sources and their distribution: it remained the same at MS1 and
MS3 sites but showed a noticeable decrease at MS5 site. More insight into PM2.5 pollution and
change that occurred during EMS at these sites is possible via time series and 24 h boxplots
shown in further text.

3.2. Changes in Diurnal Variation of PM2.5 at Sampling Site MS1, MS2, MS3 and MS5 before
and after Measures of the State Emergency

The reduced movement of vehicles as well as reduced industrial activities during
lockdown in Novi Sad, leading to the reduction of the exhaust emissions, were a probable
cause for a reduction (as seen from reduced interquartile range of hourly boxplots in
Figure 5) and a more uniform profile of the PM2.5 levels approximately during typical
working hours (8 AM–5 PM).

According to recently published studies, similar findings were identified in several
cities in various parts of the world [22]. In the first month of lockdown, period 15 March–
15 April 2020, the official heating session was still ongoing. For the most part, mean daily
temperatures in the week before and in the first weeks of lockdown, during which the
sampling campaign was conducted, were below 10 ◦C. Residential heating sources caused
higher concentration in the morning and during the night at almost all sampling sites and
can be clearly recognized from the boxplot representing 1 h variations in the week before
the EMS and period at the EMS beginning (Figure 5).

Figure 5. Cont.
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Figure 5. Daily profile of PM2.5 measured before measures of the state of emergency (left) and during measures of the state
of emergency (right) at (a) MS1 (b) MS2 (c) MS3 (d) MS5.

3.3. Changes in Diurnal Variation of Gaseous Pollutants and PM2.5 at NN1 before and after
Measures of the State Emergency

For the identification of changes of main air pollutants levels, it was necessary to create
diurnal variation whenever it was possible, i.e., data have been collected using monitors
with high temporal resolution. Figure 6 depicts diurnal variations of measured main
gaseous pollutants at site that belongs to the national monitoring network: Rumenačka
SEPA, NN1 before and after measures of the state emergency. At NN1 the following
was observed:
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• Daily profiles of SO2, the main pollutant, depicted in the form of a boxplot (Figure 6a),
show that, on average, there was no noticeable change a week before and 10 days
during the emergency state. For most hours of day, the SO2 concentration was below
20 µg/m3, with occasional “outliers” in the range from 35–40 µg/m3 in the morning
and afternoon pollution peaks.

• Daily profiles for NOx show a clear change in daily patterns (Figure 6b). Because
boxplot color corresponds to the value of median, it is evident that the median of
these main pollutants was reduced during the first 10 days of the emergency state
during most hours of the day. NOx boxplots show clear morning and afternoon
pollution peaks, both before and during the emergency state, but the median of these
peaks is reduced during the emergency state. The median was around 80–95 µg/m3

before emergency state from 18–19 h, and an evident reduction to the median of about
15–25 µg/m3 is visible during the emergency state. Additionally, during the most
active hours of the day (period from 9 h to 17 h), a noticeable drop in the level of air
pollution was observed, indicated by lower median and smaller interquartile range
(median around 50 µg/m3 before emergency state during this time of day, and about
25 µg/m3 during emergency state in this time of day).

• Observing CO daily profiles following conclusions can be reached. During the active
hours of the day, in the period from 9 h to 17 h, the level of air pollution stayed similar
in, going around 0.8 mg/m3 with a relatively narrow interquartile range (Figure 6c).
During morning hours, the situation is similar, with a slight increase during the
emergency state, with median still being in the range from 0.8 to 1 mg/m3, but with
larger interquartile ranges during the emergency state. On the other hand, from 18 h
to 23 h, there is a slight reduction in the CO level during the emergency state. Since
there are no noticeable changes in the daily profiles before and during the emergency
state for CO levels, it can be argued that pollutants with domestic heating source
profiles mostly exhibited constant levels.

• An interesting increase in PM2.5 levels in the early morning and in the nighttime at
different monitoring sites over the area of the city of Novi Sad, even during lockdown,
has also been noticed (Figure 6d). However, during the most active hours of the day
(period from 9 h to 17 h) a noticeable drop in the level of air pollution was evident, as
indicated by a lower median and smaller interquartile range.

Figure 6. Cont.
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Figure 6. Rumenačka SEPA, NN1 station, hourly boxplots before (left) and during emergency state (right) (a) SO2 (b) NOx

(c) CO (d) PM2.5.

Equivalent analysis was also done for Liman SEPA NN2 station and is shown in
Appendix D. Similar and comparable results were observed all over the EU in various
studies focusing on COVID-19 influences [23,24]. Results for levels of NO2, PM10 and
PM2.5 over the EU member countries have been presented by EEA [25]. Data show, as in
the city of Novi Sad, that NO2, a pollutant mainly emitted by road transport, has decreased
in many European cities where lockdown measures were applied. Changes in levels of
PM2.5 may also be expected due to lockdown measures, however, a consistent reduction
cannot yet be seen across European cities, as is the case in Novi Sad. This is likely due to
the fact that the main sources of this pollutant are more varied, including, at the European
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level, the combustion of fuel for the heating of residential, commercial and institutional
buildings, industrial activities and road traffic.

4. Conclusions

In this paper, we have presented a study targeting particulate matter pollution in the
city of Novi Sad that was conducted during February–April of 2020. On 15 March 2020,
when the COVID-19 lockdown started and emergency state measures were declared, a
sampling campaign of collecting data with gravimetric pumps and IoT low-cost sensors
has been already in progress. New circumstances were promptly integrated into the
campaign’s planning, as they opened possibilities for examining the influence of broader
societal changes on air pollution. Additional campaign efforts, which now also included
examining COVID-19 lockdown influence, were carried out and data were collected both
before and at the beginning of COVID-19 lockdown in Novi Sad.

Looking at descriptive aggregate statistical data, we have not identified a noticeable
reduction in PM2.5 concentration levels at a daily level. The measuring campaign and
data collection were finished at the last sampling site (MS5) on March 26th. No significant
non-local sources were influential up until that point. On 27 and 28 March, when the con-
centrations of PM2.5 and PM10 were extremely high in the whole of Serbia and surrounding
countries, Aralkum desert was pointed out as the external source of high increase in PM.
This source of dust was confirmed via back trajectory tracing to Aralkum Desert. The
trends and levels of fine and coarse particulate matter in Novi Sad and other cities in Serbia
before and after lockdown were under multiple factors similar to those that were observed
in cities in the region, e.g., Budapest and Sofia, as shown in [8].

In the city of Novi Sad, air pollution mainly comes from traffic and residential heating,
where citizens of Novi Sad use a variety of fuels for heating of individual houses: gas,
biomass, and fossil fuels. More detailed analysis showed that the morning peak and higher
concentration during the night period remained present in the daily profiles, even after the
COVID-19 lockdown and in that period, there were also no noticeable changes in the daily
profile at all sampling sites. Morning peak and higher concentrations during the night and
variability characteristics for that period stayed the same at all four low-cost sampling sites
and part of the daily profile for that period was similar before and after emergency state
measures were declared. For the period corresponding to working hours, between 8 AM
and 5 PM, when people are the most active and traffic is usually the most frequent, the PM
concentrations and their variability were lower during COVID-19 lockdown than during
the week before COVID-19 lockdown. This can be attributed to the fact that majority of
citizens stayed at home, leading to reduced traffic and associated emissions.

These analyses prove that lowering anthropogenic activities intensity contributes to
changes in the diurnal pattern of fine particulate matter and some other main air pollutants.
Natural events like long–range transport of air masses that may happen during lock–down,
also strongly contribute to the increased air pollutants concentrations. These influences
may sway the summary statistics and illustrates the need for higher temporal resolution
monitoring. The perspective for further analyses is in additional analyses of chemical
content of PM2.5 from collected filters.
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Appendix A

Field Calibration of PM2.5 Low-Cost Device Performed via Collocation with Reference Pump

As our extensive descriptive data analysis has shown, low-cost PM2.5 devices are
suitable for giving insights into air pollution trends, which can be confirmed via strong
correlation between low-cost device readings and data obtained from the national net-
work. However, despite this and despite the fact that the low-cost devices have gone
through initial calibration, in order to avoid mismatch between calibration location and
deployment location, low-cost sensors were additionally calibrated by collocating them
with the reference gravimetric pumps at their deployment location. Data calibration is
also essential to mitigate unfounded risk perception from low-cost sensors [26,27]. Calibra-
tion curves are shown in Figure A1, along with the Pearson’s correlation coefficient and
calibration equations.

Figure A1. PM2.5 correlation: (a) MS1 site reference pump vs. low-cost device (b) MS2 site reference pump vs. low-cost
device (c) MS3 site reference pump vs. low-cost device (d) MS5 site reference pump vs. low-cost device.

Only the data points that were obtained from unscathed filters were used for cal-
ibration purposes. Despite the sensors having gone through initial calibration by the
manufacturer, calibration coefficients obtained via collocation at the deployment location
are modestly (figure panels (a), (b), (c), or significantly (d) different from 1.0). It can be thus
concluded that the additional round calibration at the deployment location is a desirable
and necessary step to obtain useful results from low-cost sensors. All results and data
reported in this study, originating from low-cost sensors, are calibrated using deployment
location calibration.

Appendix B

HYSPLIT Analysis of Sand Episode Originating from Aralkum Desert

During the episode [28], air mass trajectory came from the northeast, passed through
Romania, Ukraine, Russia, Kazakhstan and Uzbekistan (Figure A2b). Finally, extremely
high concentrations of PM10 were probably, in large part, due to the dust coming from the
Aralkum Desert located at the Kazakhstan and Uzbekistan border.
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Figure A2. The air mass back trajectory for the city of Novi Sad on (a) 25 of March (b) 27 of March (c) on 29 of March.

In the period before and after PM pollution episodes, back trajectories showed less
capability for long-range transport as evident from Figure A2a,c (note the differences in
zoom level for same 72 h trajectory duration).

Appendix C

Correlation of PM2.5 Concentration in the City of Novi Sad between Spatially Distributed
Measuring Sites

In order to better understand spatial variability of PM pollution in the city of Novi Sad,
data for PM2.5 fine particulate matter at additional sampling sites, which was measured
simultaneously using low-cost sensors and reference pumps set to 48 h averaging, were
correlated with the NN1 SEPA station.

Pearson’s correlation coefficient between 48 h concentrations measured at the site that
belongs to the national network of air quality monitoring NN1 collected with equivalent
monitor GRIMM Aerosol EDM 180 [29] and concentrations measured using reference
gravimetric pumps LVS3 Sven Leckel [19] at MS1, MS2, MS3 and MS5 site vary between
0.85 and 0.99 (Figure A3).

Figure A3. PM2.5 correlation: (a) MS1 site reference pump vs. SEPA equivalent instrument (b) MS2 site reference pump vs.
SEPA equivalent instrument (c) MS3 site reference pump vs. SEPA equivalent instrument (d) MS5 site reference pump vs.
SEPA equivalent instrument.

The highest Pearson’s correlation coefficient was identified, not surprisingly, between
sites situated along the same street, Rumenačka (Figure A3b), at the distance of about
2.7 km. High correlation despite the relatively large distance between the sites indicates
that sources of pollution covary, most probably due to traffic consisting of mainly light
and heavy trucks and buses, since the roundabout represents the main way that leads
to the highway. Pearson’s correlation coefficient was also high for the other three sites,
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approximately 0.86 for the MS1 site and 0.85 for the other two sites located on the other side
of the Danube river at Petrovaradin, a location where there are currently no monitoring
sites from national, regional or local monitoring network.

Pearson’s correlation coefficient between 1 h concentrations measured at the site that
belongs to the national network of air quality monitoring NN1 and concentrations mea-
sured using low-cost sensors at MS1, MS2, MS3 and MS5 shown in Figure A4 vary between
0.61 and 0.97. The highest Pearson’s correlation coefficient can be noticed between the
sites at the same street, Rumenačka (Figure A4b), at a distance of about 2.7 km, r = 0.97.
Pearson’s coefficient correlation of 0.89 is identified between NN1 measured with equiva-
lent instrument GRIMM Aerosol EDM 180 and Dunavnet ekoNET device equipped with
PMS7003 low-cost sensor located at MS1 (Figure A4a) and MS3 (Figure A4c).

Figure A4. PM2.5 correlation: (a) MS1 low-cost sensor vs. SEPA equivalent instrument (b) MS2 low-cost sensor vs. SEPA
equivalent instrument (c) MS3 low-cost sensor vs. SEPA equivalent instrument (d) MS5 low-cost sensor vs. SEPA equivalent
instrument (at different location).

A Pearson’s correlation coefficient that is lowest is identified between the equivalent
device at NN1 and low-cost device at MS5 (Figure A4d). The possible reason for the lower
coefficient correlation between NN1 and MS5 is probably due to differences in particu-
late matter levels and probably due to divergent content as well as local meteorological
conditions at two locations. This illustrates the need for higher spatial resolution of PM
monitoring efforts and, to some extent, locations where there is a need to deploy additional
sensors (locations with lower correlation to reference stations).

Appendix D

Changes in Diurnal Variation of Gaseous Pollutants at NN2 before and after Measures of the
State Emergency

In Figure A5, diurnal variation of the main gaseous pollutants at Liman SEPA, NN2
automatic monitoring station, before and after the state emergency measures, are shown:

• Daily profiles of SO2, the main pollutant, depicted in the form of a boxplot (Figure A5a),
show that, on average, there is a slight change a week before and 10 days during the
emergency state. In the week before, for most hours of day, SO2 concentration was
approximately 5 µg/m3, while in the first 10 days of the emergency state, the median
is a bit higher between 7 and 8 µg/m3 from midnight to morning hours and about
10 µg/m3 later on during the working hours and evening.

• Daily profiles for O3, the main pollutant, follow diurnal cycle with maximal levels
from 10 to 16 h with a median of about 70 µg/m3 in the week before and 80 µg/m3 in
the first 10 days of the emergency state (Figure A5b). During morning and evening
hours, median values are also 10 µg/m3 lower in the week before (about 50 µg/m3)
than in the first 10 days of the emergency state (60 about µg/m3). Interquartile ranges
are larger during the emergency state in periods of day with maximal levels of O3.

• Daily profiles for NO, NO2 and NOx at Liman NN2 site, although lower in general,
show a clear change in daily patterns similar to Rumenačka NN1 site. NOx boxplots
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(Figure A5c) show clear morning and afternoon pollution peaks, both before and
during the emergency state, but the median of these peaks is reduced during the
emergency state (median around 30–35 µg/m3 before emergency state from 18 to 19 h,
and an evident reduction of the median of about 15 µg/m3 during the emergency
state). In addition, during the most active hours of the day (period from 9 to 17 h),
a significant drop in the level of air pollution can be observed, indicated by a lower
median (median around 15–30 µg/m3 before the emergency state during this time of
day, and about 10–15 µg/m3 during emergency state during this time of day).

• Observing CO daily profiles at Liman (Figure A5d), NN2 site, the following conclu-
sions can be reached. During the active hours of the day, from 9 h to 17 h level of
CO stayed similar, going between 0.4 and 0.5 mg/m3, with a narrower interquartile
range during the emergency state. During morning hours, the median level is similar,
but with larger interquartile ranges before the emergency state. Similar as at the
Rumenačka site, from 18 to 23 h, there is a slight reduction in CO level during the
emergency state. Daily profiles before and during the emergency state for CO levels
are connected with domestic heating sources that stay the same and traffic, leading to
a slight reduction.

Figure A5. Cont.
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Figure A5. Liman SEPA, NN2, station, hourly boxplots before (left) and during emergency state (right) (a) SO2 (b) O3

(c) NOx (d) CO.
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