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Abstract: Air quality, especially particulate matter pollution levels in urban areas, is an essential
academic and social topic due to its association with health issues and climate change. In Romania,
increasing awareness of urban communities and the availability of low-cost sensors has led to
the development of an independent monitoring network currently distributed in over 194 cities
and towns. The uRADMonitor® network consists of 630 sensors measuring PM10 and PM2.5
concentration levels. The spatial distribution of the sensors complements the national air quality
network with sensors in residential areas, intense traffic zones, and industrial areas. The data are
available through a user-friendly web-based platform from uRADMonitor®. Based on data collected
in 2021, we present an analysis of PM10 pollution levels in Romania’s five most populated urban areas
by employing five annual statistical indicators recommended by the European Environmental Agency.
For the case of Timis, oara, we also compare the data measured by independent sensors with those
from the national monitoring network. The results highlight the usefulness of our community-based
network as it complements the national one.

Keywords: particulate matter (PM) air quality; low-cost sensors; sensor performance; wireless sensor
networks; urban areas; education; uRADMonitor®; community-based networks

1. Introduction

Air pollution indiscriminately affects human health at multiple levels everywhere on
this planet. It aggravates lung cancers [1], cardiovascular disorders [2], and eye diseases [3].
It triggers asthma attacks and the onset of allergies [4]. It enhances the risk of various
respiratory infections [5,6], brain cancers [7], and even neurodegenerative disorders [8]. Ac-
cording to the World Health Organization (WHO), “ . . . almost all of the global population
(99%) breathe air that exceeds WHO guideline limits and contains high levels of pollu-
tants, with low- and middle-income countries suffering from the highest exposures” [9].
Vohra et al. estimated that more than 10.4 million people died worldwide in 2012 due to air
pollution [10].

As a result, numerous citizen initiatives [11–13] have been started worldwide. Despite
the uncertainties or limitations associated with low-cost sensors, they aim to monitor air
quality using low-cost sensor networks independent from governmental or government-
contracted networks [14].

The chief advantages of these networks are that their sensors can be placed in any
selected area, thus providing customized coverage of urban regions, highly industrialized
areas, or nature reserves, unlike official stations. Moreover, these networks automatically
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collect data and can triangulate the location of air pollution sources, thus facilitating
identification and investigation. Van Brussel and Huyse [15] identified the role of citizen
initiatives in air quality monitoring as essential triggers of political and social change in
specific communities. Analyzing data collected through civilian sensor networks could lead
to environmentally crucial changes in legislation or public initiatives that might diffuse over
time to cover a broader region. Additionally, citizens’ involvement might raise awareness
of pollution sources initially perceived as unrelated and independent of their community.
One major disadvantage of these initiatives is that every time data disagree with official
reports, distrust and confusion arise, hopefully prompting investigations and solutions to
the problem.

Among many air pollutants, particulate matter (PM) is a significant proxy indicator for
air pollution. It is classified based on size: PM10 accounts for coarse particles of less than
10 microns, PM2.5 accounts for small particles of less than 2.5 microns, and PM1 accounts for
fine particles of 1 micron or less. To reduce the effects of air pollution on human health, the
WHO decreased the alert thresholds in 2021 [16]. Though the PM1 concentration received
no special attention, the WHO lowered the concentration limits for PM2.5 and PM10 (over
24 h of exposure) to 15 µg/m3 and 45 µg/m3, respectively. Additionally, more than 3
or 4 exceedances per year are not recommended. Numerous studies allowed for PM10
prediction that attracted special legislative and scientific attention in many countries [17].
As a compounded effect, high variations in seasonal and annual temperatures increase
mortality in patients with chronic diseases [18–20]. When air pollution limits are exceeded,
local authorities could issue alerts to inform vulnerable populations (e.g., elderly, children,
and patients) and warn them how to seek protection [21]. Other meteorological factors
such as solar radiation, dewpoint temperature, precipitation, cloud pattern, and ambient
temperature affect the spatial distribution pattern of PM10 [22], and wind speed affects the
long-range horizontal transport, dispersion, and re-suspension of particulate matter [16].

The European Union (EU) policies regarding the air quality standards are executed
at the member state level following their national strategies, including strategies for the
emission reduction of five key air pollutants: nitrogen oxides, sulfur dioxide, non-methane
volatile organic compounds, ammonia, and PM1 [23]. As an EU member, Romania is subject
to EU regulations and standards, and it has to comply with them. However, implementing
and enforcing these regulations in Romania have presented challenges because the country
still struggles with environmental issues. One such major issue is illegal logging, which
contributes to deforestation and habitat loss. Furthermore, the country faces air and water
pollution and waste management challenges.

In recent years, the Romanian government has taken steps to address these issues
and improve environmental regulation and enforcement. The country has developed a
National Environmental Strategy and Action Plan outlining measures to address envi-
ronmental challenges and has established the National Environmental Guard to enforce
environmental regulations. However, while Romania has made progress in addressing
environmental issues, there is still work to ensure that the country fully complies with the
EU’s environmental regulations and protects its natural resources and public health.

One community-based Romanian air quality network is uRADMonitor®, which started
due to citizens’ interest in air quality monitoring in their communities. However, many
other reasons may be identified [24]. The uRADMonitor® data are meant to benchmark
and complement the national network by enabling the monitoring of additional locations.
Additionally, uRADMonitor® allows any individual to grow the network by adding more
air quality sensors in places of interest linked to the network. Such convenience convinced
local authorities in various cities to join this initiative. Furthermore, the availability of
affordable sensors, technical support, and a well-established network infrastructure created
opportunities for educational investigations and actions to raise awareness regarding air
quality and environmental issues among high school and university students.

This work introduces uRADMonitor®, the first non-governmental air quality monitor-
ing network in Romania, which covers over 194 urban areas and provides open access to
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real-time data. Historical data are also available on request. To present the usefulness and
the importance of this network, we used the uRADMonitor® data to investigate the PM10
pollution levels in 2021 in the country’s five most populated cities: Bucures, ti (Bucharest),
Constant,a, Cluj-Napoca, Ias, i, and Timis, oara. In addition, our study pinpointed two atmo-
spheric pollution episodes in Timis, oara that were not reported by the official monitoring
network, thus highlighting the importance of such independent networks.

2. Overview of Community-Based Networks on Air Quality Monitoring

The development of low-cost sensors has enabled the spread of independent net-
works for air quality monitoring, with coverage extending from the local to the global
level. The measured air quality parameters vary depending on the specific characteristics
of each network, but particulate matter (PM10 and PM2.5) concentrations are usually
among the parameters of interest. This section briefly compares our sensors with several
community-driven sensor networks that promote transparency and accountability in envi-
ronmental monitoring, such as the Community Air Sensor Network (CAIRSENSE) [25],
the Smart Citizen® network [26], the Public Laboratory for Open Technology and Science,
the Public Lab network [27,28], the Eye on Earth initiative [29], the Global Learning and
Observations to Benefit the Environment (GLOBE) [30], the HabitatMap© [31], the Imperial
County Community Air Monitoring Project [32,33], and the Citizen Weather Observer
Program (CWOP) [34] (Section S1). While our list is not exhaustive, it aims to highlight
citizens’ interest in ambient air quality, a context with which the uRADMonitor® network
is fully aligned. Other initiatives and studies have also documented using low-cost sensors
to monitor particulate matter finer than PM10 and PM2.5 [35,36].

In addition to its mission of developing innovative technologies that positively impact
our community, thus aligning with many of the above-listed networks, uRADMonitor®

has an essential educational component: this network’s main plus. MagnaSCI produces
educational sensors kits and supports educational initiatives that help students learn new
technologies and involve them in making, programming, and connecting our sensors to
the network. Additionally, MagnaSCI manufactures sensors for environmental radiation
monitoring. However, one disadvantage comes from having many sensors installed in
high schools rather than having these sensors uniformly spread out for a thorough territory
coverage. Furthermore, many of these sensors go offline because of a lack of ongoing
maintenance due to frequent WiFi or power failures, thus affecting data collection continuity.
Additionally, these sensors would better serve the community if installed in rural or
industrial areas rather than the city’s least polluted places.

3. uRADMonitor® Network Features
3.1. Background

The uRADMonitor® project was started in 2014 by implementing a radiation moni-
toring network in Timis, oara. In 2016, the first mobile solution for investigating air qual-
ity was deployed in Cluj-Napoca in partnership with Orange Romania by deploying
uRADMonitor® on city buses [37]. We then expanded this air quality network by installing
about 100 more sensors in other cities: Alba Iulia, Ias, i, Bucures, ti, and Timis, oara. The
uRADMonitor® network and its sensors have received several awards at the Regional Inno-
vation Fair, Romania, 2015; the Innovation Labs, Romania, 2016; the PatriotFest, Romania,
2018; and the AIRLAB Microsensors Challenge, France, 2021.

In recent years, due to the robustness of the uRADMonitor® sensors, an increasing
number of local authorities (e.g., Vrancea County Council, Bistrita municipality, and Brasov
City Hall) joined the air monitoring network. In addition, two volunteering projects
sponsored by the OMV Petrom multinational company and implemented by the Faculty of
Science at the University of Craiova in partnership with the local network of high schools
contributed to the growth of the network in the Oltenia region [38].

By 2018, the air quality monitoring network had also internationally expanded through
cooperation with other institutions: VTT Technical Research Centre (Finland), University of
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Evora (Portugal), NPL Management Ltd. (UK), Vinca Institute of Nuclear Sciences (Serbia),
Institute for Astronomy of the University of Hawaii (USA), George Washington University
(USA), West Texas A&M University (USA), RMIT University ECE (Australia), The Synergy
Group (Chile), and others.

Currently, the air quality monitoring network is present in 941 cities in 66 countries; in
Romania, we have installed 630 operational sensors measuring PM10 and PM2.5 in over
194 cities.

3.2. Sensors Distribution

The voluntary participation of individuals and local authorities in the network is
crucial to its success and growth. One can notice this strategy reflected in the spatial distri-
bution of sensors across the city. For example, volunteers have installed the sensors around
private residences, public institution buildings, or commercial properties in different loca-
tions (e.g., front yard, backyard, balcony, porch, and façade). Sometimes, volunteers have
placed these sensors at sites of higher interest, e.g., where many locals noticed air quality
issues after closing volunteering agreements with residents or institutions. Consequently,
the sensors do not regularly cover urban spaces.

Furthermore, the vertical placement of the sensors is not uniform. One may position
a sensor at any height ranging from 1 m to 30 m above the ground, which corresponds
with the lower and upper floors of most buildings in Romania. A sensor’s vertical location
variation may impact measurement consistency at different scales (e.g., city vs. district),
as many studies have demonstrated an altitude dependence of particulate matter con-
centration [39,40]. However, given the relatively low range of height variation in regions
with low pollution, the impact of different sensor heights in data analysis is expected to
be low [41–44]. Additionally, measurements are relevant at an individual scale, as they
provide real-time information on air quality at heights and places where people usually
spend time (e.g., homes, gardens, and school courtyards)

3.3. Technical Characteristics of Our Sensors

Our study used SMOGGIE-PM and A3, two sensors manufactured by Magnasci SRL,
Timis, oara, Romania [45]. The National Research and Development Institute for Industrial
Ecology, Romania, tested A3 for accuracy. In contrast, the Air Quality Sensor Performance
Evaluation Center, USA, and the Observatoire de la qualité de l’air en Île-de-France, France,
tested both the A3 and SMOGGIE sensors. Since Qin et al. demonstrated the improved
performance of fixed sensors compared with mobile ones [46], we only used fixed sensors
in our study.

SMOGGIE-PM and A3 measure meteorological parameters such as air temperature
(0.5 ◦C resolution and ±1 ◦C accuracy), barometric pressure (±0.25% accuracy), and relative
humidity (1% resolution and ±2% accuracy). They also use an integrated laser scattering
detector (Figure 1) to measure PM1, PM2.5, and PM10 concentrations in the air (1 µg/m3

resolution, ±5% accuracy, and R2 = 0.99 coefficient of correlation to reference gravimetric
sampler) [45].

A pulse of coherent infrared light shines through a cavity with a PIN photodiode
located sideways to detect PM concentrations. The fan forces air into the chamber. As a
particle reaches the laser beam, it scatters the laser light, and the photodiode detects the
scattered light. The amplitude of the recorded scattered signal is proportional to the particle
size. We can then correlate the number of events to the mass concentration.

In addition, A3 can track volatile organic compounds (±5% accuracy) using a metal-
oxide sensor. Furthermore, A3 can detect formaldehyde (10 ppb resolution and ±5% accu-
racy) and ozone (10 ppb resolution and ±5% accuracy) using two different electrochemical
sensors, carbon dioxide (1 ppm resolution and ±5% accuracy) using a non-dispersive
infrared sensor, and noise level (1 dB resolution and ±10% accuracy) based on an analogic
sensor. A fan provides an air stream over the sensing components.
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Figure 1. Functional scheme of uRADMonitor® optical particulate matter sensor.

3.4. Client–Server Architecture

The system stretches from many compact hardware detectors capable of sensing the
environment via electronic sensors to big data software solutions that can handle vast
amounts of data in real time. With the network spreading quickly, periodic upgrades on
the server side are a must to provide a high-quality, uninterrupted service.

The backend is a separate server in charge of the system database and the uRADMonitor®

RESTful APIs (i.e., the interfaces two computers use to securely exchange information over
the internet). It aims to provide input/output real-time data operations via a mature API
(i.e., application programming interface). It receives data from the distributed detectors and
provides data to the front end, mobile apps, and other parties via API calls (see Figure 2).
A big-data-ready database stores the data.
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3.5. Data Upload

Data is automatically collected with a temporal sampling of one minute. One can
configure the interval in firmware or via USB terminal commands to cope with the de-
ployment purpose (e.g., mobile units need faster sampling and remote units operating on
lower power or limited bandwidth (or both) need a reduced sampling rate). The sensors
connect to the internet via several connectivity means. Depending on device type, these
include cable links via Ethernet or radio links including GSM, WiFi, LoRaWAN, Helium,
and Bluetooth Low Energy. In addition, users can remotely access recorded data via the
uRADMonitor® API, or the recorded data can be decentralized on users’ local networks.
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3.6. Data Access

The uRADMonitor® network comprises hundreds of interconnected devices for au-
tomated and continuous environmental monitoring. Each device contributes unique eco-
logical data to help illustrate the pollution levels at a large scale. Each contribution is
valuable and builds the system as a whole. However, centralized topology is not the best
answer in certain situations, so more flexibility is required. For privacy reasons, each sensor
must be used in a local network without involving the uRADMonitor® server and API (no
external internet links). The user policy prohibits data export or external links for security
reasons, so all devices are part of a closed loop. In the case of force majeure, the central
uRADMonitor® DATA server is down or out of use.

Therefore, decentralized use is also supported to ensure the data flow’s survival and
proper operation. We designed systems with several easy ways to access the data:

(a) All recent devices have a micro-USB connector that can power the unit (5V), configure
and debug the device, or access the data. We can locally access the data by connecting
the unit via USB, opening a serial terminal at a band rate of 9600 bps, and (once
associated) typing the “get data” command (see Figure S1 in the Supplementary
Materials document).

(b) Local access via the unit’s local network IP for those devices with WiFi or Ethernet
connectivity. If the devices connect through GSM or LoRaWAN, one cannot access
them via an IP address. Instead, one can use a browser to access a built-in mini web
server to see the data saved as a .json file.

(c) Web access via the uRADMonitor® portal frontend by opening the link http://www.
uradmonitor.com/?open=ID (accessed on 22 March 2023), where ID is the device ID.
This approach opens the global map on the unit-preconfigured location, plotting the
sensor data on the charts.

(d) Using the uRADMonitor® cloud API, via REST API calls, following the details pre-
sented in the API manual [47].

(e) As datasets via the uRADMonitor® Dashboard [48] (see Figure S2).
(f) Via the uRADMonitor® mobile app for Android smartphones (see Figure S3).

Out of these multiple options, of particular interest is API access. The REST API does
not require the client to be familiar with the API’s structure. Instead, the server delivers
whatever information the client needs. The API is used for both directions of data transfer
(upload and download). Additionally, sensors upload their readings through the API to
the server. The server processes the data before storing it in the database. The front end,
the mobile app, or third-party systems using the data given by uRADMonitor® can access
data using the API [47].

The network server stores the data for an indefinite period. However, the API calls
allow data history exports in two-month intervals regardless of the selected time window.
Open access to recorded data lets users view them in real-time or for a pre-configured
interval. The datasets include geolocation parameters and time stamps for all readings
(i.e., air quality-related and meteorological data). The users managing one or more sensors
in the network may download the data from the web in the .csv or .json formats for time
intervals ranging from one day to two months. One may download the data as a file or
program the existing API to simultaneously download the data on multiple sensors. Upon
request to the network administrator, data can be downloaded as archives of more than
two months or at an averaging scale (e.g., hourly and daily), as requested by the user using
MySQL-based scripts that directly access the database. This flexibility is beneficial for
custom research works where the researcher must select a data output format to match the
project needs and save any additional post-processing work.

4. Materials and Methods

When analyzing the data provided by the uRADMonitor® network, we considered
recordings from January 2021 to December 2021 from seven sensors (Table 1) located
in Romania’s five most populated cities (see Figure 3a). In addition, we investigated

http://www.uradmonitor.com/?open=ID
http://www.uradmonitor.com/?open=ID
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the relationship between PM10 concentrations and local weather parameters such as
temperature, humidity, and atmospheric pressure. In this study, we employed two datasets,
one recorded by the uRADMonitor® sensors and the second acquired from the official
network of the National Agency for the Environment for Timis, oara [49]. The sensors from
Bucures, ti, Timis, oara, Cluj-Napoca, and Constant,a are in residential areas (see Figure 3b–e).
In contrast, the sensor in Ias, i is in an industrial area (see Figure 3f).

Table 1. Sensor label, identification, position (latitude, longitude), and city.

Label Sensor ID Sensor Type Latitude Longitude City No. of
Logged Days

BUC-022 16000022 SMOGGIE PM 44.408 26.120 Bucures, ti 353
BUC-2AF 820002AF A3 44.416 26.036 Bucures, ti 356

CTA 160000F6 SMOGGIE PM 44.180 28.632 Constant,a 361
C-NAP 160000CA SMOGGIE PM 46.756 23.567 Cluj-Napoca 337

IASI 1600021F SMOGGIE PM 47.139 27.657 Ias, i 345
TIM-235 16000235 SMOGGIE PM 45.754 21.226 Timis, oara 309
TIM-0C2 160000C2 SMOGGIE PM 45.761 21.251 Timis, oara 359
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The official monitoring network includes 148 automatic air quality monitoring sta-
tions, 11 mobile stations distributed at the country level (30 traffic, 58 industrial, 37 urban
background, 13 suburban locations, 7 regional locations, and 3 EMEP types), and 37 stations
for environmental radioactivity monitoring [50]. In Timis, oara, four monitoring stations
cover the main aspects of urban pollution sources: industrial, urban traffic, and urban
background. We compared the TM2 urban background monitoring station’s data with
those from our nearby uRADMonitor® sensors. Figure 4 shows the geolocation of these sen-
sors in Timis, oara. The TM2 data included gravimetric (GRAV) and optical/nephelometric
(LPSM) measurements. The GRAV is a chemical method that quantifies the amount of PM
in air based on the weight difference (pre- and post-sampling) absorbed by a filter. The
gravimetric method is the most used technique to measure PM concentrations following
international guidelines.

Atmosphere 2023, 14, 840 8 of 17 
 

 

  
(e) (f) 

Figure 3. The map of the top five most populated cities of Romania. (a) All seven sensors are on the 
map. The location of selected uRADMonitor® sensors in (b) București, (c) Timișoara, (d) Cluj-Na-
poca, (e) Constanța, and (f) Iași. 

The official monitoring network includes 148 automatic air quality monitoring sta-
tions, 11 mobile stations distributed at the country level (30 traffic, 58 industrial, 37 urban 
background, 13 suburban locations, 7 regional locations, and 3 EMEP types), and 37 sta-
tions for environmental radioactivity monitoring [50]. In Timișoara, four monitoring sta-
tions cover the main aspects of urban pollution sources: industrial, urban traffic, and ur-
ban background. We compared the data recorded by the TM2 urban background moni-
toring station with those from our nearby uRADMonitor® sensors. Figure 4 shows the 
geolocation of these sensors in Timișoara. The TM2 data included gravimetric (GRAV) 
and optical/nephelometric (LPSM) measurements. The GRAV is a chemical method that 
quantifies the amount of PM in air based on the weight difference (pre- and post-sam-
pling) absorbed by a filter. The gravimetric method is the most used technique to measure 
PM concentrations following international guidelines. 

 
Figure 4. Location of the TM2 station in Timișoara—part of the official air quality monitoring net-
work. 

In contrast, LPSM is a technique that measures turbidity or cloudiness in a solution 
with particles using a light scattering method to quantify the number of insoluble particles 
in a sample. The data from the national monitoring station consist of 326 daily values for 
GRAV measurements and 340 daily values for the LPSM measurement method. In com-
parison, TIM-235 has logged 309 daily values and CTA has logged 361 daily values. 

Our analysis was focused on the investigation of five PM10 indicators, as defined by 
EEA directives [51]: (a) the annual mean (P1Y) [52], (b) the daily limit value (DLV) or the 

Figure 4. Location of the TM2 station in Timis, oara—part of the official air quality monitoring network.

In contrast, LPSM is a technique that measures turbidity or cloudiness in a solution
with particles using a light scattering method to quantify the number of insoluble particles
in a sample. The data from the national monitoring station consist of 326 daily values
for GRAV measurements and 340 daily values for the LPSM measurement method. In
comparison, TIM-235 has logged 309 daily values, and CTA has logged 361 daily values.

Our analysis was focused on the investigation of five PM10 indicators, as defined
by EEA directives [51]: (a) the annual mean (P1Y) [52], (b) the daily limit value (DLV) or
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the daily maximum (P1Y-day-max) [53], (c) the 50th percentile of daily values in a given
year (P1Y-day-per50) [54], (d) the 90.4th percentile of daily averages in a given year (P1Y-
P1D-per90.4) [55], and the number of days exceeding this threshold value. The Ambient
Air Quality Directive (AAQD) requires using the 90.4 percentile indicator when making
random measurements to assess the DLV [51]. In addition, the AAQD describes the PM10
DLV as a daily average of 50 µg/m3 not to be exceeded more than 35 times per calendar
year [56]. Therefore, if the PM10 DLV exceeds the threshold 35 times/year, the rest of that
year’s 90.4% of days are below such threshold. These indicators allowed us to compare our
data with the Romanian and official EEA reports. In addition, choosing these indicators [51]
allowed us to compare the officially reported Romanian data to EEA data later. However,
such information was not yet available for 2021.

Furthermore, we investigated the relationship between local meteorological conditions
and PM10 concentration levels on a daily scale by using the Pearson correlation coefficient
between the two-time series for all selected sensors. For each sensor, the analysis was
performed over the entire year, i.e., we included all available PM10 concentration measure-
ments except those days when the sensor was down. Furthermore, a daily mean value of
the PM10 concentration was calculated daily. The comparison between uRADMonitor®

data and the Agent, ia Nat, ională pentru Protect, ia Mediului (ANPM, National Agency for En-
vironmental Protection) data for Timis, oara included the analysis of the EEA indicators for
these two datasets. As a result, we identified two pollution cases from the uRADMonitor®

data analysis.

5. Results
5.1. Analysis Based on EEA Indicators

The annual mean of daily PM10 concentrations showed the highest values in Timis, oara
(TIM-0C2), followed by Cluj-Napoca and Ias, i (C-NAP and IASI) (Figure 5). In contrast,
we found the lowest values in Timis, oara’s city center (TIM-235). For the latter sensor, the
results may have been affected by the smaller time series (only 309 daily values), which
might not have detected the episodes with the higher PM10 concentrations recorded by the
TIM-0C2 sensor. It is worth noting that four out of the seven sensors in Timis, oara, Bucures, ti,
Cluj Napoca, and Ias, i indicated annual mean values that were more elevated than the
threshold value of 20 µg/m3 recommended by WHO guidelines [57]. In Bucures, ti and
Timis, oara, however, the other two sensors indicated better air quality levels at an annual
scale, with annual means between 7.37 and 18.71 µg/m3. These results emphasize the
influence of local factors on PM10 concentration and air quality management in those areas.
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Figure 5. Annual mean values of daily PM10 concentration levels in the selected cities, as derived
from the uRADMonitor® network for 2021; the orange line marks the WHO-recommended value [57].

The 90.4 and 50 percentile indicators (Figure 6) emphasized a similar situation. The
highest values in Timis, oara, Bucures, ti, Cluj-Napoca, and Ias, i supported the previous
finding, indicating consistently higher values throughout the year. Interestingly, although
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we located the sensor in an industrial area of Ias, i, the values were slightly lower than in the
residential areas in Cluj Napoca. Finally, the data from Constant,a, the most complete of the
used all-time series (361 daily values), indicated the best conditions between the analyzed
cities, with consistently low indicators at a yearly scale.
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Figure 6. (a) The 90.4 percentile and (b) 50 percentile indicators for PM10 concentrations at an annual
scale in selected cities, as derived from the uRADMonitor® network for 2021. The orange lines mark
the EEA threshold values of 50 µg/m3 and 20 µg/m3 [56].

The maximum daily value indicator (Figure 7a) highlighted the highest values in
Bucures, ti, Ias, i, and Timis, oara, which were above 100 µg/m3 in all cases. In addition, the
indicator showed additional information regarding the number of days with values above
50 µg/m3, for which the WHO recommends a maximum of three or four exceeding events
per year. As shown in Figure 7b shows this was only the case for the Timis, oara city center
and Constant,a. For all other sensors, there were more than ten days with above-threshold
PM10 daily values, the maximum (51 days) found at Timis, oara.
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Figure 7. (a) The maximum average daily value of PM10 concentration level and (b) the number of
days with PM10 above the threshold at an annual scale in the selected cities, as derived from the
uRADMonitor® network for 2021. In (b), the orange line marks the WHO-recommended value [57].

5.2. Correlation between PM10 Concentrations and Meteorological Parameters

We used the Pearson correlation coefficient for the time series to investigate the
relationship between PM10 daily values and the local meteorological factors. The results
showed that air humidity played a minor role in the accumulation of PM10 levels, as the
correlation coefficient was below 0.27. We reached a similar conclusion in a previous study
for Craiova using data from five uRADMonitor® sensors [58]. However, it is critical to
state that air humidity could significantly impact PM10 concentration at seasonal levels
and depends on season type [59–62] or certain meteorological conditions such as haze [63].

The PM10 concentration was positively correlated with the atmospheric pressure. Still,
the correlation intensity varied between cities and even the sensors in the same city, ranging
from 0.096 in Constant,a to 0.519 in Timis, oara (TIM-0C2). This variation was possibly due to
the wind effects, which we did not account for. Nevertheless, other studies have confirmed
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the positive correlation between PM10 and atmospheric pressure [64,65]. They explained
that increasing atmospheric pressure impedes the dispersion of particulate matter in space,
favoring accumulation, thus leading to higher PM concentrations.

Finally, the correlation between PM10 concentration and the air temperature was
negative. Others have reached the same conclusion [36,60,61,65,66]. However, the strength
of the correlation varied across the city from −0.107 (TIM-235) to −0.635 (TIM-0C2). Varia-
tions in the correlation intensity between PM10 concentrations and meteorological factors
have been reported in other studies as well [61], and they can occur on not only a daily
scale but also shorter time scales (12 h averages) [66]. Thus, our results may have been
affected by the averaging over a yearly time scale, which only allowed us to explicitly
focus on periods of the year when PM10 concentration levels are more affected by local
meteorological conditions. In addition, other factors, such as the wind speed and direction
at the time and location of PM10 measurements, urban spatial characteristics in the vicinity
of the sensor location (e.g., height and density of buildings) [67–69], and the presence and
status of vegetation near the sensor [70], may have also influenced the obtained results.

5.3. Comparison with ANPM Data for Timis, oara

We further compared the data from uRADMonitor® independent monitoring network
with data from the national monitoring network managed by ANPM. To this end, we
extracted PM10 daily data for TM2 urban background station in Timis, oara for 2021, and we
computed the five EEA indicators selected for both GRAV and LPSM measurement types.
Figure 8 shows that the ANPM dataset provided consistently lower indicator values than
uRADMonitor® sensors through both measurement methods, but there was a good general
agreement between the two datasets. The most evident differences were the number of
days with PM10 daily values above 50 µg/m3. Thus, we found a maximum of 9 days
in the ANPM data (which used the nephelometric measurement method) and 51 days
in the uRADMonitor® data. Additionally, the ANPM data indicated much lower values
than our independent TIM-0C2 sensor. These discrepancies translated into a higher daily
maximum and a higher 90.4 percentile for our sensor. Still, the difference compared with
the ANPM data was lesser (i.e., with a factor of 1.54 for the 90.4 percentile indicator and
1.27 for the maximum daily value compared with a factor of 5.66 for the number of days
with concentration levels above the threshold).
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One may notice that the independent sensor in the residential area of the city center
(TIM-235) showed relatively low values for all EEA indicators compared with the second
sensor (TIM-0C2) and the ANPM data. However, as indicated before, this may have been
caused by missing data (only 309 daily values in the time series) and the sensor’s location
in a pedestrian area (thus without traffic in its vicinity).

5.4. Pollution Episode in Timis, oara

We investigated the daily mean values of the PM10 concentrations measured by our
TIM-0C2 sensor from 15 February 2021 to 8 March 2021. Despite three days with no recorded
data, all others showed PM10 concentrations above the pollution threshold recommended
by the EEA. As such, a set of pollution episodes was detected by our TIM-0C2 sensor.
An air pollution episode was recorded when the PM10 daily mean values peaked above
50 µg/m3 for at least three consecutive days. We then compared our findings with the
ANPM data for the same time interval (Figure 9).
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As shown in Table 2, the ANPM data only identified five days with exceeding PM10
daily values compared with 19 days found in the uRADMonitor® data. The differences
may have been due, among other factors, to the different locations of the two sensors, with
their measurements possibly being affected by local conditions (e.g., wind). Nevertheless,
the results highlight the added value of a secondary monitoring network, which may cover
more areas than the national network, thus providing more data and better information
about the resident population and local authorities.

Table 2. ANPM data for days with PM10 concentration levels above 50 µg/m3 for the 15 February to
8 March 2021 interval.

Date PM10-GRAV [µg/m3] PM10-LPSM [µg/m3]

25 February 2021 75.13 75.12
26 February 2021 69.13 70.64
27 February 2021 57.60 71.26

4 March 2021 77.31 82.92
5 March 2021 67.05 67.82

Comparing the Pearson correlation coefficients for the entire time series of daily values
recorded by uRADMonitor and ANPM for Timisoara in 2021 shows that the ANPM’s TM-2
sensor better agreed with our TIM-235 sensor (Table 3). This increased correlation may
have been related to the closer proximity of these two sensors, situated less than 500 m
apart, compared with the approximate 2 km distance between TIM-0C2 and TM-2.
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Table 3. Correlation coefficients of the PM10 daily values from our two TIM sensors and the ANPM
TM-2 sensor for 2021.

Sensors Pair Number of Valid Simultaneous
Measurements Correlation Coefficient

TM2-GRAV vs. TIM-0C2 321 0.564
TM2-LPSM vs. TIM-0C2 335 0.584
TM2-GRAV vs. TIM-235 273 0.723
TM2-LPSM vs. TIM-235 289 0.725

6. Discussion and Conclusions

The educational aspect is a critical component associated with the uRADMonitor®

network and with independent, low-cost sensor networks in general. Regarding the
uRADMonitor® network, two volunteering projects [38] have used the network’s facilities
in public awareness campaigns involving university and high school students. Furthermore,
the network facilities were employed in an international summer school [59] organized at
the University of Craiova, Romania. The students from four partner universities learned
how a sensor is made using a microcontroller and how to program and connect their sensors
to the broader network. Students might choose to analyze and interpret the data given by
these networks as a subject of their bachelor’s or master’s thesis. Some high schools and
universities “adopted” sensors. Students have shown their parents the real-time values of
the pollutant concentrations near their high schools and universities. Their parents have
become more attentive when they notice air pollution episodes near their children’s high
schools and universities, and they have asked for explanations from the local authorities.
As a result, pressure on the authorities has significantly increased. In the long term, this
pressure is expected to lead the charge to find solutions for citizens’ benefit and to enable
better transparency in the authorities’ communication.

Regarding the data provided by uRADMonitor® independent network, the analysis of
measurements for the five most populated cities in Romania showed that Timis, oara center,
Constant,a, and some areas in Bucures, ti had generally low pollution levels in 2021. However,
in each city (except for Constant,a), at least one sensor exceeded the WHO-recommended
annual value. Furthermore, in all cities except Constant,a, the number of days exceeding
the recommended PM10 levels was higher than the WHO’s recommendation. In addition,
a positive correlation between atmospheric pressure and a negative correlation with air
temperature was found, in line with the findings of other studies. Still, their intensity
varied among sensors and cities. The comparison with ANPM data for Timis, oara showed
a fair agreement with TIM-0C2 data for all used indices. Nonetheless, the ANPM data did
not identify the same/entire pollution episodes, possibly due to missing data.

The study’s limitations reside in several sources, such as the short time interval of
the data analysis, the differences in the heights of sensor locations, and the uncertainties
associated with the performance of low-cost sensors compared with the standard ones,
including different measurement principles. Therefore, a more in-depth analysis of the
differences between the uRADMonitor® and ANPM data, extended to more urban areas in
Romania, is needed to establish an optimum approach to using the two datasets.

Nevertheless, the results of the data analysis highlight the importance and added
value of the independent monitoring network in terms of data availability, coverage, and
real-time access to open data. Furthermore, considering the educational component and
increasing citizens’ awareness to which these data contributed, the uRADMonitor® has
the potential to contribute to the design and application of national and local policies that
assure improved air quality.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos14050840/s1, Figure S1: Local vs. decentralized data access data via a USB cable
on uRADMonitor® sensors, Figure S2: Example of the Dashboard Data download options as
.json and .csv file format, Figure S3: uRADMonitor® Mobile App for sensor data visualization,

https://www.mdpi.com/article/10.3390/atmos14050840/s1
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Section S1: Overview of community-based networks on air quality monitoring, and Section S2:
Technical information.
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