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Abstract. Air quality is of interest to many institutions and individuals, including, above all, the
informed residents of monitored areas. The state of the air and its pollution level are very important
to the health, life and functioning of any community living in urban areas. A poor state of the
environment has inevitable health consequences; in the case of the air, these are mainly respiratory
or cardiovascular diseases. This element intensifies during the heating season when compounds
from the combustion of banned substances and materials are emitted into the atmosphere. The
quality of the lowest layer of the atmosphere can be studied using various recording systems and
detectors. These include continuous monitoring of the state of the air by spatially dispersed stationary
measuring stations operating in the State Environmental Monitoring system. Their location is usually
associated with significant traffic intensity in their inmediate vicinity rather than high local residential
density. The measurement network is also co-created and densified by alternative point air-quality-
monitoring systems proposed by private companies or community organizations (e.g., Airly, Sensor.
Community, LoVo). A precious source of reliable local air quality data is mobile recording systems,
which use unmanned aircraft or vehicles — objects in motion — and carry out periodic inspections,
control missions or measurements. Examples of such solutions in the Polish market are Sniffer4D,
Nosacz Il and AirDrone. This paper aims to analyze and compare the available mobile measurement
systems in terms of technical and usability for air quality research, along with a description of example
areas where they are being used and implemented in practice. In addition, selected results of tests
carried out with the Sniffer4D system at three testing grounds in Toruii are presented as part of
a measurement campaign using an unmanned aerial vehicle and a passenger car.
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Introduction

Environmental assessment, with particular emphasis
on air quality research, is a critical component
of modern environmental monitoring. In an era
of intensive industrial and urban development,
atmospheric pollution is a growing health
problem for a significant part of the population,
especially residents of urban areas. The spread of

agglomerations, population growth, and increased
population density result in increased emissions and
reduced capacity for effective removal of pollutants,
leading to their periodic accumulation. Intensive and
high urban development hinders the dispersion of
pollutants, mainly by significantly reducing wind
speeds in the near-surface layer. New buildings are
an obstacle to eliminating pollutants outside their
area of occurrence and are additional sources of
municipal emissions, mainly from heating systems.
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In addition, ever-increasing emissions from traffic
sources caused by increased vehicle numbers
exacerbate the problem. Insufficient traffic flow,
resulting from suboptimally configured traffic
signals and insufficient traffic infrastructure capacity,
intensifies emissions. Other anthropogenic sources
of atmospheric pollution are particulate emissions
from the fuel and energy industry, particularly the
electric power and heating sectors, which generate
mainly fly ash. The contribution of the iron and
steel metallurgical industry is also significant, with
metallurgical dust accounting for more than half of
emissions. Dust emissions are also associated with
the activities of the chemical industry, especially the
inorganic, fertilizer and plastics industries, as well as
the building materials industry (mainly the cement
sector) (Sala and Zinko 2010).

Scientific studies show that air pollution has
a significant impact on the length and quality of
life. During periods of increased concentrations
of air pollution, higher rates of hospitalization
and death are observed. Children are particularly
vulnerable, with exposure to fine particulate matter
confirmed to increase the incidence of respiratory
diseases and asthma. Another high-risk group is
the elderly, in whom long-term exposure to high
concentrations of air pollution leads to an increased
risk of death from lung cancer and respiratory
and cardiovascular diseases (Manisalidis et al.
2000; Krajewska-Kutak et al. 2007; Erickson et al.
2017; Jedrak et al. 2017; Godlowska 2019). Air
pollutants also negatively affect the plant world
by interfering with photosynthesis, transpiration,
respiration and reproduction. In addition, aerosols
in the atmosphere can directly affect the climate
by scattering and absorbing solar radiation and
indirectly affect the radiation properties of clouds as
cloud condensation nuclei. This can lead to climate
change on local (e.g., droughts and increased insect
outbreaks) and global scales (e.g., the greenhouse
effect and ozone depletion) and to polluted water
and soil through any form of acid precipitation
falling from the atmosphere in rain, snow or hail,
or even as dust. This, in turn, increases the content
of lead, copper, zinc, aluminum and even cadmium
in water supplied to residential homes (Jonca et al.
2022).

Reducing pollutant emissions is a priority
for many states, local governments and public
institutions. However, it is also important to ensure
that the effectiveness of these measures is adequately

verified by monitoring pollution levels. Accordingly,
many countries have established appropriate air
quality standards and adopted measurement methods
for identifying key atmospheric constituents and
pollution levels (Skoczko et al. 2018).

Mobile measurement systems are helpful and
are increasingly used to study air quality issues. The
most common platforms for such systems are road
vehicles and unmanned aerial vehicles (Villa et al.
2016b). The term “Unmanned Aerial Vehicle” (UAV)
refers to a type of aircraft that does not require a
crew. Such an aircraft performs flight autonomously
using remote control programs. Another term you
may come across is “Remotely Piloted Aircraft”
(RPA), which describes a type of aircraft remotely
piloted by an operator on the ground using a radio
transmitter or other computer device (Parczewski
2023). A term used just as often is “drone”, defined
as an autonomous, unmanned flying apparatus
programmed to fly according to specific routes using
GPS (Becmer and Romanek 2011). In the Polish
literature, the nomenclature and definitions of these
devices varies, with extensive and constantly evolving
meanings. However, the most appropriate term for
this paper will be “unmanned aerial vehicle”

Unmanned aerial vehicles equipped with air
sampling systems and detectors can provide precise
data on pollutants and their distribution in the
atmosphere. This makes it possible to analyze
in detail the composition of the air in specific
atmospheric layers (Karpinska and Kunz 2023). The
small size and weight and low energy requirements
of UAVs and the relatively low cost of purchasing
and operating the platform make them suitable tools
for air quality monitoring. In addition, unmanned
aircraft can autonomously perform flight operations
from takeoff to landing. Unlike traditional aircraft,
UAVs can operate at low altitudes without risk to
the pilot and the environment, which is important
for monitoring pollution and ensuring operational
safety. The operational capabilities of different types
of UAVs in monitoring air quality depend on the
purpose of the study. There are two main categories
of UAVs - fixed-wing drones, known as “airframes’,
and multi-rotor drones. Multi-rotor drones can
be divided according to the number of rotors into
single-rotor, tricopters, quadcopters, hexacopters and
octocopters. These units’ air pollution monitoring
applications typically choose smaller units with
four or six rotors (Chamola et al. 2021). Airframes
can cover larger areas in less time and offer the
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flexibility of sensor mounting. However, their lack of
hovering capability and minimum operating height
requirements result in high spatial diversity at the
expense of lower spatial resolution. In contrast,
multicopters have lower operating speeds, but allow
hovering, which is advantageous for close-range
inspections. They achieve higher spatial resolution
at the expense of lower spatial diversity. Advances
in inspection technology have made these platforms
more reliable and easier to operate, reducing the risk
of damage and accidents (Villa et al. 2016a).

UAVs are also effective tools for monitoring and
managing pollution in emergency management.
They can provide data of high spatial and temporal
resolution over large areas or specific locations.
They can be used locally depending on the data
collection type and the platform’s characteristics.
UAVs increase the spatial and temporal resolution
of air quality data, provide insight into the vertical
distribution of pollutants, facilitate the detection
of emission sources, and monitor and control the
distribution of pollutants around fixed facilities such
as ports or industrial plants (Motlagh et al. 2023).

Air quality monitoring under the national
and social system

The State Environmental Monitoring (SEM) is
a system established under the Environmental
Protection Inspection Act of July 20, 1991, and the
Environmental Protection Law of April 27, 2001.

SEM includes measurements, assessments and
forecasts of the state of the environment, as well
as the collection, processing and dissemination of
environmental information (https://powietrze.gios.
gov.pl). The main objective of the SEM is to support
environmental protection activities by regularly
informing the authorities and the public about
the quality of natural elements, compliance with
environmental standards, areas of their violations,
changes in the quality of natural elements, and the
causes of these changes.

One of the key elements of SEM is air quality
monitoring, which aims to improve air quality
and ensure compliance with legal standards.
Implementing this task involves obtaining
information on the levels of airborne substances in
all zones of the country and on air quality standards
and other assessment criteria. This makes it possible
to identify areas needing air quality improvement
and to monitor the effectiveness of air quality
measures and management through air protection
programs and short-term action plans.

The air quality monitoring system involves
collecting data on the sources and volumes
of pollutant emissions, conducting air quality
measurements to obtain information on levels
of substances in the ambient air, and developing
assessments of compliance with air quality
standards. It is also crucial to ensure the quality
of measurements and assessments so that the
information obtained is reliable and useful for
effective air quality management (https://www.gov.
pl/web/gios).

Table 1. Permissible levels of air pollution in Poland for selected substances and adopted periods of

averaging of measurement results

Permissible level
Substance Averaging period of results
smep [ng/m’]
benzene (C H) year 5

. .. 1 hour 200

nitrogen dioxide (NO,) year 40

L. 1 hour 350

sulfur dioxide (SO,) 24 hours 125
carbon monoxide (CO) 8 hours 10,000

PM10 dust 24 hours 50

year 40

PM2.5 dust year 20

lead (Pb) year 0.5

Source: National Inspectorate of Environmental
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Currently, the following substances are monitored
by the national air quality monitoring system as part
of health protection: Sulfur dioxide (SO,), nitrogen
dioxide (NO,), carbon monoxide (CO), benzene
(C,H,), ozone (O,), PM10 particulate matter (up to
10 um in diameter), PM2.5 particulate matter (up
to 2.5 um in diameter), heavy metals (lead, arsenic,
nickel, cadmium) determined in PM10 particulate
matter, and benzo(a)pyrene determined in PM10
particulate matter (Tomala 2023). The permissible
levels of air pollutants and the periods for which the
results are averaged are presented in Table 1.

The one-hour automatic air pollutant
measurement results are available on the “Air
Quality” portal and in the GIOS “Air Quality in
Poland” mobile applications. Data from manual
measurements and archival measurement data
are available on the “Air Quality” portal in the
Measurement Data Bank. The results of manual
measurements of PM10 particulate matter, the
content of benzo(a)pyrene, lead, arsenic, cadmium
and nickel in PM10 and PM2.5 particulate matter
are made available approximately 1-1.5 months after
sampling, which is due to the procedures involved in
making such measurements.

As part of the State Environmental Monitoring,
Poland has 284 air quality measurement stations,
including 86 automatic stations, 125 automatic-
manual stations, and 73 manual stations. For
example, there are 20 measurement stations in the
Kujawsko-Pomorskie Voivodeship: eight automatic,
five manual and seven automatic-manual (Fig. 1).
SEM activities are coordinated by the Environmental
Protection Inspection authorities, where national
and regional networks are supervised by the Chief
Inspector of Environmental Protection (GIOS),
and local networks by the Provincial Inspector of
Environmental Protection (WIOS) in consultation
with the Chief Inspector of Environmental
Protection.

The market is seeing an increase in air quality
monitoring systems developed through community
initiatives and by commercial companies. An
example of such activity in Poland is the company
Airly (https://airly.org/pl/), which offers an advanced
system for monitoring air pollution in real-time and
forecasting trends and changes in air quality for the
next 24 hours. The Airly system consists of two types
of sensors: the first measures the concentration of
particulate matter, and the second monitors the
concentrations of nitrogen dioxide (NO,) and

ozone (O,). The system is based on a technique
using algorithms and artificial intelligence (AI)
elements, which is an effective tool for identifying
sources of pollution using data from a more
extensive measurement network. Currently, Airly’s
sensor network has 2,800 devices in Poland, 193
of which are located in the Kujawsko-Pomorskie
Voivodeship (Fig. 2). The largest number in the
entire province was installed in Torun (52) as part of
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Fig. 1. Distribution of GIOS measuring stations on the territory
of the Kuyavian-Pomeranian Voivodeship
Source: own evaluation
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Fig. 2. Distribution of measurement sensors of the Airly system
on the territory of the Kuyavian-Pomeranian Voivodeship
Source: own evaluation
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the project financed by the “STOP SMOG - urban
air quality monitoring system for the City of Torun”
participatory budget. In other, larger district cities
of the Kujawsko-Pomorskie Voivodeship, 11 Airly
system sensors are installed each, both in Bydgoszcz
and Grudzigdz, while Wloclawek lacks sensors of
this system.

An alternative solution is the Sensor.Community
initiative, formerly named Luftdaten.info, which
aims to monitor air quality using a global network
of inexpensive and easy-to-install sensors (https://
sensor.community/en/). The fundamental premise
of the project is to collect data on the state of the
air by the community and make it freely available on
the project’s website, with an eye toward the widest
possible audience. The project uses sensors that
measure PM2.5 and PM10 dust concentrations. In
addition, it is possible to connect additional sensors
to measure temperature, humidity, or atmospheric
pressure parameters. The data are transmitted via
a wireless network, and the project itself is based
on open-source software for data collection and
processing. The collected information is visualized in
real-time on maps available on Sensor.Community.
Anyone can join the project by purchasing a
dedicated sensor and installing and configuring it
according to the detailed instructions on the website.
Currently, the network of sensors in Poland has 743
units, 55 of which are located in the Kujawsko-
Pomorskie Voivodeship. The largest number of
sensors in the district cities of this province is
registered in Bydgoszcz - 26, Torun - six, and one
in Grudziadz. The project raises awareness about
air pollution and its impact on health, although
DIY sensors may not be as precise as other widely
used sensors. Sensor.Community is an example of
a successful citizen science project that combines
technology, community and science to address air
pollution on a global scale.

Another air quality monitoring solution is the
Internet of Things (IoT), based system developed
by LoVo (https://www.lovo.pl/en/), which aims to
improve the quality of life in cities through precise
and continuous monitoring of air conditions (Stith
2023). The system has several key components
that work together to provide accurate and reliable
air quality data. The main component is sensors
that measure concentrations of PM2.5 and PM10
particulate matter hourly. An open, proprietary
radio network (e.g., LoRa) enables real-time
wireless data transmission to a central server and

is used in monitoring various parameters of the
geographic environment (Karpinska and Kunz
2019, 2021, 2022; Erwinski et al. 2023). In the
system’s dedicated application, the collected data are
processed using advanced algorithms and artificial
intelligence techniques to generate reports, alerts and
visualizations on air quality. The LoVo IoT system is
intended mainly for closed local communities, such
as municipalities or cities, so there is no detailed
information on this network’s number of active
sensors in Poland.

Mobile pollution measurement systems are
used to study the state of the air

Mobile air pollution measurement systems are
an important complementary tool in air quality
monitoring. Unlike stationary measurement stations,
which provide data with limited spatial coverage,
mobile loggers allow information to be collected
from a wide area, allowing for a more detailed
and dynamic assessment of air conditions. There
is also a global trend of increasing air quality data
collection outside reference stations (Velasco et al.
2016). Mobile loggers are understood to be portable
or vehicle-mounted devices equipped with sensors
for detecting and measuring concentrations of
various atmospheric pollutants (Bucek et al. 2021).
Air pollution sensors can be divided into two main
categories: those that measure gas concentrations,
and those that measure particulate matter (PM)
mass or various properties such as light scattering
or absorption. All loggers consist of several basic
components (Snyder et al. 2013), including:

« asensing element that responds to the presence
of a given contaminant and changes with its
concentration in a given volume of sampled air;

« a transducer that converts the recorded
responses into electrical signals;

« adata carrier or link to a communication device
(e.g., a micro radio transmitter);

o an electrical power source (e.g., batteries or
possibly photovoltaic panels).

Monitoring air quality with mobile systems offers
several advantages. It allows data collection based
on regular or scheduled routes, making observing
temporal and seasonal changes possible. The
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mobility of these systems allows them to be used
in various locations and conditions, especially in
areas where data are lacking or incomplete. Another
advantage is increasing monitoring coverage at
a lower cost than traditional fixed devices. With
increased data availability, mobile sensors contribute
to more reliable air quality forecasting models. In
addition, they make it possible to detect points
with high concentrations of pollutants at time of
emission, and for authorized municipal services to
take appropriate administrative and punitive actions
(Anjomshoaa et al. 2018).

However, mobile air condition monitoring
systems are not without limitations. One of the
main challenges is ensuring adequate measurement
accuracy under changing environmental conditions.
Portable loggers can have lower measurement
precision compared to stationary devices. This is
a challenge in meeting the data quality requirements
set by the European Parliament in Directive 2008/50/
EC on Air Quality and Cleaner Air for Europe
(Malec and Borowski 2016; Konert and Sakowska-
Baryta 2020). To complement air quality monitoring
networks for scientific research, the data must
reach an acceptable level of quality. Additionally,
calibrating and maintaining equipment can be
logistically challenging, especially during long-term
measurement campaigns. These aspects affect the
reliability and consistency of the data collected,
which in turn may limit the use of mobile systems in
some research contexts. However, other criteria for

accepting results can be developed and applied for
other applications, such as raising civic awareness
or community air monitoring (Castell et al. 2017).

Several mobile measurement systems are
currently available for monitoring various
concentrations of air pollutants, and new devices are
periodically introduced to the market (Sladojevic et
al. 2024). Within the framework of this article, three
measurement systems used in Poland are discussed
in detail: the Sniffer4D, the Nosacz II and the
AirDrone. The technical and adaptive parameters of
the described systems are presented in Table 2, and
the available measurement modules are presented
in Table 3.

Sniffer4D System

Sniffer4D (Fig. 3, left) is a hyperlocal mobile system
used for air quality monitoring developed by
Singapore-based Soarability (https://www.soarability.
com). The device provides multi-component detection
of gases and particulates and real-time monitoring
of their concentrations in 2D and 3D space. A key
feature of this product is its ability to quickly
adapt to different measurement tasks, supported
by its lightweight and compact design, measuring
112x105%872 mm and weighing about 477 grams
with the UAV mount (21 grams less without the

Table 2. Selected technical parameters of mobile air pollution measurement systems used in Poland

Parameter Sniffer4D Nosacz I1 AirDrone
E;‘;;fer‘)s‘ons (without suction 112x105%87 mm 180x95x70 mm 200x156x60 mm
Dimensions (with suction nozzle)  156x105x87 mm 680/1,180x95%70 mm 1,200x156x60 mm
Weight 456 g 650 g 1,200-2,000 g
Weight of UAV holder 21g dependent on adapter no data
Weight of car holder 1,145¢g no data no data
Integration and mounting UAV, car, quad, bike UAV UAV, car
platform
SIM slot yes (1) yes (1) no
SD slot yes, micro yes, micro x2 yes, micro
Power supply 5V 2.5A 9V 7.2V
Maximum number of

9 6 5
measurement modules
Data presentation application terrestrial station terrestrial station,

web service

Source: own elaboration
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Fig. 3. Mobile air pollution measurement systems integrated with UAV: SnifferdD (left; photo by: Mieczyslaw Kunz), Nosacz
Il (middle; source: www.nextron.pl), AirDron (right; source: www.navigate.pl)

Table 3. List of available sensor modules that can be installed in mobile measurement systems

Mez::;irlr;ent Substance Measuring range Sniffer4D  NosaczII  AirDrone
PM1.0 0-500 ug/m’ + + +
PM2.5 particulate matter 0-1000 pg/m’ + + +
PM10 0-1000 pg/m? + + +

0,+NO, ozone + nitrogen dioxide 0-20,000 pg/m? + - -
CO, carbon dioxide 0-90,000 mg/m? + - +
CO carbon monoxide 0-1,150 mg/m? + - +
SO, sulfur dioxide 0-40,000 pg/m’ + - +
L70 volatile organic 0-100 ppm N . .

compounds

CH, methane 0-50,000 ppm + - -
NO, oxides of nitrogen 0-20,000 pg/m? + + +
HCL halogens 0-150 mg/m® + + +
H,S sulfide hydrocarbons 0-140,000 pg/m? + + +
HCN hydrogen cyanide 0-110 mg/m? + + +
PH, phosphorus hydrogen 0-2,500 mg/m’ + - +
NH, ammonia 0-70 mg/m’ + + +

Source: own elaboration

mount), making it easy to transport and prepare for
field use. The device integrates with a variety of UAV
platforms (Fig. 4, left), including multi-rotors and
airframes, and can be mounted on vehicles such as
cars (Fig. 4, middle), quad bikes and bicycles, allowing
air quality measurements along various traffic routes
and in specific measurement transects. Thanks to its
operator portability (Fig. 4, right), the Sniffer4D is
suitable for collecting data in hard-to-reach places
such as gated estates, cemeteries, ruins or industrial
plants, and for taking spot measurements at a preset
height, such as 1-meter above ground level.

The Sniffer4D is characterized by an automated
calibration system, providing high sensor-dependent
measurement accuracy, a wide operating temperature

Citation: Bulletin of Geography. Physical Geography Series 2024, 27, http://doi.org/10.12775/bgeo-2024-0007

range, fast response time and long service life
(Sniffer4D ... 2023). The device’s modular design allows
the sensors to be adapted to different measurement
needs, with each module responsible for detecting
a specific type of contaminant. The system can be
equipped with up to nine recording modules, allowing
the acquisition of data on particulate matter (PM1.0,
PM2.5 and PM10), ozone (O,), carbon dioxide (CO,),
nitrogen oxides (NOX), carbon monoxide (CO),
sulfur dioxide (SO,), volatile organic compounds
(VOCs), methane (CH,), hydrogen chloride (HCL)
and hydrogen sulfide (H.S). In addition, the logger
records meteorological parameters such as air
temperature, humidity and atmospheric pressure.
Particulate matter concentration is measured by
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Fig. 4. Integration of the SnifferdD system with a DJI Matrice UAV(left), with a car (middle) and a pedestrian (right)

Source: Photo by Mieczyslaw Kunz

laser scattering photometry (PM1.0 in the range of
0-500 pg/m’, and PM2.5 and PM10 in the range of
0-1,000 pg/m?), and carbon dioxide concentration
by electrochemistry. An integral component of the
Sniffer4D system is the intuitive-to-use Sniffer4D
Mapper software, which enables real-time data
transfer between the measurement unit and the base
station (Zboralski and Kunz 2024). The software
supports comprehensive analysis and visualization
of telemetry data, management of data sets, and
creation of color thematic maps, contour maps and
interactive point maps in the form of a 3D point
cloud. The collected measurement data are presented
in a regular measurement grid, and the actual size
of the basic field expressed ultimately in meters is
the resultant of the adopted eigensize available in the
application multiplied by the cosine of the latitude.

With a built-in GPS receiver and possibly an
RTK solution, the software allows the display
of the real-time status of work with high spatial
accuracy (centimeters) and automatically records the
coordinates of measurement data in three dimensions.
Synchronization between the recording module and
the computer provides real-time transmission and
visualization of results against raster maps (satellite
images, aerial photographs, or topographic maps).
The program allows automatic creation of final
reports in pdf format based on built-in templates and
data export to csv, png and geotiff formats for easy
sharing, such as in the cloud. The pdf reports contain,
among other things, information about the date and
time of measurements, the number of samples taken,
the area surveyed, the measurement grid used, and
the results of pollutant concentrations in the form
of average, minimum and maximum values, along
with the coordinates locating the places of extreme
recorded values.

Nosacz Il System

The Nosacz II is an example of a domestic device
designed for mobile measurement of pollutants
in the atmosphere. It is a professional detector
designed by the Gliwice-based Flytronic company
to detect the level of air pollution emitted by various
sources, most often those coming directly from
both domestic and industrial chimneys. The device
has high functionality due to its readiness to work
only 90 seconds after startup. The dimensions of
the measuring module are 180x95x70 mm, and its
weight is 650 grams. The structure was designed and
manufactured to have the least impact on battery
life and to be optimized for UAV operation (Fig. 3,
middle). Nosacz II is integrated from the underside
for DJI Matrice 200-series aircraft via a SkyPort with
a special adapter for other commercially available
carrier platforms.

The sensor’s dedicated, removable measuring
probe comes in two sizes — half a meter and a meter.
Thanks to such lengths, very close measurements of
pollution sources are possible without exposing the
equipment and the carrier platform to unexpected
accidents. The Nosacz II continuously takes samples
from the smoke that comes out, which are then
analyzed by the sensor. The device’s advanced
measurement chamber has been designed as a
modular system that allows the installation of up
to six additional chemical sensors. The modularity
of the design also allows for their free configuration.
The basic sensors installed in the device include
measurements of temperature, humidity, particulate
matter (PM1.0, PM2.5 and PM10) and volatile
organic compounds (VOCs). The detector can
be retrofitted with additional optional sensors:
hydrogen chloride (HCL), hydrogen cyanide
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(HCN), nitrogen oxides (NOX), hydrogen sulfide
(H,S) and ammonia (NH,).

Information on the detected substances, along
with coordinates, exact date and time, goes to the
external unit (Ground Station) just ten seconds
after the measurement. The Ground Station can
be mounted and integrated into an apparatus or
viewing monitor for the most convenient and
accurate analysis of samples by the testing team.
Survey information is also recorded through
a GSM network and dual recording arrangement on
MicroSD cards. It is also possible to track survey
results from anywhere on the ground in real-time
and create smog maps in the dedicated FlyConnect
system.

AirDron System

The AirDron solution (Fig. 3, right) is an advanced
measurement head by SoftBlue of Bydgoszcz. The
device’s structure, with dimensions of 180x95x70
mm, is designed to integrate with an unmanned
aerial vehicle while operating autonomously. The
head’s weight does not exceed 2 kg and allows
it to be used on various commercially available
multicopter models. AirDron collects gas samples
into special bags, which are then transferred for
laboratory analysis. The device can also operate
autonomously on a mobile measurement station
like SmogBus. Thanks to its specially designed
monitoring system, the AirDron provides data on
detected substances in real-time, enabling quick,
precise and safe assessment of the situation and
taking measurements from a safe distance from
pollutant plumes that are potentially dangerous to
users.

Particulate matter concentrations are measured
using laser scattering photometry. Particles are
classified by size in 16 or 24 compartments, which
allows precise determination of PM1.0, PM2.5 and
PM10 fractions. Gas sensors are individually selected
according to research requirements, considering the
type of substance being measured, measurement
ranges and accuracy. Measurements include gases
such as carbon monoxide (CO), carbon dioxide
(CO,), sulfur dioxide (SO,), nitrogen oxides
(NOX), hydrogen chloride (HCI) and the hazardous
gases hydrogen cyanide (HCN), ammonia (NH,),

hydrogen sulfide (H,S) and hydrogen phosphide
(PH,), as well as concentration analysis of volatile
organic compound (VOCs). The system measures
five selected gases, and also acquires data on
environmental conditions such as temperature,
relative humidity and atmospheric pressure.

The system also allows wireless communication
with the Ground Control Station, where
measurement results can be visualized, and the
head can be remotely controlled using dedicated
software. Measurement results are presented as
numerical values of measured parameters, which
are highlighted when an alarm threshold is reached.
In addition, the system generates graphs of selected
parameters, which are updated in real-time, and
creates area maps of pollution and UAV flight path
maps. An automatic report generator makes it
possible to create comprehensive test reports. The
location of the survey head is plotted on the map
in real-time. The system manages the data, allowing
export to csv file format of measurement results
from selected measurement campaigns or any other
time interval.

Selected examples of the use of mobile
measurement systems in practice

Practical implementations of the systems discussed
above are numerous. Most of the research focuses
on measuring air pollution in urban areas, mainly
from anthropogenic sources such as transportation,
household fossil fuel combustion, industrialization
and energy production. Nevertheless, there are also
studies on the use of the systems for natural sources
of air pollution, such as volcanoes and forest fires.

The Sniffer4D system in Natural Sources Research
was used to monitor volcanic gas emissions as
part of the Turrialba volcano surveillance in Costa
Rica. For this purpose, the device was mounted
on UAVs that flew directly to the active Turrialba
crater to record gas emissions. The units used in
this mission were a Mavic 3 and a Matrice 600-
Pro, to which the Sniffer4D was attached using
a specially designed mounting bracket printed
using 3D printing technology. Powering the UAV
allowed for about 20 minutes of operational time,
depending on environmental conditions. The UAV
was launched from the main vantage point on
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Turrialba volcano, on the south side of the central
crater, and measurements were taken at an altitude
of about 9 meters above the crater floor, with the
entire mission covering an area of about 2,424 square
meters. The study included measurements of sulfur
dioxide (SO,), volatile organic compounds (VOCs),
carbon monoxide (CO), carbon dioxide (CO,),
ozone (O3), nitrogen dioxide (NO,), particulate
matter (PM1.0, PM2.5, PM10), temperature and
humidity. The collected data were sent in real-time
to the volcanology team. The results of the Sniffer4D
system measurements showed, among other things,
that SO, and CO, levels were stable, which is an
important indicator for volcanic activity and the
research conducted (Godfrey et al. 2022).

The following year, research continued with
the Sniffer4D system on monitoring volcanic gas
emissions at the Turrialba volcano in Costa Rica.
A DJI Matrice 300 RTK unmanned aerial vehicle
and the Sniffer4D Mapper real-time mapping
system were used. Measurements were taken under
various outdoor conditions to get a complete
picture of volcanic emissions. The system proved
very effective due to its ability to operate in harsh
conditions (such as turbulence during flights) and
the precise calibration of the sensors, which ensured
the accuracy and repeatability of the results. The
UAV mission also made it possible to quickly
identify emission sources and their intensities. The
deployment of the Sniffer4D system in volcano
monitoring in Costa Rica demonstrated that mobile
measurement systems mounted on UAVs can
provide valuable data on volcanic emissions, which
is crucial for understanding the processes inside
a volcano and assessing the risks associated with its
activity. This approach enables safe and efficient data
collection, particularly important in the harsh and
dangerous conditions around a volcano (Godfrey et
al. 2023).

The Sniffer4D was also used to monitor air
quality in the city of Kandy, Sri Lanka, during the
introduction of a new traffic plan. In this study,
the device was mounted on a police motorcycle
traveling at speeds not exceeding 20 km/h. The
device collected real-time data on particulate matter
(PM2.5) and nitrogen dioxide (NO2) concentrations,
sending them to analysis software. Measurements
were taken before and during the introduction of
the new traffic plan. Data were collected at four
different times of the day: morning (07:00-10:00
am), noon (10:00 am - 01:00 pm), afternoon (01:00-

04:00 pm) and evening (04:00-07:00 pm). The
sensors were placed vertically on the motorcycle’s
handlebars to avoid the influence of exhaust fumes
on the measurements. Analysis of the data showed
that PM2.5 and NO2 levels were generally higher
during the introduction of the new traffic plan
compared to the period before it, suggesting to
the researchers that the new traffic plan had an
impact on the city’s air quality. Implementing the
Sniffer4D system in Kandy showed that mobile air
quality monitoring systems could effectively assess
the environmental impact of changes in traffic
organization (Senarathna et al. 2022).

Sniffer4D was used in a measurement campaign
to assess the levels of nitrogen dioxide (NO,)
in the atmosphere in the vicinity of a specific
section of the P41 highway characterized by heavy
traffic. This section is located on a highway of
regional importance near the village of Chistyliv
in Ukraine. The Sniffer4D was installed on a DJI
M100 multicopter. The measurements were carried
out in two series. In the first series, measurements
were made at heights of 1 to 5 meters above
the ground, recording nitrogen dioxide (NO,)
concentrations at distances of 10-30 m, 40-70 m,
70-90 m, 100-130 m, and 140-160 m from the
road. Real-time analysis of the results showed that
higher concentrations of NO, occurred closer to
the road. In the second series, measurements were
taken at a constant height of 30 meters above the
same section of road, at the same distances. The
concentration of nitrogen dioxide (NO,) decreased
significantly compared to measurements taken at
lower altitudes, indicating that the main source of
this pollutant was emissions from vehicles traveling
on the road. Sniffer4D Mapper software installed on
the base station computer enabled the researchers
to analyze the measurement data in real-time by
visualizing the spatial distribution of nitrogen
dioxide (NO;) concentrations at different heights
and distances from the road. These measurements
and visualizations provided important information
to the research group on the atmospheric dispersion
of nitrogen dioxide (NO,) at different altitudes,
which provided valuable data for modeling and
analysis of air pollution dynamics in the study area
(Dyvak et al. 2021; Kim at al. 2021).

An example of implementing the Sniffer4D
system in Poland is the PASSport project
implemented in the port of Kotobrzeg. The project
aimed to improve safety and security in port areas
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by using unmanned aerial, surface and underwater
units. The project responded to EU Directive
2005/65/EC requirements, which require extending
surveillance systems to port areas. The Sniffer4D
system, mounted on a DJI Matrice 300 RTK unit,
was used to measure emissions of carbon monoxide
(CO), nitrogen oxides (NOx), sulfur oxides (SOx),
and particulate matter (PM) from ships’ engines
during their maneuvers in the port. Conclusions
from the project showed that integrated unmanned
aircraft systems equipped with modern sensors can
effectively improve environmental monitoring in
seaports. The PASSport project is an example of
a modern approach to monitoring and managing
security in seaports using advanced technologies,
including the Sniffer4D system (Gucma and
Muczynski 2022).

The Nosacz II system was adapted for air quality
monitoring during an experiment in the Zabierzéw
municipality on the outskirts of Cracow. The purpose
of the study was to evaluate the effectiveness of an
innovative air purification method using shock
waves to destroy the structure of the inversion layer,
which would allow natural convection movements
in the atmosphere and reduce pollution levels near
the ground surface. The experiment took place in
a built-up area bordering farmland on one side
and dense single-family housing on the other. For
monitoring, a DJI Matrice 200 unmanned aerial
vehicle was used, equipped with the Nosacz II
system, which includes temperature and pressure
sensors and a laser sensor for measuring dust
concentrations (PM10 and PM2.5). Data from the
sensors were transmitted via radio to the recorder
and averaged for each altitude in five-meter
increments. Initially, measurements were made
using the Nosacz II system, and then the shock
wave generator was activated. The results of the
experiment showed that the shock wave generation
method was effective in reducing particulate matter
concentrations. The Nosacz II system successfully
recorded differences in air pollutant concentrations
between measurement sessions (Jedrzejek et al.
2021).

To reduce low emissions and improve air
quality in Katowice, cooperation was established
between the City of Katowice and Flytronic (the
manufacturer of the Nosacz II system). As a result
of this cooperation, in early 2018, the Nosacz
IT system was implemented in Katowice, which
enabled inspections using unmanned aerial vehicles

to monitor air quality and identify waste-burning
in household stoves. Six inspection missions were
carried out as part of this initiative, each covering
an area of 1 km? making a total of 6 km”. Nosacz
IT analyzed flue gases emitted from an average of 15
of the smokiest chimneys per mission. This analysis
included tests with particulate matter sensors
(PM1.0, PM2.5, PM10) and a laser particle counter,
which analyzed the content of substances such as
ammonia and hydrogen chloride. Based on the
analysis, six households were identified as burning
waste. As a result, two fines were imposed, and four
warnings were issued. The efficiency of this method
proved significant, as a traditional inspection of
these buildings by municipal police officers would
have taken about nine months, whereas the mobile
measurement systems accomplished the task
much faster. Implementing the Nosacz II system
in Katowice has demonstrated high efficiency in
monitoring air quality and detecting illegal waste-
burning. This has contributed to improving control
activities in the city and strengthening the image
of the Katowice Municipal Police as a modern and
professional force in Poland (Sumara 2018).

Mobile air pollution measurement systems, often
mounted on unmanned flying units, are increasingly
being used by local government units in Poland. The
municipality of Biskupiec in Nowomiejski District
was in 2021 the first local government in Poland
to purchase a Sniffer4D device for monitoring air
quality on properties, especially in densely built-up
areas in the city and municipality, by the Municipal
Guard. During the 2021 reporting period, the
municipality did not disclose detailed data on the
number of inspections carried out with the Sniffer4D
device. However, it reported the detection of sixteen
violations, which resulted in the imposition of four
fines and the issuing of twelve warnings (Raport
o stanie miasta i gminy Biskupiec... 2021)

In 2020, the Municipality of Pruszcz Gdanski
acquired a Nosacz II detector as part of its
environmental protection activities, aimed at
improving surveillance of waste-burning in
household stoves in its area (Raport o stanie miasta
i gminy Pruszcz Gdanski... 2020).

The city of Wrzesnia conducted anti-smog
campaigns in 2018-20. These activities included
the city government providing the Nosacz II system
and a DJI Phantom 4 unit to city guards to monitor
smoke emissions from residential chimneys. In
2018, the Nosacz II system conducted 49 emission
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measurements, of which 47 were recorded as
exceeding acceptable air pollution standards. During
the 2019 heating season, the Municipal Police
conducted 58 measurements at various hours of
the day, detecting one exceedance of the standard,
which allowed the service to intervene and confirm
the burning of prohibited materials. In 2020, the
Nosacz II system carried out 40 measurements
in the afternoon and evening hours in Wrzesnia
single-family housing estates, finding no violations
during the heating season (Raport o stanie miasta i
gminy Wrzesnia... 2018, 2019 and 2020).

In December 2021, using a DJI Matrice 210
platform, the Nosacz II system carried out ecological
monitoring in the Bialogard, Koszalin, Swidwin,
Kolobrzeg, Szczecin counties and the city of Szczecin.
The undertaking was carried out as part of smog
missions by the “Ronin” association from Bialogard,
supported by the West Pomeranian Marshal’s
Office. A total of 12 missions were carried out in
two stages, during which more than 200 buildings
were inspected. The Nosacz II system sampled
pollutants emitted from chimneys, analyzing the
concentration of particulate matter (PM1.0, PM2.5,
PM10) and volatile organic compounds. As a result,
81 irregularities were detected, and warnings were
issued to residents of these properties about the
danger they posed. The initiative plans to expand the
monitoring system to other regional cities, allowing
for more comprehensive air quality management.

In December 2020, air quality in Zgorzelec was
measured using unmanned aerial vehicles equipped
with the Nosacz II sensor. The study included
a detailed analysis of the air over 31 properties, of
which the sensor recorded elevated concentrations
of volatile organic compounds (VOCs) in two
locations. The owners of both properties were then
informed in writing of the test results and instructed
that repeated confirmation of burning prohibited
waste could result in a fine.

The Nosacz II system for monitoring low
emissions is also being used by other Polish cities
such as Gliwice, Bielsko-Biala, Nowy Targ and
Kalisz, and there are plans to implement it in
Lubliniec.

As part of activities funded by the civic budget,
in early 2024 the city of Tychy acquired and
implemented an air quality monitoring system
using a DJI Matrice 350 RTK unmanned aerial
vehicle equipped with an AirDron measurement
head. The system monitors the composition of

combustion smoke emitted from chimneys in the
city. The measurement head provides precise data
on the level of pollutants such as particulate matter
(PM1.0, PM2.5, PM10), volatile organic compounds
(VOCs), and selected gases (e.g., hydrogen chloride,
hydrogen cyanide). The effectiveness of AirDron’s
deployment is manifested in the rapid response
to pollution incidents and in preventive measures
that can discourage people who burn inappropriate
materials. Due to the recent implementation of
the measurement head by the city of Tychy, there
is no information yet on the measurements taken
and the number of tests conducted. However, the
publication of such data can be expected in the next
heating season (Dron Obywatelski... 2024).

In January and again in November 2020, SoftBlue
conducted air quality surveys in Lidzbark using an
AirDron mobile measurement head installed on
a drone. These activities mainly aimed to identify
low emissions sources by analyzing exhaust from
local stoves and monitoring atmospheric pollution
levels. The AirDron mobile measurement head was
equipped with sensors to measure hydrogen cyanide
and particulate matter fractions (PM1.0, PM2.5 and
PM10). The detailed number of samples taken was
not disclosed, although some of the results suggested
the presence of low-quality fuel combustion and
the use of outdated coal-fired boilers that do not
meet current standards (Drony ponownie sprawdzity
jakos¢ powietrza w Lidzbarku... 2021).

In a study conducted in Cracow, a SoftBlue
AirDron measurement head was installed on a DJI
Matrice 600 PRO unmanned aerial vehicle to
analyze air quality in various locations in the city.
The measurement mission occurred in the central
part of Cracow, along a traffic route including
Aleje Trzech Wieszczow (Stowacki, Mickiewicz and
Krasinski avenues) with a length of about 2.5 km.
The flight route started from the intersection of
Dluga Street and Stowacki Avenue (Nowy Kleparz)
and ended at the Debnicki Bridge over the Vistula
River. The mission was planned using the Litchi
application in “Waypoints” mode. The flight took
place at 35 meters above ground level at a speed of
4.0 m/s. The collected measurement data with the
SoftBlue AirDron head was processed on the ST10
Spectra Geospatial tablet using the SoftBlue GCS
application. Detailed analysis showed several areas
with higher concentrations of particulate matter
and volatile organic compounds: the Stowacki
Avenue area, the Mickiewicz Avenue area, and
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the Krasinski Avenue area. The highest values of
particulate matter were recorded in the area of
Nowy Kleparz. Measurement technology using the
SoftBlue AirDron measurement head proved to be
an effective tool for monitoring air quality in urban
areas, enabling rapid inspections of large areas and
providing results comparable to laboratory analyses.
In addition, the survey head was found to be easy to
use and can be integrated with various unmanned
platforms (Durlo 2021).

Results of measurement missions carried
out in Torun using the Sniffer4dD mobile
system

The analysis of air quality in Torun for the 2021/22
season was carried out using the Sniffer4D pollution
level measurement system integrated with a DJI
Matrice 210 RTK unmanned aerial vehicle (UAV)
and/or a self-driving car at several testing grounds.
This paper presents the results obtained at three of
them: Central Communal Cemetery (CCC), Wrzosy
single-family housing estate, and Sw. Jézefa estate.
In the first case (CCC), in the period from October
18 to November 14, 2021, four survey missions were
carried out, all by UAVs at a height of 30 meters; at
the second site (Wrzosy housing estate) a mission
was conducted on October 26, 2021 at a height
of 1 meter using a passenger car; and at the third
training ground (Sw. Jozefa estate) on October 27,
2021, both mobile platforms (UAV and passenger
car) were combined to acquire data from heights of
30 meters and one meter. In the case of using the
UAV, aerial missions were planned using the DJI

Pilot application; using the passenger car, efforts
were made to plan routes along and across the
entire selected area using the road system.

For the dates above, measurement data for PM2.5
and PM10 particulate matter were also collected
from those recorded at the two local stations of the
State Environmental Monitoring — Przy Kaszowniku
and Waly Gen. Sikorskiego - closest to the testing
grounds (Table 4). They are, however, distant from
the mobile measurement sites by linear distances of
about 3 to 4.5 km.

Polygon - Central Communal Cemetery (CCC)
is located on Grudzigdzka Street in the northern
part of Torun on the Katarzynka estate. It covers
7.5 hectares is bordered to the north and east by
wasteland, and to the west and south by important
traffic routes of Torun and warehouse buildings.
The target flight route was designed to ensure the
reliability of operations with maximum survey
efficiency to cover the entire area under study.
During the UAV flights, a key aspect was ensuring
safety for bystanders and property on the ground.
The flight altitude for this mission was set at 30
meters above ground level. Measurement results
from the system’s sensors were displayed in real-
time in the Sniffer4D Mapper application, and they
were automatically saved in s4d file format on a
microSD card inserted in the survey head.

A total of four survey missions were carried out
over the same study area over four weeks, following
the same route: the first took place on October
18, 2021, the next took place two weeks later on
October 31, the next on November 1, and the last
after another two-week interval on November 14.
The first recording occurred in the morning, and
the other three were carried out in the evening. The
averaged results of particulate matter of different

Table 4. Hourly average values of PM2.5 and PM10 particulate matter recorded at State Environmental
Monitoring stations in Toru — Przy Kaszowniku and Waty Gen. Sikorskiego in Torun on days
of acquisition using the Sniffer4D mobile system

Przy Kaszowniku

Waly Gen. Sikorskiego

Data Hour PM2.5 PM10 PM10

[ng/m’] [ng/m’] [ng/m’]
18.10.2021  11:00 am 12.7 16.9 10.5
26.10.2021  10:00 pm 233 37.4 34.8
27.10.2021  10:00 pm 9.5 11.9 11.0
31.10.2021  10:00 pm 335 39.2 42.0
01.11.2021  10:00 pm 30.7 355 31.4
14.11.2021  10:00 pm 335 36.6 37.3

Source: own elaboration based on SEM data
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Table 5. Average particulate matter values recorded with SnifferdD system on UAV at 30 m a.g.l. over the Central Communal

Cemetery in Torun

PML.0 PM2.5 PM10
Number - -
Data of average I[na)/( min average x[na)/( I[ml; average max Fnl;
samples  [ug/m’] ,ﬁ?] pug/m’]  [pg/m’] n'?] m"§] [ng/m’]  [pg/m’] £§]
18.10.2021 862 8.188  11.667  6.286 10771 14455 8000 11530  16.000  8.000
31.10.2021 792 34294 38167 31.000 50530 55333 43333 55524 61500  49.500
01.11.2021 920 41611 56833 35500 61968 76000 53429 67250 84500  57.143
14.11.2021 791 34686 39714 31167 61719  70.000 52500  70.164  78.000  55.333

Source: own elaboration

sizes are presented in Table 5, and Figure 5 shows
their spatial distributions in a grid of about 32
meters.

The lowest values of particulate matter
concentrations were recorded on October 18
(average values were PM1.0 - 8.188, PM2.5 - 10.771,
and PM10 - 11.530 pg/m). The measurement
carried out in the morning affected the lower levels
of measured atmospheric pollutants, and the values
reported at the same time at the two stationary SEM
stations at an altitude of two meters were similar
to those recorded by the UAV at an altitude of 30
meters. During the next measurement mission, on
October 31, there was a significant increase in the
concentration of particulate matter, which coincided
with measurements taken in the evening. The higher
values may be related to increased anthropogenic
emissions during the evening hours. The highest
pollutant values during the entire study period were
recorded on November 1. Again, the measurements
were made in the evening, confirming the tendency
for higher pollution levels at this time. The values
were particularly high and exceeded daily norms,
probably due to the All Saints’ Day celebration,
during which candles and lanterns were burned
en masse at the cemetery, further increasing
pollutant emissions. During the November 14
measurements, high levels of pollution persisted,
suggesting the existence of persistent emission
sources or atmospheric conditions conducive to the
accumulation of particulate matter. Analysis of the
results indicates that the time of day has a significant
impact on air pollution levels, with significantly
lower values recorded in the morning compared to
the evening. This may be related to both seasonal
variations and other anthropogenic factors. The
average values of particulate concentrations also
showed a stabilization of levels, suggesting that
focusing on evening emission sources may be

key to more effectively reducing overall levels
of atmospheric pollution. At the same time, the
recorded measurement values at both SEM sites
were relatively high but almost twice as high as at
CCC. This is due to the peculiarities of the location
of the stationary stations and the different daily
distribution of pollutants and their sources. Only
values lower than at the reference station were
registered during the morning data acquisition, but
the difference was not pronounced.

At the second testing ground (Wrzosy estate),
the Sniffer4D recorder was used to conduct
a detailed analysis of air quality in the ground layer
of the atmosphere. For this purpose, the detector
was mounted on a passenger car so that the sensor
sampled the air from a height of about one meter
while eliminating the influence of the vehicle’s
exhaust emissions. The study was conducted in
the housing estate in north-western Torun, which
is characterized by dense single-family housing.
The measurements covered most of the estate’s
streets, which are bounded by the Grudzigdzka,
Storczykowa, Ugory and Zbozowa arterial roads.

The Wrzosy estate is a zone with a 30 km/h
speed limit, though the car-based measurements
were taken at a much lower speed to ensure
accurate results. The surveys took place on October
26, 2021 at around 10:00 pm, guaranteeing minimal
car traffic on the estate due to the late hour. This
made it possible to obtain meaningful data on
the quality of the air breathed by the residents of
the housing development by sampling at a height
that corresponds to the breathing level of humans,
especially the youngest — children (Table 6).

During the measurements, the average
concentration of PM10 particulate matter was
48.796 ug/m?®, which is close to the limit of the
national 24-hour standard. Data analysis showed
significant deviations in measurements at individual
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PM1.0

PM10

Fig. 6. Spatial distribution of PM1.0 and PM10 dust in the Wrzosy residential area in Torun at a height of 1 meter
above the ground surface recorded with the Sniffer4D system mounted on a car during the evening acquisition
at around 10 pm on 14.11.2021; presentation of the averaged data in a grid of its own size 85 (50x50 meters),
which corresponds to an area of about 2500 m?; the color palette was independently stretched for each presented
data series.

Source: own elaboration
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Table 6. Average particulate matter values recorded at Wrzosy residential area in Torun with Sniffer4D system

mounted on passenger car at 1 meter a.g.l.

aﬁ?su(iaflte Number of Average Max Min
P matter samples [ng/m’] [pg/m?] [ng/m’]
PM1.0 2019 30.515 71.000 18.000
PM2.5 2019 45.119 91.556 26.167
PM10 2019 48.796 97.667 28.000

Source: own elaboration

points of the measurement grid. The highest
recorded concentration was 104.000 pug/m?®, while
the lowest reached 28.222 ug/m® (Fig. 6). Such
variation suggests the presence of local sources of
air pollution emissions. To identify these sources
more accurately, it is recommended that further
studies be conducted at the same locations but at
different times of the day. This may help to identify
more precisely the sources of elevated pollutant
concentrations. The values obtained at the SEM
station simultaneously showed significantly lower
values, which was related to the lack of traffic and
limited activity of residents in this part of the city.

The third testing ground chosen was the Sw. J6zefa
estate, where both mobile platforms (a passenger
car and a UAV) were combined, acquiring data
from two different heights: 1 and 30 meters. The
Sniffer4D system recorded on 27/10/2021 in the
evening hours. The Sw. J6zefa estate is a very
specific urban unit with a population of about
2,000 residents, which consists exclusively of low-
rise single-family houses and a grid street system.
In this area, a section bounded by Truskawkowa,
Jesienna, Malinowa and Polna Streets was selected
where measurement data could be acquired both
from the air and at car level. The purpose of this

Table 7. List of available sensor modules that can be installed in

at the Sw. Jozef residential area on 27.11.2021

study was to compare measurement values that are
possible to record with the Sniffer4D system in a
vertical gradient (Table 7), and the chosen recording
time of around 10:30 pm guaranteed comparable
conditions and the safety of mission execution.
During registration, 254 measurement samples
were acquired in an identical area at a height of
1 meter and nearly 650 samples at a height of 30
meters. Most of the values obtained were higher at the
registration height of 30 meters than at the level of 1
meter. Only carbon dioxide measurements indicated
slightly lower values. The highest differences were
recorded for particulate matter, especially PM2.5
and PM10. For example, the average PM10 value at
street level was 14.075 pg/m?®; over buildings, it was
already 36.927 pg/m>. It is worth noting, however,
that the prevailing air temperature was not low,
despite the autumn season, so individual heating
sources were operating part-time and at partial
efficiency. Despite this, it was possible to capture the
spatial variability, both horizontally and vertically,
of the analyzed phenomenon (Fig. 7). In this figure,
the highest value for each recorded parameter is
presented by pixels in which there was a takeoft
from the surface after a few minutes and an ascent

mobile measurement systems, along with the results obtained

Measurement ) H=1m H=30m
Substance Unit - -
module average  max min average max min
Number of - number 254 643
samples
Temp temperature °C 16.203  16.863  15.490 10.077 10.476  9.771
Hum humidity % 39.559 41.176  38.039 55.461 56.268 54.104
PM1.0 pg/m? 10.717 16.000  6.167 22.751 28.814  9.667
PM2.5 particulate matter pg/m? 13.114 17.833 8.500 33.844 45.877  11.750
PM10 pg/m’ 14.075 19.167  8.500 36.927 50.433 11917
O, +NO, ozone + nitrogen dioxide mg/m’ 0.054  0.060  0.049 0.113 0.116 0.107
CO, carbon dioxide mg/m’ 383.036  386.242 380.496  381.079  382.790 378.712

Source: own elaboration
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PM1.0

PM2.5

PM10

Fig. 7. Spatial distribution of PM1.0, PM2.5, and PM10 particulate matter in the Sw. Jozef residential area in Torun at
heights of 1 and 30 meters above the ground surface recorded with the SnifferdD system mounted on a car
and UAV during the evening acquisition at about 10:30 pm on 27/10/2021; presentation of averaged data in
a grid of own size 35 (21x21 meters), which corresponds to an area of about 450 m? the color palette was
standardized for each height of data acquisition.

Source: own elaboration
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to a preset altitude, as well as a landing. For other
training grounds, such situations did not occur.

At the same time, as in other test areas, the
average values recorded by the nearest SEM station
indicated values below the lowest averages recorded
in the area. This is mainly due to residents’ daily
activity near the measurement point and the spatial
structure consisting exclusively of single-family
houses.

Summary and conclusions

National air quality monitoring systems, such as
the National Environmental Monitoring, are based
on a network of stationary measurement stations
located strategically, usually in areas with high
traffic volumes and not necessarily where larger
concentrations of residents predominate. These
systems are characterized by a high degree of
standardization and homogeneity of measurements,
ensuring accuracy and comparability of data on
a large scale. Financed with public funds, they
can be maintained despite the high infrastructure
costs associated with building monitoring stations,
limiting their number. Social systems provided by
private companies or civic initiatives (e.g., Airly,
LoVo, Sensor.Community) often complement
national networks. Various measurement points
are located in different locations, which allows
for an increase in the density of the monitoring
network. Although they use cheaper technology,
making them more financially accessible, their
measurement precision can be lower due to the
variety of equipment and methodologies used.
Mobile measurement systems that work with
UAVs, such as Sniffer4D, Nosacz II or AirDrone,
make it possible, first and foremost, to carry out
measurements on the move. They allow data
collection from a wide area and real-time air quality
monitoring, which is particularly valuable in areas
where stationary measurement stations are lacking
or the measurement network needs to be dense due
to pollution sources. The mobility of these systems
allows for a more comprehensive assessment of
the quality of given atmospheric layers at different
points and times of the day, which is difficult to
achieve with static measuring stations. They are also
more economical and easily adaptable to different

measurement tasks due to their lightweight and
compact design. However, they require regular
calibration and maintenance, which can pose
logistical challenges during long-term measurement
campaigns. Data collection by mobile detectors in
various variable locations can lead to problems
with data representativeness and comparability
over extended periods. Mobile systems can also
have lower precision than stationary measurement
stations, which makes it challenging to meet data
quality requirements set by several regulations and
directives.

The study showed that the recorded measurement
values are mainly influenced by the immediate
surroundings, their spatial structure and residents’
daily activity. The Torun SEM stations are located
in the surroundings of service buildings and
local administration, so traffic or dust emissions
activity is highest in the morning. The activity
of residents of downtown single-family housing
estates is concentrated in the afternoon, when traffic
increases in these areas, and in the evening, when
individual heating sources are switched on. This
has been documented in the studies, especially in
the study areas associated with individual housing
developments. These issues, mainly in learning
about the temporal and spatial variability in the
full 3D model, should be the subject of more
detailed and targeted research and the conclusions
communicated to local decision-makers, planners,
urban planners, and residents of these areas.

The procedures involved in using mobile air
quality measurement systems using unmanned
aerial vehicles include several key steps. To start
measurement operations using UAVs in Poland, it is
necessary to obtain the appropriate authorizations.
Each unit must be assigned an operator number,
which is granted after a personal or legal entity
registers at drones.gov.pl. Piloting a UAV requires
obtaining authorizations, which is possible after
registering as an operator, completing online pilot
training, and passing the A1/A3 open category
test. For UAVs with a higher carrying capacity,
authorizations in the A2 category and a specific
NSTS are required. The next step is to report each
survey mission through the DroneTower mobile
application, ensuring operations’ safety. Maintaining
a flight log, including information about the UAYV,
category, area and flight time, is also necessary. To
conduct a flight, it is also crucial to have a valid
insurance policy with a sunset flight option, which
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covers any damage caused by the UAV. Preparing for
the flight includes planning the route and altitude of
the flight according to measurement requirements
and following safety rules. Before the start of
the mission, it is recommended that residents,
neighborhood councils, or the local community
be informed about the planned activities and the
purpose of the mission, which may meet with
public approval and facilitate the adaptation of
activities to local needs. The collected measurement
data are analyzed to assess air quality, including
identification of pollutants, emission sources and
analysis of time trends. The data are processed using
specialized software to produce clear visualizations,
such as pollution maps and graphs. Based on the
processed data, reports are compiled that include
measurement results, analysis of the state of air
quality, and recommendations for improving the
situation. Such reports are the best way to inform
residents and all interested parties about air quality
and enable them to take action to improve it. Mobile
monitoring systems of the state of air quality will
develop intensively in the near future, which will
certainly contribute to a better understanding of
the horizontal and vertical distribution of pollutants
and the mechanisms of their local temporal and
spatial variability.
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